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Preface

Due to recent technological developments energy demands are rising with time, and our 
planet currently faces enormous energy-related challenges, including fossil fuel consump-
tion and CO2 emission. Renewable energy resources provide a considerable alternative to 
meet global energy demands. However, due to its time-dependent operations, a powerful 
energy storage system is required that can store vast amounts of energy in a short time. In 
this regard, supercapacitors based on biomass materials have recently received tremen-
dous attention. A supercapacitor is an energy storage device with high energy and power 
densities and can be completely charged in seconds. Supercapacitors can be developed to 
store renewable energy on a larger scale by carefully selecting electrode materials and elec-
trolytes and using cost-effective and simple preparation methods. Supercapacitors are now 
a reality in the market and are used in various wearable and automobile systems. When 
intermittent renewable sources are added to the energy mix, supercapacitors can also help 
stabilize the output energy and power. Supercapacitors are currently commercially acces-
sible; however, they still need to be improved, mainly to increase their energy density. In 
addition to enhancing electrode materials, electrolytes present, and system integration, a 
thorough comprehension of their properties and precise operating principles is required. 
All of these issues over the decade greatly influenced both academia and business.

One fundamental technical and financial development is turning biomass into energy, 
transport, and storage. R&D and industrial applications for collecting all types of biomass 
resources have made significant progress in recent years. All the non-fossilized biological 
materials on Earth are referred to as biomass, including animal and plant wastes, agricul-
tural residues, industrial residues, food wastes, municipal wastes, forest residues, and agri-
cultural residues. Biomass has been utilized as a renewable resource for both energy and 
non-energy purposes, including the production of fuels and power as well as uses in agri-
culture and industry. As a result, biomass meets roughly 10% of the global energy demand 
and 35% of that in developing nations. Biomass and its derivatives have increased as sci-
ence and technology have advanced, not only for use in producing energy and fuel but also 
in applications such as energy storage, sensors, and catalysis. Producing electrodes, electro-
lytes, binder materials, separators, and packaging materials from biomass has sparked a 
prospective interest in developing electrochemical supercapacitors.

Our book, Biomass-Based Supercapacitors, provides extensive knowledge about the devel-
opments of supercapacitors, with a complete package of using biomass-based materials and 
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their various industrial applications. No other thorough book has dealt extensively with the 
subject of biomass-based supercapacitors. A comprehensive study is necessary due to the 
new concepts that have emerged over the last few years, including a better explanation of 
how biomass can efficiently be utilized in developing high-performance supercapacitors. 
This book has been specifically designed to satisfy the academic and scientific needs of 
students, aspiring researchers, and material scientists working in the area of biomass-based 
materials and their numerous applications in the field of electrochemical energy storage 
devices. The book was written in collaboration with experts in the field of supercapaci-
tors from around the world, and state-of-the-art studies are covered in detail. This book 
is structured into several sections that discuss different aspects of biomass in the field of 
supercapacitors. We are confident that this book will satisfy all of needs and expectations. 
There are 26 chapters in the book: the first three chapters being devoted to an introduc-
tion to biomass, the environmental aspects for utilization in supercapacitors, and circular 
economy. The next three chapters explain the basic concepts, fundamental electrochemi-
cal principles, electrochemical characterization methods, and fundamental supercapacitor 
attributes to enable reading the book without any prior knowledge. Afterward, fifteeen 
chapters are devoted to very important component of supercapacitors i.e., biomass-derived 
carbonaceous electrode materials, including non-activated carbon, carbon from pretreated 
biomass, carbonate salts-activated carbon, KOH/NaOH-activated carbon, chloride salt-acti-
vated carbon, CO2-activated carbon, steam-activated carbon, hard carbon, carbon nanofib-
ers, graphene, nitrogen-doped carbon, sulfur-doped carbon, composites of biomass-derived 
carbon and metal oxides, composites of biomass-derived materials and conducting poly-
mers, and composites of biomass-derived materials and conductive materials excluding 
conducting polymers. Next, three further chapters explains the production of supercapaci-
tor’s electrolytes, separators, binding agents, and packaging materials from biomass, and 
the last two chapters provide a comprehensive insight into the industrial applications, 
future directions, and challenges in biomass-based supercapacitors. Each chapter strives to 
provide the most comprehensive information possible using everyday language.

We are pleased that we were able to bring together the top experts in biomass-based 
supercapacitors research and technology in one book. They all graciously consented to 
offer their time to write chapters, for which we are grateful. We would also like to thank the 
Wiley team for their patience and for providing us with this amazing opportunity to pro-
vide an excellent platform for researchers and students working in electrochemical energy 
storage. Finally, we would like to dedicate this book to our teachers and parents, who 
would be incredibly proud of our small contributions to assist in resolving global issues 
facing humanity.

Dr. Md. Abdul Aziz
Dr. Syed Shaheen Shah
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Biomass-Based Supercapacitors: Design, Fabrication and Sustainability, First Edition. Edited by 
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1

Introduction to Biomass
Md. Almujaddade Alfasane1,*, Ashika Akhtar1, Nasrin Siraj Lopa2,  
and Md. Mahbubur Rahman3,*

1 Department of Botany, University of Dhaka, Dhaka-1000, Bangladesh
2 Center for Environmental & Energy Research, Ghent University Global Campus, 119–5 Songdomunhwa-ro,Yeonsu-gu, 
Incheon 21985, Republic of Korea 
3 Department of Applied Chemistry, Konkuk University, Chungju 27478, Republic of Korea 
* Corresponding authors

1.1 Introduction

Biomass refers to the organic materials that come from biological bodies [1]. Carbon, 
hydrogen, oxygen, and nitrogen are the major elements of biomass-based organic com-
pounds that can be derived from plants, animals, and microorganisms in both terrestrial 
and aquatic ecosystems [1, 2]. Terrestrial biomass consists of various plants, animals, 
and microorganisms, whereas aquatic biomass mainly comprises micro-/macro-algae, 
phytoplankton, zooplankton, aquatic plants and animals, and other microorganisms 
[3–5]. Biomass encompasses different compounds such as cellulose, hemicelluloses, 
starches, sugars, lipids, proteins, lignin, hydrocarbons, and trace amounts of Si, Na, K, 
Mg, Al, Fe, Mn, Ca, P, and S contained in inorganic ash [6–8]. Among them, lignocellu-
losic materials, including cellulose, hemicellulose, and lignin, are the major compounds 
of the biomass (Figure 1.1) [6–8].

Humans have utilized biomass since time immemorial and its use has fostered the birth 
of civilization. Among all the sources of biomass, plant-derived biomasses are significantly 
used for energy and fuel production. Plants produce biomass by absorbing solar energy 
through photosynthesis and converting carbon dioxide (CO2) and water into carbohydrates 
[1, 2]. This chemical energy produced by biomass can be converted to usable heat and elec-
trical energy or can be processed into biofuel through pyrolysis [9]. Thus, biomass is cur-
rently regarded as the fourth energy source in the world after oil, coal, and natural gas. 
With the world’s increasing energy demand, biomass utilization has been growing substan-
tially to fulfill a significant proportion of this demand as one of the cheap, available, and 
renewable energy sources [10]. For example, in 2019, biomass satisfied approximately 10% 
of the energy requirement worldwide [11]. However, biomass has not been utilized equally 
by the world’s countries for energy production. Developing countries depend more on 
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biomass-based energy than industrialized countries due to their limited technology, infra-
structure, and poor economies [12]. For instance, almost half of the energy supply in Africa 
comes mainly from biomass-based sources, whereas in Europe, only about 10% of the 
energy supply comes from renewables, the lowest among the continents [13]. Meanwhile, 
considering the total global production of biomass (~150 billion tons/year), a large amount 
of these biomasses is still underutilized for energy and fuel production [14]. Interestingly, 
most of them are generally considered waste materials, commonly to be decomposed or 
subjected to waste management methods.

Awareness and concern among the world population have increased regarding the use 
and valorization of biomass not only for energy and fuel production but also for synthesiz-
ing nanomaterials and dyes for various applications [15, 16]. The utilization of biological 
residue materials obtained from biomass represents ecologically friendly and considerably 
higher-value alternatives to conventional fossil fuels [17]. For example, peanut shells, 
which was previously considered waste and was given low value, has the potential to be 
applied to hydrogen, biodiesel, bioethanol, carbon nano-sheet, and dye production [18, 19]. 
Another example is phytoplankton, which was earlier considered a disturbance and a haz-
ardous ecosystem component. It is now being commercially cultured for biofuels, bioactive 
pigments, lipids, and energy production [20]. Similarly, many examples of biomass that 
have never been considered valuable previously are now valorized as precious materials. 
Accordingly, researchers’ interest in using biomass for energy production increased steeply, 
as is evident from the number of publications that appeared in the last decade (Figure 1.2).

Figure 1.1 The main compounds and the chemical structures of lignocellulosic biomass.
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In addition to energy and fuel production, biomass can be utilized to produce biochar 
(BC), a lightweight black carbon residue, through the carbonization processes (e.g., pyroly-
sis and hydrothermal carbonization) [21]. The biochar can be treated for producing acti-
vated carbon (AC) through various chemical, physical, and mechanical activation methods 
[22, 23]. Moreover, AC can be produced from biomass using a single step [23]. These ACs 
derived from biomass could solve environmental problems such as air and water pollution 
and the accumulation of industrial, food, and agricultural wastes. Furthermore, using ACs 
from lignocellulosic biomass instead of fossil fuels such as coal can reduce global warming 
effects. ACs derived from lignocellulosic biomass can potentially be utilized in various 
industrial sectors such as chemical processes, petroleum refining, wastewater and air pol-
lution treatment, volatile organic compounds adsorption, catalysis, gas separation, deo-
dorization, and purification [24]. This is due to the rich carbon content of ACs derived from 
BC with high surface area, microporous structure, and favorable pore size [24, 25]. Along 
with this improved physical property, facile controlling of the dimensions and structures, 
heteroatom doping, chemical functionalization, and enhanced degree of graphitization of 
ACs prepared from suitable biomass help to increase its electrical conductivity, which is 
beneficial for the development of high-performance electrochemical energy storage devices 
such as electrochemical supercapacitors (ESCs) and batteries [26–30].

In particular, the application of ACs derived from biomass has increased sharply for ESC 
applications, as is evident from the number of publications that appeared in the last decade 
(Figure 1.2). ESCs have received tremendous recognition as energy storages device in 
recent years due to their intermediate energy density between battery and capacitor [31]. 
The ultra-high-power density, extended life cycles, and prompt charge/discharge rate of 
ESC widen its application in various technologies, including consumer electronics, voltage 
stabilizers, micro-grids, low-power equipment, etc [32]. Principally, ESCs fabricated using 
carbons or ACs store the charge by reversible adsorption of ions in a non-Faradaic process 
and are commonly known as electric double-layer capacitors (EDLCs) [33, 34]. To develop 
high-performance ESCs based on ACs derived from biomass, the optimal pores corre-
sponding to the size of the electrolyte ions, high degree of graphitization for improved 
electrical conductivity, heteroatom doping (e.g., N and P), and chemical functionalization 

Figure 1.2 The number of publications having keywords of “biomass for energy production”, 
“biomass for supercapacitors”, and “activated carbon from biomass for supercapacitors” from 2013 
to October 17, 2022. Source: Scopus.



1 Introduction to Biomass6

(e.g., carboxylic, carbonyl, and hydroxyl) are significantly important [35, 36]. Moreover, 
enduring cyclic stability and capacitance retention in ESCs can be obtained by tuning the 
structural stability of the AC framework [29, 37–40]. All other main parts of supercapaci-
tors, including binder, electrolyte, and membrane (separator), can be produced via biochar 
and biomass derivatives [41–45]. Therefore, biomass could be considered a complete mate-
rial source for the fabrication of efficient energy storage devices, supercapacitors, and for 
future research (Figure 1.2). Considering the importance of biomass for energy and fuel 
production and ESCs applications, this chapter briefly discusses the fundamentals of bio-
mass by highlighting its classification, environmental and energy aspects, and pyrolysis 
process. Additionally, the application of biomass for ESCs is discussed briefly by highlight-
ing the current challenges and future directions.

1.2 Categories of Biomass

A wide range of materials, including agricultural and forest residues, food wastes, animal 
wastes, wastes of the wood processing industry, wastes of the zoo-technical industry, biode-
gradable industrial/household solid wastes, and algal and other aquatic organisms with vary-
ing compositions of lignocellulosic compounds are termed as biomass [46–48]. Accordingly, 
biomass can be mainly classified as plant and organic wastes/residues (Figure 1.3).

1.2.1 Plant Biomass

Plants are the largest biomass energy source worldwide and can be categorized mainly as 
woody and non-woody biomass based on the plant’s origin and chemical compositions 
[49]. Woody biomass is primarily derived from stems and branches of trees and shrubs or 
their residue products [50]. The proportions of lignocellulosic compounds are not the same 

Figure 1.3 Types of biomasses based on the sources.
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in all woody biomass. Accordingly, woody biomass can be reclassified as hardwoods and 
softwoods [51]. Hardwoods generally contain higher proportions of cellulose and hemicel-
luloses than softwoods, but the amount of lignin is higher in softwoods (Table 1.1) [52]. 
Generally, hardwoods contain approximately 35% hemicelluloses and 22% lignin by dry 
weight. In contrast, softwoods have a composition of approximately 43% cellulose, 28% 
hemicelluloses, and 29% lignin by dry weight [50, 52].

In contrast, non-woody biomass is described as those plants with weak stems, such as 
herbaceous plants, grasses, and agricultural crops. In non-woody biomass, the proportion 
of hemicellulose is generally higher, with a low proportion of lignin [52]. However, the 
chemical composition of non-woody plants is highly dependent on the soil properties and 
climate conditions. Furthermore, their chemical compositions are also varied based on the 
structure of cell walls, species, and maturity. Other than lignocellulosic compounds, non-
woody biomass is richer in silicate and various nutrient contents than is woody biomass 
[53]. Also, the plant biomass’s chemical composition depends on the plant’s type and por-
tions (e.g., root, leaves, trunk). For example, Albizia procera leaves contain a significant 
amount of protein and lignocellulosic components [54]. It is well known that protein is 
used to develop bioelectrolyte for supercapacitor fabrication.

1.2.2 Organic Wastes and Residues-based Biomass

Organic wastes and residues from different sources, such as forest products, agricultural, 
industrial, municipal and urban activities, and animals, produce a massive amount of bio-
mass, more than 13 × 109 tons/year [55]. Based on the sources, this type of biomass can be 
generated in different stages of its processing, growing, production, and uses. For example, 
agricultural wastes are produced during crop harvesting, such as wheat straw, rice husk, 
rice straw, etc. Industrial waste, such as sawdust, is produced in the timber and furniture 
industry. All these different forms of organic waste biomass are also rich in lignocellulosic 
materials (Table 1.2) and are potential energy sources. Among all these sources, residues 
from agriculture account for 87% of the total supply of organic wastes and residues-based 
biomass, while municipal and industrial wastes occupy 5% [13]. However, almost 99% of 
this form of biomass remains unused due to the lack of proper knowledge and ability to 
commercialize it [56].

Table 1.1 Chemical composition of lignocellulosic hardwood and softwood biomass.

Biomass Source Cellulose (%) Hemicellulose (%) Lignin (%)

Hardwood Eucalyptus 54.1 18.4 21.5

Oak 40.4 35.9 15.5–16.3

Poplar 50.8–53.3 26.2–28.7 21 – 26

Softwood Douglas fir 44.0 11.0 27.0

Spruce 45.5 22.9 27.9

Pine 42.0–50.0 24.0–27.0 20.0

Reproduced with permission [52]. Reproduced under the terms of the CC BY 3.0 license.  
Copyright 2015, Isikgor et al., Royal Society of Chemistry.
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Table 1.2 Composition of different organic waste biomass.

Biomass Hemicellulose (%) Cellulose (%) Lignin (%) Ref.

Barley straw 24–29 31–34 14–15 [57]

Coconut coir 26 48 18 [58]

Nut shells 25–30 25–30 30–40 [59]

Leaves 80–85 15–20 0 [60]

Sugarcane bagasse 26.9 38.1 18.4 [61]

Wheat straw 24.8 36 14.5 [62]

Waste papers from  
chemical pulps

10–20 60–70 5–10 [63]

Sugarcane tops 24.2 33.3 36.1 [64]

Rice straw 24 32.1 18 [65]

Rice husk 24 31 14 [60]

Grasses (average) 25–50 25–40 10–30 [66]

Oat straw 27–38 31–37 16–19 [67]

Sweet sorghum bagasse 25 45 18 [68]

Banana waste 14.8 13.2 14 [69]

1.3 Utilization of Biomass

Biomass can be utilized as an energy and non-energy source to produce fuels and power, 
and for agricultural and industrial uses (Figure 1.4). For example, woody biomass is mainly 
used for household heating, cooking, and electricity generation, and for producing paper, 
particle boards, and furniture. Moreover, woody biomass is also used as animal food and as 
a raw material for chemical synthesis. While fast-growing vegetal species, which are not fit 
for agriculture, are generally cultivated for biofuel production [70]. Agricultural biomass 
residue is widely applied in generating electric and thermal energies [71]. Other than the 
production of energy and fuels, biomass is extensively used to produce animal feed and 
food, construction materials, compost, and composite materials. In particular, composites 
from natural fibers have gained considerable attention in the manufacturing industry, par-
ticularly for transportation, automotive, and electronics applications [72–84]. This is due to 
their light weight, resistance to corrosion, abundance, and biodegradability [85].

Furthermore, biomass polymer composites can provide a sustainable, eco-friendly, and 
cheap structural material with improved mechanical properties different from traditional 
polymer-reinforced glass and carbon composite materials [85]. For instance, carbon derived 
from feedstock waste or undervalued sources such as coir fibers, shell particles, coffee ground 
powder, and olive seed flour can be used to prepare carbon/poly(propylene) as an effective 
composite for automobile parts with light weight and low-cost [86–89]. Binoj et al. reported 
that an optimized amount of tamarind fruit fiber incorporated into polyester resins substan-
tially improves the thermal stability and aquatic properties suitable for lightweight automotive 
and marine applications [90]. Biomass/polymer composites are also used to produce hybrid 
particle boards with improved mechanical properties. For example, a hybrid particle board was 
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prepared by reinforcing rice straws/coir fibers in phenol formaldehyde resin [91]. This particle 
board possibly improves the toughness, vibration damping, and flame retardancy compared 
to the board made with only phenol formaldehyde resin. Some other researchers embedded 
celery root fibers, poplar seed hair fibers, and hazelnut shell flour into the polylactic acid matrix 
to prepare biodegradable plastic films, bottles, and medical devices [92, 93].

1.4 Biomass as an Energy Source

The resources that meet the basic needs of energy demand for humans and civilizations 
can be divided into primary resources (renewable and non-renewable energy resources) 
and secondary resources obtained by converting primary energy resources [94]. Primary 
energy sources can be classified as non-renewable (e.g., coal, natural gas, oil) and renewable 

Figure 1.4 Utilization of biomass for practical applications.
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energy sources (e.g., solar, hydrothermal, biomass, etc.) [95–97]. Biomass is a renewable 
energy source that can provide a sustainable energy supply at a low cost and mitigate global 
warming by reducing greenhouse gas emissions. Energy generation from biomass is grow-
ing faster due to the quick depletion of conventional fossil fuels. Plants, rice husks, waste 
plastics, sawdust, algae, and trees are the common biomass sources for producing different 
energy and products (Figure 1.4). Currently, biomass energy sources produce 50 × 1018 J, 
accounting for 10% of the world’s energy demand and 35% of that of developing countries 
[98]. These sources include the production of electrical and thermal energy, fuels (gaseous, 
liquid, and solid), and valuable chemicals (e.g., ethanol and methanol) through thermal 
(e.g., pyrolysis, gasification, and combustion) and chemical treatments.

Considering the chemical compositions of biomass and fossil oils, biomass’s main disadvan-
tage in producing biofuels is its higher oxygen content with less carbon and hydrogen ratio 
(C/H) [99]. To replace fossil oils with biofuels, the C/H ratio in biomass must be improved by 
removing oxygen from the biomass in the form of H2O, CO, and CO2 [100]. This is challenging 
and costly since pyrolysis, gasification, combustion, and chemical processes for energy produc-
tion and the enhancement of C/H ratio are still required for using other primary and secondary 
energy sources and chemical reagents. However, the high O/C atomic ratio in lignocellulosic 
biomass is advantageous for synthesizing valuable chemicals and residues.

1.5 Pyrolysis of Biomass

Pyrolysis is a process that decomposes the lignocellulosic polymer chains in biomass by 
thermal treatment in the absence of air or an inert atmosphere [101]. This led to the use of 
BC to generate solid fuels, bio-oil as liquid fuels, and non-condensable gases (Figure 1.5) 
[102, 103]. In the process of biomass pyrolysis, first the biomass feed materials are 

Figure 1.5 Schematic representation of the products and technologies of the pyrolysis of biomass.
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decomposed by the removal of moisture contents [104]. This also induces the breaking of 
bonds in lignocellulosic polymers and the formation of CO, CO2, and residues [105–107]. 
The remaining compounds or materials are further converted to secondary BC, crude bio-
oil, and gases using cracking and polymerization processes. The pyrolysis products and 
their yields are highly dependent on the conditions and parameters of the pyrolysis tech-
nologies and biomass sources. These include the reactor’s temperature, gas flow rate, heat-
ing rate, residence time, catalysts, and reactor configurations [105, 106].

Depending on the operating conditions, the pyrolysis process can be categorized as either 
slow, fast, or flash pyrolysis [108]. In the slow pyrolysis process, lower temperature (550–
950 K), slow heating rate, and long residence time (several hours to days) are applied to 
prepare BC as the primary product [109]. While in the fast pyrolysis method, moderate 
temperature (850–1250K), high heating rates (on the order of 100 οC/sec), and short resi-
dence time are used to prepare bio-oil with a maximum yield of ~75% [109]. The prepared 
crude pyrolytic bio-oil can be further upgraded and purified to advanced biofuels or bio-
chemicals through fast pyrolysis. In contrast, flash pyrolysis is based on heat treatment at 
a higher temperature (1050–1300 K) for less than two seconds producing a higher yield of 
bio-oil than gas and BC [109]. However, bio-oil produced by flash pyrolysis is acidic, unsta-
ble, and highly viscous, and contains solids and dissolved water [110, 111]. Hence, reduc-
ing the oxygen content in the final product (bio-oil) is essential by using advanced methods, 
such as hydrogenation and catalytic cracking. To improve the yield and properties of bio-
oil, BC, and gas-derived from biomass, many pyrolysis techniques, including co-pyrolysis 
[112], catalytic pyrolysis [113], microwave pyrolysis [114], and solar pyrolysis [115] have 
already been developed (Figure 1.5).

1.6 Biomass-derived Carbon for Electrochemical 
Supercapacitors

The main component of an ESC consists of two electrodes separated by a thin and porous 
insulator soaked in an electrolyte. Various materials are used to fabricate ESC electrodes, 
including metal oxides, carbon-based compounds, and conducting polymers [116]. The 
energy storage mechanism in ESCs depends on the types and properties of electrode mate-
rials, broadly classified as EDLC and pseudocapacitor (Figure 1.6) [117]. In particular, both 
non-activated carbon (NAC) and AC derived from biomass sources are attractive materials 
for fabricating high-performance EDLC-type ESCs due to their low cost, easy processing, 
availability, and improved physicochemical properties [118–120]. NAC and AC materials 
can be prepared from a wide variety of biomass sources such as coffee beans, rice husk, cof-
fee endocarp, bamboo species, apricot shell, sugarcane bagasse, rubberwood sawdust, jute 
stick, wood, anthracite, bitumen charcoal, peat shells, date seeds, coconut, etc [23, 29, 120, 
121]. NAC, which is generally obtained from biomass by simple hydrothermal/pyrolysis 
method, generally exhibits inferior physical and chemical properties and energy storage 
capacity in ESCs compared to the ACs [119]. For example, Saini et al. compared the energy 
storage capacity of AC and NAC derived from sugar [119]. Results demonstrated that the 
sugar-derived AC exhibited a 35% improved energy storage capacity compared to the NAC. 
This research further revealed a significantly high capacity of ACs compared to the reduced 
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graphene oxide. In another report, Kalyani and Anitha prepared AC and NAC from tea dust 
refuse. The as-prepared AC delivered 31.50% improved specific capacitance after the 25th 
cyclic voltammetric cycle compared to the NAC [122].

This is mainly due to the robust pore architecture, high porosity, high specific surface 
area, and ample pore functionalities of ACs for the intercalation/de-intercalation of elec-
trolyte ions compared to NAC. Nevertheless, the properties and the ESCs performance of 
ACs derived from biomass are highly dependent on the carbonization conditions of bio-
mass and the activators. ACs with a high percentage of carboxyl (–COOH), carbonyl 
(C = O), phenolic, lactonic, pyrrolic, and pyridinic functional groups, along with various 
heteroatoms (S, O, N) within the porous framework with the high carbon content can 
deliver high energy storage capacity in ESCs [24, 25]. These physical and chemical proper-
ties of ACs derived from a wide range of biomass can be tuned by varying the carbonization 
conditions and activation methods (e.g., physical, chemical, electrochemical, microwave 
(MW), ultrasound, and plasma methods) [123–126]. Specifically, the physical, chemical, 
and electrochemical characteristics of the chemically prepared ACs are highly dependent 
on the type of activation agents (e.g., NaOH, KOH, ZnCl2, K2CO3, H3PO4, FeCl3, CO2, 

Figure 1.6 Types of electrochemical supercapacitor and their electrode materials along with the 
schematic of device structure and operation principle. In an EDLC, energy is stored electrostatically 
via reversible ions adsorption/desorption in a non-Faradaic process, while in pseudocapacitors, 
energy is stored based on the fast and reversible Faradaic redox reactions that occurred at or 
near the electrode surface and the electrochemical adsorption/desorption (i.e., intercalation/de-
intercalation) of ions into the tunnels of electrode materials through the Faradaic charge transfer 
process.
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steam, N2, O3, O2) and methods [123–126]. For example, Alhebshi et al. prepared AC from 
palm fronds using a NaOH activator that exhibited a much higher surface area (1011 m2/g) 
and specific capacitance (Cs = 125.9 F/g) in ESCs [125]. The ACs prepared from the same 
biomass using the physical activation method delivered the Cs of 125.9 F/g with a surface 
area of 603.5 m2/g. In another report, ACs prepared using an H3PO4 activator from rubber-
wood waste biomass showed the Cs of 129 F/g and high surface area (605–693 m2/g) com-
pared to the NaOH activator-based ACs (Cs = 69 F/g and surface area = 429 m2/g) [127]. 
Similarly, numerous reports are available on the preparation of ACs derived from biomass 
using various activation methods and activators for ESCs as summarized in Table 1.3.

1.7 Environmental Aspects of Biomass

Biomass is a potential renewable energy source due to its balanced emission of environ-
mentally harmful CO2 gas compared to conventional nuclear and gasoline-based energy 
production [136]. This can be attributed to the fact that a certain amount of CO2 from the 
atmosphere can be absorbed by a plant during its growing phase, while the same amount 
of CO2 can be released into the atmosphere during the combustion of plant-derived bio-
mass for energy production (Figure 1.7). Biomass can also be co-fired with other fossil fuels 
to decrease the content of additional CO2 released into the atmosphere [137]. Moreover, 
modern biomass combustion systems offer lower CO2 emission levels and better combus-
tion efficiency than the best fossil fuel boilers [138]. Furthermore, biomass contains a lower 
percentage of nitrogen and sulfur, thus, releasing a lower amount of sulfur oxides (SOx) 
and nitrogen oxides (NOx) into the atmosphere, which are responsible for acid rain [139].

The utilization of biomass as a fuel instead of conventional fossil fuels allows the con-
sumer to manage woodland and agriculture in an economical way, also improving biodi-
versity and soil fertility [140, 141]. Moreover, using biomass as renewable energy can avoid 

Table 1.3 Comparison of ESCs performance of various biomass-derived ACs.

Biomass Activators
Surface area of 
AC (m[2]/g)

Specific capacitance 
(F/g) Electrolyte Ref.

Peanut shell ZnCl2 1549 340 at 1 A/g 1 M H2SO4 [128]

Watermelon rind KOH 2277 333.4 at 1 A/g 6 M KOH [129]

Tea leaves KOH 2841 330 at 1 A/g 2 M KOH [130]

Withered rose flower KOH/
KNO3

1980 350 at 1 A/g 6 M KOH [131]

Plastic waste (Polyethylene
terephthalate)

KOH 2326 169 at 0.2 A/g 6 M KOH [132]

Soybean pods NaOH 2612 352.6 at 0.5 A/g 1M Na2SO4 [133]

Onion husk K2CO3 2571 188 at 1 A/g 1M TEABF4/
AC

[134]

Coconut shell Steam 1532 228 at 5 mV s⁻1 6 M KOH [135]
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possible man-made catastrophes like the oil spill in the Gulf of Mexico in 2010 and the 
nuclear reactor destruction in Fukushima, Japan, in 2011. The oil spill in the Gulf of Mexico 
continued for about three months and discharged over 130 million gallons of crude oil, kill-
ing millions of aquatic animals [142]. On the other hand, the Fukushima nuclear disaster 
resulted in fatal radioactive emissions harmful to humans and aquatic and biotic life [143].

Biomass-derived energy is gaining attention for economic development owing to its flex-
ibility and potential for integration encompassing all development strategies [136]. Biomass 
production and its conversion into energy can also create new business possibilities and 
support the rural and industrial economy and trading [144]. For different environmental 
legislations, biomass has high demand worldwide, creating huge opportunities to trade 
biomass. One of the major ongoing environmental legislations is the UN Climate Change 
Conferences to meet net zero emissions by 2050 [144, 145]. Net-zero emissions mean that 
the released greenhouse gasses (e.g., CO2, SOx, NOx) should be offset by eliminating the 
same amount of these gases from the atmosphere by storing them in soil, plants, or other 
materials [146]. Thus, if a nation exceeds the limit of using a fixed amount of carbon per 
annum, they must absorb an equivalent amount of carbon through forest absorption or 
carbon capture. Therefore, every nation, especially developed countries, is attempting to 
reduce greenhouse gas emissions. Biomass utilization can help as it is considered the 
world’s most essential and abundant renewable energy source [137, 138]. Accordingly, the 
use of biomass energy in Europe is increasing, and by 2050 it will increase from 70% to 
150% for the production of energy and materials [147]. Thus, European countries are the 
prime markets for biomass trade. Additionally, there are huge opportunities to trade bio-
mass in countries with limited biomass resources.

Global demand for biofuels is also expected to grow sharply, driven partly by biofuel 
mandates from various countries. Again, the current record high crude oil and gas price 
induced by the COVID-19 pandemic and the war between Russia and Ukraine is expected 
to push global energy industries for biofuel production [148]. Thus, financing in biomass-
based biofuel production has become very attractive for investors. Biomass can be easily 
collected locally, and it has the potential to contribute significantly to any nation’s energy 

Figure 1.7 Biomass derived from plants is carbon-neutral. A plant absorbs and emits the same 
amount of CO2 during its growing and combustion phase, respectively.
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supply security. Governments of different countries offered renewable energy aid to fulfill 
their energy demand by decreasing carbon emissions. Many industrialized countries set a 
trajectory and implemented the extensive use of bioenergy to meet their energy needs. 
Thus, a large amount of biomass resources must be produced, mobilized, and possibly 
imported to fulfill the trajectory [136].

1.8 The Challenges

The global interest in biomass use has been increasing steeply due to its renewability, 
decentralized production, and potential role in climate change mitigation [149]. However, 
many challenges still need to be resolved for the proper utilization of biomass. One of the 
major challenges is finding the best biomass sources and finding novel ways to valorize 
industrial or agricultural wastes and residues. More scientific exploration, research, and 
development on biomass resources is required to improve their utilization. Also, sustaina-
ble systems must be developed for harvesting and processing biomass resources. It is high 
time to improve the efficiency and performance of conversion and distribution processes 
along with developing technologies for a multitude of products from biomass.

The rapid advancement of energy production from biomass, fossil fuels, and other 
renewable sources has triggered the development of low-cost and sustainable materials 
for energy storage applications. Recently, biomass-derived materials such as NAC and 
AC and their composites are gaining special attention for developing high-performance 
energy storage devices (e.g., ESCs and batteries), catalysts, and sensors [118, 150–152]. 
The foremost challenge is the high production cost of ACs from biomass. Thus, the least 
expensive method must be developed for large-scale activation of BC. Selecting precursors 
from an extensive range of biomass sources to ensure the improved physical and chemical 
properties of NAC and AC with high device performance is another prime challenge. The 
presence of inorganic materials and other existing impurities in biomass-derived ACs can 
significantly affect the performance of these technologies. So, all the impurities must be 
removed carefully, which is sometimes costly and time-consuming [153]. Thus, low-cost, 
fast, and efficient technologies must be developed for preparing ACs from biomass with 
high functionality, surface area, and controlled dimensions.

Contrary to the world’s large commodity trade, the number of credit-worthy companies 
that supply biomass is insufficient to meet the demand. Biomass supply-chain companies 
capable of providing predictable and reliable long-term deliveries of a sufficient amount of 
biomass need to be established to support power generators worldwide. At this point we 
suggest investment in converting the existing coal-fired power plants into biomass treat-
ment plants would be a good decision. Besides, many investors do not prefer to invest in 
the whole value chain; rather, they are interested in getting the final product to be deliv-
ered. Therefore it is very important to ensure the environment of regulation and market 
necessary for the increased development and use of bio-based products. Increasing aware-
ness among the general populous can be the most important and efficient way to valorize 
biomass. In most cases, developing countries lag behind developed countries in utilizing 
biomass at a high level, although biomass production is higher in developing countries. So, 
developed countries should support developing countries for the proper valorization of 
biomass.
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1.9 Conclusions

This chapter discusses the chemical and physical properties, the classification of biomass, 
and the utilization of biomass for producing energy, fuels, and products. A brief overview 
of the fundamentals of ESCs and biomass utilization is also presented by highlighting the 
environmental impact and the challenges of biomass utilization. Even though a signifi-
cantly high amount of energy (50 × 1018 J) is being produced worldwide from biomass, a 
large amount of biomass is still being wasted by natural decomposition. More research, 
development, and industrial implementation should be promoted to valorize biomass. The 
advancement of science and technology has enabled the utilization of biomass-derived ACs 
for developing high-performance energy storage devices, sensors, and catalysts. Specifically, 
developing ESCs electrodes by utilizing biomass-derived ACs has received potential inter-
est from scientists and industrialists. This is mainly due to the robust pore architecture, 
high porosity, high specific surface area, and abundant pore functionalities of ACs pre-
pared from a wide variety of biomass sources through sequential thermal (pyrolysis) treat-
ment and chemical/physical activation. However, the energy storage capacity of 
biomass-based ACs still needs to be improved by selecting a suitable biomass precursor 
with high carbon content. Furthermore, the development of a safe, eco-friendly, and low-
cost technology is required for the large-scale production of ACs from biomass. Finally, the 
authors are confident that this chapter can guide the researchers in understanding the 
fundamentals of biomass, its energy and environmental aspects, and the utilization of bio-
mass for ESCs.
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2.1 Introduction

Energy is essential in modern civilization, from everyday living to advanced research and 
technology. Unfortunately, it has become a bottleneck impeding our progress with rising 
energy consumption and negative environmental impacts. Renewable energy sources have 
gained attention as feasible, low-cost, and environmentally acceptable energy sources due 
to the possible climate change and fossil fuels depletion. Non-fossil energy sources must be 
used to establish a sustainable future; ideally, they should be reliable, economical, and 
limitless. The key to attaining global energy sustainability is energy conversion and stor-
age. Numerous energy conversion and storage technologies are available, such as solar 
panels, flywheels, pressurized air, fuel cells, supercapacitors, and batteries, have been cre-
ated to harness sustainable energy sources like solar, wind, thermal, hydro, or biomass 
energy. The most efficient electrochemical energy conversion and storage technologies for 
everyday use have been demonstrated to be supercapacitors (SC) and batteries [1].

SCs are clean energy storage devices that function like batteries and capacitors in power 
delivery and energy storage. SCs and batteries are considered the most reliable electro-
chemical energy transformation and storage technologies for practical applications. 
Batteries immediately transform chemical energy into electrical energy via redox reactions, 
while SCs reserve charges at the electrode or electrolyte interface through the electrical 
dual layer or reversible Faradaic processes [2, 3]. The energy performance of SCs may be 
adjusted and made application-specific depending on the charge storage method [4]. Fuel 
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cells and batteries are high-energy sources but lack power delivery. Conversely, conven-
tional capacitors have outstanding power delivery capabilities, but energy density remains 
a constraint [5]. SCs are gaining popularity as a viable alternative to fuel cells and batteries 
due to their capacity to offer high power at high energy and long life. They are classified 
into electric double-layer capacitors (EDLCs) and pseudocapacitors (PCs) based on charge 
storage mechanisms [6, 7]. The electrochemical performance of supercapacitors is entirely 
dependent on the selection of its constructing components, such as electrodes, binders, 
separators, electrolytes, packaging material, etc. The following section provides a summary 
of the various supercapacitor components.

2.2 Supercapacitor Components

2.2.1 Electrodes

The potential elements of SCs mainly include carbon-based materials. Because of their 
physicochemical qualities, carbon-based elements have been widely used for SC electrodes 
[8]. Carbon-based materials include anything from basic ACs to sophisticated nanostruc-
tured carbons like graphene and carbon nanotubes (CNTs). Some of their characteristics 
are high specific surface area, strong chemical stability, superior electrical conductivity, 
and controlled porosity [9]. Various biomass resources have been used as precursor materi-
als to prepare carbon electrodes for SCs to date, including multiple types of wood and plant 
tissues, agricultural residues, industrial effluent, and domestic waste. They have gained 
considerable interest due to their widespread availability and low cost.

2.2.2 Electrolytes

An essential component of electrochemical supercapacitors is the electrolyte that provides 
ionic conductivity and facilitates charge adjustment on each electrode of the cell. It also 
allows connectivity between various components of SCs. In SC electrolytes, the organic 
compounds derived from the extraction or conversion of biomass materials in the form of 
gel polymer electrolytes and solid-state electrolytes have been extensively studied. These 
organic electrolyte-based energy storage devices (ESs) now dominate the commercial mar-
ket due to their large operation potential window, which is generally between 2.5 and 2.8 
V. The energy and power densities may be significantly enhanced by their large operation 
potential window and the higher operating cell voltage [6, 10–17]. This remarkable electro-
chemical performance of biomass-based hierarchical porous carbon (PC) material in elec-
tric double-layer capacitors (EDLC) is a result of its high specific surface area (SSA) and 
unique hollow tubular hierarchical porous structure [18].

In carbon-based ESs, the capacitances derived from organic electrolytes are often less 
than those obtained from aqueous electrolytes because the specific capacitance of an ES 
depends on the specific surface area and the pore size/size distribution of the carbon com-
ponents [19]. Therefore, the compatibility between electrolyte ions and pore structure may 
increase the specific capacitance. Due to their porous and interconnected architectures, 
carbon materials generated from biomass can facilitate convenient and efficient electron 
transport and offer enough electrolyte contact [20].
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2.2.3 Separators

To reduce the conduction of electrons between the electrodes, separators between elec-
trodes in supercapacitors have been used, which are made of rubber, plastic, aqua gel, res-
orcinol formaldehyde polymers, polyolefin films, etc. However, inclusion of binders would 
result in several adverse consequences, including higher electrical resistance, poor adhe-
sion, unfavorable electrolyte diffusion, and inadequate capacitive performance [21, 22]. 
The commercially available Nafion membrane has qualities for it to function efficiently as 
a supercapacitor separator. Still, the high cost and scarcity of raw materials derived from 
fossil resources prevent its widespread usage [23, 24]. Developing biomass-based porous car-
bon membranes can remove the limitations of their powdered counterparts for use in SCs. 
Permeability and porosity are the most crucial characteristics of EES membranes. Biomass-
derived carbon materials have considerable potential for application in these SCs due to 
their extremely high porosity, large specific surface area, and outstanding electrical conduc-
tivity. The membranes generated from biomass may be utilized directly as electrodes for SCs, 
eliminating the need for binders, additives, and current collectors, hence simplifying the 
electrode assembly procedures and decreasing the cost of SC manufacture [25, 26].

A micro-supercapacitor prepared using micro-electro-mechanical technology is referred 
to as MEMS supercapacitor, with vast application possibilities in implantable biomedi-
cal devices, micro-sensors, micro-robots, etc. The MEMS supercapacitor features a huge 
energy storage capacity, miniaturization, many charge/discharge cycles, and batch manu-
facturing. The optimization of the specific surface area of membrane materials is applied 
to the investigation of the maximal electrical double-layer capacitor per square centim-
eter or per gram [27]. In addition, the carbon membrane’s structural integrity would allow 
for high cycle stability. These fundamental characteristics make biomass-derived carbon 
membranes a highly promising electrode material for SCs.

2.2.4 Binders

The purpose of the binder is to bind the active material in the electrode and enhance adhe-
sion between the electrode and current collectors. The binders might create a compact 
arrangement for the electrodes, ensuring a favorable electrical connection between the 
active substances [28]. Activated carbon is now the most common material used in SCs due 
to its high specific surface area, low cost, and capacity for mass production. Similarly, gra-
phene has generated much attention in the energy storage sector as a novel carbon mate-
rial since supercapacitors and polymers are frequently mixed onto graphene for various 
enhanced or novel features [29]. Utilizing conducting polymers (CPs) in supercapacitors 
allows for quick charge and discharge and high specific capacitance; nevertheless, the pri-
mary problem of using CPs alone as the supercapacitor electrode is that they are unstable 
over lengthy cycle life [30]. Compound CPs with graphene, in this instance, extend the 
lifespan of a CP-based supercapacitor. Another ecofriendly compound, nanocellulose is 
a good choice for developing green renewable energy storage systems due to its low cost, 
abundant availability, and straightforward production procedures [31]. Nano cellulose has 
a unique mix of features, such as flexible surface chemistry, transparency, minimal thermal 
expansion, high elasticity, anisotropy, and the ability to bind to other conductive materials, 
allowing for widespread application in supercapacitors [32].
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2.2.5 Packaging Materials

The use of ecofriendly packing materials guarantees optimal safety for supercapacitors. 
Aluminum or iron is used to coat the majority of energy storage devices. Replacing metal 
cans and coin cells with eco-friendly polymer materials like biomass-derived polymers in 
supercapacitors is extremely desirable. Even while aluminum or steel cans do not repre-
sent a threat to the environment, they nonetheless can generate ash [33].

Although significant advances have been achieved in the electrochemical performance 
of electrode materials, additional mechanical support is essential for the flexibility, 
strength, and stability of these devices. These supports are required to support substantial 
mechanical loads [34]. In practical applications, the substrates and packaging materials of 
these devices accounts for a significant amount of their total weight/volume and signifi-
cantly reduces their overall energy density.

2.3 Biomass Use

SCs rely on porous carbons. Porous carbons are predicted to be in high demand in the 
future for various technologies because of their vital function and the expected constant 
increase in output. The production of porous carbons necessitates specific methods to be 
chosen based on two fundamental criteria: (i) an abundance of carbon precursors and (ii) 
the method must be flexible and ecologically sustainable, using resources that are easily 
accessible, cost-effective, and renewable (i.e., biomass or biomass-based products), and 
non-corrosive and non-toxic constituents [35]. Due to its widespread availability, sustain-
ability, renewable nature, unique structure, and low cost, biomass has been studied and 
exploited by researchers all over the world for various applications such as carbon dioxide 
(CO2) capture [36], hydrogen storage [37], dye-sensitized solar cells [38], water treatment 
[39], and energy storage [12, 13]. Agriculture waste, also known as lignocellulosic materi-
als, is a renewable resource available in large quantities. Lignin, cellulose, and hemicellu-
lose are the three types of cellulose. Lignin and cellulose are excellent resources for 
synthesizing activated carbon compounds [40].

Biomass-derived carbon materials are eco-friendly; thus, they ensure clean and green 
energy. Moreover, using these materials can be cost-effective. The ionic and electrical con-
ductivity of biomass-derived carbon materials ranges from moderate to high for rapid and 
efficient diffusion of electrolyte ions. They are compatible with almost all ranges of electro-
lytes, like aqueous, organic, and ionic liquids. Because of their higher power density, longer 
cycle life, and faster charge-discharge rate, SCs have recently gained a lot of interest as a 
type of superior energy storage technology [41, 42].

Many studies have shown that biomass-based carbon materials with 1D or 2D structures 
are viable for developing flexible electrodes with good electrochemical performance at the 
scale of laboratory experiments. However, developing generic and practical procedures to 
weave them on a large scale remains challenging [43]. Several studies found that using a 
cost-effective self-template method to mass-produce 3D hierarchically porous carbon from 
corn husks is a sustainable biomass carbon source [44]. The corn husk-derived hierarchical 
porous carbons (CHHPCs) exhibited a three-dimensional architecture with meso- or micro-
porous carbon walls and a hierarchically interconnected micro-, meso-, or macro-porous 
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pore structure, as well as a huge surface area (814,928 m2 g-1) and a high proportion of 
oxygen-containing groups (12.71%) [45]. SCs can be obtained from biomass by adopting a 
general process. Figure 2.1 explains how we can obtain SCs from simple biomass resources 
like cellulose, hemicellulose, and lignin fibers with an application of simple techniques.

Nonetheless, several recent studies relied on an extra chemical agent to produce the 
unique structure, resulting in low carbon yield and biomass structural disruption due to 
the generation of substantial amounts of by-products [17, 47, 48]. In order to create meth-
ods for the effective use of biomass resources, greater attention should be applied to the 
structural development, from an organic biomass precursor to an inorganic carbon mate-
rial and to how additional agents can be utilized to change the characteristics of the carbon 
material.

2.4 Green Biomass Resources

SC electrodes are made from carbon compounds derived from biomass. Because these 
materials are plentiful and high in carbon content, they can be used to create enriched 
carbon compounds in high quantities. In order to create a fresh and long-lasting energy 
storage device, the synthesis process and the precursor used are crucial. Although fossil 
fuels are frequently used as precursors, they are limited and nonrenewable resources. As a 
result, carbon products made from these sources are unappealing. Therefore, attention has 
been given to biomass materials for generating energy storage devices [49]. Crops and their 
waste, woodland crops and waste, aquatic, residential, and industrial by-products are all 
examples of green biomass sources. Figure 2.2 outlines some biomasses that can be effi-
ciently used as recycled waste. In the first step of the carbonization process, these raw 

Figure 2.1 Graphical representation of obtaining supercapacitors from biomass. Redrawn from refs 
[28, 46].
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biomass ingredients are combusted into chars with a rudimentary pore structure inside an 
inert environment at a high temperature. Under elevated temperatures and pressures, the 
carbon ratio enriches the precursor by degrading carbon-rich material.

Catalyst-free-carbon nanospheres were manufactured by some researchers utilizing sim-
ple one-step pyrolysis employing biowaste sago bark [50], seaweed [51], and leather waste 
[52] as precursors, with no chemical release because no activating agents were utilized. 
Usually, most biomass resources require different activating agents, which release various 
hazardous compounds into the environment and may cause serious environmental dam-
age. The utilization of biomass to fabricate SC’s other components like electrolytes, mem-
branes, separators, binding materials, and packaging materials is also reported. These 
biomass applications will be discussed in later chapters in this book.

2.5 Green Synthetic Strategies for Biomass-derived Carbon

Currently, massive development has been achieved in the sector of catalysis, adsorption/
separation, energy conversion, and storage using a mix of efficient synthesis methodologies 
and sustainable biomass. Various methods of obtaining energy from biomass have been 
attempted to date [35, 53]. These methods are typically divided into two categories: thermo-
chemical processes (such as combustion, gasification, and pyrolysis) and biochemical pro-
cesses (e.g., fermentation and anaerobic digestion). Figure 2.3 explains how activated carbon 
is achieved from different biomass resources by physical and chemical activation processes. 
Hydrothermal carbonization (HTC), hydrochar activation, and final carbonization and 
reduction are the three primary phases of the processes. Carbon atoms are rearranged dur-
ing the carbonization process of physical activation to produce graphitic-like structures, 
which give the carbonized material its original porosity. Carbonized material, char, or bio-
char is the ultimate result of the carbonization process, which is high in aromatic rings. 

Carbonization

SupercapacitorCarbon

Biomass

Figure 2.2 Natural biomass resources and their applications to fabricate supercapacitor cells for 
green energy storage. Redrawn from refs [1, 4].
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Biochar is further activated using steam, carbon dioxide, air, or a combination of gases as an 
activating agent at temperatures between 350 and 1000°C, increasing carbon porosity. The 
chemical activation procedure may be done using raw biomass or carbonized biochar. This 
procedure is carried out at relatively low temperatures (about 300–800°C) depending on the 
precursor material. Activated carbon is rinsed multiple times with water to eliminate any 
trace residues of the activating agent in the last phase of chemical activation. A quick over-
view of various conversion methods is provided in the next sections.

2.6 Pyrolysis of Biomass

Pyrolysis is either a high-temperature hydrothermal treatment (700–900°C) in an inert 
environment or a high-temperature carbonization procedure. When calcined under inert 
gas, the three primary components of biomass, cellulose, hemicellulose, and lignin, may 
take various chemical paths. Moisture is the principal component that volatilizes in the 
initial stage (about 100°C). Hemicellulose degrades quickly when the temperature is raised 
(220– 315°C) [8]. The pyrolysis of cellulose occurs between 315°C and 400°C, but lignin 
pyrolysis occurs across a wide temperature range. The structural and textural properties, 
including porosity, shape, and physicochemical property, of direct pyrolysis-produced car-
bon (DPC), which may be created by the prudent choice of organic precursors and process-
ing conditions, are particularly important for electrochemical performance.

Figure 2.3 Synthetic routes towards activated carbon from biomass and its application as 
electrodes for supercapacitors. Redrawn from refs [22, 38].
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2.7 Carbon Activation

To update the characteristics of biomass-derived carbons, activation, including chemi-
cal and physical activation, is required. A physical activation is a two-step approach 
that begins with the carbonization of precursor materials at a certain temperature (typi-
cally about 800°C) and ends with the activation of the conserved char at a higher tem-
perature in the presence of appropriate catalysts such as air, CO2, and steam. Chemical 
activation, however, combines the two stages, namely combining the biomass with the 
activator and then calcining at an appropriate temperature [54]. The activators signifi-
cantly impact the qualities of the end products throughout the activation process. 
Potassium hydroxide (KOH) is the most promising of these activators because it has a 
lower activation temperature, resulting in higher outputs and well-defined pore size 
distribution with extremely high SSA (up to 3000 m2/g). Microspores and tiny 
mesoporous may be inserted into the system of differently patterned carbons by activat-
ing them with KOH [55]. For carbon activation with KOH, three primary activation 
methods are available [56]:

 ● During the calcination process, potassium compounds such as KOH and some com-
pounds (K2CO3 and K2O) interact with carbon, forming the pore system;

 ● Carbon gasification leads to the subsequent development of porosity via by-products 
(H2O and CO2); and

 ● The metal potassium efficiently directly interacts with the carbon lattices of the carbon 
matrix, causing the carbon lattices to expand.

2.8 Hydrothermal Carbonization

Hydrothermal carbonization (HTC) is a potential approach for converting cellulose into 
coal-like compounds in particular. It is often used at low temperatures (130°C‒250°C) and 
under self-generated pressures in water. It is found to be a viable method for producing a 
variety of carbonaceous materials [57]. Hydrolysis, dehydration, decarboxylation, polym-
erization, and aromatization are the five techniques usually used in the hydrothermal 
treatment of biomass. Various carbon sources produce different precursors, which influ-
ence the structures and morphologies of the final products. During the early phases of the 
hydrothermal treatment, hexoses (such as glucose, sucrose, and starch) and pentoses 
(xylose, ribose) are dehydrated, resulting in the formation of hydroxyethyl furfural (HMF) 
and furfural, and also different organic acids. These acids reduce pH and accelerate carbo-
hydrate dehydration in situ. Under moderate processing conditions, the temperature may 
be used to regulate both the chemical composition and the shape of HTCs.

HTC has been found to be a minimal-cost approach for directly generating porous car-
bon-based materials from biomass [57, 58]. HTC-derived compounds, on the other hand, 
have fewer pores and a smaller specific surface area than ACs, which is unfavorable for 
applications involving nanometer-scale regulated porosity, such as catalysis, adsorption, or 
energy storage [4].
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2.9 Ionothermal Carbonization

Ionic liquids (ILs), which are liquids with a temperature below 100°C, were first created as 
molten electrolytes for use in batteries. Because of their superior biomass solubility, low 
solvent volatility, and great thermal stability, ILs are now being used as a benign solvent in 
biomass-derived carbon synthesis [59]. The capacity to create hydrogen bonds with solutes 
may improve carbohydrate solubility, and the latent acidity function can accelerate carbo-
hydrate dehydration. Ionothermal carbonization (ITC) can be handled much more effec-
tively with an open vessel than HTC, where water creates huge autogenous forces at extreme 
temperatures. Furthermore, ITC-derived carbon compounds (ITCCs) have a somewhat 
greater specific surface area (SSA) and carbonization yield [60]. Although ILs may be recov-
ered and reused without additional purification following the carbonization step, their cost 
prevents their widespread application in industry. ITC, on the other hand, is an excellent 
supplementary procedure for converting biomass into useful carbon compounds.

2.10 Molten Salt Carbonization

High temperatures treatment of carbon materials used in electrical devices is required for 
both HTCs and ITCs and results in an increased electro-conductivity and a very well-
porous structure. Molten salt carbonization (MSC) does not require any further raised tem-
perature treatment. Molten salt synthesis is an extension and successful complement to the 
ITC and HTC techniques in this regard. In this way, molten salt synthesis is an effective 
supplement to the ITC and HTC procedures. In a solid-state reaction mechanism, the reac-
tion rates are often limited by the sluggish diffusion of reactants [61].

2.11 Environmental Benefits

In many places, wood-processing leftovers, urban wood wastes, and some food-processing 
residues are landfilled. The majority of agricultural leftovers used as fuel are burnt. 
Agricultural residual fuels are sometimes plowed into the soil. The majority of in-forest 
wastes are left in the forest, where their long-term accumulation increases the danger of 
forest fires and degrades ecosystems. Instead of being left in the forest, some in-forest 
items, notably logging wastes, are pile burnt, eliminating this material as a source of fuel 
loading but contributing to air pollution. However, using these materials to produce bio-
mass that will later be used in SCs may have environmental and economic benefits. 
Biomass seems to have the prospects to be a cost-effective and long-term source of energy 
in the future if the government and industry collaborate to ensure that harvesting biomass 
compounds and producing bioenergy crops are both ecologically friendly, all while helping 
countries fulfil their greenhouse gas (GHG) reduction targets [11, 62]. Figure 2.4 shows a 
simple diagram of the different benefits obtained from biomass energy production. The 
consequences of disposing of biomass as waste will be severe. Biomass burning in the open 
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emits toxic and harmful chemicals and fumes. Furthermore, when biomass accumulates in 
the forest, forest fire risk grows. These undesirable biomass elements represent a threat to 
the ecosystem as a whole. On the other hand, using these materials to make carbon materi-
als for SCs may be extremely beneficial.

2.12 Eliminating Hazardous Materials

Municipal waste is a collection of a city’s solid and semisolid waste. It mostly consists of 
home or residential garbage although commercial and industrial garbage may be included, 
except for toxic wastes, which are usually managed separately in compliance with environ-
mental requirements [63, 64]. Food and kitchen trash, such as meat trimmings or vegetable 
peelings, yard or green garbage, and paper, are all considered biodegradable parts of 
municipal waste. The hazardous materials are sometimes left over in open areas, thus gen-
erating threats to human health and the ecosystem. Sometimes these hazardous wastes are 
landfilled, resulting in the production of methane. As a result, they can be employed as raw 
materials to reduce the detrimental effects. Another promising path towards a more envi-
ronmentally friendly and sustainable energy source is to utilize harmful particles produced 
by automobiles and industry to produce more useful nano-sized carbon compounds. Soot 
particles (vegetable oil soot, diesel soot, wood soot, charcoal soot), leather waste, and waste 
tires are a few major challenges contributing to global warming and human health issues 
[4]. Therefore, using these compounds may help to decrease the threat they produce.

Figure 2.4 Benefits of biomass energy production. Redrawn from refs [3, 44].
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2.13 Diminishing Risks of Forest Fire

Existing old and damaged wood, fallen wooden debris of various kinds, and forest growth 
stock, whose density is generally increasing, are all sources of fuel accumulating in the 
woods. In terms of forest fire danger, the build up of old and damaged timber, both rising 
and falling, can be problematic since it contains less moisture content than young stock, 
making it easier to ignite, quicker to burn, and more likely to spread the fire. As the amount 
of fuel in forests increases, out-of-control fires become far more intense and devastating 
than the pre-industrial fires. In drier regions flames burn far hotter than fires in damper 
regions, consuming much larger areas and causing far more damage. Hence, using these 
materials may diminish the risks of a forest fire.

2.14 Enhancement of Ecosystems

Fuel loading can lead to declining forest and watershed health and ecosystem function. Many 
modern forests have a high canopy closure level, but healthy, generally undisturbed forest 
ecosystems have low canopy closure. This indicates that more accessible rainfall enters the 
evapotranspiration cycle than in the original ecosystem, and therefore less precipitation 
reaches the watersheds as runoff. Decreased runoff means less water reaches the grassland and 
lowland, where it is stored throughout the rainy season and gradually released during the dry. 
Thus, using forest fuels to generate biomass may improve the health of a given ecosystem [65].

2.15 Minimizing Air Pollution

People have been polluting the air since they learned how to use the fire. Still, anthropogenic 
air pollution, also known as man-made air pollution, has increased drastically since the dawn 
of civilization. Air pollution and landfill loading are two of traditional biomass waste disposal’s 
most significant environmental consequences. The open burning of biomass leftovers causes 
significant air pollution, including smoke, particles, and hydrocarbon emissions. These activities 
release many volatile organic compounds and toxic metals into the atmosphere. It also emits 
large amounts of NOx, CO, and hydrocarbons, all contributing to ozone formation in the atmos-
phere. In many locations, agricultural burning significantly hinders meeting air quality criteria 
[66]. Pollutants discharged into the atmosphere are not limited to the immediate vicinity of the 
emission source or the local environment but may travel considerable distances, causing regional 
and worldwide environmental issues [67]. In addition, landfill loading with biomass waste pro-
duces methane, a greenhouse gas. However, rather than burning these biomass resources, they 
might be used to produce activated carbon for SCs, which could help to alleviate air pollution.

2.16 Greenhouse Gas Emission Reduction

Biomass is a well-known clean energy source that may assist in reducing the use of fossil 
fuels, therefore minimizing the greenhouse effect [68]. The utilization of biomass resources 
that are often considered a third-world energy source, might contribute a critical role in 
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assisting the developed countries in reducing the detrimental effect of using fossil fuels to 
generate electricity, but only if major replanting is promptly undertaken. Biomass is a car-
bon-neutral renewable energy source that burns cleaner than fossil fuels. Therefore, bio-
mass production may help to minimize global warming, and there are likely to be 
environmental advantages if intensive agriculture is substituted with less intensively man-
aged energy crops, such as reduced fertilizer leaching and pesticide usage. Biofuels and 
chemicals made from biomass for various applications, including supercapacitors, are 
becoming increasingly popular worldwide to enhance energy resources and combat global 
warming [69, 70].

2.17 Solid Waste Management

Landfilling wood leftovers that can be collected and transformed into fuel for the power 
plant has the same positive environmental consequences as other organic wastes. Many 
cities generate a large amount of solid waste, ultimately ending up in landfill and may pose 
serious environmental risks in the form of waste materials, a situation that has become a 
prominent and pressing issue in civilized human societies [70, 71]. When organic waste is 
dumped in a landfill, it decomposes and produces methane, a powerful greenhouse gas. As 
a result, diverting these wastes for biomass generation lowers landfill volume and methane 
emissions. Hence, using rather than dumping solid waste eliminates a considerable amount 
of organic material from the landfill.

2.18 Restoration of Degraded Land

When considering the use of biomass to help offset global warming, the time lag between 
the initial release of CO2 from fossil fuel burning and its eventual absorption as biomass, 
which may take many years, is a critical factor that is sometimes overlooked. A similar 
problem affects developing countries, which utilize biomass for energy production but do 
not have a plant replacement program. A number of crops have been proposed or are being 
explored for commercial energy farming. Woody crops, grasses/herbaceous plants (all per-
ennial crops), starch and sugar crops, and oilseeds are all potential energy crops. Biomass 
production may help rehabilitate degraded areas if suitable crops are chosen. Compared to 
present agricultural practice, higher biodiversity may be produced depending on the crops 
utilized and how biomass is farmed [72].

2.19 Environmental Externalities

Use of agricultural and forest residues and the production of woody, herbaceous, and aquatic 
crops are among the biomass feedstock manufacturing methods. Agricultural residues, such 
as leaves and roots, stover, straw, and stalks, remain after harvesting and contribute to ero-
sion control, nutrient and water retention, and soil organic matter maintenance. However, 
using these resources to produce energy may introduce severe environmental problems.
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The major environmental issues related to biomass production are associated with land, 
water, and fertilizer. More specific environmental issues from biomass-based supercapaci-
tors involve soil degradation, nutrient loss, water quality deterioration, and air pollution 
[73], which may create anxieties related to environmental protection [64]. Recently, numer-
ous crops have been produced that are later used as raw materials for energy production. 
However, using woody crops and aquatic plants as raw materials has drawn attention due 
to long-term negative implications.

Short-rotation intensively farmed plants are utilized to produce woody crops that are used 
for energy conversion. Large areas of agricultural land will be required for the large-scale 
development of short-rotation plants, potentially causing a conflict with food and fiber pro-
duction. Also, severe impacts such as soil disturbance, soil degradation, and compression 
may arise from the converting forest sites to short-rotation plantations. Furthermore, ferti-
lizers are utilized in developing these crops, which are then carried into neighboring water 
bodies through surface runoff. Aquatic plants that are used for energy production directly 
or indirectly contribute to land-use changes, including displacement of wildlife habitat and 
rangeland grazing, groundwater impacts such as aquifer drawdown, land subsidence, and 
freshwater contamination from pond seepage and interaction among aquifers [74]. The deg-
radation of these aquatic plants may prompt algae to grow rapidly, thus creating algal 
blooms and, subsequently, hypoxia and death of aquatic organisms in the water bodies [75].

Major problems arising from using biomass for SCs are from different conversion meth-
ods such as fermentation, direct combustion, gasification, and pyrolysis. Various volatile 
and non-volatile pollutants, such as high carbon monoxide (CO), unburned hydrocarbons, 
sulfur dioxide (SO2), carbon dioxide (CO2), ammonia (NH3), hydrogen sulfide (H2S), hydro-
gen cyanide (HCN), carbonyl sulfide (COS), and carbon disulfide (CS2), are emitted as a 
result of these conversion methods. Solid wastes exist in the form of stillage, wastewater 
treatment sludge, combustion debris, and sulfur scrubber effluent, as well as liquid waste-
waters from equipment wash waters and power plant blowdown streams containing biode-
gradable organic compounds [11, 67, 76].

2.20 Conclusions

Supercapacitors (SCs) are clean energy storage devices considered the most efficient elec-
trochemical energy transformation and storage methods in real-world applications. SCs 
have gained traction as cost-effective and environmentally acceptable energy sources as 
concerns about climate change grow and the depletion of fossil fuels becomes more immi-
nent. SCs have shown enormous promise in meeting the growing energy demands of fast-
evolving portable electronics, electric car markets, and other industries, as biowaste has 
been making steady progress in supercapacitor technologies.

SC electrodes have been made using a variety of carbon-based substances, ranging from 
basic ACs to sophisticated nanostructured carbons. Biomass resources have been employed 
as precursors to manufacture carbon electrodes and other components for SCs, and their 
widespread availability and inexpensive costs have sparked an interest. Biomass resources 
and their exploitation have piqued the world’s energy sector’s attention, and their relevance 
will only grow as the focus shifts to renewable energy sources and energy conservation. 
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Using biomass in SCs will give a good chance to reduce greenhouse gas emissions and 
global warming.

The production of porous carbons derived from wood and plant tissues, agricultural resi-
dues, industrial effluents, and municipal waste materials has been used as precursor mate-
rials to prepare carbon electrodes for supercapacitors. Lignin, cellulose fiber, and 
hemicellulose obtained from biomass are excellent resources for synthesizing activated 
carbon compounds to develop flexible electrodes for SCs. Thermochemical processes and 
biochemical processes are methods for obtaining energy from biomass.

The production of activated carbons using these methods requires more investigation in 
terms of environmental and economic issues. It should be noted that different volatile and 
non-volatile toxic gases can be emitted during conversion processes. Biomass has the 
potential to offer a cost-effective and long-term source of energy. Using biomass in SCs 
manufacturing instead of biowaste disposal can help to reduce air pollution, forest fire 
danger, GHG emissions, hazardous material release, and land degradation. Organic waste 
decomposes in landfills and emits methane. As a result, diverting these wastes for biomass 
production reduces landfill volume and methane emissions.

Although biomass-based supercapacitors are environmentally friendly and cost effec-
tive, they do cause soil erosion, nutrient depletion, water quality degradation, and air pol-
lution. Thus, waste SCs are classified as hazardous products and require a special treatment 
facility. Researchers have not paid enough attention to waste supercapacitor recycling yet. 
Nonetheless, the potential risks from certain traditional electrolytes, solvents, and polymer 
binders should be considered after the device’s life cycle. SCs with binder-free electrodes 
are gaining considerable popularity to eliminate the redundancy of using additional mate-
rials and their potential hazards.
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3.1 Introduction

The old open-ended system, sometimes dubbed the linear economy, creates severe prob-
lems with economic, social, and environmental sustainability [1]. In a typical linear econ-
omy (Figure 3.1), natural resources (R) are used to generate (P) consumer and capital goods 
(C), which in turn generate (U) utility or well-being. By relying on the wasteful take-make-
discard loop, the linear economy’s fundamental mechanics are destructive to the environ-
ment, incapable of providing necessary services to our planet’s rising population, and 
naturally results in strained profitability.

To counter this, circular economy (CE) is an economic system that focuses on resource 
conservation, repurposing, recycling, and reuse throughout the entire value chain from 
production to consumption. At the micro, meso, and macro levels, it aims to achieve sus-
tainable development, resulting in enhanced environmental quality, economic prosperity, 
and social equality for existing generations and the generations to come. Innovative busi-
ness models and attentive customers make this feasible [3]. Reducing dependence on vir-
gin resources and recycling waste-derived resources is a sustainable flow paradigm that 
reduces negative environmental impacts [4]. Product-service systems, remanufacturing, 
corporate social responsibility, the sharing economy, and zero waste are all components of 
industrial ecology. For example, CE stresses (i) remanufacturing, refurbishing and repair, 
(ii) utilization of renewable energy throughout the value chain and the cradle-to-cradle life 
cycle, and (iii) reuse of product, component, and material [5]. A researcher provides a sim-
plified model of a circular model [2], as shown in Figure 3.2. Adding (R) for recycling and 
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(W) for waste completes the cycle and circularize the economy, as shown in this model. 
Due to missed opportunities and physical laws, it is impossible to recycle all waste.

Any industrial product, including supercapacitors, requires a sustainable supply of raw 
materials for SCs. A linear production path that depletes resources and throws away their 
value-added products will exacerbate climate change and other environmental issues. It’s 
no secret that many resources, such as food and water, are becoming increasingly scarce as 
time goes on (Figure 3.3). A logarithmic scale represents the amount of each element in the 
Earth’s crust and atmosphere, with the larger tiles representing more of the element. It’s 
important to note that the man-made elements technetium and promethium (shown in 
white in the Figure 3.3) do occur naturally on Earth but in extremely small quantities. This 
image calls attention to the rapid depletion of elemental resources as well as the fact that 
many of these elements come from countries where mining rights are contested [6].

The automotive and stationary industries are driving an increase in the demand for elec-
trochemical energy storage. In the future, obtaining essential raw materials and managing 
end-of-life systems will be challenging tasks. From the perspective of the CE, it is vital to 
identify reuse and recycling solutions that can make the demand for goods and services 
sustainable [8]. This chapter will mainly elaborate on the role of biomass-based SC in waste 
elimination, environmental pollution, biodiversity protection, renewable energy, renewa-
ble resources, reduced chemical substance use, greenhouse gas (GHG) emission reduction, 
healthy and resilient soils, and economic benefits.

3.2 Circular Economy Framework

The production of bioenergy and bioproducts from biomass, especially bio-waste streams, 
has sparked global interest in developing a circular economy [9]. Incorporating biomass into 
the circular economy can substantially increase the production of sustainable bioproducts, 

Figure 3.1 A schematic diagram of the conventional linear economy. Redrawn from ref [2].

Figure 3.2 A simplified illustration of a circular economy model. Redrawn from ref [2].



3.3 Elimination of Waste through Biomass Utilization in Supercapacitors 43

including SCs. A conceptual circular economy framework consisting of significant mate-
rial and energy flows for biomass-based SCs is presented in Figure 3.4. Different elements 
of a SC, including an electrode, electrolyte, separator, binding materials, current collector, 
and packaging materials, are produced from biomass. After their design lives, different ele-
ments of biomass containing carbon, cellulose, gelatin, protein, fibre, and other materials 
can be recovered and used for producing the same or other elements of SCs. The unused 
biomass after material recovery will be returned to the biological environment or could 
be used for energy generation and water treatment after appropriate modifications. The 
manufacturing process of the elements of SCs requires energy, water, and other resources, 
which the recovery and bioenergy development could support. Finally, the circular econ-
omy approach will ensure significant methane emissions from the biomass used in SCs. 
However, this conceptual framework is mainly adopted to explain circular economy fea-
tures pertinent to SCs.

3.3 Elimination of Waste through Biomass Utilization in 
Supercapacitors

Large volumes of waste are generated by municipal, industrial and agricultural activities 
around the globe. Continuous improvement in the handling, management, or disposal of 
waste from the manufacturing industry or other activities has been identified as one of the 
most important tasks within the scientific community.

Figure 3.3 The periodic table in light of the rarity of the elements. Reproduced with permission [7]. 
Reproduced under the term CC-BY-ND-4.0. Copyright 2021, European Chemical Society.
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The ability to minimize waste has the potential to generate environmental gains. In man-
ufacturing, sustainability has come to mean creating products that can be recycled entirely, 
using environmentally friendly or green production methods, and reusing or recycling 
products at the end of their useful lives. Waste disposal is closely associated with sustaina-
ble development. Waste reduction is an important part of environmental protection and 
improvement, and of social and economic satisfaction maximization. This could be 
achieved through recycling, reuse processes, or the discovery of devices from biowaste 
products. Biomass or biowaste can be eliminated through the uses in SC creation (referred 
to as green production processes) [10]. SCs can use carbon derived from biowaste, includ-
ing waste greenery, dead or dying leaves and flowers residues, waste cereals, vegetables 
and fruits, fruit peels, nuts, shells, plant seeds/roots, and hazardous sewage (desk, domes-
tic and industrial effluent by-products, etc.), as well as animal and microorganisms wastes 
[10, 11]. Biowaste materials generated by households, industries, animals, and municipal 
waste can be used to develop activated carbon (AC) electrodes. Carbon-based biomass can 
be used as a form of energy storage because it is readily available and has unique porous 
structures that make it environmentally friendly, renewable, and free of harmful chemicals 
[12, 13]. To synthesize AC, biowaste can be used as a carbon-rich organic material. 
Researchers examined various biowaste materials, such as coconut shells, soybeans, bam-
boo, eggshells, dead neem leaves, cow dung, and banana peels, to produce high porosity AC 
for use in SCs [14, 15].

Biowaste, such as from animals, minerals, plants, and vegetables, have been used to pro-
duce activated carbon for use as electrode material in electrochemical energy systems [10, 
11]. In addition, the researchers studied various porous carbon derived from biowaste for 
electrochemical energy storage systems, as well as various performance parameters and 
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Figure 3.4 A conceptual circular economy framework consists of major material and energy flows 
for biomass-based SCs.
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storage mechanisms of the different kinds of SCs investigated by the scientists (as shown in 
Table 3.1). Because of this, a country’s economy gets a boost from using biowaste for SC 
applications, which not only helps to eliminate waste but also generates revenue [16, 17]. 
Biomass-derived activated carbons, which can be used as electrode material in SC applica-
tions, are becoming increasingly popular as a solution to waste disposal and waste elimina-
tion issues [18–29]. It transforms waste into a valuable product and offers an economical 
solution for supercapacitor technology. Table 3.1 shows different types of renewable bio-
wastes-derived carbons for SCs.

3.4 Resource Recovery through Biomass Utilization in 
Supercapacitors

Biomass is a rich, dispatchable, durable, and environmentally friendly resource that is 
gaining traction in the field of electrochemical capacitors technology. It’s an excellent raw 
material for making carbon materials. Global demand for renewable energy sources has 
piqued scientists’ interest in recent decades. As a result of their high surface area, strong 
conductivity, and long-term stability, supercapacitor electrode materials like carbon and 
carbon-based materials are becoming increasingly popular in the field. Clean energy from 
renewable sources necessitates developing and improving new materials for energy storage 
(such as biomass in supercapacitors). The biowastes form and shape mix is equivalent to 
diverse carbon materials with varying architectures and performance levels. In addition to 
making the activation process more accessible, the porous structure of biowastes also 
makes it easier to create porous carbons with a greater specific surface area. As an added 

Table 3.1 Renewable biowastes-derived carbons for supercapacitors.

Biowastes derived carbons
Surface area 
(m2 g−1)

Specific 
capacitance  
(F g−1)

Energy 
density 
(Wh kg−1)

Remarks/
challenges for 
bio-waste 
supercapacitor Ref.

Remains of trees, plants, wood, 
dead leaves, and flowers

475– 3550 21–406 12–80 … [11, 30]

Food wastes, vegetables, fruit 
peels, and shells

350–3831 127–591 3–53 Compatibility 
(ecotoxicity and 
leaching control)

[31, 32]

Nuts shells, plant seeds/roots 644–3549 120–440 5–79 … [33, 34]

Office, household, and 
industrial wastes

50–2616 122.8– 480 15–45 Chemical 
activation

[35, 36]

Human, animal, and 
microorganisms wastes

109– 2570 41– 410 7–67.5 Challenges for 
industrialization 
standard

[30, 37]

Miscellaneous wastes (e.g., 
cigarette butts, tobacco wastes, 
milk powder, paper pulp mill 
sludge etc.)

1095 –3300 95 (0.12A 
g−1)– 442 
(0.5A g−1)

7 –31 Sufficient energy 
density, low yield

[11]
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benefit, the hard carbons generated from biowaste have a tube that adds strength, making 
them ideal for solid-state batteries (SSBs).

Biomass resources with a high degree of graphitization, manageable flaws, low oxygen, 
and high nitrogen content can be more efficient in terms of conductivity and yield when 
compared to other biomass resources [11, 30]. As a result of this, the availability of nitrogen 
and phosphorus and different substituents in fruit peels or fruit-based biomass provide 
more suitable circumstances for creating AC. Due to their porous structure, their high spe-
cific surface area (SSA) and heteroatom enrichment, seeds, flowers, and nuts-based wastes 
are more promising for manufacturing AC [10]. Using activated carbons derived from bio-
waste is a viable strategy for developing small pores (such as micropores and mesopores) 
and heteroatom dosing [31, 32]. Figure 3.5 demonstrates green resource recovery through 
biomass utilization in SCs. The outcome of biomass resources in a supercapacitor is closely 
associated with clean energy production, thus contributing to sustainable development.

3.4.1 Electrolyte

Supercapacitors, a novel energy storage device, have distinct advantages over traditional 
energy storage technologies, including safety and environmental friendliness, quick charg-
ing and discharging, low power consumption, and superior power density and sturdy con-
struction [38–42]. One crucial component that affects electrochemically effective 
supercapacitors is the electrolyte. Polymer electrolyte compounds, in contrast to non-
renewable electrolytes, include polyethylene oxide, polyvinyl chloride, poly methyl meth-
acrylate, and polyvinylidene fluoride (PVDF). [43]. The capacitances produced from 
organic electrolytes in carbon-based ethylene sulfide (ES) are frequently lower than those 
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(e.g., waste trees, plants

wood, dead leaves and food
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and industrial wastes etc.)

Waste activation process

Physical activation
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Electro-chemical properties

Circular economy

Resource recovery

Sustainable energyGreen solid-state
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Waste recycling, handling
or dumping or disposal in

landfills

Figure 3.5 Green resource recovery through biomass utilization in SC. Redrawn from the concept in 
ref [30].
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from aqueous electrolytes because the specific surface area and pore size/size distribution 
of the carbon components of an ES’s affect its specific capacitance [44]. After membrane 
production, pure SPI (solid permeable interface) has weak mechanical strength and water 
resistance, so it typically needs to be changed physically or chemically. SPI/PAM/PTGE 
cross-linked composite films were created by Xu et al. by doping polyacrylamide (PAM) 
and 1,2,3-propanetriol-diglycidyl ether (PTGE) in the SPI. As a result, the film’s mechani-
cal performance and water resistance were greatly enhanced [45]. Gao et al. performed a 
straightforward ammonium persulphate start to graft-modify SPI with AA (SPI-g-PAA 
(polyacrylic acid)). After sufficient adsorption of 1 M lithium sulfate (Li2SO4) aqueous solu-
tion by the membrane material, the polymer electrolyte was subsequently created. Finally, 
they created supercapacitors that can function steadily within a voltage window of 0–2 V 
by mixing the polymer electrolytes and activated carbon electrodes. With a power density 
of 734.38 W kg⁻1 and an optimized single electrode specific capacitance of up to 293.08 F g−1 
and 38.76 W h kg⁻1, this device has promising application potential [46].

3.4.2 Electrodes

Electrochemical double-layer capacitors (EDLCs) are a high-power energy storage technol-
ogy with a long life. The use of EDLCs in the expanding renewable energy ecosystem is 
increasing as more efforts are made to address climate change, and they already have a 
range of unique applications. Their energy storage approach relies on fast ions from an 
electrolyte and reversible ion adsorption onto a high-surface-area porous material. 
Commercial electrodes composed of activated carbon and organic electrolytes with an 
operating voltage of about three volts are most commonly used [47]. These devices are 
made by coating enormous sheets of metal (Al) current collectors with quick, low-cost roll-
to-roll techniques. Various biomass resources have been used as precursor materials to 
prepare carbon electrodes for SCs to date, including multiple types of wood and plant tis-
sues, agricultural residues, industrial effluent, and domestic waste. They have gained con-
siderable interest due to their widespread availability and low cost. According to a recent 
study, Guar gum (GG), potato starch (PS), and wheat starch were examined and compared 
to the commonly used aqueous binder carboxymethyl cellulose (CMC) in EDLCs. The 3:1 
blend of PS and GG produced the best coating rheology, allowing for high solid contents 
and flexible high-mass-loading electrodes. PS75/GG25 could withstand bending tests at up 
to 7 mg cm−2, which is twice as much as CMC. SEM microscopy revealed good active mate-
rial, conductive additive dispersion, and minimized crack formation during drying [48].

3.4.3 Packaging Materials and Separators

To meet the increasing global energy demand, one of the most challenging problems is to 
store and transfer energy into many accessible forms. Currently, fossil fuels are being con-
sumed at an alarming rate, causing significant environmental consequences. To meet the 
demands of energy-driven applications, building a sustainable and renewable electrical 
energy storage device is critical. The electrochemical performance of a SC is determined by 
four crucial components, namely electrode, electrolyte, current collector, and separator. 
The separator is one of these four components that plays two crucial roles; it is responsible 
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for preventing internal short-circuits between the anode and cathode, as well as allowing 
ions to move freely throughout the interconnected electrolyte-soaked porous structure [49, 
50]. Biopolymer membranes made from biomass have received substantial interest due to 
their critical role in environmental protection and supercapacitor electrochemical perfor-
mance. A recent study demonstrated that cellulose nanofibril (CNF) membranes of varying 
thicknesses can be made from agricultural rice straw waste using a simple and cost-effec-
tive solution casting method and then employed as supercapacitor separators. Among the 
constructed membranes, CNF membranes with a thickness of 30 µm (CNF 30) had 51% 
porosity, 225% electrolyte absorption, and the highest mesopore (17.2%) with uniform pore 
size distribution. The supercapacitors (CNF 30-SC) with CNF 30 as the supercapacitor sep-
arator had the maximum specific capacitance, energy density, and power density of 
150.7 F g⁻1, 30.2 Wh kg⁻1, and 240.0 W kg⁻1, respectively [51]. In addition, CNF 30 mem-
brane from rice straw can be a good alternative to commercial membranes for high-perfor-
mance supercapacitor devices [51].

3.5 Reduction of Chemical Substances through Biomass 
Utilization in Supercapacitors

In SCs, electrochemical double-layer capacitors, activated carbon, carbon nanofibers, and 
graphene are utilized as electrode materials, and electrolytes (such as KOH, H2SO4 and bio-
mass-derived electrolytes) are employed between the electrodes. Pseudocapacitors can also 
be made from polymer electrolytes and molecules with O and N functional groups, as well 
as metallic oxides, hydroxides, and sulfides. Carbon nanotubes, often known as graphene, 
exhibit outstanding mechanical and chemical properties [52, 53]. Energy storage substances 
continue to pose several challenges despite these chemicals’ improved performance. 
Chemical vapour deposition is used to make graphene, which has environmental impacts 
and is unsustainable [52, 54]. Active carbon generated from graphite and petroleum coke is 
non-renewable and harmful to the environment. Furthermore, nanostructured carbons 
derived from graphite and petroleum coke are frequently developed under challenging con-
ditions and at a high cost [11]. In contrast, biomass is a renewable carbon source that offers 
several advantages. Because of their availability, cheapness, renewability, and environmen-
tal friendliness, biomass has been exploited to produce critical nanoparticles of carbon mate-
rials that could lessen dependence on ACs made from graphene, petroleum coke-derived 
active carbon, and fossil fuels [55–59]. As a result, incorporating biomass into the electrode 
manufacturing process reduces the need for non-renewable carbon in SC production and 
operation. It is sustainable and low cost to use abundant biomass to create biomass-based 
materials with outstanding characteristics for SC. The capacity of biomass-based materials 
to conduct electrochemical processes is influenced by chemical content, pore structure, and 
experimental conditions. Carbon nanoparticles made from biomass have shown promise in 
energy storage due to their unique properties (high electrical conductivity, surface area, 
thermal and chemical stability, etc.) particularly in electric double-layer capacitors [52].

Carbon materials derived from biomass are undeniably more effective and resilient energy 
storage and conversion devices, resulting in fewer non-renewable chemicals being used in 
SC manufacturing. Direct carbonization of biomass, hydrothermal carbonization, and car-
bonization are all environmentally acceptable ways to make hetero atoms-functionalized 
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carbon with excellent electrochemical performance, high-rate capability, and cycle capacity. 
However, biowaste can disintegrate and release harmful substances into the natural environ-
ment, damaging land and water if not properly managed. Thus, it can be concluded that using 
biowaste in SC manufacturing can drastically lower the chance of this kind of pollution.

3.6 Environmental Pollution Control by Using Biomass in 
Supercapacitors

In recent years, as energy demand and fossil fuel usage have risen fast and environmental 
pollution has worsened, it has become critical to discover and develop alternative, ecologi-
cally friendly energy sources and high-efficiency renewable energy conversion and storage 
systems [53, 60, 61]. Porous carbon derived from natural biomass wastes is prominent as 
electrode material in SCs due to its good qualities of large surface area, cost-effectiveness, 
readily available precursor, ease of manufacture, and ecofriendly nature. Biomass-based 
SCs also address the challenges of safe waste ingredient recycling and fossil fuel use.

Carbon-based electrode materials derived from biomass/waste materials such as human 
hair, waste coffee grounds, ginkgo shells, sugarcane bagasse, wood, banana peel, fallen 
leaves, leather waste, tea leaves, stiff silkworm, and waste paper, in comparison to tradi-
tional electrode materials, are well-known and environmentally friendly high-performance 
renewable energy conversion and storage devices [62]. Agricultural biomass, also known 
as lignocellulosic biomass, is among the most abundant biodegradable materials. Lignin, 
cellulose, and hemicellulose materials are separated from lignocellulosic materials. Lignin 
and cellulose are essential ingredients in the production of activated carbon molecules 
[63]. Carbon compounds are often created through direct pyrolysis of biomass (also known 
as physical activation) or chemical activation to achieve a high value of Brunauer, Emmett 
and Teller (BET) surface area. Both activation methods have their own set of benefits [64–
66]. It is possible to control environmental pollution using biomass-based supercapacitors, 
described in detail below.

3.6.1 Reduction of Air Pollution

Traditional biomass waste disposal has two significant environmental consequences: air 
pollution and landfill overcrowding. Open burning of biomass waste produces a lot of pol-
lutants, including smoke, particulates, and hydrocarbon emissions. Furthermore, agricul-
tural waste is burned in an open fire, producing significant amounts of visible smoke and 
particles. It also produces a lot of NOx, CO, and hydrocarbons, all contributing to ozone 
depletion in the atmosphere. Agricultural burning is a severe impediment to air quality 
standards in many areas [67]. It follows that using biomass waste to create supercapacitors 
will have a significant positive impact on the environment.

3.6.2 Reduction of Solid Waste

It is one of the significant aspirations for developing a more sustainable and environmen-
tally friendly energy source using nano-sized carbon compounds derived from vehicle and 
company emissions. A few of the primary contributors to global warming and human 
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health issues are soot particles (vegetable oil, diesel, wood, and charcoal soot), leather 
waste, and waste tires [68]. Therefore, using these compounds may help to deplete the 
threat they produce. When organic waste is dumped in a landfill, it decomposes and pro-
duces methane, a powerful greenhouse gas. As a result, diverting these wastes for energy 
generation lowers landfill volume and methane emissions [69].

3.6.3 Enhancing Ecosystems

Dead and diseased trees, felled woody debris of various types, and forest growth stock with 
increasing density are all sources of fuel in the woods. In terms of forest fire danger, dead 
and diseased wood, both standing and felled, is more prone to ignite, burn hotter, and 
spread fire than healthy wood. Increasing forest fuel loads make wildfires fiercer and more 
destructive than pre-industrial flames. Using biomass in SCs may therefore reduce the risk 
of forest fires. Fuel loading degrades forest and watershed health and ecosystem function. 
Contrary to healthy, largely undisturbed forest ecosystems, most modern forests have sig-
nificant canopy closure levels. In this habitat, less rainwater enters the water table as run-
off. Reduced runoff means less water reaches the meadows and lowlands, water which is 
usually retained throughout the wet season and slowly released during the dry season. 
Using forest fuels to produce biomass may thereby improve ecosystem health.

3.7 Greenhouse Gas Emission Reduction

The depletion of natural resources and the degradation of the global environment have 
made the need for environmentally friendly and renewable energy sources imperative. As 
a result of human actions, such as the combustion of fossil fuels, CO2 has been released into 
the atmosphere worldwide, a significant contributor to global warming [70]. CO2 concen-
trations in the air are currently substantially beyond the highest allowed limit for climatic 
safety (350 parts per million) for a habitable planet and are expected to reach 700 parts per 
million over the twenty-first century [71]. As a result, global warming is predicted to lead 
to a rise in global temperature and potentially alter the entire ecosystem irreversibly [72, 
73]. The breach of the climatic safety threshold emphasizes the critical nature of corrective 
efforts to rein in anthropogenic greenhouse gas (GHG) emissions. CO2 capturing and stor-
age has been considered the most viable strategy for resolving this global warming issue 
[74–78]. Along with environmental concerns, continued reliance on fossil fuels raises an 
urgent concern about the resource’s possible depletion, which, combined with rising global 
energy demand, has sparked widespread interest in energy storage technologies such as 
SCs. Nowadays, biomass is intensively researched for its environmentally friendly and 
renewable features. At the moment, thermochemical converting biomass is among the 
most efficient methods, owing to the flexibility of natural resources and numerous deriva-
tives such as synthesis gas, liquid fuel, and porous activated carbon. Porous carbon has 
several benefits, including a large specific surface area, high conductivity, and desirable 
physicochemical qualities [79, 80]. CO2 biomaterials and catalysts in supercapacitors can 
benefit from microporous carbon, which has many catalytic surfaces for preserving gas 
molecules and small ions [81, 82].
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3.7.1 Role of Biomass in Emission Mitigation

As biomass-based SCs sequester a significant amount of carbon, the use of SCs can be con-
sidered as a case of carbon emissions avoidance, at least for the short term. In addition, 
using biomass in SCs also contributes to avoiding methane formation resulting from anaer-
obic decomposition. Biomass has two distinct advantages when it comes to reducing GHG 
emissions. To begin, biomasses fix atmospheric CO2 via photosynthesis and then undergo 
pyrolysis to preserve carbon as activated carbon. Secondly, these types of materials can be 
used as adsorbing materials to capture CO2 in different industrial operations. Recent tech-
nological advancements in manufacturing activated carbon have heightened the impor-
tance of CO2 mitigation research. Numerous types of biomass have been examined recently 
for use in the construction of activated carbons for CO2 collection, including coconut shells, 
crab shells, rice husks, saw residue, and poplar anthers [83, 84]. These study findings are 
incredibly encouraging and demonstrate the potential for activated porous carbons to be 
used in real-world CO2 capture applications. These materials are relatively affordable and 
quickly synthesized. Additionally, they have a high capacity for CO2 capture at it both high 
and low pressures. By adding primary functional groups to such activated porous carbons, 
their attraction to acidic CO2 molecules can be further enhanced.

3.7.2 Mechanism of CO2 Capture by Supercapacitor Through Activated Carbon

To better understand the CO2 capture process, it is necessary to describe the mechanisms so far 
discovered. According to research [85–87], the primary mechanism of adsorption is physisorp-
tion mediated by weak van der Waals forces. The investigators believe that the CO2’s quadru-
pole structure is a helpful characteristic for dispersing and stimulating the activated carbon 
onto its surface. Furthermore, they asserted that total surface area was the key factor regulating 
CO2 physisorption on the activated carbon. According to some researchers [88], the size and 
form of the pores in activated carbon affect CO2 absorption. According to their findings, small 
microspores were packed via physisorption and exhibited curved adsorption isotherms, but 
larger microspores exhibited rectilinear isotherms. In other research [89], the authors used 
three distinct types of carbons to conduct steady-state batch experiments for converting CO2 
heterogeneity through adsorption. Chemisorption, the group proposed, occurred as a conse-
quence of inorganic metals such as calcium, iron, potassium, and magnesium with CO2 ions, 
resulting in about 17 to 51% adsorption of CO2. These gas particles first enter the aqueous 
phase, resulting in the formation of calcite and caustic anion species on the surface, which 
subsequently undertake chemical reactions to yield a range of products as below [84]:
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3.7.3 The Capability of Biomass to Reduce CO2

CO2 can be harvested from the atmosphere or the exhaust gas streams of industrial pro-
cesses in various ways. It might subsequently be used differently to create future-genera-
tion clean energy fuels or as a carbon precursor for producing industrially significant 
compounds [90, 91]. Over the years, various types of adsorbents for CO2 capture have been 
proposed. As illustrated in Figure 3.6, an ideal CO2 adsorbent should possess good adsorp-
tion capacity, superior selectivity, microporosity, high restoration capability, and be inex-
pensive [83, 84]. Recent research on CO2 capture has concentrated on approaches that 
involve different biomaterials, aqueous amine solutions, cryogenic separation, and mem-
brane separation at shallow temperatures. Each procedure has several disadvantages, 
including toxic products, deterioration, and degradation of apparatus, dumping issues, and 
significant initial investment and operating expenditure. However, numerous researchers 
have recently used activated porous carbons generated from biomass, which are very 
promising and inexpensive for CO2 capture [92–94]. Otherwise, pyrolysis can be used to 
convert undesirable biomass resources into extremely effective porous carbon absorbents 
that may be used on an industrial level for CO2 extraction [95].

Regarding adsorbing CO2 emissions, several types of carbons from diverse biomasses 
have been tested and compared as shown in Figure 3.7 [84]. Numerous biomass predeces-
sors were investigated, and a substantial amount of work exists on developing several 
forms of activated carbons for efficient CO2 capture by altering the experimental circum-
stances and type of activating agent. Porous carbon materials can help mitigate the reduc-
tion of carbon dioxide from the atmosphere in three distinct ways: i) by lowering CO2 
emissions from decomposing biomass, ii) by supplementing soils with activated carbon, 
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Figure 3.6 Core characteristics of an ideal adsorbent for CO2 capture [83, 84].
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and iii) by carbon dioxide capture in exhaust gas streams. Because virgin biochar is highly 
impervious, it is ineffective for CO2 extraction. It must be triggered to enhance the area of 
its surface and pore volume before being used to this end.

3.8 Economics of Biomass Utilization in Supercapacitors

Difficulties beset biomass usage due to the poor profit margins of biomass products [33]. The 
economics of biomass consumption in supercapacitors are determined by the comparative 
feasibility of various carbon activation processes and resource management. Commercial 
active carbon is currently manufactured using costly and environmentally harmful fossil 
fuels. A cost-effective and environmentally friendly alternative might be biomass from homes, 
businesses, animals, and municipal waste [76]. It also provides extra benefits regarding sus-
tainability and rural economic growth, particularly in underdeveloped nations [96, 97].

3.8.1 Economic Feasibility Factors

An organic source of clean and renewable energy is found in agricultural wastes, algae, the 
organic portion of sludge and other organic materials like cardboard and waste products, 
as well as municipal solid waste [98]. However, creating an effective and economically 
viable institution is the deciding criterion for feasibility. Some of the main issues impacting 
the commercial aspects of production include biomass supply, profit margin uncertainty, 
policy and regulations, and so on [99].

Careful consideration must be given to all of these factors, including economic growth, 
reducing environmental emissions, increasing co-product emissions, and the availability of 

Figure 3.7 CO2 adsorption capabilities of different biomass-based activated carbon [84].
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feedstock resources [100]. In different contexts, the cost and availability of the feedstock 
vary greatly [101]. The feedstock type, collection technique, storage facility, and other fac-
tors play a role [4, 102]. When all these factors are considered, the industry’s economic via-
bility is determined by the particular context and site-specific solutions. For different types 
of feedstocks, analyzing the cost and other financial performance indicators for different 
thermochemical conversion paths requires a comprehensive and innovative review [103].

3.8.2 Alternatives to Transportation

Another key consideration is the cost of transportation. When the processing plant is 
located far from the feedstock source, the cost of transporting biomass feedstock such as 
mill and forest leftovers is exceptionally high [104]. Because these feedstocks are preserved 
as waste products, the only expense is transportation. Densification of feedstock biomass 
by chipping, installing on-site pre-processing machines for better mobility and higher den-
sity [105], and other methods can be employed to minimize costs and establish a sustaina-
ble and economically viable approach to resource feedstock.

3.8.3 Utilization of By-products

The fly ash from the biomass boiler contains incompletley combusted carbons that can be 
used to make activated carbon for the SC after pyrolysis and combustion. The task now is 
to improve their pore architectures so they can be widely used [99]. Templating pathways, 
carbonization-activation routes, one-step carbonization routes, and other sophisticated 
processes for synthesizing activated carbon exist [39]. Non-templating routes, in compari-
son to templating routes, give a low-cost fabrication procedure. Fly ash is currently regarded 
as a by-product of biomass power plants, and it causes water contamination and air pollu-
tion. The unburned carbon can be used after proper pyrolysis, combustion, and other pro-
cesses [99].

3.8.4 Comparison of Different Preparation Routes

There is a range of synthetic methodologies for carbon activation after the pre-carboniza-
tion process, including chemical, physical, and microwave-assisted activation methods. 
Physical techniques are preferred just at the industrial level. Although the chemical proce-
dure produces superior quality, the cost of using hazardous chemicals and the risk of 
chemical handling remain. Although H3PO4 activation is less polluting, it is more expen-
sive. A combination of H3PO4 and hydrothermal carbanization (HTC) may be a more cost-
effective option without sacrificing quality or yield amount [74]. Although the microwave 
approach is efficient in terms of time and cost, it is most commonly utilized at the begin-
ning of the industrial process [11].

Biocompatibility of biowaste, a limited yield of active carbon, modest energy density, 
maintaining industry standards, and other significant issues persist [11]. In order to iden-
tify biowaste products that may represent a problem, ecotoxicity tests are used. To be con-
sidered economically viable, at least one of its biological tests must be positive for biowaste 
material [11]. The poor yield of the production is the critical worry here, so scaling up from 
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the laboratory to the industrial level is vital. The evaluation of practical applications should 
be based on agronomic effectiveness and financial profitability. To determine the best pro-
duction line, conducting cost-benefit analysis research is crucial [106].

3.9 Conclusions

The take-make-discard cycle is used in the linear economy, generating waste materials. 
The circular economy system shows benefits by utilizing resources more wisely through 
reuse, recycling, and resource recovery. To solve resource scarcity, cyclic material flow is 
necessary, particularly for industrial materials like SCs and this market is expanding. Thus, 
renewable energy sources like biomass are essential. The circular economy enhances sus-
tainable bioproducts by creating various SC components, such as electrodes, electrolytes, 
separators, binding materials, current collectors, and packaging materials. Carbon, cellu-
lose, gelatin, protein, fiber, and other biomasses can all be used to create the elements. 
After material recovery, the leftover biomass could be recycled or used for electricity and 
water purification. In contrast, burning openly releases pollutants and landfilling releases 
greenhouse gases. Therefore, a circular economy will cut emissions by avoiding methane 
generation from biomass degradation: methane has a much higher potential to cause 
global warming than carbon dioxide.

SCs can be manufactured using biowaste that can be recycled to create AC. There are 
numerous ways to prepare different biomass for producing AC, potentially reducing waste. 
An economical and environmentally favorable product is biomass-activated carbon. 
Biomass thermochemical conversion results in the production of a carbon dioxide absorber 
and a SC electrode. A cost-effective alternative biomass utilization system should be pro-
duced by comparing the costs of various carbon activation technologies, resource manage-
ment, and economic viability. It is crucial to consider the cost of creating activated carbon, 
the type of biomass used, and other aspects. Relevant research should be carried out to 
develop a commercially feasible and environmentally responsible manufacturing process 
for utilizing biomass in SCs, considering a thorough lifecycle approach beginning with the 
product design to guarantee the circular economy principles.

The traditional linear economy is based on virgin input products, uses the take-make-
discard loop, and generates a constant cycle of waste materials. In contrast, a circular econ-
omy improves the system through resource design, reuse, recycling, and recovery. It is 
based on a cradle-to-cradle material life cycle, which reduces the current system’s massive 
waste. It is especially critical for industrial materials such as SCs, which require a cyclic 
material flow to alleviate the issue of finite resources. The market for electrical energy stor-
age is expanding, as is the potential for material demand. As a result, renewable sources 
such as biomass are critical in satisfying demand sustainably. Biowaste can be recycled to 
make activated carbons used in SCs. Many methods can be used to prepare various types of 
biomass for producing AC, potentially alleviating the growing waste dilemma. The use of 
biomass is determined by the degree of graphitization, cell structure, and composition. In 
SCs, electrode materials such as AC, carbon nanotubes, and graphene are employed, while 
liquid electrolytes are used between the electrodes.

Biomass-activated carbon can be produced in a sustainable and low-cost manner. Carbon 
sequestration has shown to be one of the most viable approaches for reducing greenhouse 
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gases. The reliance on fossil fuels aggravates the situation. As a result, thermochemical 
conversion of biomass can produce porous carbon, which can be employed as a CO2 
absorber and SC electrode at the industrial level. A cost-effective alternative biomass use 
system should be created by comparing the costs of various carbon activation procedures, 
resource management, and numerous economic feasibility considerations. Feedstock type, 
collecting technique, storage facility, transportation, densification, installation of pre-pro-
cessing on-site machinery, and special individual context mainly impact cost-effectiveness. 
Unburned by-products can also be used to generate alternating currents for SCs. Each of 
the physical, chemical, and microwave techniques of preparing AC has advantages. 
Therefore, depending on the desired output, such as quality or quantity, these approaches 
should be investigated using a cost-benefit analysis.

Future research needs to be focused on bendable portable devices, hybrid electric auto-
mobiles, and other advanced technologies to enhance SC’s performance. The cost of acti-
vated carbon generation, the biomass used, and other parameters are crucial for progress 
toward large-scale industrial outputs. The SC properties of various biowaste products 
should be thoroughly researched. The long-term viability of the method is vital. Air pollut-
ants should not be emitted directly into the environment during activation. All research 
efforts should be extended to the industrial and commercial levels to develop an economi-
cally feasible manufacturing strategy for biomass-based SCs.
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4.1 Introduction

Researchers have been working on developing sustainable energy technologies, such as 
solar and wind, in response to the rapid depletion of nonrenewable resources and increased 
concern over environmental concerns in recent years. Fossil fuel usage is reduced when 
energy is extracted from renewable sources. Gases released by the combustion of fossil 
fuels damages our air, and waste products such as fly ash discharged in the open atmos-
phere affect land and water [1]. Because of these serious problems there is a critical need 
for the long-term development of renewable energy sources. Solar and wind account for a 
large portion of the total renewable energy generated; additional energy sources include 
biomass, hydropower plants, and geothermal [2]. The intermittency of renewable energy 
sources is one of the most significant challenges. The wind does not blow continuously, 
and the sun does not shine at night. Effective energy storage devices are required to cir-
cumvent these constraints, which can store a considerable quantity of energy from renew-
able sources and release it when needed [3]. During the energy storage process, one type of 
energy is transformed into a form that can be stored and delivered across the country. 
Electrochemical energy storage devices (EESDs), such as batteries and supercapacitors, 
were developed in this line for societal progress.

EESD-based technologies, such as batteries and supercapacitors, allow efficient energy 
storage and supply [4–7]. Because of their high specific energy, batteries have been widely 
employed among these modern EESDs of various sizes. However, they have drawbacks like 
heat generation, poor specific power, a relatively low charging rate, a limited rechargeable 
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life, and safety hazards. Alternatively, supercapacitors have high specific power and may 
charge and discharge for many cycles. Nonetheless, most supercapacitors have a low spe-
cific energy [8]. Therefore, developing modern, durable, and compact supercapacitors with 
high specific energy and specific power will revolutionize the landscape of electric energy 
storage and supply for industrial and home uses. As a result, scientists are working on 
high-performance supercapacitors that are meant to have the benefits of both batteries and 
capacitors [9].

It is critical to understand the performance of various EESDs, which have been com-
pared using the Ragone plot (Figure 4.1). It is a relationship between the energy density 
(Wh kg−1) and the power density (W kg−1) that can be achieved. The research’s ultimate 
goal is to develop an EESD with high energy density and high power density. This implies 
the energy storage device can hold a lot of energy and distribute it rapidly. Batteries are 
high energy density devices that store a lot of energy but deliver it slowly. Traditional 
capacitors can discharge their charge on demand but cannot store much energy. 
Supercapacitors are used to create high energy and high power density devices. 
Electrochemical capacitors, also known as supercapacitors, can bridge the gap between 
traditional capacitors and batteries, as illustrated in the Ragone plot. Supercapacitors can 
bridge the gap by many orders of magnitude in terms of power density and energy density. 
Batteries, to the best of our knowledge, produce the highest specific energy (>1000 Wh kg−1) 
among the currently available EESDs, but have a short charge/discharge cyclic life (<20000 
cycles). Although supercapacitors have the highest specific power (>300 kW kg−1) and 
charge/discharge cyclic life (>100,000 cycles), they have the lowest specific energy 
(<200 Wh kg−1) [10, 11]. Supercapacitors have recently been extensively researched in 
order to fulfill the EESDs’ growing needs for quick charge/discharge, long cycle life, high 
specific power, and high specific energy [12, 13].

The large energy capacity of surface/bulk Faradaic electrode materials makes them 
excellent for building high-performance supercapacitors [14]. As a result, the fabrication of 
high-performance supercapacitors configurations constituted of Faradaic and non-Faradaic 
electrode materials [15–22]. A high power density (non-Faradaic) and high specific energy 

(Faradaic) supercapacitor with two 
different (asymmetric) electrodes is 
an excellent technique for integrating 
high power density (non-Faradaic) 
and high specific energy (Faradaic) 
in a single device [14, 23]. However, 
because of the substantial difference 
in charging rates between non-Far-
adaic and Faradaic electrodes, these 
devices typically fail to achieve their 
planned specific energy level, par-
ticularly when redox electrodes are 
used [24–27]. Another step forward 
in this field is using an asymmetric 
supercapacitor construction with one 
carbon-based electrode and the other Figure 4.1 Ragone plot for various EESDs.
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a hybrid composite-based electrode. Real carbonaceous nanostructure and redox-active 
oxides/sulfides hybrid composites that use each component’s synergistic performance and 
solve the obstacles associated with the lower rate of the Faradaic component in superca-
pacitors [14, 23].

Evans et al. [28] pioneered and patented a high-performance supercapacitor by describ-
ing an electrolytic-based capacitor with a pseudocapacitive electrode. The nature of the 
electrode materials, including shape, size, and composition, influences the performance of 
a supercapacitor. As a result, nanostructure materials are thought to be particularly effec-
tive for use in high-performance supercapacitors [29, 30]. This piqued the interest of 
researchers since such power sources are in great demand for wearable electronics, electric 
cars, and security alarm systems [31]. However, complete commercialization remains a 
challenge. Some supercapacitors are less efficient in terms of high specific energy, while 
others have stability issues.

Supercapacitors have attracted a lot of attention from the scientific community because 
of their high charge propagation dynamic, long cycle life, fast charge-discharge rate, high 
Coulombic efficiencies, and wide operating temperatures to bridge the gap between batter-
ies and conventional capacitors. Table 4.1 shows a quick comparison of the capacitor, 
supercapacitor, and battery.

Because of their high power density, long cycle life, and safe operation, supercapacitors are 
viable EESDs for mobile power supply [32]. Light rail, military services, shape memory, wind 
turbine systems, aerospace, electric cars, and hybrid batteries are only a few of the applica-
tions [33, 34]. Supercapacitors, on the other hand, have lower specific energy, which restricts 
their industrial uses. As a result, scientists have been working to create new electrolytes and 
electrode materials for high-performance output in order to boost supercapacitors’ energy 

Table 4.1 Comparison of various EESDs (i.e., battery, supercapacitor, and capacitor).

Parameters Battery Supercapacitor Capacitor

Charge storage 
mechanism

Chemical (redox 
reactions)

Both physical and chemical 
(electrostatic double-layer formation 
and Faradaic charge transfer)

Physical 
(electrostatic)

Capacitance (F) Not possible 500–3000 < 2.5

Specific energy 
(Wh kg−1)

10–100 1–10 < 0.1

Specific power 
(W kg−1)

> 1000 500–10000 > 10000

Charging time 
(sec)

103–104 1–10 10−6−10−3

Discharging 
time (sec)

103–104 1–10 10−6−10−3

Coulombic 
efficiency

70–85% 85–98% ~100%

Cycle life (in 
thousands)

~1 > 500 infinite
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density. The electrode material, current collector, electrolyte, and separator make up a con-
ventional supercapacitor (Figure 4.2). Two electrodes (electrode materials) separated by an 
ion-permeable membrane (separator), current collectors (thin metallic films), and an electro-
lyte (medium containing positive and negative ions) are utilized in the fabrication of a super-
capacitor. Supercapacitors are classified into two categories based on their design: symmetry 
and asymmetric supercapacitors. The same electrodes are used in symmetric supercapaci-
tors (i.e., the same active materials for both positive and negative electrodes). On the other 
hand, asymmetric supercapacitors have two distinct electrodes (i.e., the active materials on 
both the positive and negative electrodes) [35]. Furthermore, supercapacitors are divided 
into three groups: (i) electrochemical double-layer capacitors (EDLCs), (ii) pseudocapaci-
tors, and (iii) hybrid supercapacitors, based on charge-storage mechanisms such as charge 
accommodation at the electric double layer, Faradaic reaction, and a combination of EDLCs 
and pseudocapacitors [36, 37]. An EDLC stores electrochemical energy by adsorbing and 
desorbing electrolyte ions and forming a double layer at the electrode‒electrolyte interface. 
Pseudocapacitors, on the other hand, utilize redox-active materials (such as transition metal 
oxides/hydroxides and conducting polymers) to store charges via redox processes. The kind 
of electrode materials and their specific surface area (SSA) are crucial [38–43]. Carbon-based 
materials are the most widely used electrodes, with more than 80% of commercially manu-
factured supercapacitors. Porous carbonaceous materials have been shown to have greater 
SSA than metal phosphides, oxides, and sulfides. Activated carbon is rated good in terms of 
performance among the carbonaceous materials described by researchers for supercapaci-
tors. Activated carbon used as electrode materials for supercapacitors is generally made from 
biowaste and has high electrical conductivity, porosity, thermal and chemical stability, out-
standing power density, high packing density, and good reversibility [36, 40, 41, 43–46].

Figure 4.2 Schematic representation of a supercapacitor.
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Supercapacitors comprising composites of carbonaceous and redox-active materials 
have been found to improve the overall electrochemical performance of hybrid superca-
pacitors. Hybrid supercapacitors using redox-active material electrodes comprised of tran-
sition metal sulfides, oxides, and hydroxides have been examined. However, certain flaws 
exist, such as sluggish electrolyte ion transport and poor electrode material electrical con-
ductivity. Electrochemical energy storage capacities are limited as a result of these factors. 
Superior transition metals-based electrode materials with a fast charge/discharge rate, 
high specific power, and high specific energy are important for hybrid supercapacitors [47]. 
Using hybrid composites of carbonaceous and redox-active materials can improve conduc-
tivity, increase ions/electrons diffusion, and improve hybrid supercapacitors’ electrochem-
ical performance. The electrode development, fundamental concepts, and device design of 
hybrid supercapacitors based on carbonaceous and redox-active materials have all been 
thoroughly investigated. Much research has been done in the last several years to generate 
new composites of active electrode materials for hybrid supercapacitors [7, 15, 48–50].

4.2 Supercapacitor Background

The effectiveness of energy storage units is critical to developing modern electronics, 
including portable and wearable smart devices. It is anticipated that supercapacitors will 
take the lead in the energy storage devices field because of their high-power densities, large 
specific capacitance, improved cyclic ability, and secure usage [51]. The phenomenon of 
charge storage in capacitors at the electrode‒electrolyte interface has been known for a 
very long time. In 1879, Hermann von Helmholtz was the first person to predict this phe-
nomenon [52]. Later in 1957, H. I. Becker of General Electric Corp. created and patented 
the first double-layer capacitor that could be used in practical applications [53]. The first 
commercially available supercapacitor was produced by the SOHIO firm in 1969, utilizing 
carbon-based material and a non-aqueous electrolyte [54]. This process took around ten 
years to complete. It was not until several years after the introduction of carbon-based 
capacitors that a new class of supercapacitors consisting of Ru2O as electrode materials 
were developed. The charge storage mechanism in these supercapacitors was a Faradaic 
redox reaction, yet the form of the capacitance-voltage (CV) curve was still similar to the 
rectangular geometry of the supercapacitors. Therefore, this category of supercapacitors 
was given the term pseudocapacitors because they store charges via a Faradaic redox pro-
cess at the electrode‒electrolyte interface. Additional research in this sector expanded the 
concept of pseudocapacitors to practically all of the metal oxides and conducting polymers 
using battery-like redox reactions [39, 55–57].

4.3 Characteristic Features of Supercapacitors

Supercapacitors are classified into three categories based on their charge-storing techniques: 
EDLCs, pseudocapacitors, and hybrid supercapacitors, as shown in Figure 4.3(a) [36, 49, 58]. 
A typical supercapacitor comprises four major parts described in Figure 4.3(b). Specifically, 
current collectors (metal contacts/conductive substrates), electrode materials (carbon and/or 
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redox-active materials), separator (porous/ion-permeable membrane), and electrolyte (ionic 
liquids, aqueous, and non-aqueous electrolytes) [33, 59]. The electrolyte and electrode mate-
rials are active components of supercapacitors, whereas the remainder are passive compo-
nents. In supercapacitor applications, the operating potential window is critical for both 
electrodes and electrolytes. When the operating potential window range is reached, electro-
lytes should not be oxidized or reduced. In the creation of high-performance supercapacitors, 
choosing appropriate electrode materials is crucial. During charging and discharging, the 
electrode materials collect and release electrolyte ions on their surfaces. The most important 
characteristics of electrode materials are high specific surface area, light weight, superior 
electrical conductivity, chemical and thermal durability, and cheap cost. The most appropri-
ate electrode materials for fabricating high-performance supercapacitors are carbonaceous 
materials, transition metal oxides/hydroxides, and conductive polymers.

Figure 4.3 (a) Supercapacitors classifications, (b) a standard supercapacitor, (c) three/two 
electrodes electrochemical systems, (d) supercapacitor types, and (e) absorption or desorption of 
electrolyte ions at the electrode‒electrolyte interface. Reproduced with permission [50, 58].Copyright 
2022, Wiley [50]. Reproduced under the terms of the CC BY-NC 3.0 license. Copyright 2019, Pal et al. [58].
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For the performance investigation of supercapacitors, there are two types of systems: 
three-electrode and two-electrode systems, as shown in Figure 4.3(c). A three-electrode 
electrochemical system uses a counter electrode made of corrosion resistant platinum or 
graphite wire/mesh. Saturated Ag/AgCl or Hg/HgCl are utilized as reference electrodes 
(having a well-known and stable electrode potential used to maintain the electrochemical 
cell potential). The working electrode is the third electrode, and it is here that researchers 
are testing the performance of electrode materials in supercapacitors. Supercapacitors are 
two-electrode devices with two metal plates called current collectors as electrodes. These 
plates are covered with active electrode materials and layered with a separator between 
them. The separator is saturated in electrolytes and physically separates the two electrodes 
while also allowing electrolyte ions to flow between them.

Symmetric supercapacitors are those in which both electrodes are made of the same 
material. The supercapacitor is referred to as an asymmetric supercapacitor when the two 
electrodes are made of different materials. During charging and discharging, the electrode 
materials play an important role in energy storage and delivery. Ions in the electrolyte 
travel towards opposing electrodes when voltage is supplied (Figure 4.3(d, e)). Charge 
recombination is prevented by forming a double layer at each electrode in the EDLCs. To 
store the charges, pseudocapacitors use redox processes. The pseudocapacitors can have 
higher capacitance than EDLCs, thanks to this redox method. Hybrid supercapacitors are 
better at storing energy than EDLCs and pseudocapacitors because of the simultaneous 
adsorption/desorption of electrolyte ions and redox processes [23, 60, 61].

Electrolytes are also important components of supercapacitors, and their chemical and 
physical characteristics affect their overall performance. They enable ionic conductivity 
and charge correction on each electrode in the device. The electrolyte in a supercapacitor 
influences not only the production of electric-double layers and reversible redox processes 
but also the overall performance of the supercapacitor. The ideal supercapacitor electrolyte 
must meet the following criteria: exhibit a wide operating potential window, have a broad 
operating temperature range, high ion concentration, low viscosity, high ionic conductiv-
ity, environmental friendliness, electrolyte-electrode materials interaction, good electro-
chemical stability, low-cost, and ion-solvent interaction [62–67]. All of these electrolyte 
parameters affect the electrochemical performance of supercapacitors (specific capaci-
tance, specific energy, specific power, and cyclic life). Various types of electrolytes now 
employed in supercapacitors are aqueous, solid gel type, organic, and ionic liquids. Organic 
electrolytes with operating potential window values ranging from 2.5 to 2.8 V are com-
monly employed in commercial supercapacitors. Several alternative electrolytes for super-
capacitors have been developed and reported in the literature [55, 59, 63, 68–70].

Below are the key criteria that define a supercapacitor’s quality.

i) The EDLC capacitance (Cd) is represented by equation (4.1) [71].

  C A
d

r o=
ε ε

d
 (4.1)

where, εr  is the electrolyte dielectric constant, εo is the permittivity of vacuum, A is the 
active materials surface area which is accessible to the ions of electrolyte, and d is the effec-
tive thickness of the electric double layer.
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ii) The redox-active materials pseudocapacitance (Cp) can be measured using equation 
(4.2) [72].

 C
n

M Vp
F

=
×

×∆  (4.2)

where, n signify the average number of electrons engaged in redox reactions, M is the 
redox-active material molar mass, F shows the Faraday’s constant, and ∆V is the operating 
potential window.

iii) The supercapacitor’s energy density (E) can be achieved by applying equation (4.3) [73].

 E C V
=
× 2

2
 (4.3)

where, V is the operating potential window and C is the nominal capacitance.

iv) The supercapacitor’s power density (P) can be determined by employing equation 
(4.4) [73].

 P V
R

=
2

4
 (4.4)

where, R is the equivalent series resistance (ESR), and V is the operating potential window.

v) The cyclic voltammetry (CV) can be used to measure the specific capacitance (CCV) 
from equation (4.5) [72].

 C
I dV

m VCV =
×

× ×
∫
ν ∆  (4.5)

where, ∫ ×I dV  is the area under CV curve, ν is the scan rate, m is the active material mass, 

and ∆V is the operating potential window.

vi) Similarly, galvanostatic charge-discharge (GCD) can be used to measure the specific 
capacitance (CGCD) using equation (4.6) [72].

 C I t
m VGCD =
×
×
∆
∆

 (4.6)

where, I is the discharging current, ∆t is the discharging time, m is active material mass, 
and ∆V is the discharging operating potential window.

vii) Coulombic efficiency (η) is the ratio of discharging and charging times, which may be 
derived using equation (4.7) [73].

 η= ×
t
t
d

c
100% (4.7)
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4.4 Supercapacitor Components

A supercapacitor is made up of four different components, each of which plays a specific 
role. The four components include electrodes, electrolytes, separators, and current collec-
tors. The interaction of electrolyte ions with the electrode allows for charge storage via a 
capacitive or Faradaic process. The electrolyte enables the charge and discharge process, 
which supplies the required ions. The separator performs the function of a barrier, there-
fore preventing the device from experiencing any short circuits. The current collector 
makes a conducting channel available for the electrons to go from the electrode to the 
external circuit. The following subsections provide a brief discussion of each component.

4.4.1 Electrodes

The performance of a supercapacitor is heavily influenced by the electrodes, which play a 
significant part in the charge storage process. When a potential is applied to the electrodes, 
it stores charges. The supercapacitor electrodes should have high conductivity, allowing 
for easy electron transfer to the external circuit. The following are the fundamental charac-
teristics of the optimal electrode:

High electronic conductivity: determines the electrode material’s rate capabilities and power 
density. High conductivity reduces resistance and makes electron passage from the elec-
trode to the current collector easier.

High specific surface area: the electrode surface interacts with the electrolytic ions. A large 
specific surface area allows more electrode materials to be exposed to electrolyte ions. This 
increases the electrode material’s specific capacitance and energy density.

Surface electroactive sites: attract electrolytic ions, promoting pseudocapacitance. Many 
electroactive species, such as the oxygen and nitrogen functional groups, experience pseu-
docapacitance, which increases the electrode material’s conductivity.

Controlled porosity: has an impact on the electrode material’s specific capacitance and rate 
capabilities. The pores must be larger than the electrolytic ions to get adsorbed at the elec-
trode surface.

Easy solvation: the electrode pores are responsible for the easy solvation of electrolyte ions 
where solvation reduces the charge over screening effect.

Low-cost and environment-friendly: the entire price of the supercapacitor device is reduced 
due to the low cost of the electrode. A sustainable approach is provided by using an elec-
trode made of environmentally appropriate materials.

High thermal chemical and electrochemical stability: electrolyte ions motions are engaged dur-
ing repeated charge/discharge cycles, which can raise the device’s temperature. The electrode 
should also be chemical and corrosion-resistant since this enhances the electrode’s durability.

The electrode materials in supercapacitors may be divided into two categories based on the 
charge storage mechanisms: EDLC electrodes, which store charges electrostatically at the 
electrode/electrolyte interface, and pseudocapacitive electrodes which store charge by fast 
reversible Faradaic processes. Where the non-Faradaic process is engaging, and charges are 
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stored at the electrode surface, carbon-based materials display EDLC-like behavior. These 
materials are appropriate for the EDLC electrode because they have a large surface area 
and an adjustable pore size. Nanostructured materials with high conductivity, such as car-
bon nanotubes (CNTs), carbon nanofibers, activated carbon, and graphene, reduce super-
capacitor resistance [36, 41, 43, 45, 46, 57, 65, 74]. Corrosion resistance and environmental 
friendliness are two characteristics of carbon allotropes. On the other hand, metal oxide 
and conducting polymers exhibit a pseudocapacitive charge storage mechanism. This is a 
Faradaic process in which the electrode undergoes reversible redox reactions. Metal oxides 
can gain and release electrons throughout the charge/discharge process because they can 
exist in changing oxidation states. During charging and discharging, a conducting polymer 
also exhibits Faradaic behavior through doping and de-doping. Because the entire material 
is engaged in the charge storage process, it has an extraordinarily high capacitance value, 
which raises the material’s energy density. The materials utilized in supercapacitor elec-
trodes have various restrictions, for example, carbon materials have high conductivity, 
huge specific surface area, and high cyclic stability, but they don’t have a lot of capacitance. 
Supercapacitors have a high capacitance for metal oxides; however, they are unstable. In 
addition, metal oxides, with the exception of RuO2, have low conductivity. Due to swelling 
and shrinking, the conducting polymer degrades after a few charge/discharge cycles. 
Composite materials combining EDLC and pseudocapacitive material have been devel-
oped to overcome these disadvantages. The EDLC electrode offers conductivity and stabil-
ity, while the surface of the pseudocapacitive material conducts reversible redox reactions. 
This method has the potential to deliver high power and energy density, as well as improved 
rate capability and cycle stability.

4.4.2 Electrolytes

One of the most important components of the EESDs is the electrolyte. The physical and 
chemical qualities of the electrolyte are crucial in defining the supercapacitor’s efficiency 
and performance. It has an impact on the supercapacitor’s capacitance, energy density and 
power density, rate capability, cycle life, and safety. It is responsible for balancing the 
charges between two electrodes. Electrolyte selection is critical because it significantly 
impacts electrode‒electrolyte interactions. Currently there is no ideal electrolyte that can 
fulfill all the requirements for supercapacitors. The following are the essential electrolytes 
capabilities needed for supercapacitors.

Salt effect: The conductivity of an electrolyte varies depending on the solvent. In the same 
solvent, conductivity changes with salt content. The quantity of free ions determines ionic 
conductivity; optimal conductivity can boost the electrolyte’s ionic conductivity.

Electrolyte conductivity: A high-conductivity electrolyte is required for a high-performance 
supercapacitor. The conductivity of an electrolyte is determined by concentration of ions, 
mobility of ions, elementary charges, and valency of mobile ion charges.

Solvent effect: The solvent’s composition significantly impacts the electrolyte’s conductiv-
ity. The viscosity and dielectric constant are the two most important parameters that deter-
mine the conductivity of an electrolyte. Salt dissociation and viscosity have an impact on 
ionic mobility, which is determined by the dielectric’s nature. As a result, a good superca-
pacitor solvent should have a low viscosity and a high dielectric constant.
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Thermal stability: The thermal stability of electrolytes is critical for high-temperature 
supercapacitor operations. Electrolytes should also be stable throughout multiple charge/
discharge cycles due to heat release. The composition of electrolytes, such as additives, salt, 
and solvent, significantly impacts thermal stability.

Electrochemical stability: Supercapacitor stability and safety are linked to electrochemical 
stability. The electrochemical stability is determined by the electrolyte’s interaction with 
the electrode materials and the electrolyte’s component elements.

Aqueous electrolytes, organic electrolytes, and ionic electrolytes are the three types of 
electrolytes used in electrochemical devices. Aqueous electrolytes, for example, have high 
conductivity and capacitance at a reasonable cost. Despite its short operating potential 
window, it has a low energy density. This is owing to the 1.23 V potential difference in 
water electrolysis. Although organic and ionic electrolytes may operate at higher operating 
potential windows, their ionic conductivity is lower. The organic electrolyte is poisonous 
and has problems with handling. Because of the larger ions, ionic electrolytes are more 
costly and can reach a lower electrode surface. When the supercapacitor is being charged 
or discharged, the electrolyte is a source of charges and ions moving between the elec-
trodes. There is a wide variety of electrolytes, the most popular of which are ionic liquids, 
aqueous electrolytes, and organic electrolytes. Aqueous electrolytes are simply salt solu-
tions that have salts dissolved in water. These solutions can either be acidic, such as H2SO4, 
or basic, such as NaOH, or neutral, for example, K2SO4 [58, 63]. These electrolytes have a 
low viscosity in addition to their great ionic conductivity. They are common due to their 
inexpensive cost, the simplicity with which they may be prepared, the fact that they are not 
combustible, and the convenience with which they can be acquired. On the other hand, 
they have a few drawbacks, the most prominent of which is the restricted thermodynami-
cal stability of water at a potential window of 1.23 volts. These constraints prevent them 
from being used in practical applications. On the other hand, organic electrolytes offer a 
large operating potential window that is stable at 3 volts. Due to the fact that the equation 
that defines energy density has a square dependency of the potential window, this, in turn, 
enhances the energy density of the supercapacitors. The restricted ionic conductivity, the 
toxic character, and the flammability of the substance are the most significant drawbacks 
of organic electrolytes. Ionic liquids are a family of non-aqueous electrolytes that take the 
form of salts that are liquid at normal temperatures. This type of electrolyte can exist in 
aqueous or non-aqueous forms. These salts are ionic, which indicates that they contain 
ions in their composition. They have a large operating potential window and a high level of 
stability. Still, at the same time, they are plagued by high prices and limited abundance, 
which restricts the commercialization of their products. On the other hand, these ionic 
liquid electrolytes are now being used, albeit in very small quantities, as a component in 
various electrolytes that are less expensive.

It has recently been discovered that adding redox compounds to some ionic liquids 
improves their performance. The use of hydroquinone as a redox additive to an ionic liq-
uid electrolyte increased the specific capacitance of a carbon-based supercapacitor from 
42 F g−1 to 72 F g−1 [75]. A significant rise in the specific energy value was also reported, 
which increased from 18.40 Wh kg−1 to 31.22 Wh kg−1. Similar results were reported by 
Navalpotro et al. [76] where they added hydroquinone to N-butyl-N-methylpyrrolidinium 
bis(triflouromethane sulfonylimide) electrolyte. The capacitance and the specific energy 
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value increased significantly, going from 70 F g−1 to 156 F g−1 and from 10.3 Wh kg−1 to 
30.0 Wh kg−1, respectively. Lee et al. [77] described the fabrication of nanoporous carbon-
based supercapacitors with promising electrochemical properties. They used an aqueous 
redox electrolyte containing VOSO4 and SnSO4 and were able to achieve specific energy of 
up to 75.4 Wh kg−1. Researchers that introduced redox additives to gel polymer electrolytes 
have also reported on supercapacitor performance [78–80]. Cevik et al. [81] described the 
production of flexible carbon-based supercapacitor using ammonium molybdate as a redox 
additive in the electrolyte poly(2-acrylamido-2-methyl-1-propanesulfonic acid). The oper-
ating potential window was increased from 1 V to 2 V since a redox mediator was added 
in this scenario, resulting in a high specific energy value of 73 Wh kg−1. Gel polymer elec-
trolytes, which are electrolytes based on polymers, are becoming increasingly popular. In 
addition to its non-corrosiveness, gel polymer electrolyte’s capacity to seal is well-known. 
An electrolyte and polymer matrix are mixed in a separate container to create a gel poly-
mer electrolyte. Polymer matrices can originate from both natural and man-made sources, 
such as rice starch, chitosan, and alginate (PVA, PVP, PVDF-HFP etc.). The non-toxic, cost-
effective, and ecologically friendly properties of natural or biopolymer electrolytes make 
them popular choices among polymer electrolytes [82].

4.4.3 Separators

A separator is used to separate two electrodes from one another, and its primary function 
is to prevent the device from shorting out. It enables smooth ion transit in a supercapacitor 
without enduring any chemical modifications. As a result, selecting separators is a critical 
prerequisite for the supercapacitor’s successful operation. Some of the important separator 
features arethat it should not conduct electricity, with electrolyte ion permeability it should 
have a low ionic resistance, it should be easy to wet with the electrolyte, and it should be 
able to sustain the supercapacitor mechanically. Glass, paper, and ceramics can be used as 
separator materials. Because of their low cost, porous nature, and flexibility, polymer-
based separators are extensively utilized in supercapacitors [83, 84].

4.4.4 Current Collectors

The electrode active materials are coated with a collection of conductive substrates called 
current collectors. Conductivity, chemical, and electrochemical stability, thermal stability, 
flexibility, and cost-effectiveness of supercapacitors are all influenced by the choice of cur-
rent collectors. The supercapacitor’s total resistance is heavily influenced by the resistance 
at the current collector/electrode material interface. A smooth, binder-free contact between 
the electrode and the current collector will provide maximum charge transfer with the low-
est electrochemical series resistance [85]. Electrochemical series resistance is a critical fac-
tor in determining the power output of a supercapacitor, therefore selecting an appropriate 
collector is critical. If certain electrolytes oxidize the metals of the current collector, the 
device will have a shorter life span. In neutral electrolytes, aluminum current collectors are 
recommended; stainless steel current collectors are favored in severe electrolytes. Metals 
and alloys, including copper, aluminum, stainless steel, nickel foam, graphitic carbon, 
FTO/ITO-coated glass conductive substrate-coated PET flexible sheet, have all been used 
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as current collectors in the supercapacitors. Current collectors are responsible for trans-
porting electrons from the supercapacitor electrodes to the external circuit. It should have 
a high electrical conductivity to allow electrons to flow from the electrode to the external 
circuit without resistance. Because supercapacitor devices employ a variety of electrode 
and electrolyte materials, the current collector must be corrosion resistant. It should also 
have strong mechanical strength because it mechanically supports the entire supercapaci-
tor device. Aluminum, graphite, iron, nickel foam, and steel alloys are commonly employed 
as current collectors. The active material is coated over the current collector to reduce 
contact resistance. Currently, nickel mesh, metal foams, and carbon cloth are employed to 
offer effective surface areas for electrode material. These lower contact resistance and 
allow for homogeneous active electrode materials dispersion. To enhance the current col-
lector’s properties, the thickness, size and form, and accessible surface area should be 
increased, which may give low internal resistance and high stability by preventing delami-
nation between the current collector and the electrode.

4.5 Conclusions

One of the most promising EESDs is supercapacitors. They have the capability of bridging 
the gap between batteries and traditional capacitors. They have a higher energy density 
and a higher power density than ordinary capacitors and batteries, respectively. Short 
charge/discharge time, high-rate capability, and wide operating temperature range are all 
electrochemical features of supercapacitors. This is due to the charge storage method 
involving electrolytic ions being adsorbed at the electrode surface, forming an EDLC. 
Because no chemical processes are involved, this gives excellent cyclic stability. The super-
capacitor demonstrates a different sort of charge storage called pseudocapacitance, which 
involves reversible redox processes. This increases the supercapacitor’s capacitance and 
energy density. In a hybrid supercapacitor, various combinations of Faradaic and non-Far-
adaic electrode materials are employed to improve the supercapacitor’s performance. An 
asymmetric capacitor, composite electrode, and battery-type capacitor make up the hybrid 
capacitor. This results in a synergistic approach to increasing efficiency. Supercapacitor 
devices come in a variety of materials and architectures, each of which is suited to a certain 
target application. Nonetheless, major research is being conducted in order to build a 
supercapacitor with a high energy density that can be used as a battery without compro-
mising other features. This chapter discusses the introduction of supercapacitors and high-
lights the features of various aspects of supercapacitors, including the supercapacitor 
components and their various parameters.
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5.1 Introduction

Researchers have been encouraged to investigate renewable energy supplies because of the 
finite fossil fuel resources and the long-term harmful impacts of greenhouse emissions. 
The intermittent nature of wind and solar renewable energy poses a significant barrier to 
harnessing the abundant renewable energy that these sources provide, necessitating the 
development of energy conversion and storage technologies [1, 2]. There are a variety of 
electrical energy storage devices (EESDs) that are useful in this situation and EESDs, such 
as batteries and supercapacitors, are used in our daily lives and are critical to industry. 
Batteries have been widely employed for their remarkable performance, although they 
have drawbacks such as poor power density, heat generation, safety issues, and limited 
cyclic life. Therefore, developing durable, compact, and secure EESDs with high energy 
and power performance would unquestionably revolutionize the landscape of electric 
energy generation, distribution, and utility for industrial and military applications [1–3].

Several advantages of using supercapacitors as an EESD are their high-power capacity, 
ease of operation, great reversibility, extremely long cyclic life, low thermochemical heat, 
and low cost of manufacture [4–9]. The industrial sector has succeeded using supercapaci-
tors in power electronics, data storage, and backup systems. Supercapacitors, also known 
as ultra-capacitors, power capacitors, or gold capacitors, have a substantially larger stored 
specific energy than regular capacitors. The specific power of supercapacitors is considera-
bly higher than that of typical batteries, despite having a lower specific energy density. As a 
result of this design, their specific energy and specific power may be raised by many orders 
of magnitude, allowing them to be utilized as an independent energy supply or a hybrid 
system (in combination with batteries). Since supercapacitors have unique properties of 



5 Electrochemical Techniques for Supercapacitors82

high specific energy and specific power capabilities, they may be used in various applica-
tions [10–14].

The easiest way to evaluate supercapacitor performance is to look at three parameters: 
specific capacitance, operating potential window, and equivalent series resistance. These 
characteristics are heavily influenced by the electrode materials, supercapacitor design, 
and electrolytes. Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 
electrochemical impedance spectroscopy (EIS) are the commonly used techniques to eval-
uate the performance of supercapacitors. This chapter mainly focuses on understanding 
the various electrochemical techniques for supercapacitors, including CV, GCD, and EIS, 
and explains the essential measurement parameters.

5.2 Electrochemical Techniques for Supercapacitors

Electrochemistry is the study of the processes that take place on the electrodes of an energy 
storage device, such as Faradaic and non-Faradaic reactions. There are two ways to track 
the electrochemical reactions in electrode materials: ions or electrons. To generate a cur-
rent, electrolyte ions in the electrolyte solution are engaged in the movement of electrons 
between electrodes. Electrons travel from negative to positive when charging and vice 
versa while discharging [15]. In a setup with three electrodes and two electrodes, an elec-
trochemical workstation known as a potentiostat is utilized in order to perform the electro-
chemical studies. The three-electrode setup has working (the prepared electrode), reference 
(Ag/AgCl), and counter (platinum wire) electrodes. The working electrode was the one 
that was being investigated. Both the positive and negative electrodes used the same mate-
rials being explored in the two-electrode system [11, 16–20]. The three- and two-electrode 
configurations that are used for electrochemical experiments are depicted in Figure 5.1. 
There is a subtle difference in the ways in which three-electrode and two-electrode electro-
chemical systems are configured; specifically, in the two-electrode system, the counter 
electrode is adjusted in conjunction with the reference electrode, whereas in the three-
electrode system, each of the three electrodes is adjusted in its own unique manner.

Two- and three-electrode assemblies are used to perform electrochemical characteriza-
tions on the produced supercapacitors. An electrochemical workstation (potentiostat) is 
used to perform CV, GCD, and EIS measurements. The CV of the supercapacitor device is 
carried out at various scan rates, and the GCD of the supercapacitor device is carried out at 
various current densities. In contrast, the EIS of a supercapacitor device is carried out at 
various applied frequencies and various applied potentials. Different electrochemical 
methods, including CV, GCD, and EIS, are utilized in order to assess the electrochemical 
properties of newly developed supercapacitors [8, 13, 20–22].

5.2.1 Cyclic Voltammetry

The cyclic voltammetry (CV) method is a potentiodynamic electrochemical evaluation 
technique that uses a predetermined voltage scan rate to sweep the working electrode’s 
potential between two different voltage limits. In a standard CV experiment, the voltage at 
the working electrodes is made to rise at a certain scan rate until it reaches a potential value 
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that has been defined in advance. When the desired potential value has been reached, the 
procedure is then inverted to decrease the potential while maintaining the same scan rate. 
This continues until the desired lower potential value has been achieved [1, 2, 10, 18]. The 
voltage sweep approach creates a voltage differential between the working electrode and 
the counter electrode. This allows electrons to move freely between the working electrode 
and the counter electrode, which in turn causes current to flow in the external circuit. The 
resultant current and voltage are both measured and analyzed, yielding informative data 
on the charge transfer kinetics, redox behaviour of the electrode material, specific capaci-
tance, reversibility, and the cyclic stability of the supercapacitors [23–25]. The voltage-cur-
rent curves of an ideal supercapacitor often take the form of perfect rectangles and have a 
constant current. However, the rectangular shape of CV curves deviates in practical appli-
cations due to the existence of Faradaic reactions or the resistive nature of electrode materi-
als. CV is considered the primary approach for characterizing supercapacitors, regardless 
of whether they have two or three electrodes configured in their setup [26]. The CV analy-
sis is done by making linear adjustments to the potential difference between the superca-
pacitor’s negative and positive electrodes. The pace at which this potential shift is referred 
to as the scan rate or the sweep rate, and it is measured in volts per second (V/sec). It is 
possible to differentiate between the different charge storage systems based on the form of 
the CV profile [27]. The electrochemical double-layer capacitors (EDLC) type of charge 
storage mechanism is indicated by the rectangular shape of the CV curve. On the other 
hand, a small deviation from the rectangular shape and the appearance of redox peaks in a 

Working Electrode

Positive Electrode

Negative ElectrodeCurrent Collector

(a) (b)

Current Collector

Electrolyte + Separator

Electrolyte

Potentiostat
Potentiostat

W
o

rk
in

g
 E

le
ct

ro
d

e

C
o

u
n

te
r 

E
le

ct
ro

d
e

P
t-

W
ir

e

A
g

/A
g

C
l

R
ef

er
en

ce
 E

le
ct

ro
d

e

Reference Electrode

Counter
Electrode

Figure 5.1 Schematic representation for (a) three-electrode and (b) two-electrode electrochemical 
systems connected to a potentiostat.



5 Electrochemical Techniques for Supercapacitors84

highly reversible manner are indicators of a pseudocapacitive charge storage mechanism. 
Various CV curves and GCD profiles of supercapacitors are shown in Figure 5.2.

Analyzing the supercapacitor electrochemical behaviour could be accomplished using 
CV measurements. A type of supercapacitor, EDLC or pseudocapacitor, could be deter-
mined by the shape of the CV curve, where the reaction mechanisms of the electrod mate-
rial may be seen in the CV shapes. The CV is often used to display the redox potential of the 
electrode material and to gather qualitative data about the electrode material. The current 
response is captured as cyclic voltammograms at a constant scan rate within a predefined 
operating potential window by applying a voltage across the relevant electrode. The CV 
depicts the oxidation and reduction peaks of the Faradaic processes on the electrode mate-
rial’s surface. Further, the CV data can be used to calculate the key performance parameter 
such as specific capacitance (Cs) and arial capacitance (CA) of the supercapacitor using 
equations (5.1) and (5.2), respectively [22, 29].

 C F g
I V

m Vs ( / )=
×

× ×
∫ ∆

∆ ν
 (5.1)

 C F cm
I V

A VA ( / )2 =
×

× ×
∫ ∆

∆ ν
 (5.2)

Figure 5.2 CV curves and GCD profiles of supercapacitors demonstrating charge storage 
mechanisms for EDLC, pseudocapacitors, and hybrid supercapacitors. Reproduced with permission 
[28]. Copyright 2018, American Chemical Society.
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where, ∫I × ∆V represent the area under CV curve (in watt), m stands for the mass of active 
material of electrodes (in gram), A stands for the working area of electrodes (in cm2), ν is 
the scan rate (in volt/sec), and ∆V is the operating potential window (in volt).

The CV analysis can also be used to quantify the contribution from both mechanisms using 
power law. This method deals with the cyclic voltammograms obtained at the same scan 
rates at a constant operating potential window. The value of cathodic and anodic peak cur-
rent is important and recorded in each case. The total current can be given as a sum of capaci-
tive and diffusion-controlled currents. The charge storage mechanism can be studied using 
power law relation for CV peak current (ip ) and scan rate (v), using equation (5.3) [30, 31].

 i i i v= + =cap diff
ba  (5.3)

Here a and b are constants, i is the output current for a fixed potential, icap  is the capacitive 
current, and idiff  is the diffusive current. Taking log on both sides to get equation (5.4) [30, 31].

 log i log log v= +a b  (5.4)

The slope of the graph obtains the value of b plotted between the log of cathodic or anodic 
peak current and the log of scan rate following equation (5.4). The charge storage follows 
diffusion-controlled kinetics if the value of b is 0.5 and surface-controlled kinetics if the 
value of b is 1.0. Whereas from b = 0.5 to 1.0 is the transitional zone between capacitive and 
battery-type materials, as shown in Figure 5.3.

5.2.2 Galvanostatic Charge-discharge

Using galvanostatic charge-discharge (GCD), a well-established electrochemical measurement 
technique may provide valuable information on the electrochemical characteristics of superca-
pacitors. The GCD method is used in an operating potential window to maintain a consistent 
current density when charging and discharg-
ing the supercapacitor. When the superca-
pacitor is charged or discharged at a certain 
current density, the charge transfer capac-
ity between the electrodes stays constant. 
The potential and time are monitored and 
altered based on the applied current den-
sity. Learning a great deal about an electrode 
material’s electrochemical properties is pos-
sible by studying its voltage and time dynam-
ics with current density. GCD curves are the 
most practical and reliable way to calculate 
the specific capacitance of supercapacitors 
[2, 7, 22]. For an ideal supercapacitor, the 
GCD curve is linear and symmetric; how-
ever, it can deviate for a real supercapacitor. 

Figure 5.3 Power law dependency on 
the peak current and sweep rate for 
supercapacitors. Reproduced with permission 
[30]. Reproduced under the term CC-BY-4.0. 
Copyright 2017, Liu et al., Wiley.
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Capacitance, IR drop, Coulombic efficiency, power density, and energy density may all be stud-
ied using GCD analysis. Charge and discharge the device while maintaining a constant current 
are the cornerstones of GCD analysis. As with CV, the GCD curve’s appearance may be utilized 
to infer the charge storage method. Redox reactions may be viewed as little bumps in the GCD 
curves [32, 33]. In contrast, capacitive type EDLC mechanisms are represented by the highly 
reversible triangular form of the GCD curve, as shown in Figure 5.2.

Because of the total ohmic resistance of the electrodes, electrolyte, and contact resist-
ances in the system, an immediate voltage decrease occurs when the supercapacitor 
changes from charging to discharging. This voltage drop is referred to as an IR drop. 
The overall useable voltage window (in volts) is decreased due to the IR drop [34]. It 
is important to remember the impacts of IR drop when attempting to interpret electro-
chemical data since IR drop significantly impacts these measurements [35, 36]. There 
are some factors that influence the amount of IR drop: the distribution of both cur-
rent and potential within the electrolyte, i.e., changing the working electrode’s size or 
shape, will change the shape of the equipotential lines; the location of the reference 
electrode in relation to the working electrode; the electrolyte solution and electrode 
material’s ability to conduct electricity, i.e., the lower the conductivity of the electro-
lyte and electrode material, the higher the IR drop. A three-electrode electrochemical 
system could be used to find the actual IR drop of electrode materials, increasing the 
amount of totally dissociated electrolytes in the solution with an increase in the overall 
conductivity, keeping the tip of the reference electrode near to the working electrode 
surface, using low current densities, and using a small area of the working electrode 
[35, 36].

The electrochemical performance of the supercapacitors may be evaluated with the use 
of GCD measurements. The electrochemical measurements are carried out in the galvano-
static mode, which involves the potential change while the current remains the same. The 
specific capacitance (Cs in Farad/gram) and arial capacitance (CA in Farad/cm2) of the 
supercapacitors could be calculated from GCD measurements using equations (5.5) and 
(5.6), respectively [22, 29, 37].

 C I t
m Vs =
×
×
∆
∆

 (5.5)

 C I t
A VA =
×
×
∆
∆

 (5.6)

where, I shows the constant current (in ampere), ∆t corresponds to the discharging time 
(sec), m corresponds to the active material mass (in gram), A represents the electrodes 
working area (in cm2), and ∆V denotes the discharge operating potential window (in 
Volts).

The supercapacitor device’s energy density (E, Wh/cm2 or Wh/kg) is an essential perfor-
mance characteristic, and it may be evaluated in line with the equation (5.7) [11, 12, 16, 17, 22].

 E C Vs=
×1

2 3 6

2∆
.

 (5.7)
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Research on supercapacitors has also shown that power density (P, W/cm2 or W/kg) is an 
important factor. This can be calculated by applying the formula given in equation (5.8).

 P E
t

=
×3600
∆

 (5.8)

In a similar manner, the Coulombic efficiency (η) of supercapacitors may be determined by 
using equation (5.9) [12].

 η= ×
t
t
d

c
100% (5.9)

Where is the Coulombic efficiency expressed as a percentage, td and tc are the times in sec-
onds required to discharge and charge the supercapacitor, respectively.

5.2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis is used to investigate various 
resistance properties of supercapacitors as a frequency function. Typically, a frequency in 
the range of mHz to MHz is overlaid on a steady state potential. The data from the EIS 
analysis may be used to create a graph (also known as a Bode plot) by plotting the phase 
angle on the y-axis and frequency on the x-axis. At low frequencies, phase angles close to 
90° suggest optimum capacitive behaviour. The Nyquist plot, including real and imagi-
nary components of the impedance, may also be drawn using the EIS data. As shown in 
Figure 5.4, the x-intercept in the high-frequency zone represents electrode resistance or 
bulk resistance. In contrast, the semi-circle linked with the mid-range frequency repre-
sents charge transfer resistance. The capacitive nature of the device can be seen in the 
low-frequency area, which has a rapidly rising curve. The EIS method could be used to 
determine the electrochemical nature of the electrode materials that had been applied in 
supercapacitors. Using EIS, researchers may learn more about the kinetics of electrochemi-
cal processes at the electrode’s surface, as well as the charge transfer behaviour of materi-
als [38–41]. An EIS study of electrode materials could be conducted at zero bias potential 
to determine their various resistance components. A semi-circle is seen during the high-
frequency range, whereas a straight line emerges in the lower-frequency range. At low 
frequencies, the Warburg resistance is shown by a straight line, but at higher frequencies, 
the charge transfer resistance is represented by a semi-circle. Materials are more resistive 
when the semi-circle is greater; on the other hand, materials are more conductive when the 
semi-circle is smaller [1, 2, 11, 22].

In order to show EIS analysis, a Nyquist plot is employed, which depicts imaginary vs. real 
sections of the complicated impedance of an electrochemical cell. Using the EIS approach, 
one is able to examine the conductivity as well as the charge transport characteristics of 
the electrode‒electrolyte interface [11, 44]. Nyquist plots have typically been interpreted 
through analogous resistor capacitor (RC) circuits and/or by applying physical intuition. 
On the other hand, the interpretations that follow are not unique in the literature and are 
usually inconsistent. Physical interpretations of EIS data for EDLCs and pseudocapaci-
tors were published by Mei et al. [42, 43]. They used a physicochemical transport model 
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that accounted for electrode charge transport, electric double-layer generation at the elec-
trode‒electrolyte interface, and ion diffusion in symmetric/binary electrolytes to replicate 
Nyquist plots numerically. To record typical EDLC Nyquist plots, different electrolyte ions 
sizes, electrolyte domain thickness, diffusion coefficients, concentrations, and electrode 
thickness and conductivity were numerically reproduced. The electrolyte and electrode 
resistances and equilibrium differential capacitances were calculated using Nyquist plots 
without employing comparable RC circuits. As can be seen in Figure (5.4a), the Nyquist 
plots of individual EDLC electrodes and devices were simulated using a modified Poisson-
Nernst-Planck model and closely matched the real results. This was accomplished through 
the use of computational modeling. Based on these discoveries it is possible to directly read 
equilibrium differential capacitance, diffuse layer resistance, bulk electrolyte resistance, 
and electrode resistance from Nyquist plots. In a similar manner, the physical interpreta-
tion of the EIS data, which can be seen in Figure (5.4b), explains the normal behaviour of 
pseudocapacitors.

The majority of supercapacitor devices deviate from the ideal capacitive behavior 
because they do not fulfill the set criterion that the imaginary and real components of 
the impedance should be out of phase by 90°. This criterion states that the imaginary and 
real components of the impedance should be in opposition to one another. The existence 
of various resistance characteristics inside the capacitive element is the primary cause 
of the behavior of the capacitive element deviating from the ideal behavior of a capaci-
tive element. This frequency-dependent capacitive reactance is sometimes referred to as 
electrochemical series resistance since it will always produce a phase difference that is 
greater than 0°. The equivalent series resistance (ESR) accounts for a portion of the total 
internal resistance of a supercapacitor and is often stated in parallel with the capacitor. 
As was previously mentioned, the observed potential decrease in the discharge curve 

Figure 5.4 A typical interpretation of EIS with Nyquist Plot for supercapacitors with (a) EDLC 
electrodes and (b) pseudocapacitive electrodes. Reproduced with permission [42, 43]. Copyright 2017 
and 2018, American Chemical Society.
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of the GCD study can be attributed, in part, to the value of the ESR [45, 46]. Another 
important feature in EIS analysis is to perform the fitting of the Nyquist plot with the 
proposed circuit model. The validity of the proposed equivalent circuit can be projected 
from the fitted curve of the Nyquist plot, which should match reasonably well with the 
experimental curve of the Nyquist plot obtained at various frequency regions. The com-
ponents of the equivalent circuit are chosen with higher accuracy (i.e., ꭓ2 < 0.1), with 
the first component as an electrode or bulk resistance (RB) at high frequency followed by 
the charge transfer resistance (RCT) at medium frequency. Another important parameter 
in the equivalent circuit is CPE, known as the constant phase element, which can be 
defined by the following impedance equation (5.10) [47].

 Z
Q j f nCPE

CPE

=
( )
1

2π
 (5.10)

Where, QCPE represents the CPE coefficient, and n is referred to as the exponent. The value 
of exponent (n) is –1 for a pure inductor, 0 for a pure resistor, and +1 for a pure capacitor 
[47, 48]. To explain the shape of the Nyquist plot in terms of electric components and their 
combination some of the equivalent circuit models are shown in Figure 5.5.

5.3 Conclusions

The use of supercapacitors in future energy storage systems appears promising. For the 
development of supercapacitors, several materials and production choices are available. 
The entire behaviour and electrochemical performance of energy storage devices are heav-
ily influenced by the physicochemical parameters of the supercapacitor electrode materi-
als. Because of their superior performance, supercapacitors are garnering an ever-increasing 
amount of attention. However, the electrochemical performance of supercapacitors, includ-
ing capacitance, rate capabilities, cyclic stability, potential profile, and safety, is highly 
dependent on the supercapacitor’s structural and morphological nature well as ion diffu-
sion, electron transportation, and rebuilding the electrode‒electrolyte interface during the 
GCD processes. It is essential to have an in-depth knowledge of the electrochemical pro-
cesses involved in the development of supercapacitors in order to maximize their effective-
ness in manufacturing, design, and prospective applications. There are three primary 
electrochemical techniques that are used to measure the critical performance parameters of 
a supercapacitor. These techniques are CV, GCD, and EIS. In all of these methods, the elec-
trochemical workstation is utilized to measure important parameters such as voltage, cur-
rent, time, equivalent series resistance, and capacitance in three- or two-electrode systems. 
The field of supercapacitors has seen a great deal of advancement in the last decade. Energy 
storage devices have made significant progress in recent years; nevertheless, further work 
is needed to ensure that the devices are scalable and consistent enough to meet commercial 
needs. New scientific breakthroughs and discoveries should address these problems in the 
near future.
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Figure 5.5 Equivalent circuit analysis from simple to advanced circuits obtained by fitting the 
Nyquist plot. Reproduced with permission. Reproduced under the term CC-BY-4.0 license. Copyright 
2020, Feliu et al. [49], MDPI.
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6.1 Introduction

Researchers have been motivated to investigate various renewable energy sources due to the 
finite availability of fossil fuels and the long-term damaging impacts of greenhouse emissions. 
It is necessary to develop energy conversion and storage technologies in order to overcome the 
major obstacle posed by the intermittent nature of renewable energy that comes from solar and 
wind sources. This obstacle prevents the full exploitation of the abundant renewable energy 
that can be generated from these resources. Several electrical energy storage technologies have 
been used in this setting, allowing efficient power storage, rectification, transportation, and 
delivery [1–3]. Such energy storage technologies as batteries and fuel cellsare quite close to our 
daily lives. Others, including flywheels, compressed air, pumped hydro, superconducting mag-
nets, and supercapacitors, are crucial from the industrial point of view. Batteries have been 
widely employed of various sizes because of their exceptional performances, yet, they have sev-
eral drawbacks like low power density, safety concerns, heat generation, and limited cyclic life 
[4–6]. Therefore, developing a durable, small, and secure energy storage device with high elec-
trochemical performance would surely revolutionize the design of electric energy generation, 
distribution, and utility for industry and the military [1, 2, 5–12].

Specific capacitance, energy density, and power density are the three fundamental con-
cepts that are utilized in the process of characterizing the effectiveness of supercapacitors. 
The device’s capacitance measures a device’s capacity to hold an electric charge. The capacity 
of an object to store an electric charge proportional to its mass is referred to as the substance’s 
specific capacitance. The cyclic voltammetry method and the galvanostatic charge-discharge 
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process are typically utilized in order to obtain information about the type of supercapacitors 
[5, 6, 10–14]. Different underlying phenomena can lead to different types of supercapacitors. 
The charge-storing mechanism of a supercapacitor can be broken down into the following 
categories. Electric double-layer supercapacitors (EDLCs) are supercapacitors that store 
energy by accumulating an electrostatic charge at the electrode/electrolyte interface (EEI), 
where ions are physically adsorbed and desorbed, storing energy [15–20]. Figure 6.1 shows 
that the cyclic voltammetry of Faradaic reactions does not participate in the energy storage 
process of EDLCs. Carbonaceous materials like activated carbon are commonly used in 
EDLCs. The EDLCs have a higher power density than pseudocapacitors.

They are extremely rapid in terms of charging and discharging, but their low energy 
density remains an issue. Pseudocapacitors are supercapacitors that store energy through 
reversible redox reactions (Faradaic reactions). The Faradaic reaction occurs at the elec-
trode surfaces. The Faradaic reactions have oxidation and reduction peaks, which are 
depicted in Figure 6.1 as upper and lower peaks, respectively. Pseudocapacitors outper-
form EDLCs in terms of specific capacitance and energy density. These are often made up 
of oxides, sulfides, and conductive polymers. Hybrid supercapacitors are those that have 
properties of both EDLCs and pseudocapacitors [21–23]. Such supercapacitors use Faradaic 
and non-Faradaic reactions for charge storage. These retain both high energy density and 
powered density at the same time. Their cyclic voltammetry curve differs somewhat from 
the rectangular shape of EDLCs and has a little hump, as seen in Figure 6.1.

6.2 Types of Supercapacitors

There are various ways supercapacitors can be divided into different types, i.e., based on 
charge storage mechanisms, assembly of electrodes, and size and shapes.

Figure 6.1 Supercapacitor classification based on cyclic voltammetry.
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6.2.1 Types of Supercapacitors Based on Charge Storage Mechanisms

Supercapacitors can be classified into three types on the basis of their working principle of 
charge storage, i.e., EDLC, pseudocapacitor, and hybrid supercapacitor.

6.2.1.1 Electric Double-layer Supercapacitors
Electric Double-layer Supercapacitors (EDLC) are a type of supercapacitor that stores 
energy through the accumulation of electrostatic charges at the electrode‒electrolyte inter-
face (EEI) (i.e., physical adsorption or desorption of electrolyte ions) [24–26]. Activated 
carbon, graphene, and carbon nanofibers are examples of carbonaceous nanomaterials 
typically used to construct the electrodes of EDLCs. These materials have a large specific 
surface area and a wide range of pore sizes [5, 12, 13, 27, 28]. Because carbon materials 
have a hierarchical porosity, the diffusion of electrolyte ions to the surfaces will be sped up, 
especially at higher scan rates and current densities. Consequently, it is essential to exer-
cise control over both the pore size and the pore size distribution of the electrode materials, 
both of which substantially impact supercapacitors. In order to build carbon materials with 
regulated surface chemistry, interconnected pore structures, small pore size distributions 
(that are susceptible to electrolyte ion diffusion), and short pore lengths are required [5, 11, 
19, 29–31]. The Helmholtz double-layer model provides an explanation for the energy stor-
age process of an EDLC. According to this model, the two oppositely charged layers that 
arise at the EEI are split by small gaps (usually atomic level), as demonstrated in Figure 6.2. 
Within the Stern layer, the term “inner-Helmholtz plane” refers to the highly adsorbed 
ions that are produced by the electrode. A known as the outer-Helmholtz plane comprises 
particularly adsorbed ions as well as counter ions that are not specifically adsorbed at the 
EEI [32, 33]. Because of the mechanism through which they store electrostatic charge, 
EDLCs do not undergo a Faradaic redox reaction, and a rectangular pattern characterizes 
the behavior of their CV curves [34].

The application of voltage to EDLC electrodes causes a double layer to form, and the ions 
of electrolytes flow alongside the double layer’s surface. Two charged surfaces determine 
the specific capacitance, while the movement of electrolyte ions provides a potential due to 
the compression of the two layers, which the zeta potential of the electrodes can ascribe 
[36]. When it comes to high power density, EDLCs offer a lot of desirable properties, such 

Figure 6.2 EDLCs potential and charge distributions at the EEI of (a) positive electrode, (b) negative 
electrode, and (c) Helmholtz double-layer. Reproduced with permission [35]. Copyright 2013, Elsevier. 
(d) Stern model at the EEI, and diffused layer. Reproduced with permission [33]. Copyright 2018, Elsevier.
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as being able to charge in a matter of seconds and having long-term cyclic stability. EDLCs 
have been the subject of great interest ever since General Electric published the first patent 
on the technology in 1957 [37]. Because of its exceptionally high power density, which can 
have a capacity of up to ten times more than that of rechargeable batteries, EDLC has been 
successfully utilized in various industries, including computers, LED flash devices, mem-
ory backup power, and load-lifting equipment [38]. There is no involvement of Faradaic 
processes in the electrostatic charge storage that takes place in EDLCs; rather, it takes place 
predominately due to the electrolyte ions adsorption onto the electrode materials surfaces, 
as shown in Figure 6.2(a). Carbon materials with a high specific surface area are frequently 
reported to act in this way due to high electrical conductivity and a high number of surface 
adsorption sites [12, 14, 39]. Nevertheless, because of the limitation placed on the electrode 
surface area, the energy density of commercial EDLCs can only reach a maximum of 
6 Wh kg⁻1, a value significantly lower than that of batteries [40]. From this point of view, 
one feasible strategy for the development of electrode materials with high energy and 
power density is to combine the benefits of EDLCs and rechargeable batteries.

6.2.1.2 Pseudocapacitors
Pseudocapacitors have electrodes made of redox-active nanomaterials, which are typically 
transition metals-based materials and conducting polymers. The electrical energy is stored 
in the rapidly reversible Faradaic redox processes that take place at the electrode surface [5, 
41–43]. Pseudocapacitors have a relatively high energy density, but because of the quick 
redox reactions that occur during the charging and discharging processes, they also accu-
mulate irreversible components. Consequently, this results in a decline in cyclic stability 
performance [34, 41]. The pseudocapacitor electrode materials go through fast reversible 
Faradaic redox processes, resulting in the Faradaic current being conducted via the super-
capacitor device. Oxidation and reduction peaks are involved in the Faradaic process, as 
shown in Figure 6.3. The process of charging and discharging batteries is analogous to the 
behavior of this mechanism. Since 1971, researchers have investigated a wide selection of 
pseudocapacitive redox-active electrode materials, for example, transition metal oxides/
hydroxides. The first evidence of the pseudocapacitance of RuO2 in a supercapacitor was 
found and published by Trasatti et al. [44] When subjected to electrochemical cycling in 
aqueous electrolytes of elevated pH values, RuO2 demonstrates the properties of pseudoca-
pacitance. It is generally accepted that the pseudocapacitive behavior of RuO2 may be 
traced back to a chain of reversible reactions, one of which is the transfer of electrons at the 
electrode surface (represented by equation (6.1)) [45].

 Ru O H Ru Ru O HIV IIIIV
x x xx xe2 1 2+ + ↔+ −
−  (6.1)

Furthermore, several known transition metal-based materials, such as MnO2 and Fe3O4, 
also exhibit core Faradaic reactions. Because of their many valence states they outperform 
EDLCs in initiating fast and reversible redox reactions at the electrode surface. This allows 
them to store a substantially greater amount of energy at a much faster rate during charge 
and discharge. Equation (6.2) shows that surface and bulk redox processes in MnO2 can 
store charges between the +4 and +3 manganese oxidation states [46]. Where, A describes 
an alkaline cation (i.e., Li+, Na+, and K+).
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 MnO MnO22 + + ↔+ −xA xe Ax  (6.2)

This type of supercapacitor has fast surface redox or intercalation processes and a double-
layer capacitance to increase energy density while keeping EDLC-like fast timings for 
charging and discharging [47]. In 1991, the term pseudocapacitance was coined by Conway 
et al. [48]. EDLCs and batteries are two extremes of the energy storage spectrum. 
Pseudocapacitance energy storage, however, comes somewhere in the middle. There are 
three pseudocapacitance types: the surface Faradaic reaction, the intercalation, and the 
monolayer adhesion, as shown in Figure 6.3. A monolayer adsorption happens when two 
metals with different redox potentials come together to form an adsorbent monolayer on 
the surface of each other (this is called underpotential deposition). Underpotential lead 
(Pb) depositions on gold (Au) electrodes are well-known examples [49]. Due to the 
increased contact between Au and Pb in crystal-like Pb metal, it is easier for Pb to be depos-
ited onto Au than it is for Pb to be deposited onto itself. Surface Faradaic redox pseudoca-
pacitance on the electrode materials results from charge-transfer mechanisms that adsorb 
alkali ions onto or near the electrode surface. Pseudocapacitance is a phenomenon that can 
occur when the intercalation or deintercalation processes that are of interest are not kineti-
cally constrained by the slow solid-state diffusion that occurs when alkali ions migrate 
slowly through the crystal structure of electrode materials. Bulk intercalation pseudoca-
pacitance takes the place of surface redox pseudocapacitance, which is unique to the elec-
trode surface or the area immediately adjacent to it [50].

6.2.1.3 Hybrid Supercapacitors
Another technique has been developed to integrate both the mechanisms of charge storage 
of pseudocapacitors and EDLCs to build an efficient device that could emulate the excel-
lent energy density of pseudocapacitors/batteries and the high-power density of EDLCs. 
These high-performance devices are referred to as hybrid supercapacitors, and they are 
able to sustain high energy and power densities concurrently [51, 52]. Instead of using 
carbon, transition metal-based materials, and conducting polymers individually, scientists 
prepared hybrid composites of these active materials for hybrid supercapacitors. These 
hybrid composites are inexpensive, chemically stable, mechanically flexible, and demon-
strate excellent electrical conductivity. To govern the hybrid supercapacitors energy stor-
age principle, EDLCs and pseudocapacitors are connected (Figure 6.3(f)). Because 
pseudocapacitors lack the limiting property of EDLCs, and vice versa, the combination of 
these two components allows the restrictions of the combining components to be con-
cealed, which results in an increase in capacitance. Hybrid supercapacitors can either be 
symmetric (shown in Figure 6.3(g)) or asymmetric (shown in Figure 6.3(h)), and this 
depends on the architecture of the assembly. The electrochemical behavior is better when 
hybrid supercapacitors are created from independent electrodes made of dissimilar materi-
als than when the electrodes are used independently. Both cyclic stability and affordability, 
two key variables in determining whether pseudocapacitors would be successful, are pre-
served in hybrid systems. Because of its higher specific capacitance values and wider oper-
ating potential windows than symmetrical EDLCs, the hybrid type offers a higher energy 
density than those devices [5, 6, 19, 31, 53]. The CV curves of hybrid supercapacitors have 
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some oxidation/reduction peaks, which are shown as minor bumps in Figure 6.1. This is a 
departure from the rectangular shape of CV curves for EDLCs. Hybrid supercapacitors are 
regarded as a potential game changer for future energy storage systems development. They 
have developed as an alternative to electrochemical energy storage systems with the aim of 
achieving higher energy density demand. The performance of hybrid supercapacitors 
depends on the materials that make up their electrodes when it comes to practical applica-
tions. The hybrid supercapacitors have high specific capacitance, greater power density, 
and better energy density than the pseudocapacitors and EDLCs that are already on the 
market. This is due to the fact that the hybrid supercapacitors utilize two distinct charge-
storing processes. In most cases, the asymmetric method of hybrid supercapacitors, which 
is the combination of pseudocapacitors and EDLCs, performs the function of an amplifier 
in the respective capacitance values. The asymmetric hybrid supercapacitors are made up 
of a positive electrode that contains redox-active materials and a negative electrode that is 
created by combining a carbon material with an electrolyte and a separator in between. 
During the process of charging and discharging, the counter electrolyte ions migrate 
towards the positive and negative electrodes. EDLC behavior is provided by the adsorp-
tion/desorption of positive electrolyte ions at the negative electrode surface, while pseudo-
capacitive behavior is caused by fast reversible Faradaic reactions at the positive electrode 
surface caused by negative electrolyte ions. This asymmetric methodology illustrates a 
bright start in the direction of the extremely needed pollution-free, durable, and beneficial 
energy storage appearances in terms of hybrid supercapacitors. Large pore volumes and 

Figure 6.3 (a) EDLCs, (b) pseudocapacitors, and (c) hybrid supercapacitors charge storage 
mechanisms. Reproduced with permission [56]. Reproduced under the terms of the CC BY-NC 3.0 license. 
Copyright 2019, Pal et al. (d-f) Various pseudocapacitance methods. Reproduced with permission [40]. 
Reproduced under the terms of the CC BY-NC 3.0 license. Copyright 2019, Huang et al. (g, h) Symmetric/
asymmetric hybrid supercapacitors. Reproduced with permission [57]. Reproduced under the terms of 
the CC BY 4.0 license. Copyright 2022, Zhang et al.
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high specific surface area of electrode materials are the key criteria for energy-efficient 
hybrid supercapacitors. These factors enable the electrolyte ions accessibility and boost the 
device’s capacitance. In a similar vein, the ability to tune the morphology of the electrode 
material for hybrid supercapacitors has been considered to be another crucial aspect. 
Careful morphological adjustment of the nanostructures changes the unique properties of 
nanomaterials. It exposes active sites and distinct crystal facets, both of which can fre-
quently considerably impact the hybrid supercapacitors electrochemical performances [30, 
54, 55].

6.2.2 Supercapacitor Types Based on Electrode Configuration

Depending on the type of electrodes, a supercapacitor can have two configurations, i.e., 
symmetric and asymmetric. A symmetric supercapacitor is made up of positive and nega-
tive electrodes of the same material, which is typically carbon. In contrast, as illustrated in 
Figure 6.4, an asymmetric supercapacitor can have a variety of electrode material combina-
tions [58]. The positive and negative electrodes of a symmetric device have identical active 
materials and the same mass loading (m+ = m–). EDLC-based materials or materials with 
EDLC and Faradaic capacitance contributions are typically used to fabricate symmetric 
supercapacitors. Using only Faradaic materials results in symmetric supercapacitors, 
which are rarely used because redox reactions only occur at either positive or negative volt-
ages [59]. Within the same electrolyte, asymmetric supercapacitors combine two distinct 
types of active electrode materials, one of which is EDLC and the other of which is pseudo-
capacitive. Asymmetric supercapacitors are another name for supercapacitors that have 
the same kind of active electrode material on each electrode but have different masses of 
materials (m+ ≠ m–) on each electrode (Figure 6.4). Even in EDLC-based devices in which 
both positive and negative electrodes contain the same active material, optimizing the 
mass ratio between the positive and negative electrodes is important. Because the hydrated 
anions and cations in the electrolyte have different sizes, the surface area of the electrolyte 

Figure 6.4 Schematic representation 
for the symmetric and asymmetric 
configuration of supercapacitors.
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that is accessible to the anions or cations also has different sizes. The decrease directly 
improves the kinetics in the size of the hydrated ions. Therefore, loading the active elec-
trode materials with the same mass amount could prevent the EDLC-based supercapacitor 
from achieving its maximum possible supercapacitive performance [58]. Therefore, to 
counterbalance the device’s specific capacitance and energy, it is necessary to balance the 
mass loading of the negative and positive electrodes.

6.2.3 Supercapacitor Types Based on Device Configuration

In addition to the material itself, the performance of a supercapacitor cell can be signifi-
cantly altered by several factors relating to the processing conditions of the electrodes and 
the cell assembly. These factors include electrode thickness and density, cell pressure, 
and the pre-conditioning process. The production of a supercapacitor only requires a few 
steps, including the preparation of a homogeneous mixture of components, the creation 
of an electrode layer on a current collector sheet, the assembly of the cells, and the pack-
aging of the finished product. When evaluating an electrode material in a full cell configu-
ration in a laboratory, it is common practice to pack a pair of tiny electrodes with a few 
cm2 areas or mF capacity into a coin cell or one of its derivatives, such as a Swagelok cell. 
This allows for evaluating the electrode material in a full-cell configuration. Nevertheless, 
a demonstration of a large-capacity cell is necessary to evaluate the cell’s performance 
from a practical standpoint and as a first step toward commercialization. A cylindrical or 
pouch-shaped container is required to package a high-capacity cell. Sadly, the research 
that has been published provides very little information, and the guidelines for producing 
a cell in such a large container are considered to be proprietary information in the com-
mercial sphere. Recently, it was reported that efforts had been made to scale up the size 
of supercapacitors to coin cells and even to a more oversized format, most notably a pouch 
cell, highlighting challenges with electrode preparation. These efforts were reported to 
have successfully scaled up the size of supercapacitors to coin cells. According to the 
available research, pouch cell packaging appears to be the format of choice due to its user-
friendliness, low cost of processing, compatibility with industrial settings, and minimal 
footprint design [60].

Porous/functionalized/activated carbon [61, 62], oxides [63], hydroxides [64], and con-
ductive polymers [65] have all been studied as electrode materials for hybrid supercapaci-
tor applications. A supercapacitor’s stability, energy density, and power density are 
determined by electrode material properties, specific surface area, and pore sizes. The mor-
phology of hybrid supercapacitors can be controlled: the specific surface area can be 
improved, and the pore sizes can be reduced. As a result of recent advancements in nano-
materials and charge storage methods, the performance of hybrid supercapacitors has 
increased significantly. Unique electrochemical capabilities, high processability, various 
redox reactions, and exact programmable hybrid supercapacitors compositions are some of 
the advantages over other materials [15, 19, 20, 66, 67]. The hybrid supercapacitor’s ability 
to store energy, maintain stability, and charge at a high rate is heavily reliant on the active 
materials, which are only found in redox-active nanomaterials. While quick charge/dis-
charge cycles can deposit reversible redox species on electrode surfaces and degrade struc-
ture, pure redox-active materials do not perform well in large-scale applications due to 
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their poor cyclic stability [68]. The limitations of redox-active materials have prompted a 
great deal of research. Hybrid supercapacitors can be supported on robust and better plat-
forms thanks to the development of hybrid composite materials. The most logical way to 
combine carbon and redox-active nanomaterials in one system is to combine high power 
density and high energy density with suitable stability. There have already been developed 
a great number of hybrid composites using these active materials [69–72]. The sum of the 
performance of the various active components determines the supercapacitive perfor-
mance of hybrid composites like these. Using porous electrode materials makes it possible 
for ion diffusion and storage; high electrical conductivity makes it simpler for the charge to 
move, and enhanced cyclic stability is achieved via the combination of high electrochemi-
cal and physical stability [9, 12, 19, 73].

6.3 Conclusions

The rise in popularity of supercapacitors can be attributed to the fact that they can be used 
in a wide variety of energy-related contexts. This chapter provides a straightforward sum-
mary of supercapacitors as well as a concise summary of current advancements in the field. 
It was highlighted how these supercapacitor structures could be separated into three dis-
tinct groups according to the way they store charge and then separated again according to 
the material utilized for the electrodes. There are three different kinds of capacitors: 
EDLCs, pseudocapacitors, and hybrid supercapacitors. The capacitance values of superca-
pacitors range from the picofarad to the microfarad, and they have the ability to store 
potential energy as electric charge. Supercapacitors were rated in farads, and values are 
regarded to be one thousand times higher than those associated with electrolytic capaci-
tors. In addition, the energy density of the supercapacitor is greater than that of the capaci-
tor, although it is not greater than that of the battery. However, due to the flexibility of 
supercapacitors, it was possible that they could be adapted to serve in certain roles for 
which electrochemical batteries were not a good fit. Supercapacitors have a few inherent 
qualities that make them suited for specialized roles as well as applications that comple-
ment the capabilities of the batteries. These roles and applications complement the 
strengths of the batteries. In particular, supercapacitors have a significant amount of poten-
tial for applications that require a combination of quick charging time, high power, long 
shelf life, and good cycle stability. The supercapacitor’s behavior was investigated using 
various electrode materials, and its performance was improved as a result. Currently, sci-
entists are concentrating their efforts on the ternary composite that has been published. 
Highly conductive electrodes exhibit a wide range of pore sizes and maintain a large num-
ber of charge/discharge cycles due to the introduction of novel redox-active and carbon-
based nanomaterials. These are the essential components for the applications of 
supercapacitors. A large number of researchers from all around the world are working on 
improving the performance of supercapacitors by considering and proposing nanomateri-
als based on carbonaceous compounds and derivates of transition metals as ideal options. 
As potential active materials for use in real-world supercapacitor systems, conductive poly-
mers and metallic complexes that are both inexpensive and easily accessible should receive 
significant research. Commercial-scale supercapacitors must also evaluate low-cost 
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current collectors (such as aluminum, carbon cloth, and stainless steel), electrolytes, inex-
pensive separators (such as polymeric membranes and ceramic sheets), and other afforda-
ble passive components. Various supercapacitors are classified according to the energy 
storage mechanism and electrode configurations, providing a unique pathway for the 
supercapacitor industry.
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7.1 Introduction

Supercapacitors are ultrafast electrochemical charge storage devices. There are two meth-
ods of supercapacitive charge accumulation: electrostatic and faradaic [1–4]. Electrostatic 
charge loading results from forming an electrical double layer (EDL) in the vicinity of the 
electrified electrode and electrolyte interface. The storage device using EDL is known as an 
electrochemical double-layer capacitor (EDLC). Predominantly, carbon-based materials 
exhibit an EDLC mechanism for storing charges [1–4]. High specific surface area (SSA), 
enormous electrical conductivity, low-cost, easy processability, electrochemical idleness, 
tailorable porosity, and environmental benignity render carbonaceous materials as ideal 
candidates for EDLCs [1–4].

Biomass-derived AC and non-AC have been tested for their compatibility for use as 
electrode material for supercapacitors [3–5]. non-AC is precisely how the carbonaceous 
material comes out after synthesis, i.e., the raw or crude carbonization product before 
any physical or chemical activations. Therefore, non-AC is the carbon synthesized 
without any chemical or physical activations that eliminate oxygenated groups in the 
biomass. The non-AC exhibits fewer functionalities and possesses more defects with 
lower electrical conductivity [3]. Some differences between the non-AC and AC are 
given in Table 7.1. The properties that are a prerequisite for a material to be employed 
as an electrode material for supercapacitors application, such as high porosity, high 
SSA, high capability of adsorption of charges etc., are less prevalent in non-AC com-
pared to AC [6, 7].

It requires some sort of activation, namely chemical, physical, or both, to obtain AC from 
the initially synthesized carbonized product, i.e., non-AC. This activation does not ensure 
a 100% conversion to AC from non-AC; hence, there is a low yield percentage of AC in the 
obtained product. Moreover, there is an extra cost required for activation [7, 8]. Definitely, 
AC exhibits an excellent supercapacitive property described elsewhere [5]. This chapter 
mainly focuses on the charge-storing properties of non-AC derived from different biomass 
sources, as summarized in Figure 7.1. Simple synthesis, characterization, and application 
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as supercapacitors material of non-AC are described based on the available literature. A 
discussion on the mechanism of charge storage of non-AC-based supercapacitors is also 
given.

7.2 Synthesis of Non-activated Carbon

Non-AC can be derived from several organic precursors, mainly through heat treatment 
and dehydration, i.e., through the carbonization process. Preparation, characterization, 
and applications of various biomass-derived non-AC have been reported [9–11]. All of 

Table 7.1 Some common features of non-ACs and ACs with their comparisons.

Characteristics non-ACs ACs

Nature Carbon residue of dehydrated 
organic substrate

Carbon residue of dehydrated organic substrate 
that has been physically or chemically activated

Porosity Porous More porous than non-AC

Composition ~95% carbon with some of O, 
N, H etc.

~80–85% carbon with an appreciable amount of 
O, N, H etc.

Surface area Lower SSA Higher SSA

Surface charge Less surface charge More surface charge

Adsorption 
capacity

High Very high

Preparation 
method

Simple and straightforward Complicated

%Yield High Low

Cost Low High

Figure 7.1 Thermal carbonization of biomass to form non-AC materials.
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them have identical synthetic routes. Waste organic materials are washed, dried, and then 
shredded into smaller pieces. These small pieces are then dried in the open air under sun-
light or in an electrical oven at around 60°C to 80°C. The raw organic material is then 
dehydrated at elevated temperature in a muffle furnace or in the oven, usually in a nitrogen 
environment. Chemical or any sort of physical activation is absent in this case. A general 
route for synthesizing non-AC from various biomass sources is shown in Figure 7.1 and 
Table 7.2. A typical example of the synthesis of AC from waste newsprint paper is also illus-
trated in Figure 7.2.

7.3 Morphology and Surface Properties

Surface properties play a key role in dictating the performance of any carbon material for 
supercapacitor application [17]. Activation of carbonized materials results in the formation 
of a highly porous nanostructure with higher SSA that has homogeneously dispersed pores 

Table 7.2 Synthetic procedures of non-AC derived from different biomass sources.

Precursor material Procedure Ref.

Starch Carbonization at 200°C followed by 
heating at 750°C in N2 atmosphere

[3]

Conocarpus wastes Pyrolysis of the woody wastes [12]

Areca nut shells Pyrolysis followed by heating in N2 
atmosphere

[13]

Waste newsprint paper Pyrolysis followed by heating in N2 
atmosphere

[5]

Wheat straw Carbonization at 420°C for 120 min [9]

Sakura flower stalks Pyrolysis followed by heating in N2 
atmosphere

[10]

Banana Carbonization at 180°C followed by 
heating at 750°C in Ar atmosphere

[14]

Pithophora polymorpha Pyrolysis at 900°C in N2 atmosphere [15]

Albizia procera leaves Pyrolysis at 850°C in N2 atmosphere [16]

Cut to small sections

Waste newsprint paper

Hot-press forming

Board

Nitrogen gas flow heating Activation

Charcoal Activated carbon

Mixed with phenol resin

Cut to small sections

Figure 7.2 Method for manufacturing AC from waste newsprint paper. Reproduced with permission 
[5]. Copyright 1999, Springer.
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and well-defined pore size distribution [6]. On the other hand, non-AC is less porous with 
a morphology of smaller SSA, randomly dispersed pores, and not well-defined pore size 
distribution [18]. In the field emission scanning electron microscopy (FESEM) of sugar-
derived non-AC and AC in Figure 7.3(a, b), a highly porous and well-dispersed nanostruc-
ture of AC that has been achieved by the chemical activation of non-AC with KOH can be 
produced [3]. The numbers of micro- and mesopores observed in AC (Figure 7.3(c, d)) are 
higher than that of non-AC [12]. Thus, AC contains a more well-dispersed porous nano-
structure than non-AC, which would result in higher SSA.

On activation, particle size decreases, rendering higher SSA with a concomitant increase 
in the number of pores (Figure 4) (4) that may facilitate the accumulation of charges, thus 
influencing specific capacitance (Csp). Larger pores provide easily accessible sites for ions 
to be stored with a greater extent [13]. Figure 5 represents the N2 adsorption-desorption 
isotherms, the relation between pore size and adsorbed pore volumes, and pore size distri-
butions between non-AC and AC. non-AC exhibits type IV isotherms, indicating that a 
large distribution of pore sizes from micro to macropores are present [13].

SSA, pore volumes, and pore size of both carbons derived from areca nut shells are sum-
marized in Table 7.3 [13]. non-AC has a Csp of 45 F g–1, while AC has 64 F g–1 studied by 

Figure 7.3 FESEM images of a) AC-sugar, b) non-AC-sugar. Reproduced with permission [3]. Copyright 
2017, Springer. SEM micrographs of c) ZnCl2-AC, d) non-AC. Reproduced with permission [12]. Copyright 
2016, Bioresources.
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20kV ×1,000

(a) (b)

0049 16 55 SEI10µm 20kV ×1,000 0049 16 55 SEI10µm

Figure 7.4 SEM images of a) non-AC and b) AC derived from areca nut shells. Reproduced with 
permission [13]. Copyright 2013, NISCAIR-CSIR, India.
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applying an identical current density. It is noteworthy to mention that apart from SSA, the 
pore size is another major determining factor of Csp of a supercapacitor material. Larger 
pores allow the hydrated ions of the electrolyte to enter the inner surface of the porous 
materials, resulting in higher capacitance.

Sugar cane fibre-derived AC and non-AC have been analyzed by Ikhuoria et al. [19] The 
properties of such carbons are compared in Table 7.4. Bulk density, ash content, surface 
area, surface charge, etc., increase tremendously. The accumulation of ions has been dou-
bled on activation. This indicates a favourable improvement in charge storage.

The effects of activation of non-AC concerning the morphology and functional sites are 
depicted in Figure 7.6. Activation creates different functional groups and pores on the sur-
face of carbon to form AC. However, the initial carbonized product, i.e., the non-AC, has 
less promising properties than AC as a supercapacitor material. This fact is reflected in the 
electrochemical behaviour discussed in the following section.

It has been considered that the biomass possessing naturally occurring inherent porous 
structure would produce porous non-AC [15]. non-AC has been prepared from the fila-
ments with naturally occurring pores of Pithophora polymorpha via a direct pyrolysis with-
out performing any chemical activation. The obtained non-AC is macro-, meso- and 
microporous in nature possessing the SSA of 113 m2 g–1 and an average pore size of 5.5 nm 
[16]. Besides chemical activation, the doping of the non-AC with heteroatoms such as Mg, 
Si, P, S, Cl, Ca, Fe and N is another excellent approach (Figure 7.7) for enhancing SSA and 
charge storage capacity, Csp. N-doped carbon nanostructures of non-AC have been 

Table 7.3 Comparison of capacitances against surface parameters of AC and non-AC.

Sample
Surface area
(m2 g–1)

Macropore 
volume
(cm3 g–1)

Pore size
(nm)

Micropore 
volume
(cm3 g–1)

Capacitance
(F g–1)

AC 228 0.24 2.33 0.08 64

non-AC 192 0.20 1.88 0.06 45

Reproduced with permission [13]. Copyright 2013, NISCAIR-CSIR, India.

Table 7.4 Physico-chemical properties of AC and non-AC from 
sugar cane fibre.

Properties AC non-AC

pH 6.8 7.2

Bulk density (g mL–1) 0.081 0.069

Ash content % 5.92 5.72

Surface area m2 g–1 836 603

Surface charge (mmol+ g–1 C–1) 1.62 0.81

Reproduced with permission [19]. Copyright 2017, AJOL.
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prepared from the leaves of the Albizia tree (nitrogen-doped carbon prepared without an 
activating agent (WANC)) with SSA of 322 m2 g–1 [16]. Further activation of WANC with 
NaHCO3 and ZnCl2 has been proved to produce ACs NaNC and ZnNC, respectively, with 
higher SSA. However, the SSA of these carbons derived from the leaves of Albizia has been 
found to decrease in the order of NaNC > ZnNC > WANC. The presence of higher percent 
of graphitic carbon that has been identified with Raman and XPS techniques is considered 
to create porous nanostructures [16].

Physical or
chemical activation

Non-AC AC

O O O

O

O

OH

O

O

C H

C

C

C

C
O

Figure 7.6 Effect of activation on the morphology and surface.

Figure 7.7 Preparation of carbons from Albizia procera leaves. Reproduced with permission [16]. 
Copyright 2020, Elsevier.
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7.4 Charge Storage Performance

Structural and morphological studies suggest that non-AC would result in a lower Csp. The 
charge storage capability of non-AC can be explored by electrochemical characterization 
with cyclic voltammetric, galvanostatic charge-discharge, and electrochemical impedance 
spectroscopic (EIS) measurements. Through these measurements, further insight into the 
contribution of the type of capacitance, namely EDLC and pseudocapacitance, resulted 
from double layer charging and faradaic process, respectively, to the total capacitance and 
hence the degree of electroactive group present on the active surface of the material can be 
understood.

In Figure 7.8(a), cyclic voltammograms (CVs) recorded typically for non-AC and AC are 
shown. The shape of these CVs is a nearly rectangular box, depicting EDLC. No redox peak 
is seen, so pseudocapacitance is absent. Analysis of CV allows estimating the value of Csp 
from the area under the curve [20]. The area under the CV curve measured for non-AC is 
less than that of AC, indicating inferior charge storage capacity. The Csp of non-AC is about 
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with Non-AC and AC materials in aqueous 0.1 M Na2SO4. Reproduced with permission [13]. Copyright 
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one-half of that obtained for AC. Lower SSA with a limited number of sizable pores, that 
act as charge storage sites, is responsible for the lower Csp of non-AC.

EIS measurement is a powerful tool that assists in evaluating different parameters associ-
ated with electrochemical processes occurring at the electrified electrode‒electrolyte inter-
face, including equivalent series resistance (ESR) resulting from electrolyte resistance, 
electrode resistance, charge transfer resistance, and the charge storing capability of a mate-
rial [21–33]. EIS studies of both non-AC and AC have been presented as examples. It is 
quite clear from the typical Nyquist plots shown in Figure 7.8(b) that the charge transfer 
resistance is higher for non-AC (130 Ω) compared to AC (80 Ω). This reveals that non-AC 
are not good conductors compared to AC [13].

A comparison of Csp of non-AC with AC and those of other carbonaceous materials are 
displayed in Figure 7.8 (c) and Figure 7.8 (d), respectively. Non-AC exhibit Csp of about 100 F 
g–1, which is commonly low compared to graphene oxide (GO) and other ACs. This kind of 
mediocre performance restricts the commercial and practical uses of non-AC as an electrode 
material for application in supercapacitors [3]. N-doped carbon nanostructures of non-AC 
shows a EDL characteristic in storing charges (Figure 7.9). Electrochemical characterizations 
with CVs and GCDs reveal that the supercapacitive performances of non-AC, WANC, is poor 
compared to both ZnNC and NaNC as can be clearly seen in the CV and galvanostatic charg-
ing-discharging (GCD) responses. At a current density of 5 A g–1, WANC demonstrates a Csp 
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of 19.1 F g–1, while the Csp of ZnNC and NaNC are 30.3 and 166.7 F g–1, respectively [21]. The 
relatively higher values of Csp may ascribed to be resulted from the higher SSA of NaNC  
(910 m2 g–1) and ZnNC (777 m2 g–1) compared to WANC with SAA of 322 m2 g–1 determined 
from BET results shown in Figure 7.9(c).

7.5 Charge Storage Mechanism

The electrochemical capacitors store electrical energy in the form of ions at the electrode‒
electrolyte interface in the form of EDL. The formation of a rigid EDL leads to higher 
charge storage, i.e., higher capacitance, since the diameter of the compact layer that is 
inversely proportional to the capacitance is very small, in the range of angstroms [34, 35]. 
Moreover, the surface morphology of electrodes like porosity and surface area greatly 
affects Csp. For enhancing the EDL capacitance, a moderate pore size (>2 nm) is required 
for facile mobility and the insertion of individual electrolyte ions into the pores of the elec-
trode [35]. The porous surface with a high surface area permits a large number of solvated 
ions to be adsorbed on the electrode surface to form a rigid EDL. These facts described well 
explain the observation of lower Csp of non-AC than that of AC.

Further insight into the factors leading to the lower Csp of non-AC may be clarified by 
consulting with the EDL formation in the vicinity of the electrode surface. Pictorial views 
of EDL formed at the non-AC and AC modified electrode‒electrolytic solution interfaces 
are represented in Figure 7.10. The surface area and porosity of non-AC are less than AC, 

non-AC modi�ed
electrode

AC modi�ed electrode
surface Electrolyte

ElectrolyteSolvent Molecule

Insertion of solvated ion –
molecule between pores and
exhibit higher capacitance

Electrolyte

The surface adsorption
of solvated cations
(Na+) on non-AC
modi�ed electrode to
produce double layer

Formation of double
layer closet to the
electrode on AC, by
intercalated solvated
cations and increase of
capacitance

Mechanism I

Mechanism II

Electrolyte Compact layer Diffuse layer

Figure 7.10 Presumptive charge storage mechanism of both AC and non-AC.
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which is directly reflected in Csp values as summarized in Table 7.3 and Figure 7.8. The 
introduction of porosity into AC during the activation processes of non-AC is associated 
with introducing oxygen-containing groups on the surface of AC. Pores of the AC give 
more access to the solvated ions to form a compact layer with respect to non-AC materials 
(Figure 7.10). The oxygen-containing functional group of AC makes the compact layer for-
mation more rigid with the closest possible area at the electrode surface, which has a direct 
influence on increasing the capacitance.

As described above, among three N-doped carbon materials, NaNC is rated as the best 
electrode material for supercapacitor applications (see in Figure 7.9). It is remarkable to 
note that the sizable pores play a vital and pivotal role in charge storage [34, 35]. Doping of 
non-AC with heteroatoms increases the pore size to be macropore. NaNC has a higher 
micro/mesopore ratio than WANC, as evidenced by the fact that the average pore size of 
NaNC (2.8 nm) is larger than that of WANC (4.9 nm). Besides, the average pore size (1.5 
nm) and a kind of hysteresis loop of ZnNC show that it has a combination of micro- and 
mesoporous structure [20]. However, these porosities match well with the hydrodynamic 
volume of common ions resulting in higher Csp.

7.6 Concluding Remarks and Future Prospects

Preparation of non-AC materials from biomass is simple and can be easily carried out through 
pyrolysis without any physical and chemical activation. Ease of preparation, almost free of cost, 
and a huge abundance of precursors in nature over the globe make non-AC a cheap and envi-
ronmentally friendly material of choice for multipurpose application. Low levels of oxygen-
containing functionalities, surface area, and porosity that might be advantageous in other 
applications result in a lower charge storage capacity compared to AC. On the other hand, the 
interconnected structure of AC that is absent in non-AC creates small resistance and hence 
short diffusional pathways for ion transportation required for a good quality supercapacitor 
material. All these factors make the non-AC as less suitable materials for supercapacitor elec-
trodes used commercially. Making composites of non-AC, cheap, and non-toxic material, with 
non-conductive materials possessing a high capacitive property, such as natural and synthetic 
polymers, oxides, and carbon dots, may be a new direction of future study [36–41].

Carbon-based materials are needed in supercapacitors to improve their surface area, 
conductivity, cycle life span, to introduce pores, and so on [42–44]. non-AC is a potential 
candidate for this very purpose because of its cheap costs, facile synthesis, non-toxicity, 
high thermal stability, electrochemical inertness, acid tolerance, etc. [45]. However, the 
commercial application of non-AC as supercapacitor materials is limited due to their poor 
performance. Generally, SSA of non-AC is low compared to other carbon-based materials. 
non-AC carbon is further ground/ball-milled to get nano-scaled non-AC which could be 
suitable for improving the supercapacitor performances [46, 47]. Proper selection of pre-
cursors and preparation methods may enhance the supercapacitive performance of non-
ACs. Judicious selection of additives during synthesis is also crucial for improving the 
properties of non-ACs. Doping non-AC with heteroatoms like Mg, Si, N, B, S, P can sub-
stantially improve supercapacitor performance [15, 48]. Blending non-AC with other 
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high-performance supercapacitive materials like metal oxides, conductive polymers [15], 
and so on may assist in devising commercially viable low-cost supercapacitors.
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8.1 Introduction

Activated carbon is a porous form of carbon developed with enhanced pore structure, 
pore volume, and excellent surface area and thus has a high adsorption capacity [1]. The 
activated carbons have gained tremendous research interest in different fields like lith-
ium-ion batteries, sodium-ion batteries, and electrochemical supercapacitors owing to 
high specific surface areas of around 500–3000 m2 g−1. They possess various pores, includ-
ing macropores (>50 nm), mesopores (2–50 nm), and micropores (2 < nanometres (nm)) 
[2, 3]. Biowaste materials are the main source for producing efficient and high-perfor-
mance activated carbon through physical or chemical activation [4]. The precursors used 
for activated carbon production from biowaste materials include sugarcane bagasse, jute 
sticks, banana leaves, peat soil, coffee beans, banana fibers, peanut shells, almond peel, 
cherry stone waste, orange peel, paper pulp, firewood, corncob, camellia shell, carra-
geenan, urea, tamarind fruit shell, eggshell, corncob residue, lignin, and oil palm [3, 5–
18]. Physical and chemical means are used for the production of activated carbon, which 
means varying the conditions of pyrolysis, hydrothermal carbonization, and pre-treat-
ments tunes the properties of porosity and surface area. To obtain the activated carbon, 
hot gases are utilized, followed by pyrolysis at different temperature ranges from 600 to 
900°C for the physical reactivation, and 450 to 900°C in chemical reactivation where acids 
and bases or salts are used with the biomass [4]. The templated process can also be uti-
lized for activated carbon production; this process was declared the best technique as it 
controls the surface area and pore size. This technique involves the infiltration within the 
pores of carbon material for any of the materials under investigation, followed by a polym-
erization process, and finally to get porous activated carbon template removal was per-
formed [19]. Production of activated carbon is also possible through other less common 
methods. Deng et al. reported carbonization of molten salt of chitosan, which is 10 times 
heavier than zinc chloride while maintaining the temperature range of 400–700°C [2]. 
Furthermore, around 200,000 articles on carbon-based materials have been reported, 
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including articles on carbon nanotubes, activated carbon, graphene, graphite, fullerenes, 
carbon black, and carbon nanofibers.

8.2 Supercapacitor and Activated Carbon

Supercapacitors have been recognized as a latent energy storage system for a decade. The 
electrochemical capacitors, including ultracapacitors, supercapacitors, electric double 
layer capacitors (EDLCs), pseudocapacitors, power capacitors, etc., have attracted research-
ers’ interest at a universal level due to their applications in energy storing fields. The super-
capacitors lie between the conventional capacitors and battery technology when considering 
these technologies’ power density and energy density [20–30]. They have numerous appli-
cations for electric vehicles, power backups, and electronics as they have a long cyclic life, 
high energy density, maintenance-free operation, environmental friendliness, and fast 
charging and discharging rate. The major research focus is on the supercapacitive material 
that can be utilized to form a capacitance link between the electrode and electrolyte inter-
face. To approach this objective, carbon-based materials are utilized as the basic material 
for supercapacitors’ numerous applications as they have a highly porous structure, large 
surface area, high conductivity, and better adsorption quality [31]. Theproperties of these 
carbon-based materials directly affect the electrochemical performance of the supercapaci-
tors as they depend upon the material’s surface chemistry, pore structure, and surface area. 
With a greater surface area, the surface chemistry and pore structure will be more suitable 
for the successful performance of supercapacitors. To attain this, carbons are pre-treated to 
get activated carbon with a good surface chemistry, sufficiently high surface area, and the 
desired pore volume [32]. Activated carbons have edge sites and surface functional groups 
that can help in specific surface area improvement, eventually enhancing the supercapaci-
tors’ electrochemical properties [33]. There are numerous pre-treatment methods to obtain 
activated carbons, which will be discussed later in this chapter.

8.2.1 Processes to Obtain Activated Carbon

The two major ways to synthesize activated carbon are via chemical methods or physical 
methods. These are not the only techniques reported for synthesizing activated carbon. 
Thermal activation in a nitrogen atmosphere and microwave irradiation is also reportedly 
used for the activation of carbon. A combination of physical and chemical processes has 
also been proposed to obtain hierarchical porous activated carbons [34]. The activation 
process will be briefly explained in this section, followed by pre-treatment techniques.

8.2.1.1 Carbonization
Carbonization (pyrolysis) is a process that is applied before the activation stage in which 
the original lignocelluloseexperiences heat treatment for carbon enrichment. In this pro-
cess, the elements that have low molecular weight and are volatile are releasedfirst, and 
the aromatic and hydrogen gas are eliminated in the later. What remains is the carbona-
ceous skeleton. The porosity obtained in this process is very low, and it needs some activa-
tion to enhance the size of the pores and increase the surface area. The activation of 



8.2 Supercapacitor and Activated Carbon 123

carbon is very critical; the carbonization parameters should be strictly controlled as the 
process controls the final yield. The most important parameters during carbonization are 
the temperature and the rate at which the material is heated, the inert environment, the 
rate at which the gas flows, and the time allowed for the treatment. In general, the car-
bonization temperature is kept higher than 600 ˚C; maintaining a higher temperature will 
reduce the chances of producing char. The maintenance of higher temperatures will 
increase carbon content and ash, which minimizes the volatile matter. Therefore, a higher 
temperature for the carbonization is recommended to obtain high quality but might com-
promise the yield [35, 36].

8.2.1.2 Chemical Activation
Chemical activation is a process in which two steps are carried out simultaneously by 
mixing a precursor with chemical activation agents, such as dehydrating agents and oxi-
dants [36]. In this process, the raw materials from lignocellulose are directly treated with 
chemicals such as phosphoric acid (H3PO4), sulfuric acid (H2SO4), zinc chloride (ZnCl2), 
nitric acid (HNO3), sodium hydroxide (NaOH), potassium hydroxide (KOH), etc. Some 
chemicals like hydrogen peroxide (H2O2), potassium carbonate (K2CO3), formamide, cal-
cium chloride have also been reported for use in activation. While performing this step, 
the ratio between the biomass and the activation agent is varied and optimized along 
with the reaction time and stirring to manage the formation of tar and some undesired 
products. The final product is then heated in the temperature range of 400–1000 ˚C under 
a controlled atmosphere, followed by washing with DI, ethanol, and methanol. Some 
gases like air, nitrogen, and argon are purged during carbonization to develop the pro-
duction of internal porosity. These activation agents help to mature the internal porosity 
by dehydration and degradation of the actual structure of biomass. The pore size and 
surface area distribution can be determined by finding the ratio of precursor and activa-
tion agent. An activation agent like zinc chloride is recommended for promoting 
micropores in the biomass; the acid agent inhibits the micropores and promotes macro- 
and mesopores in the materials. In comparison, the alkaline agents are suitable for devel-
oping the micro- and mesopores in the precursor [35, 37, 38]. The activation agent has a 
key role in the surface area of the activated carbon; a detailed analysis has been added in 
Table 8.1, which summarizes different precursors with different activation agents along 
with the obtained surface area.

8.2.1.3 Physical Activation
Physical activation is a two-step process involving the carbonization of carbon-enriched 
materials followed by activation of the obtained yield with suitable activation agents at 
the required temperature in the presence of several oxidizing gases such as carbon diox-
ide, steam, air or a mixture of them. Physical activation can be carried out by carbonizing 
the precursor under an inert atmosphere and then subjecting the obtained carbon to 
controlled gasification at higher temperatures. The activation atmosphere is maintained 
with a high oxidizing agent like CO2, or water steam or O2, or a mixture of these at high 
temperatures. A detailed list of activated carbons obtained through this technique is 
listed in Table 8.2. In the specific case of steam gasification, the reaction followed is pre-
sented below:
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Table 8.1 Different precursors for activated carbon with several chemical activation agents and 
the obtained surface area.

Precursor
Activation 
agent

Surface 
area 
(m2/g) Precursor

Activation 
agent

Surface 
area (m2/g)

Sisal[39] ZnCl2 5 Banana[40] KOH 2086

Oil palm shell[41] KOH 1630 Tea waste[38]

Tea waste
K2CO3

H3PO4

1722
1398

Peach stones[42] ZnCl2 1425 Coconut pith[43] KOH 505

Orange peel[44] H3PO4 1056 Coffee[45]

Coffee
ZnCl2

H3PO4

890
696

Hemp[46] HNO3 1250 Pomelo[47] KOH 1533

Eucalyptus wood[48] KOH
NaOH

2000
3167

Stem of date palm[49] KOH
H3PO4

947
1100

Peach stones[50] H3PO4 1225 Sky fruit husk[51] H3PO4 1211

Olive stones[52] H3PO4 990 Grape seeds[53] KOH 1860

Coir fibre[54] H3PO4 540 Apple pulp[55] H3PO4 1004

Phoenix 
dactyliferous[56]

H3PO4 1225 Date stones[57] H3PO4 1100

Prosopis 
ruscifolia[58]

H3PO4 1638 Coconut shells H2O2/ZnCl2 2050

Pine[37] K2CO3 1509 Peanut shells[59] H3PO4 751

Tobacco[60] HNO3 1104 Potato waste[61] ZnCl2 1052

Starch-rich 
banana[62]

H3PO4 2068 Willow catkins[63] KOH 1586

Soybean oil cake[64] K2CO3 1353 Date pits[65] FeCl2 780

Olives stones[66] ZnCl2 1860 Peanut shell[67] K2CO3/Fe3O4 1236

Apricot & peach 
stones[68]

H3PO4 1740 Flamboyant pods[69] NaOH 2463

Olive stones[70]

Olive stones[71]
KOH
H3PO4

587
1014

Rice[72] KOH 3263

 C+H O CO+H2 2→

Two mechanisms in these equations are as follows:

(1) Oxygen exchange model

 H O C C(O) + H2 2+ ↔

 C(O) C + CO→
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(2) Hydrogen inhibition

 C + H O C(O) + H2 2→

 C + H C(H2 2→ )

C here corresponds to the active site, C(O) denotes the complex of the oxygen surface, 
whereas C(H2) shows the amount of hydrogen absorbed. In each mechanism, water is 
adsorbed/disassociated into the active sites of carbon, with H2 and CO generation. However, 
C(O) complexes are challenging to energetically eliminate from the surface [73]. Due to 
different physical activation, the surface area could be different; Table 8.2 elaborates on the 
role of physical activation agents in producing activated carbon.

Table 8.2 Precursor for activated carbon with different physical activation agents and the 
obtained surface area.

Precursor

Surface 
area 
(m2/g)

Activation 
agent Precursor

Activation 
agent

Surface 
area 
(m2/g)

Hemp[74]

Flax,
Jute,
coir

877
776
840
822

Steam Almond shell, walnut 
shell, olive stone, almond 
tree pruning[75]

Steam 601
792
1080
813

Droppings of chicken 1618 Thermal Olive stone[76] steam 950

Bamboo[34] 2169 Thermal Palm shells[77] CO2 912

Rapeseed, Kenaf[78] 1352, 
1036

CO2 Almond shell[79] CO2 851

Kapok[80] 1474 CO2 Olive stone[81]

Olive stones[82]
CO2

Steam
1355
807Rice[83] 1122 Steam

Nutshells[84] 485 CO2 Peanut shells[85] Steam 757

Palm kernel[86] 167 CO2 Oil palm shells[87] Thermal 988

Vine shoots[88] 1173 CO2 Corn-starch[89] Thermal 686

Finish wood[90] 590 CO2 Sugar cane bagasse,
Eucalyptus sawdust[91]

CO2 260
298Oil cake/walnut[92] 1207 CO2

Cocoa shell[93] 558 CO2 Cellulose[94] Thermal 2602

Pistachio nut 
shells[95]

1014 CO2 Grape pomace
Grape stalks[96]

Steam
Steam

266
300

Rice[97] 1111 Steam

Sunflower stem,
walnut shells,
olive stone[98]

438
379
438

CO2 Guava seeds,
Tropical almond shells,
Dinde stones[99]

80% CO2, 
20% H2O

1201
1029
1074

Crofton weed[100] 1036 CO2 Date pits[101] Steam 1467
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8.3 Pre-treatment

Pre-treatment of lignocellulose is an essential step in converting biomass to fuels. It influ-
ences the efficiency of the subsequent saccharification (breaking down the complex carbo-
hydrates) process. For thermo- and biochemical biomass conversion, pre-treatment is the 
essential step, which helps alter biomass structure. Pre-treatment is the major procedure to 
improve the characteristics of biomass so that it can be utilized as an efficient energy 
resource [102]. Heat is required for the pre-treatment, and the self-degradation property of 
lignocellulosic biomass can be controlled through aromatic and polymeric constituents. 
The inorganic elements and the heteroatoms in non-lignocellulosic biomass act as the cata-
lyst and facilitate the decomposition process, resulting in the formation of carbon-based 
frameworks, with major changes in structures to enhance the performance of the pre-
treated material [103]. The high cost of pre-treatment and the loss of major vital compo-
nents during the pre-treatment process are the major concerns undergoing considerable 
research.Different approaches have been adopted and are still under examination to con-
trol the loss of vital components during pre-treatment with minimal cost. The pre-treat-
ment step is crucial, specifically while tailoring with the biomass origin and applying it in 
biorefineries and the bio-conversion processes.

8.4 The Role of Pre-treatment

80% of the world’s energy demand is fulfilled through non-renewable energy sources like 
oil, gases, and coal.Combustion of these non-renewable sources is continuously exhausting 
hazardous gases causing environmental pollution, which is an alarming situation for health 
safety. Society is undertaking a quest to explore renewable energy sources. In this regard, 
several green precursors from organic families, such as maize, palm oil, sugar cane, and 
starch, are investigated as carbon sources to produce energy. Hence, sustainable, renew-
able, and low-cost cellulosic biomass like waste materials, food waste, forestry waste, wood 
waste, agricultural waste, and other industrial wastes could be utilized for the production 
of energy [104, 105]. These lignocellulosic biomasses are composed of cellulose, hemicel-
lulose, lignin, and minor amounts of extraneous components like soluble extractives in 
wood biomass, i.e., ketones, resins, fatty acids, isoprene alcohols, resin acids, phytosterols, 
insoluble inorganic extractives like starches, oxalates, carbonates, protein, etc., and phe-
nols and ashes [106]. Various pre-treatment techniques have been reported to decompose 
the lignocellulosic structure to get a material from which to harvest biofuel and products. 
The key aim of the pre-treatment is to enhance the sugar yielding and alter the lignin 
structure. Due to this change, the surface area and porosity of the structure are increased. 
In the pre-treatment process, the lignin is first melted and then merged by cooling, which 
alters its characteristics [107]. Furthermore, the pre-treatment can cause degradation to 
the cellulose and hemicellulose structure. It is highly advised to avoid weak acids like for-
mic acids, levulinic acid, acetic acid, and some furan derivates like 5-hydroxy-2methyl fur-
fural and phenolic compounds that will affect the structure [108]. Different pre-treatment 
techniques have been reported, schematically illustrated in Figure 8.1. The final product’s 
properties depend on the process followed for pre-treatment. An ideal pre-treatment is one 
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that is cost-effective, can easily limit the production of inhibitors, can enhance the sugar 
concentration for fermentation, and needs less energy [109]. Hence, a pre-treatment tech-
nique is favoured for increasing the sugar production from the cellulose of lignocellulosic 
biomass; this phenomenon can unveil the way for biofuel production [110]. In the next sec-
tion, all the pre-treatment techniques will be discussed thoroughly, along with the effects 
and output of the final product.

8.5 Methods of Carbon Preparation via Pre-treatment  
for Supercapacitors

Among many methods, the physical pre-treatment method intends to decrease the particle 
size, increasing the activated carbon’s surface area and pore size. There are several types of 
physical pre-treatment, some of which are presented in Figure 8.1. Commonly used physi-
cal pre-treatment methods for supercapacitors are mechanical splintering, high energy 
electron radiation, ultrasonic treatment, microwave treatment, pyrolysis treatment, pulsed 
electric field, and physical pre-treatments are comparatively less polluting and are facile. 
Still, they are expensive as they require high energy and power [111]. The requirement for 
more heat and high power consumption increases the cost of an overall process. Another 

Figure 8.1 Diagram presenting the pre-treatment methods.



8 Carbon from Pre-Treated Biomass128

physical pre-treatment method is high energy radiation, which can be done by irradiating 
with different radiations like microwaves to activate the carbon to be utilized for superca-
pacitor applications [112]. Even though high-intensity radiation is a very effective process 
for pre-treatment, it still has a high cost, which is a bottleneck for industrial applications. 
It is also noted for the supercapacitor applications that if this process is combined with any 
of the chemical methods, it will be more efficient than when used on its own [113–116]. 
Ultrasonic treatment is another physical pre-treatment method, reported specifically for 
supercapacitor applications; that ultrasonic treatment can be used with the alkali treat-
ment, which is a chemical pre-treatment (discussed later) and will show significant impact 
in breaking down hydrogen bonds that eventually reduce the crystalline structure [117–
119]. The schematic presentation of the ultrasonic pre-treatment effect is presented in 
Figure 8.2. Enzymatic hydrolysis can also be improved using ultrasonic treatment by intro-
ducing ultrasound into the enzyme activity, increasing the transport of macromolecules 
[120–122].

The pyrolysis technique is another physical pre-treatment method, and it is divided into 
two parts pyrolysis and decomposition of water [123]. This technique is less common for 
the application of supercapacitors as it is time-consuming and requires harsh conditions to 
efficiently produce the end product. The pulsed electric field is an efficient physical pre-
treatment method, as it disrupts the raw material’s structure and reduces the complex mol-
ecules to simple aggregates [124]. This process has been utilized to apply supercapacitor 
devices with better performance by Heon Lee et al. in 2015 [125]. This process doesn’t 
require any chemicals nor does it consume a lot of energy, so it is a comparatively better 
and environmentally friendly pre-treatment method [126].

Then we have the chemical pre-treatment methods that use organic and inorganic com-
posites to dislocate the material’s structure by interacting with the polymer inter- and 
intra- bonding. For chemical pre-treatment to occur, the material to be pre-treated is con-
sidered as recalcitrant in nature, due to the complex structure, crystalline nature, heteroge-
neity and the extent of lignification in the material [127]. For acid pre-treatment, different 
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Figure 8.2 Schematic of ultrasonic pre-treatment.
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acids are used, including nitric, sulfuric, phosphoric, hydrochloric, acetic, propionic and 
formic [128–131]. This method is most common for supercapacitor applications [132–134]. 
It is noted that organic acid pre-treatment gives better conversion results by enhancing the 
hydrolysis process [135]. The two types of acid pretreatment are dilution and concentra-
tion. In concentrated acid pre-treatment, the concentration of acid used is above 30% to 
hydrolyze complex carbon structures, but this process is slow, and many acids are highly 
corrosive and toxic. Dilute acid pre-treatment requires a concentration of acids up to 10%, 
which will act as a catalyst, the temperature and pressure needed for this pre-treatment to 
take place is 110–250 oC and 10 atm, respectively [136]. However, this pre-treatment is 
rapid, and the acid also doesn’t need to be recycled, but the high temperature and pressure 
demand shows degradation of products, which is the negative influence. Another chemical 
pre-treatment method includes alkali pre-treatment. This process is also very common for 
supercapacitor applications, as it is mostly combined with the physical pre-treatment 
methods to obtain the good results. The most commonly used alkaline solutions for pre-
treatment are potassium, ammonium, sodium, and calcium hydroxides [137]. Alkali pre-
treatment is performed at room temperature and atmospheric pressure with a number of 
days to complete the reaction and it degrades less sugar in comparison to acid pre-treat-
ment [138, 139]. Ozone pre-treatment is another chemical pre-treatment method, which is 
also referred as oxidation pre-treatment. This process will take place easily at room tem-
perature and pressure, but it still needs a massive quantity of ozone, which doesn’t make it 
feasible economically and industrially. Likewise, wet oxidation method is the chemical 
reaction in water at high temperature and pressure. This reaction can be called as the ideal 
pre-treatment method for the activation of carbon to be applied for the supercapacitors, as 
it can improve the yield up to 70% [140–142]. Photocatalysis is the same as the wet oxida-
tion method; only it reduces the duration of reaction without affecting the final product 
distribution. Solvent pre-treatment methods also belong to the chemical treatments group, 
including ionic liquids and organic solvents used for supercapacitor applications [143, 144]. 
Ionic liquids dissolve the cellulose and are more commonly known as green solvents 
because they are environment friendly and require very low temperature. These liquids are 
composed of small inorganic anions and large organic cations [145, 146].

The synergetic pre-treatment methods significantly improve the yield by optimizing the 
essential parameters. As the name suggests, the physio-chemical pre-treatment is a blend 
of physical-chemical techniques [147]. This method involves steam, CO2 and SO2 explo-
sion, Ammonia Fibre Expansion (AFEX), electrical catalysis and supercritical fluid tech-
niques. To date, the steam explosion method of physio-chemical pre-treatments is the most 
widely used for the creation of supercapacitors because this technique adopts a hydrother-
mal route [148, 149]. This pre-treatment method includes steam at a very high temperature 
maintained for several minutes during the hydrothermal process and the reactor ejects out 
the steam. The schematic presentation of hydrothermal pre-treatment is presented in 
Figure 8.3. The entire system is rapidly cooled by the reduced pressure of the liquid mate-
rial and vapour outflow [150]. The high pressure plays the main role, as it pushes steam 
into the fibres and is released as air from the pores, causing the fracture. The mechanical 
forces and chemical reaction both take place during this pre-treatment. This pre-treatment 
technique is non-flammable, non-toxic and can be recovered after extraction [151, 152]. 
Likewise, the SO2 explosion is technically the same as CO2 explosion. However, it requires 
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sophisticated equipment and processes to degrade large amounts of acid, making it very 
expensive [153]. But among the various explosion methods, the SO2 explosion is regarded 
as the most efficient, specifically on softwood materials.

AFEX is another physio-chemical pre-treatment method for supercapacitor devices, 
which involves the combined effect of alkali treatment and steam explosion [154–156]. 
The AFEX pre-treatment is processed in the presence of liquid ammonia (anhydrous) at a 
temperature of 100 oC while maintaining a pressure of 5.2 MPa. The pressure is released 
immediately along with the ammonia evaporation, which abruptly cools the ammonia, 
leading to the enhanced surface area for enzyme accessibility. AFEX pre-treatment is usu-
ally maintained for nearly half an hour, and the mass ratio of raw material to ammonia 
(liquid) is sustained at 1:1, until it was allowed to evaporate after the required time. [157, 
158]. Ammonia in this procedure can be recycled as it is costly and volatile [136, 159]. 
Oxidation is a process to resolve the energy and environmental issues; electric catalyst is 
one of the physio-chemical pre-treatment methods [160]. Along with the oxidation prop-
erty, no secondary pollutant is produced as a by-product, which grabs people’s attention 
to this pre-treatment method. Another important pre-treatment method that has attracted 
attention is supercritical fluids, which include ionic liquids. The use of superfluids reported 
so far includes methanol, ethanol, butane, carbon dioxide, butane, iso-propanol, cyclohex-
ane, acetone, and supercritical water [161–163]. Supercritical fluids own properties such 
as mild viscosity, high diffusivity, tuneable property, no phase separation, low density, 
modulate pressure and temperature, and the co-solvent choice is feasible and available 
[161, 164, 165]. The high temperature and pressure are the key parameters here, as they 
get into the closed pores of the raw material, enhancing the surface area for the enzymatic 
action and accessibility [163, 166].

8.6 Supercapacitor Applications of Pre-treated Biomass-
based Carbon

As explained in the early sections, pre-treated carbon obtained from different biomasses 
through various techniques has been effectively applied for supercapacitor devices. An 
adequate search for the carbonaceous materials to be applied for the supercapacitor elec-
trode material is going on. For this purpose, inexpensive, abundant and high-performance 
carbon materials obtained from sources that are renewable and non-toxic are needed to 
fulfill the demand of energy through supercapacitors in today’s world. Extensive research 
has been carried out and reported using pre-treated carbon for supercapacitor applica-
tions. The most basic requirements for the high performance of supercapacitors include 
high energy density, high specific capacitance, and better cyclic life of the material. In 
2016, tobacco rods were used to obtain the carbon. It was then applied to a supercapacitor 
which delivered 286.6 F g−1 of capacitance and 31.3 Wh kg−1 energy density, with a power 
density of 11.8 kW kg−1. The device was assembled using this material and gives capacity 
retention of 96%, which shows the excellent stability of the material, which can be seen 
through the cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) curves 
presented in Figure 8.4a–b [167]. Another group reported using tobacco stems using KOH 
pre-treatment to activate this carbon. The surface area given through this material was 
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3326.7 m2 g−1, and the specific capacitance of this material was 190 F g−1 [168]. In 2014, K. 
Fredi et al. reported using water hyacinth as a source of pre-treated carbon to be applied to 
supercapacitor applications. The carbon obtained through water hyacinth was activated 
through chemical and physical treatments. They reported the comparison of commercially 
available activated carbon and the synthesized through CV and GCD curves, as is pre-
sented in Figure 8.4c–d. The stability presented by this material after one thousand charge 
discharge cycles was ranging from 179.6–168.9 F g−1, which reflects that the material sus-
tains 94% of the initial capacitance after the stability test [169]. In 2013, P. Chao reported 
carbon synthesis from waste tea leaves that were pre-treated with KOH. This material 
displays above-average surface area with a 330 F g−1 specific capacitance value and 92% 
retentivity. The CV and GCD graphs obtained after pre-treatment are shown in Figure 
8.4e–f [170]. Likewise, another group reported the carbon obtained from pistachio shells 
pre-treated with the combination of CO2 and KOH, which deliver a 122 F g−1 of specific 
capacitance. The supercapacitor, through this material, reveals better specific capacitance 
retention, which is the sign of good stability, valuable reversible properties, and lower 
equivalent series resistance [171]. Kalpana et al. used recycled waste paper to obtain car-
bon and activate it through KOH as a pre-treatment for the supercapacitor electrode appli-
cation. The electrochemical measurements were taken using CV and GCD, as are presented 
in Figure 8.4g–h, and found a specific capacity of 180 F g−1 [172].

In a short communication by Kim et al., activated carbon from bamboo was applied to 
the electrode of the supercapacitor. They examined the effect on specific capacitance by 
altering the temperature directly impacting the surface area. With the increase in tempera-
ture, the activated carbon’s surface area increases, so the specific capacitance increases. 

Figure 8.3 Hydrothermal pre-treatment method.
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Figure 8.4 CV and GCD plots from pre-treated carbon obtained from (a–b) tobacco rods, (c–d) 
water hyacinth, (e–f) waste tea leaves, and (g–h) recycled waste paper. Reproduced with permission 
[167, 169, 170, 172]. Copyright (Elsevier 2016, Elsevier 2015, Elsevier 2013, and Elsevier 2009).
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The maximum specific capacitance shown by the supercapacitor was 60 F g−1, after activa-
tion at 900 oC for one hour. The increase in capacitance can also be deduced from the area 
under the CV plots, which shows that as temperature increases the area under the plot 
increases [173]. Another agricultural by-product, rice husk, has also been reported as hav-
ing higher porosity and surface area carbon. The obtained carbon was activated through 
microwave heating, and the specific capacity value for this material was 245 F/g. It sus-
tains this capacitance up to 95.1% even after one thousand charge-discharge cycles [174]. 
Moreover, in 2012 a Chinese group used celtuce leaves for synthesizing porous carbon and 
then activated it by pyrolysis via KOH treatment. The activated carbon was then utilized 
for supercapacitor electrode material that showed a 421 F g−1 of specific capacitance in 
three-electrode assembly. An excellent electrode material’s performance can be depicted 
from cyclic voltammetry and galvanic charge-discharge plots at different scan rates and 
current density values, presented in Figure 8.5(a–b). A tremendous specific surface area 
was obtained for this activated carbon, around 3404 m2/g, along with the 1.88 cm3 g−1 pore 
volume [175]. In 2013, M. Chen and his coworkers published the use of cotton stalk to 
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Figure 8.5 (a, b) CV and GCD graphs for the activated carbon obtained from celtuce leaves. 
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capacity plots for the activated carbon obtained from the grains of corn. Reproduced with permission 
[177]. Copyright 2008, Elsevier.



8 Carbon from Pre-Treated Biomass134

prepare carbon and activated this carbon through chemical pre-treatment utilizing phos-
phoric acid. The obtained carbon gave the 1481 cm2/g surface area and 0.0377 cm3 g−1 of 
pore vol ume, and its electrochemical energy storage potential was investigated to explore 
its application for supercapacitors. The specific capacitance yield by this material’s elec-
trode was 114 F g−1, making it suitable for the electric double-layer capacitor (EDLC), as it 
also retains a capacitance of up to 95.3% [176].

Furthermore, grains of corn had also been utilized to obtain carbon and had been pre-
treated before activation. One of the groups from Korea studied the optimization of activa-
tion time for the carbon obtained from corn grains. They successfully reported one hour’s 
duration to be optimal for activating this carbon, which gives 257 F g−1 of specific capaci-
tance in addition to 2139 m2 g−1 surface area. The comparison of CV curves from 30 min-
utes to 240 minutes activation time is presented in Figure 8.5c, which depicts the higher 
area under the plot for the 60 minutes [177]. In Figure 8.5d, the specific capacitances 
obtained for all the samples at different current densities also show the higher specific 
capacity with the carbon, whose activation time is 60 minutes [177]. A lot more research 
has been going on pre-treated activated carbon that can be utilized for the application of 
supercapacitors. In light of all the discussions and studied materials based on the pretreat-
ment technique, data has been tabulated in Table 8.3, elucidating the materials from which 
the carbon was obtained, and after applying the supercapacitors, the surface area of the 
activated carbon and specific capacitance values yielded.

Table 8.3 Materials through which activated carbon is obtained and their corresponding specific 
capacities and specific surface areas.

Material
Pretreatment 
method

Specific 
capacitance  
(F g−1)

Specific surface 
area (m2 g−1) Ref.

Tobacco rods Hydrothermal 286.6 2115 [167]

Tobacco stem KOH 190 3326.7 [168]

Water hyacinth Physio-chemical 179.6 1020 [169]

Waste tea leaves KOH 330.0 2841 [170]

Pistachio shells KOH and CO2 122 2145 [171]

Recycled waste paper Physical (Steam) 180 416 [172]

Bamboo based Physio-chemical 60 1025 [173]

Rice husk Chemical (ZnCl2) 243 1442 [174]

Celtuce leaves Physio-Chemical 421 3404 [175]

Cotton stalk Chemical (H3PO4) 114 1481 cm2 g−1 [176]

Corn grains Chemical 257 2139 [177]

Coffee shells Chemical (ZnCl2) 150 842 [178]

Coffee beans Chemical (ZnCl2) 368 1019 [179]

Sugarcane bagasse Chemical (ZnCl2) 300 1788 [180]

Sunflower seeds KOH 311 1163 [181]
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8.7 Summary

The demand for storage devices has recently accelerated due to the power requirement of 
portable electronics, electric vehicles, and power tools. The supercapacitor is a critical 
member of the class of energy storage devices that mainly incorporates activated carbon 
and fulfils the power demands of several devices. The surface area and pore size of the 
activated carbon directly impact the performance of the supercapacitors, which can be 
enhanced through pre-treatment during the synthesis of the activated carbon. The pre-
treatment step is significant for the pyrolysis of lignocellulose in biomass and converting it 
efficiently to activated carbon with high surface chemistry. Much research has been accom-
plished so far to improve the quality of activated carbon yielded using a pre-treatment 
process, which decomposes the complex structure of lignocellulose. The main factors 
related to the substrate that influence enzymatic hydrolysis are the removal of cellulose, 
hemicellulose, and lignin, which enhances the cellulose surface area and crystallinity. The 
critical parameters to be considered while selecting pretreatment methods are the meth-
od’s efficiency, cost, and eco-friendly and facile operational process. Furthermore, the pre-
treatment method must also be optimized through the combined effect of fermentation 
and saccharification. All these parameters, when appropriately optimized with appropriate 
conditions, will then will elucidate the effect of enzymolysis on the lignocellulose struc-
ture. Considerable research had been done on the different materials to obtain the carbon, 
which is then activated through different pre-treatment techniques. In this chapter, some 
of those materials have been tabulated along with their specific capacitance values, surface 
area, and stability discussion. Thus, the pre-treatment process can be applied for large-
scale industrial applications to enhance the quality and efficiency of activated carbon pro-
duced from lignocellulose.
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9.1 Introduction

Electrical energy storage is tough, particularly in light of rising energy use and dwindling 
nonrenewable energy sources. It is critical to build clean electrical energy storage systems 
that can efficiently store energy. Batteries and supercapacitors have the potential to solve 
the energy storage puzzle. At the same time, most supercapacitors use carbonaceous mate-
rials as electrodes and exhibit high specific capacitance and power density [1–4]. It is gen-
erally known that activated carbon (AC) is a porous substance with a large specific surface 
area that can be used to adsorb gases and solutes from aqueous solutions. As a result, it has 
been extensively employed for catalyst support, solvent recovery, organic pollutant removal 
from drinking water, gas separation, and supercapacitors [4–12]. The need for AC is 
increasing as environmental pollution becomes an increasingly critical issue: agriculture 
wastes such as tropical wood, coconut shells, Syzygium cumini leaves, sawdust, banana 
leaves, walnut shells, nettle fiber clone, almond shells, Albizia procera leaves, and jute 
sticks are some of the most often utilized materials in producing AC [3–6, 9, 11–18].

Electrode materials, key aspects of supercapacitor performance, have drawn much inves-
tigation. Carbonaceous materials, transition metals, and conductive polymers are utilized 
as electrodes [19–22]. In recent decades researchers have focused on developing green car-
bon compounds that can reduce agro-industrial waste. Based on multiple investigations of 
the synthesis and physiochemical properties of AC, its porous structure, high surface area, 
and chemical polarity rely on the precursor’s materials and activation procedure [1, 23–29]. 
There is a growing focus on biomass precursors since they are more affordable, easily 
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accessible, renewable, physically porous, and ecologically benign than the fossil fuel-based 
precursors (petroleum and coal) used to generate the majority of commercial ACs. 
Agricultural waste biomass has recently received much interest due to its widespread avail-
ability and affordable price [30–32].

It has been demonstrated that chemical activation is an effective technique for obtaining 
ACs with high surface area and wide pores distribution. Despite its widespread use in the 
production of ACs, the process’s complexity is underlined by the fact that little is known 
about the overall mechanism of chemical activation. In order to achieve porosity, chemical 
activation by alkalis often involves a solid-solid or solid-liquid process that involves the 
reduction of the hydroxide and the oxidation of the carbon. The chemicals NaOH, H3PO4, 
KOH, and ZnCl2 are also often utilized. However, alkali hydroxides like NaOH and KOH 
are risky, costly, and caustic, and ZnCl2 is harmful to the ecosystem and causes issues with 
waste management. As a result, a less harmful chemical is preferred; K2CO3, which is often 
used as a food additive, is neither dangerous nor harmful [33]. Figure 9.1 illustrates the 
activation mechanism of both alkaline and acidic activating agents, as well as the effects of 
activating agents on the physiochemical properties of AC. The diverse activation methods 
of activating agents can explain the differences in physiochemical features of the resulting 
AC [34]. It is important to understand the diverse activation mechanisms that result from 
different activating chemicals reacting with the cellulose, hemicellulose, and lignin in car-
bon precursors to develop more practical activation methods. The interaction with pore 
production, combination, expansion, and collapse results in AC’s porous structure develop-
ment [34]. Carbonate salts have seen widespread application in the process of making high-
quality alternating AC for use in supercapacitor electrodes. Carbonate salts have a number 
of benefits, including the fact that they are a low-cost industrial byproduct readily available 
all over the world. Activation with carbonate salts allows for special morphology such as 
hierarchical and is composed of micro-, meso-, and macropores for easy penetration of the 
electrolyte, which shortens the path length and exhibits oxygen functional groups.

Using potassium hydroxide salt and acids like H2SO4 increases surface area and 
micropores. These activators affect the ecosystem. KOH is the most frequent activating 
agent; however, it has two drawbacks. KOH is highly corrosive at high temperatures, 

Figure 9.1  (a) The various ways that acidic and alkaline activating agents work. (b) The effect 
of the activating agent on the physical, chemical, and biological characteristics of the carbons 
produced. Reproduced with permission [34]. Copyright 2020, Elsevier.
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damaging equipment, and pipes, and its remains can cause pollution when removed 
from AC. Acidic substances also harm the ecosystem, according to reports. Therefore, 
eco-friendly activators are recommended. Carbonate salts, such as K2CO3, NaHCO3, 
and KHCO3, are activating substances that are more ecologically friendly and attain 
the same porosity and surface area. They are non-toxic, cheap, and non-corrosive. 
K2CO3 decomposes into K, K2O, CO2, and CO around 600 to 800°C in an inert envi-
ronment. The following equations (9.1–9.3) show the K2CO3 and AC gasification pro-
cesses [35].

 2 3 22 3C K CO CO K+ → +  (9.1)

 K CO CO K O2 3 2 2→ +  (9.2)

 2 22C K O CO K+ → +  (9.3)

These equations state that the reduction of K2CO3 under inert conditions to K, K2O, CO2, 
and CO causes porosity development after activation with K2CO3. The potassium chemical 
created after the activation stage enters the char matrix’s interior structure, enlarges the 
current pores and produces new pores. Additionally, the cavities on the AC surface could 
be created from the areas occupied by the activating agent due to the evaporation of potas-
sium carbonate. The channels formed by these cavities give the adsorbent molecules access 
to the AC’s micro- and mesopores. Phenolic groups have a higher specificity than other 
groups on the K2CO3-ACs surface, and the amount of functionalized groups decreases as 
the activation temperature rises. Additionally, as the potassium carbonate concentration 
rises, the mesopores degrade, and the dehydration effect diminishes, which lowers the 
adsorption effectiveness. The AC’s surface develops more microscopic pores as carboniza-
tion temperatures rise from 600 to 800°C. In this chapter, we have summarized the prepa-
ration of various biomass-derived AC via carbonate salt activation and their applications as 
electrode materials for supercapacitors.

9.2 Carbonate Salt AC Preparation

Carbonate salts are considered non-toxic and are mostly used as food additives [36]. There 
have been several reports on preparing ACs using carbonate salts. Hayashi et al. [37] pre-
pared ACs from various nutshells with a high specific surface area by activating them with 
K2CO3. Onion husks were directly converted by Wang et al. [38] into 3D interconnected 
porous carbon frameworks using K2CO3 as an activation agent. Figure 9.2(a) displays the 
scheme for creating porous carbon from onion husks. First, onion husks were steeped in 
aqueous K2CO3 solutions at varied concentrations. The excess K2CO3 solution was filtered 
out, the K2CO3 was equally dispersed throughout the cells, and then the dried residues were 
carbonized at 800°C to create porous carbons. With this method, carbonization and activa-
tion can be conducted simultaneously to produce interconnected porous carbon frameworks, 
as opposed to traditional activation, which is often carried out with KOH and pre-carbonized 
samples or hydrochars. This method for synthesizing carbon compounds from onion husk 
seems to be both energy and money-efficient, and it might be scaled up for future industrial-
ized manufacturing. The morphologies of the prepared items were examined using SEM and 
TEM tests. The produced carbon sample is composed of micrometer-sized ground with 
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numerous open voids on the surface as a result of K+ ions-induced etching at high tempera-
ture, as seen by the SEM micrographs [39], which self-assemble into 3D connected frame-
works with random orientation from the cavities, as shown in Figure 9.2(b,c). It should be 
highlighted that these unique structures could not be formed if KOH or other biomass was 
utilized. TEM images (Figure 9.2(d, e)) show the continuous interconnected porous architec-
tures of the obtained AC and the presence of many porous structures on the carbon skele-
tons. They found lamellar porous architectures of the porous carbon backbones. On the 
carbon surfaces of one sample, however, there are only a few macrospores because there was 
inadequate etching at lower K2CO3 concentrations. In contrast, the 3D interconnected 
frameworks in another carbon sample are partially collapsed, most likely due to severe etch-
ing of carbon at much higher K2CO3 concentration. The distinctive opened interconnecting 

Figure 9.2  (a) Schematic representation for the onion husks-derived porous AC networks 
synthesis using K2CO3 as an activation agent. (b, c) SEM micrographs and (d, e) TEM images of the 
prepared onion husks derived porous carbon frameworks. Reproduced with permission [38]. Copyright 
2016, Elsevier.
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morphology differs significantly from that of several biomass-derived porous ACs and com-
mercial ACs with a particle morphology. High-rate ion transport would benefit from the 
produced AC’s continuous connected porous structure [40].

Yin et al. [41] demonstrated the extraction of value-added capacitive carbon from agri-
cultural waste biomass using a single-step molten carbonate salt carbonization process. In 
order to generate high-performance capacitive carbon under ideal circumstances, the pro-
cedure is being researched. It was observed that an appropriate media for carbonizing 
diverse agricultural waste biomasses was a eutectic Na2CO3-K2CO3 melt. Due to the dis-
tinct catalytic characteristics and improved dissolution capabilities of this molten salt sys-
tem, carbon compounds with high specific capacitance were produced. The reactor for 
carbonization consisted of a sealed stainless-steel tube filled with a 500 g salts-filled alu-
mina crucible and pyrolyzed in a tube furnace. The Na2CO3-K2CO3 anhydrous salt was 
dried at 250°C without oxygen for 24 hours. N2 was then used to purge the reactor, and it 
was then heated to operating temperature. After that, the leftover biomass (peanut shell) 
was carbonized. At first, the waste biomass was pre-dried for 12 hours at 140°C. Next, a 
nickel foam sheet was used to wrap the pre-dried waste biomass, which was then fastened 
to a stainless-steel rod. After being wrapped in salt, the waste biomass was then placed in 
the steel reactor, immersed in the molten salt, and held in the molten salt for one hour at 
a steady temperature. After being removed from the melt, in the reactor’s headspace, the 
product was cooled using an environment of N2. The product was taken out of the reactor, 
pulverized with an agate mortar and pestle to remove the absorbed salts, rinsed in water 
and 0.1 M HCl, and vacuum-dried for 10 hours at 100°C. The schematic representation for 
the synthesis of peanut shell-derived carbon is shown in Figure 9.3(A). Black AC was cre-
ated during the peanut shells carbonization in molten Na2CO3-K2CO3. Figure 9.3(B-a,b) 
shows how XRD and EDS confirmed the structure and elements of amorphous carbon. 
The FESEM micrographs in Figure 9.3(B-c) demonstrate the sheet-type morphology of the 
carbon derived from peanut shells. The thickness of the carbon sheets, which ranged 
between 50 and 200 nm, was smooth and clean (Figure 9.3(B-d)). The TEM images in 
Figure 9.2(B-e,f) show that typical carbon thin and uniform sheets are visible. The HRTEM 
image of the carbon (Figure 9.3(B-g)) showed no lattice fringes, consistent with the XRD 
results that the AC is amorphous. In another study, Tang et al. [42] reported waste Lentinus 
edodes derived hierarchical porous carbon materials via a combined molten salt and 
hydrothermal technique for supercapacitor applications. Investigations were conducted 
into how the hydrothermal and molten salt treatment processes affected the surface com-
position, porosity, and morphology of the produced carbon product. It was demonstrated 
how the hydrothermal treatment process duration significantly influences the prepared 
carbon materials’ porous structure distribution. During the hydrothermal process, numer-
ous small pores are created; these pre-formed pores are essential for the subsequent molten 
salt activation process because they will later form into smaller micropores and larger 
mesopores. The obtained carbon was produced by hydrothermally treating the material 
for 24 hours and then activating it for 1 hour in molten Na2CO3-K2CO3. It generated hier-
archical micro- and mesoporous structures and had a high specific surface area of 1144 
m2/g. Additionally, functional groups containing oxygen and nitrogen have been found on 
the carbon surface.

To prepare activated jute-derived hierarchical carbon nanosheets with a porous struc-
ture, Shah et al. [5] had chosen jute sticks as the biomass. One of the most important 
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historical plants is jute, which produces fiber with high commercial value, widely used 
to make industrial goods like carpet backing, decorative fabrics, and gunny bags. On the 
other hand, jute sticks, produced after the fiber is removed from the jute plant, typically 
have little commercial significance. They are either burned or allowed to decompose into 
the soil for household use. However, the chemical make-up of jute sticks includes car-
bon resources like hemicellulose, cellulose, and lignin. Therefore, converting them into 
carbon materials appropriate for supercapacitors and other important applications might 
be advantageous [3–5, 9, 12, 14, 43]. The schematic representation for synthesizing hier-
archical AC nanosheets from jute sticks using NaHCO3 as an activation agent is shown in 
Figure 9.4. The prepared jute-derived AC exhibited a substantial surface area of ~1100 m2 
g−1. It has been proven simple and effective to prepare AC nanosheets using banana leaves 
as a precursor with a special mix of macro-, meso-, and micropores [10]. AC was prepared 
from banana leaves using K2CO3 as an activation agent, which exhibited a nanosheet type 
morphology and demonstrated a huge surface area of ~1469 m2 g−1. High-performance 
supercapacitors were made using the developed AC as electrode materials.

Li et al. [44] prepared AC from fallen leaves of Fraxinus chinensis using mixed KOH and 
K2CO3 activation agents. Characterizations showed that KOH produced most of the 3D 
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Figure 9.3  (A) Schematic representation for the synthesis of peanut shell-derived AC at 850°C 
using Na2CO3-K2CO3 melt and (B) the corresponding various structural and morphological 
characteristics (a) XRD spectrum, (b) EDS pattern, (c, d) FESEM micrographs, (e, f) TEM micrographs, 
and (g) HRTEM image. Reproduced with permission [41]. Copyright 2014, American Chemical Society.

Figure 9.4  Schematic representation for synthesizing AC from jute sticks using NaHCO3 as an 
activation agent. Reproduced with permission [5]. Copyright 2021, Elsevier.
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micropores, and K2CO3 produced most of the shallow meso- and/or macropores. In con-
trast, the pore size in the AC increases when KOH and K2CO3 are combined. The surface 
areas and hierarchical pore architectures are connected to the mass ratio of two activators. 
The reactions shown in equations (9.4–9.7) represent the general mechanism of chemical 
activation [44]. The activation process for the Fraxinus chinensis fallen leaves derived AC 
using KOH and/or K2CO3 as activation agents are shown in Figure 9.5.

 C KOH   K CO K   H  + ↔ + +6 2 2 32 3 2 (9.4)

 C + K CO CO + K O2 3 22↔  (9.5)

 K CO  CO K O2 3 2 2↔ +  (9.6)

 CO K CO K O2 22+ ↔ +  (9.7)

9.3 Carbonate salt-AC-based Supercapacitors Performance

Carbonate salt AC has been extensively used as the electrode material for supercapacitor 
electrode fabrication. Wang et al. [38] demonstrated the direct conversion of onion husks 
into AC frameworks with 3D interconnected porous structures for high-performance 
supercapacitors. The K2CO3 influenced 3D interconnected porous ACs-based symmetric 

Figure 9.5  The activation process for the Fraxinus chinensis fallen leaves derived AC using KOH 
and/or K2CO3 as activation agents. Reproduced with permission [44]. Copyright 2015, Elsevier.
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supercapacitor exhibited excellent electrochemical performance. It shows pure EDLC 
behavior as described by the CV curves and GCD profiles, shown in Figure 9.6(a, b). The 
symmetric supercapacitor exhibited a small IR-drop (Figure 9.6(c)), a large specific capaci-
tance of around 188 Fg−1 at a current density of 1 A g−1 (Figure 9.6(d)), good cycling stabil-
ity of around 93% capacitance retention for 2000 GCD cycles (Figure 9.6(e)), perfect 
Warburg impedance (Figure 9.6(f)), and high energy density of 47.6 Wh kg−1 at a power 
density 675 W kg−1 in 1 M tetraethylammonium tetrafluoroborate salt (TEABF4) solution 
with acetonitrile as the electrolyte. These findings show that K2CO3 activated 3D intercon-
nected porous carbon frameworks are advantageous to demonstrate electrochemical 
capacitive behavior by speeding the kinetic process of ion diffusion in electrodes. This 
straightforward, effective, and template-free synthesis method shows great potential for the 
synthesis of novel porous carbons from renewable biomass sources for use in state-of-the-
art energy storage technologies.

To lessen greenhouse gas emissions and air pollution from open burning, waste biomass 
can be converted to value-added carbon. A one-step molten salt carbonization technique 
was used by Yin et al. [41] to transform various waste biomasses to active ACs. The carbon 
materials are amorphous and have functional groups that contain oxygen on their surface 
when prepared. For the same type of waste biomass, carbon compounds produced in 
Na2CO3-K2CO3 melt have the largest specific surface area (408 m2 g−1) and specific capaci-
tance (160 F g−1) at 0.25 A g−1 current density (peanut shell). Temperatures greater than 
700°C are required to generate capacitive carbon. Alkaline carbonate’s high dissolving 
capacity helps produce high surface area carbon while reducing the carbon output from 
waste biomasses. The Na2CO3-K2CO3 melt yields the best capacitive carbon, according to 
the specific capacitance statistics. Carbon derived from peanut shell retains 95% of specific 

Figure 9.6  (a) CV curves, (b) GCD profiles, (c) IR-drop, (d) specific capacitances, (e) capacitance 
retention, and (f) Nyquist plots of the carbonate salt activated 3D interconnected porous carbon 
frameworks-based supercapacitor. Reproduced with permission [38]. Copyright 2016, Elsevier.
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capacitance after 10000 GCD cycles. Furthermore, the rectangular form of CVs is indicative 
of a reliable double-layer capacitor even at a scan rate of 50 mV s−1 (Figure 9.7(a)). A good 
rate capability is demonstrated by the GCD profiles at various current densities, which 
reveal no statistically significant variation in specific capacitance for the carbon-based 
supercapacitor made from peanut shells (Figure 9.7(b)). The GCD profiles’ symmetric 
properties reveal a minimal charge transfer resistance and dominant electrical conduct-
ance of the electrode. The Nyquist plot in Figure 9.7(c) indicates that the electrode has 
strong electrical conductivity by showing a semicircle in the high-frequency band followed 
by a straight line in the low-frequency range. A vertical line signifies that at lower frequen-
cies, the electrode is more similar to an ideal capacitor. The supercapacitor that was 
reported had a power density of 125 W kg−1 and an energy density of 22 Wh kg−1. With this 
technique, waste biomass may be easily and sustainably converted into highly capacitive 
carbon, which can then be stored as carbon dioxide. In another report [42], the Lentinus 
edodes-derived AC using Na2CO3-K2CO3 melt-based supercapacitor exhibited a 389 F g−1 
high specific capacitance at 0.2 A g−1 current density and a decent rate capacity with capac-
itance retention of ~174 F g−1 at a high current density of 20 A g−1 in aqueous electrolyte of 
1 M H2SO4. A good energy density of 45.69 Wh kg−1 at a power density of 100 W kg−1 was 
also provided by the built symmetric supercapacitor. It additionally displayed good cycling 
stability, holding 90% of the initial capacitance after 10000 GCD cycles.

The sustainable energy development of green carbon precursors and affordable activat-
ing agents has attracted significant attention regarding producing high-performance 
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Figure 9.7  (a) CV curves, (b) GCD profiles, (c) Nyquist curve, and (d) Ragone plot of the calculated 
from the peanut shell derived carbon-based supercapacitor in 1 M H2SO4 electrolyte. Reproduced 
with permission [41]. Copyright 2014, American Chemical Society.
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electrodes for supercapacitors. Even though the most researched activation agents, like 
ZnCl2 and KOH, produce porous carbon with a high surface area and a substantial capacity 
for charge storage, these activation agents have a poor carbon production yield and a high 
dosage utilization rate [45]. Demir et al. [45] described a different method of making porous 
carbons using NaOH, Na2S2O3, Na2CO3, and K2CO3 as the appropriate activating agents. 
The performance of carbons prepared in this way, in terms of textural, morphological, and 
electrochemical characteristics, was compared. Additionally, these carbons produce excep-
tional electrochemical performance for use in supercapacitors. Likewise, Mohamedkhair 
et al. [11] reported the activating agents effect on the supercapacitor performance of carbon 
derived from Albizia procera leaves. Nitrogen-doped carbon nanostructured materials with 
improved electrochemical supercapacitance properties were prepared from Albizia procera 
leaves. The carbon materials were prepared by pyrolyzing the leaves at 850°C. The effects 
of utilizing various activation agents, such as ZnCl2 and NaHCO3, on the structural and 
textural characteristics, specific capacitance, surface functional groups, and surface area 
were investigated and compared. The NaHCO3-activated nitrogen-doped carbon (NaNC) 
displayed a greater specific surface area (910 m2 g−1) in comparison to ZnCl2-activated 
nitrogen-doped carbon (ZnNC) and nitrogen-doped carbon prepared without an activating 
agent (WANC). Overall, the BET and microscopic investigations showed that NaNC is fun-
damentally different from ZnNC and WANC in that it is composed of carbon nanosheets 
with macropores, mesopores, and a large number of micropores. Due to its distinctive char-
acteristics, such as significant nitrogen concentrations, high specific surface area, and 
nanosheet-type morphology, NaNC exhibited a specific capacitance of 230 F g−1 at 1.0 A g−1 
current density, adequate energy and power densities, and exceptional charge-discharge 
stability. The schematic representation for carbon synthesis using various activation 
agents, their structural and morphological investigations, and the corresponding superca-
pacitor performance are shown in Figure 9.8. As electrode materials for electrochemical 
supercapacitors, Nath et al. [15] synthesized defective carbon nanosheets, which were 
obtained through the chemical activation of Syzygium cumini leaves using NaHCO3 as an 
activation agent. A large specific surface area (1184.4 m2 g−1) and a sufficient number of 
oxygen-containing functional groups were present in the defective AC nanosheets. This 
resulted in the induction of enormous electroactive sites, which corresponded to a high 
specific capacitance of ~223 F g−1 and greater durability. The use of inexpensive, ecologi-
cally benign, and electroactive carbon materials in energy-storage systems like superca-
pacitors and batteries has the potential to be very significant. Shrestha et al. [46] investigated 
on how activating chemicals affect the physical and electrochemical characteristics of AC 
electrodes made from Shorea robusta wood dust. The preparation of ACs, also known as 
AC-H3PO4, AC-KOH, and AC-Na2CO3, involved the use of three separate activating agents, 
i.e., H3PO4, KOH, and Na2CO3, respectively. The AC-H3PO4, AC-KOH, and AC-Na2CO3 
were found to have surface areas of 1269.5, 280.6, and 58.9 m2 g−1, respectively. The super-
capacitive performances AC electrodes were then assessed utilizing a three-electrode sys-
tem in aqueous 6 M KOH employing CV, GCD, and EIS. The specific capacitance values at 
1.0 A g−1 current density were 136.3, 42.2, and 59.1 Fg−1 for AC-H3PO4, AC-KOH, and 
AC-Na2CO3-electrodes, respectively.

There is a great demand for environmentally friendly synthesis methods that can produce 
porous ACs with the right structural characteristics for use as supercapacitor electrodes 
[47–49]. A more environmentally friendly substitute for the popular but destructive KOH is 
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suggested for synthesizing extremely porous carbons [50]. Products made from hydrochar 
are employed as carbon precursors. It has been demonstrated that utilizing a mildly alka-
line potassium salt, such as potassium bicarbonate, is a highly effective way to increase 
porosity in hydrochar to make materials with large surface areas (> 2000 m2 g−1) and a 
controllable pore size distribution. Additionally, the yield of AC increased significantly by 
10% when KHCO3 was used in place of KOH, and hydrochar maintained its spherical mor-
phology, which resulted in improved packing qualities and shorter ion diffusion distances. 
These characteristics resulted in a supercapacitor performance in a mixture of 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMImBF4) and acetonitrile electrolyte, which can 
match or even outperform that of KOH-activated hydrochar. Effective energy storage 
depends on producing eco-friendly, inexpensive, high-performance supercapacitors with 
superior electrolytes and hierarchical porous electrodes. Shah et al. [5] compared the elec-
trochemical performance of symmetric supercapacitors made from commercially available 
AC (ACE) and AC derived from jute sticks (JCE) using NaHCO3 as an activation agent. 
They pyrolyzed jute sticks to create highly effective porous activated hierarchical carbon 
nanosheets. Devices for electrochemical double-layer supercapacitors were constructed 
using bioelectrolyte and the ACE and JCE-based electrodes, as shown in Figure 9.9. Due to 
the prepared JCE’s low charge transfer resistance, the fabricated JCE-based supercapacitor 
exhibited a minor IR-drop when compared to the ACE-based supercapacitor. The findings 
demonstrated that at a 1.0 A g−1 current density, the JCE-based symmetric supercapacitor 
offers higher specific capacitance (142 F g−1) than the ACE-based symmetric supercapacitor 
(20 F g−1). The JAC-based supercapacitor exhibited excellent performance after 10000 GCD 
cycles and an energy density of 20 Wh kg−1 at a power density of 500 W kg−1. The created 

Figure 9.8  Schematic representation for carbon synthesis using various activation agents, their 
structural and morphological investigations, and the corresponding supercapacitor performance. 
Reproduced with permission [11]. Copyright 2020, The Author(s). Published by Elsevier B.V. on behalf of 
King Saud University.
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JCE-based supercapacitor also exhibits mechanical robustness in various bending posi-
tions. The reported research supported the idea that processed biowaste attains a strong 
potential as a material for storing energy. Roy et al. [10] showed how to easily and effec-
tively develop hierarchical porous carbon called AC nanosheets. AC nanosheets were pro-
duced by simply heating banana leaves with K2CO3 in an inert atmosphere, which 
demonstrated a high specific surface area of 1459 m2 g−1. A two-electrode system was used 
to test the triggers of various electrolytes on the stability and performance of the AC 
nanosheet-based supercapacitors. In an ionic liquid electrolyte i.e., 1-butyl-3-methylimida-
zolium hexafluorophosphate [BMIM][PF6], an organic electrolyte, i.e., tetraethylammo-
nium tetrafluoroborate, and an aqueous electrolyte i.e., 0.5 M sodium sulfate, the specific 
capacitance values were 190, 114, and 55 F g−1, respectively.

Hierarchically porous carbons have a significant surface area and a short ion transport 
channel as a result of the linked porous framework, which makes them excellent candi-
dates for energy storage [51]. However, the majority of protocols heavily rely on soft-tem-
plating and nano-casting, which usually forbids the usage of specific raw materials and 
their industrial application. Building hierarchically porous carbons from crude biomass, 
widely available on the planet, using a straightforward one-pot method is still a significant 
challenge. Deng et al. [52] developed a technique to create hierarchically porous carbons 
with 3D hierarchical pores made up of macro-, meso-, and micropores that were inspired 
by the leavening in bread. Simply combining the biomass with KHCO3 and heating it to a 
high temperature is the “leavening process”. The hierarchically porous carbons produced 
also displayed a noticeably large specific area (1893 m2 g̠−1) in addition to the clearly 
defined hierarchical structure. It is noteworthy that the majority of biomass derivatives, 
such as starch, cellulose, glucose, chitin, bamboo, and rice straw can be processed using 
this “leavening” technique. The resulting hierarchically porous carbons demonstrated 
excellent electrochemical performance has a specific capacitance of ~250 F g−1 and nearly 
no capacitance loss after 10000 GCD cycles when evaluated as supercapacitor electrode 
materials in two-electrode test systems.
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3D hierarchical porous carbon was successfully prepared with micro-, meso-, and 
macro pores by activating chestnut shells with KHCO3 [53]. High specific surface area 
(~2300 m2 g−1) and high average pore volume (1.5 cm3 g−1) were obtained with the opti-
mal KHCO3 concentration, providing the electrode used in the three-electrode system 
with favorable electrochemical properties. A high specific electric capacity of 387 F g−1 
was attained at 2 A g−1 current density. The electrochemical performances are astounding 
due to the hierarchical porous structure’s high specific surface area and significant total 
pore volume. This indicates that the future of this hierarchically porous carbon created by 
activating it with KHCO3 is more promising in terms of energy storage. By impregnating 
corncob with K2CO3 in various ratios, AC was prepared from a cheap and plentiful feed-
stock [32]. In order to create the electrodes for energy storage, the impregnated samples 
were activated at various temperatures (ranging from 500°C to 800°C). According to the 
findings, increasing the activation temperature and K2CO3 customized the AC’s surface 
area (489–884 m2 g�1), morphology, and topography to propagate increased energy stor-
age via a primarily EDLC process. The materials’ capacitive performance at various tem-
peratures is in the range of 650°C > 500°C > 800°C. Chemically created ACs based on 
leftover tea provedvery stable and reversible supercapacitor electrodes were created [54]. 
Despite having a smaller specific surface area, the AC created from waste tea by K2CO3 
activation outperformed H3PO4 activation in an aqueous electrolyte in terms of superca-
pacitive performance. In aqueous electrolytes, K2CO3 activation led to a more uniform 
microporous structure, fewer surface oxygen groups, a lower internal resistance, and 
good electrochemical reversibility. Furthermore, a well-developed microporous design, 
which permits the ions to move smoothly within the porous structure, has a greater 
impact on the electrochemical performance than surface area and impacts capacitive per-
formance. Various carbonate salts AC-based supercapacitors, previously reported in lit-
erature, are tabulated in Table 9.1.

9.4 Conclusions

Due to its low cost, straightforward synthesis process, and widespread availability, using 
AC in supercapacitors is a practical option. Physical, chemical, physiochemical, catalytic, 
and interface activation are among the common preparation techniques. Chemical activa-
tion stands out among them because of its low temperature for pyrolysis, rapid processing, 
high carbon output, large specific surface area, and controlled porous structure. A thor-
ough analysis of the most important pore-forming step in AC utilizing various chemical 
activating agents (such as alkaline, acidic, neutral, and self-activating agents) has been 
conducted in light of a sizable body of pertinent published research from recent years. The 
performance of agricultural waste-based ACs made from different precursors but pro-
duced under the same conditions varies, emphasizing the effects of environmental factors, 
the preparation techniques, and the structure and composition of the agricultural waste 
precursors. Electrical conductivity, surface characteristics, and pore dispersion of elec-
trodes all affect how well they function as capacitors. Because they have a small surface 
area, ultrasmall micropores considerably impact the capacitance of active carbons. 
Overall, the electrolyte system impacts how well energy cells work electrochemically. 
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Electrochemical qualities were altered more significantly than physiochemical features by 
changes in surface chemistry and adding certain surface functionalities to ACs. When 
creating high-quality AC for supercapacitor electrodes, carbonate salts are frequently 
employed. This chapter summarizes how different biomasses are used to make AC with 
carbonate salts as activation agents and how they can be used as electrode materials in 
supercapacitors. With the increasing demand for biomass-derived ACs, carbonate salts-
based ACs will be efficiently used at the industrial level due to the low cost and availability 
of carbonate salts worldwide.
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10.1 Introduction

Electrochemical supercapacitors (ESCs) are energy storage devices and are broadly recog-
nized due to their in-between energy density (Ed) between the battery and conventional 
dielectric capacitors and high-power density (Pd) [1–3]. ESCs exhibit long cycle life, a wide 
range of operational temperatures, good reversibility, and high safety [4, 5]. Based on the 
principles of the charge storage mechanism, ESCs can be categorized mainly as electric 
double-layer capacitors (EDLCs) and pseudocapacitors [6]. In EDLCs, energy is stored by 
the adsorption/desorption of electrolyte ions in a non-Faradaic process, while in pseudoca-
pacitors, energy is stored by a Faradaic process that occurs at the electrode surface [7]. For 
EDLCs, carbon-based materials (e.g., activated carbon (AC), graphene, carbon nanotubes, 
and graphitic carbon nitride) are used as common electrode materials. In contrast, the 
transition metal-oxides (TMOs) (e.g., RuO2, MnO2, CuxO, TiO2, and NiOx) and conducting 
polymers (CPs) are the potential electrode materials for the development of pseudocapaci-
tors [8–12].

Among the carbon materials, for the development of high-performance EDLC-type 
ESCs, research interests have focused on the development of AC materials (also called 
activated charcoal) from a wide variety of agricultural waste biomass including coffee 
beans, rice husk, sunflower seed shell, coffee endocarp, Camellia oleifera shell, bamboo 
species, apricot shell, cassava peel waste, sugarcane bagasse, rubberwood sawdust, palm 
kernel shell, jute stick, wood, anthracite, date seeds, coconut, corncob, bitumen charcoal, 
lignite, and peat [13–15]. The ACs are superior to other porous materials because of their 
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robust pore architecture, high porosity (wide range in pore diameter), high specific sur-
face area, and ample pore functionalities for the intercalation/deintercalation of electro-
lyte ions [16]. Depending on the carbonization conditions and the activator, the carbon 
content in AC could be approximately 40–90 wt.% [17, 18]. Additionally, ACs contain 
carboxyl (–COOH), carbonyl (C=O), phenolic, lactonic, pyrrolic, and pyridinic functional 
groups, along with various heteroatoms (S, O, N) within the porous framework, which are 
presumed to be the active sites for various chemical interactions in adsorption, catalysis, 
sensing or so on [19–22]. These improved physical and chemical properties of AC con-
tinually expanded its applications for ESCs, water treatment, desalination, gas and air 
purification, CO2 adsorption, catalysis, battery, solar cells, pharmaceuticals, etc., as 
shown in Figure 10.1 [23–31].

The performance of ACs in ESCs, as well as other technologies, is highly dependent on 
the carbonization conditions and activation methods (e.g., physical, chemical, electro-
chemical, microwave, ultrasound, and plasma methods) used to prepare them from the 
different precursors such as woody biomass, herbaceous and agricultural waste, aquatic 
biomass, fibers, grass, starch, and coal [32]. Specifically, the physical, chemical, and elec-
trochemical characteristics of the chemically prepared ACs are highly dependent on the 
type of activation agents (e.g., NaOH, KOH, ZnCl2, K2CO3, H3PO4, FeCl3, CO2, steam, N2, 
O3, O2) and preparation methods [32–34]. Additionally, selecting biomass precursors is 
crucial for manufacturing high-quality ACs [35]. Thus, a systematic study is necessary to 
conclude the production of ACs for high-performance ESCs. This chapter discusses the 
properties of ACs and their performance in ESCs, synthesized from various biomass using 
KOH/NaOH as activation agents.

Figure 10.1 Wide range applications of activated carbons.
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10.2 Basics of Activated Carbon

In the 1950s, Rosalind Franklin first described the structure of carbons produced by the 
pyrolysis of organic materials with two distinct classes: graphitizing and non-graphitizing 
[36]. In graphitizing, carbon units are almost parallel, and the links between the adjacent 
carbon units are assumed to be weak (Figure 10.2a). In contrast, non-graphitizing carbons 
and/or ACs are based on a small graphitic crystallite joined together by cross-links in a 
disordered manner (Figure 10.2b) [36, 37]. However, Franklin did not explain the bonding 
type of these cross-links. Later on, it was hypothesized that this cross-link might consist of 
sp3-bonded carbon atoms domains [38, 39]. Further analyses of non-graphitizing carbon 
using neutron diffraction studies revealed that non-graphitizing carbon cross-links consist 
entirely of sp2-bonded carbon atoms [40]. Recent studies suggested that non-graphitizing 
carbon structure is related to that of the fullerenes, consisting of curved fragments with 
pentagonal and other non-hexagonal rings along with hexagons [41].

10.3 Preparation of Activated Carbon from Biomass

Activation is usually performed (i) to boost up surface area, (ii) to tune the pore diameter 
(from nano to macro sizes), (iii) to impart new functionalities such as –COOH, –C=O, 
phenolic, and –OH groups, and (iv) to increase carbon content (wt.%) via eliminating some 
heteroatoms [34]. For the ACs preparation, biochar (BC) is initially synthesized from bio-
mass either via carbonization at the temperature range of 400 to 850 οC under the inert 
atmosphere or via hydrothermal carbonization at 130 to 250 οC using a hydrothermal reac-
tor [15, 42]. The BC is subsequently activated; and referred to as AC. The most common 
activation methods include physical activation, chemical activation, combined physical 
and chemical activation, thermal activation, microwave activation, ultrasound activation, 
plasma activation, and electrochemical activation. Figure 10.3 depicts biomass carboniza-
tion and various activation methods to produce ACs. The following section briefly dis-
cusses the chemical activation of BC, derived from biomass.

Figure 10.2 Structure of (a) graphitizing and (b) non-graphitizing carbons. Reproduced with 
permission [36]. Copyright 1951, The Royal Society (UK).
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10.3.1 Chemical Activation

Chemical activation, also known as wet oxidation of BC for AC production, offers the 
advantages of kinetic-controlled chemical reactions [32]. In the chemical activation pro-
cess, the biomass precursors and/or BCs are mixed with activating agents such as NaOH, 
KOH, ZnCl2, K2CO3, H3PO4, and FeCl3 via wet or dry techniques [32, 34]. Subsequently, 
chemical activation is executed in which the carbonization and activation are carried out 
simultaneously at the temperature range of 300–950 οC [32, 34]. Based on the chemical 
properties of chemical activators, chemical activation can be classified as acidic, basic, and 
neutral activation. In contrast to physical activation, chemical activation facilitates the 
deep penetration of activators into the carbon structure, which results in a better porous 
structure with a high surface area [32, 34]. Noteworthy, chemical activation under suitable 
conditions remarkably increases carbon’s surface area/pore volume via the carbon reduc-
tion (or carbon consumption) process, which converts the small pores into bigger ones. The 
main disadvantages of the chemical activation method are time and energy-consumption 
and require expensive post-activation washing of the carbons for removing the residual 
reactants and inorganic residues (ash) produced from the precursor during the activation 
process. Table 10.1 summarizes the production of ACs from the different biomasses by 
chemical activation methods, while the details of the basic activation method using KOH 
and NaOH are discussed in section 10.3.2.

Figure 10.3 Synthesis of biochar and activated carbon from biomass.
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10.3.2 Chemical Activation Using KOH/NaOH

Generally, chemical activation of carbonaceous materials is preferable over physical acti-
vation due to its short process time, kinetic-controlled chemical reactions, and lower acti-
vation temperature [32]. The AC prepared via the chemical activation method exhibited a 
high surface area and porosity. The following sections highlight the fundamentals, limita-
tions, and implications of KOH and NaOH activation methods for producing biomass-
derived AC.

10.3.2.1 KOH Activation
In recent years, KOH activator has been used extensively for manufacturing low-cost 
AC with a large amount of micropores, high specific surface area, and enriched –OH 

Table 10.1 Acid and salt activation of biomass for the synthesis of ACs.

Biomass

Carbonization 
conditions Activation conditions

Surface area,
SBET (m2 g−1)

Yield 
(%) Ref.Tc (°C) Time (h) Activators Ta (°C) Time (h)

Acacia fumosa seed – – HCl 450 6 – – [43]

Acacia mangium 500 2 H3PO4 – – 1038.77 – [44]

Acacia mangium – – H3PO4 500 0.75 1767 – [45]

Acacia nilotica 
sawdust

– – H3PO4 900 1 1701 – [46]

Argan nutshell 500 1 H3PO4 700 1 1372 – [47]

Chestnut oak shells – – H3PO4 450 – – 38.12 [48]

Waste sludge and 
bagasse

800 0.5 HNO3 – – 806. – [49]

Acacia mangium – – CaO 500 2 65.33 – [44]

Acacia mangium 500 2 ZnCl2 – - 957.47 [44]

Acacia nilotica – – ZnCl2 600 5 403 – [50]

Shorea robusta 
sawdust

– – Na2CO3 400 3 10.45 – [51]

Pistachio wood 
wastes

– – NH4NO3 800 2 1448 [52]

Waste tea – – C2H3O2K 800 2 845 27.9 [53]

Rice straw – – N2H9PO4 700 1 1154 41.1 [53]

Date pits – – FeCl3 700 1 780 47 [54]

Paper mill sludge – – K2CO3 800 2.5 1583 3.4 [55]

Hide waste – – K2SiO3 700 1 1804.37 – [56]

Corn cob – – ZnCl2 500 – 1400 – [57]

Dry okra waste – – ZnCl2 500 1 1044 – [46]

Cocoa shell 110 24 ZnCl2 500 0.6 – – [58]
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functional groups on the carbon surface [32, 34]. The production of AC using KOH and 
other chemical activators can be demonstrated either in one-step or two-step methods 
[59, 60]. In a one-step process, pyrolysis/activation below the boiling point of KOH 
(1327°C) is executed simultaneously by impregnating KOH with the desired impregna-
tion ratio into the selected carbonaceous precursor, while in the two-step method, acti-
vation consists of biomass precursor carbonization followed by impregnation of the 
resulting BC with KOH for the activation process [34]. Regardless of activation steps, 
the textural properties of ACs are highly dependent on biomass precursors’ properties 
and chemical compositions. For example, Oginni et al. reported that the AC prepared 
from Kanlow Switchgrass by one-step and two-step KOH activation method showed a 
surface area of 1271.66 and 599.19 m2 g−1, respectively, which is evident in the scan-
ning electron microscopic (SEM) images of the resulting ACs (Figure 10.4) [59]. In 
another report, Basta et al. demonstrated that the AC produced from raw rice straw 
exhibited a surface area of 1917 and 657 m2 g−1, respectively, for the two-step and one-
step methods [60]. Irrespective of the activation steps, the KOH activation results in a 
higher carbon reduction. Consequently, the yield (carbon content) of the resultant AC 
usually remains lower compared to the other chemical activators, such as ZnCl2 and 
H3PO4 [59]. This could be attributed to the pore development in the AC structures that 
accelerate the loss of carbon induced by the K intercalation into the carbon network 
[61]. During carbonization, the KOH activator eliminates the water present in the pre-
cursor by forming tar, which could block the carbon pores. Upon carbonization, the 
corresponding primary chemical reactions (Equations 10.1–10.4) and secondary reac-
tions (Equation 10.5) are presented as follows [32, 34]:

 2KOH  K O + H O→ 2 2  (10.1)

 C + 2KOH 2K + H + CO→ 2 2  (10.2)

 C + 2KOH 2K + H O + CO→ 2  (10.3)

 K2 2 2 3O CO K CO+ →  (10.4)

 H O C KOH K C H2 2 3 22+ + → +O  (10.5)

Figure 10.4 Scanning electron microscopic images of ACs prepared from Kanlow Switchgrass by 
(a) one-step and (b) two-step method. Reproduced with permission [59]. Copyright 2019, Elsevier.
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During the activation, the creation of metallic K and its intercalation into the carbon matrix 
can induce an expansion of the gaps between the carbon-atom layers. Thus, both mesopores 
and micropores are formed into the carbon network. In contrast, the produced K2CO3 can 
be eliminated during carbonization with the production of CO2 gas, which also partly con-
tributes to the development of the pore in the AC. Thus, the mechanism of KOH activation 
of BC can be described as presented in Figure 10.5 [62], where the KOH is dehydrated to 
K2O at the beginning of the carbonization process (step 1: dehydration process). In step 2, 
the produced K2O is reduced to metallic K and intercalated into the carbon layers, which 
induces the structural expansion of the carbon layers. Next, (step 3) K was oxidized by the 
production of K2O and then the hydration of K2O (step 4).

Table 10.2 summarizes the properties of recently synthesized ACs, prepared from the 
various biomass precursors using a KOH activator. It can be clearly seen that the source of 

Table 10.2 Textural characteristics of ACs prepared from various biomass precursors using KOH 
activator.

Biomass precursors T (°C) t (h)
Surface area, 
SBET (m2 g−1)

Pore size (nm)/pore 
volume (cm3 g−1) Yield (%) Ref.

Jatoba fruits 500 2 2794 1.74/– – [63]

Schima wallichii 700 1 1,005.71 –/0.491 18.84 [64]

Augarcane bagasse 700 1 709.3 6.6/0.31 – [65]

Sorghum stem 800 2 948.6 3.12/0.55 – [66]

Sorghum root 800 2 168.1 4.48/0.13 – [66]

Giant miscanthus 900 1 2212 –/0.99 – [67]

Corn stalk 900 1 2434 –/1.22 – [67]

Wheat stalk 900 1 2327 –/1.10 – [67]

Oak wood 800 1 1662 2.60/0.791 13.0– 21.7 [68]

Date seeds 900 1 912.32 –/0.67 >10 [69]

Corn stover 800 3 956 6.9/– – [70]

Rice straw 800 1 1554 –/0.930 13.5 [71]

Coconut shell 850 2 1026 –/0.576 – [72]

Silkworm cocoon waste 800 3 2797 –/1.735 21.7 [73]

Figure 10.5 Mechanism of KOH activation. 
Redrawn from ref. [62] Copyright 2016, Elsevier.
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biomass and the carbonization temperature significantly controlled the properties of ACs, 
such as surface area, pore volume, and pore diameter. Further, it is evident that the yield of 
carbon production through the KOH activation is relatively low (about 22%) compared to 
the H3PO4 and FeCl3 activators (Table 10.1). However, KOH improves the physicochemical 
properties of ACs. The drawbacks of KOH is that it is toxic and detrimental to humans and 
the environment. Thus, exploring suitable other environmentally friendly and low-cost 
chemicals as an alternative to KOH is required without affecting the functional and tex-
tural characteristics ACs.

10.3.2.2 NaOH Activation
Similar to the KOH activator, NaOH has also been widely used as an effective activator for 
the production of ACs with a large number of micropores, high specific surface area, and 
abundant –OH functional groups [33, 35]. This can be achieved by treating the selected 
carbonaceous precursor, and/or BC, with NaOH with the desired impregnation ratio via 
one-step and/or two-step methods [74]. In a one-step process, carbonization and activation 
of biomass are performed concurrently below the boiling temperature of NaOH (1388°C) 
by impregnating with NaOH. While in the two-step method, activation involves the car-
bonization of precursors followed by the impregnation of the corresponding BC with 
NaOH for the activation process. The following Equations (10.6–10.8) depict the plausible 
mechanism for producing ACs through NaOH [75].

 6NaOH + 2C   2Na + 2Na CO  + 3H→ 2 3 2  (10.6)

 Na CO Na O + CO2 3 2 2→  (10.7)

 2Na + CO Na O + CO2 2→  (10.8)

It can be concluded that the formation of micropores on the NaOH-assisted ACs is respon-
sible for releasing the different gaseous species (CO, CO2, and H2). The Na metal intercala-
tion into the carbon networks is also responsible for the creation of micropores within the 
ACs. Finally, the residual NaOH as well as other compounds generated by carbonization, 
are evaporated from the ACs and form a rugged surface with improved porosity.

Both textural properties and chemical functionalities of produced ACs depend highly on 
the precursor’s source and its chemical composition, the amount of NaOH, and the activa-
tion steps (one-step or two-step). For example, Zhang et al. studied the textural properties of 
ACs, prepared from corn cob (CC), wheat bran (WB), rice husk (RH), and soybean shell (SS) 
with varying NaOH amounts via the one-step method [75]. It can be observed that the 
NaOH dosage ratio significantly controls the surface area of ACs prepared this way (Figure 
10.6a), and at the optimized ratios of NaOH (1:4 (m/m) for CC, WB, SS, and 1:3 (m/m) for 
RH) induced the surface area of 2381, 2532, 2786, and 2628 m2 g−1 for CC-, WB-, RH- and 
SS-derived ACs, respectively. This is evident in the N2 adsorption-desorption isotherms 
(Figure 10.6b) and the corresponding SEM images of the samples (Figure 10.6(c-f)). 
Alteration in the ACs surface area by varying the biomass precursors with similar NaOH 
dosage could be attributed to the fact that the different precursors contain dissimilar 
amounts of ash, and the high ash content precursors consumed less NaOH and exhibited a 
larger surface area. In another report, Wanprakhon et al. investigated the textural properties 
of AC derived from the longan seeds with NaOH activator by both one-step and two-step 
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Figure 10.6 (a) Variation of the surface area of ACs prepared from CC, WB, RH and SS biomass 
precursors with varying NaOH: precursors ratios. (b) N2 adsorption-desorption isotherms of the 
optimized ACs prepared from the precursors and their corresponding SEM images: (c) CC-AC, (d) 
WB-AC, (e) RH-AC and (f) SS-AC. Adapted with permission from ref. [75] Copyright 2020, Elsevier.

activation methods [74]. The ACs prepared by the two-step process showed better textural 
properties compared to the one-step process, and the corresponding surface area of the pre-
pared ACs was 975.18 and 605.13 m2 g−1, respectively. Although the NaOH activation 
method displayed a high surface area compared to other chemical activators (Table 10.3 and 
Table 10.1), such as CaO, Na2CO3, and C2H3O2K, the specific surface area and porosity of 
ACs prepared through NaOH activation are less compared to the ACs produced via KOH 



10 KOH/NaOH-activated Carbon170

activation. This is mainly due to the occurrence of a vigorous gasification reaction of carbon 
or BC with NaOH activator (Equation 10.9) [76], which decreases the porosity and accessi-
ble area in ACs.

 4NaOH + C  4Na + CO + 2H O → 2 2  (10.9)

10.4 KOH and NaOH Assisted Activated Carbon for ESCs

The Ed of ESC is proportional to its Cs and the square of the operating voltage, according to 

the equation E C Vs=
1
2

2  [85–89]. Cs relies on the type, architecture, and textural properties 

of electrode materials, while voltage (V) depends on electrolytes and the textural properties 
of the electrode materials. Thus, designing the electrode materials architecture and tuning 
the textural properties are considered the best approaches to enhance the Cs of ACs in ESC 
applications [90]. This is because ACs containing an interconnected network of macro-, 
meso- and micropores facilitate the rapid infiltration of electrolytes and improve the rate of 
electrolyte ions intercalation/deintercalation, thereby enhancing Cs and the rate capability 
when applied in ECS [91, 92]. A large number of reports are available on the ACs applica-
tions for ESCs (as summarized in Table 10.4), produced via KOH activation. This is because 
the KOH activation method can substantially tune the textural properties of ACs and 
improve the capacitive performance of ESCs.

From Table 10.4, it can be seen that the surface area and the capacitive performance of 
ACs vary with different precursors. This is because different biomass precursors contain 
different chemical compositions and have different properties, which affect the textural 
properties and the electrochemical performance [93–101]. Furthermore, the activation 
methods and the chemical activator types can also tune the textural properties as well as 

Table 10.3 Textural characteristics of AC prepared from various biomass precursors using NaOH 
activator.

Biomass 
precursors

Temperature 
(°C) Time (h)

Surface area, 
SBET (m2 g−1)

pore size (nm)/pore 
volume (cm3 g−1)

Yield 
(%) Ref.

Rattan furniture 
wastes

600 1 1135 0.355/0.44 – [77]

Rice husk 850 2 429.82 –/0.29 – [78]

Rice husk 800 1 2681 –/1.4016 – [79]

Rice husk 800 3 1828 – – [80]

Corncob 780 1 2474 4.2/0.949 – [81]

Coconut shell 700 1.5 2825 2.27/1.498 18.80 [82]

Leucaena 
leucocephala

800 1.5 776 – – [83]

Date press cake 650 1.5 2025.9 – 26.2 [84]

Plum kernel 780 1 1887 2.2/1.049 – [76]
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the electrochemical performance of ACs. For example, Roldán et al. [102] prepared ACs 
from coke using KOH and NaOH activators with varying carbonization temperatures. The 
ACs prepared under similar carbonization conditions (700 °C) exhibited a much higher 
surface area (1480 m2 g−1) and improved capacitive performance for KOH activation com-
pared to the NaOH activation with the surface area of 922 m2 g−1 (Figure 10.7). This is due 
to the development of highly microporous structures with refined oxygen functionalities in 
ACs upon KOH activation compared to NaOH activation. In another report, Hoang et al. 
[103] prepared ACs from rice husks using KOH and NaOH activators, revealing a higher Cs 
value for AC prepared by KOH than the AC produced using NaOH. Generally, the ACs 
produced through KOH from biomass demonstrated much higher capacitive performance 
(Table 10.4) compared to the ACs prepared using other activators such as ZnCl2 [104, 105], 
H3PO4 [106], and HNO3 [107]. However, further comprehensive investigation of the ACs 
electrochemical performance from the same biomass precursor and under similar experi-
mental conditions by using KOH and other chemical activators is necessary in order to get 
chemical and physical insights of the materials.

Compared to the KOH-assisted ACs for ESCs applications, the NaOH-assisted ACs have 
been investigated less. This is because activation with KOH generally shows better results 
than NaOH in terms of surface area, chemical functionalities, and electrochemical perfor-
mance [102]. Few reports are available on the ACs preparation from biomass using NaOH 
activator for ESCs application, as summarized in Table 10.5. Nevertheless, the ACs created 
from biomass with NaOH exhibited much better electrochemical performance compared 
to the ACs produced by the physical activation method. For example, Alhebshi et al. [108] 
compared the ESC performance of ACs derived from date palm fronds, prepared by NaOH 
activator and physical activation by CO2[108]. Results showed that the ACs assembled by 
using NaOH showed much higher surface area (1011 m2 g−1) and Cs (125.9 F g−1), while 
these values for physically activated AC were 603.5 m2 g−1 and 56.8 F g−1, as presented in 
Figure 10.8. In contrast, H3PO4 activator-based AC derived from the rubberwood wastes 

Table 10.4 Specific capacitance, surface area, and energy density of ACs prepared by KOH 
activation for ESCs application.

Precursors
Surface area, 
SBET (m2 g−1) Cs (F g−1) Ed (Wh kg−1) Electrolyte Ref.

Hazelnut shells 3469 338 16.42 KOH [93]

Oak seeds 2896 552 262.7 H2SO4 [94]

Tobacco waste 1875.5 356.4 10.4 KOH [95]

Lignin 3033.88 214.03 – KOH [96]

Sargassum 2928.78 481 16.68 W h KOH [97]

Bagasse 1,861 134 – KOH [98]

Cluster stalks 2,662 95 – KOH [98]

Desmostachya bipinnata 738.56 218 19.3 KOH [99]

Argan seed shells 2062 355 – H2SO4 [100]

Corn grains 3199 257 – KOH [101]
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Figure 10.7 N2 adsorption-isotherms of ACs activated with (a) KOH and (b) NaOH, and cyclic 
voltammograms in a two-electrode system for (c) KOH and (d) NaOH-ACs. Reprinted with permission 
from ref. [102] Copyright 2010, American Chemical Society.

Table 10.5 Specific capacitance, surface area, and energy density of ACs prepared by NaOH 
activation for ESCs application.

Precursors
Surface area, 
SBET (m2 g−1) Cs (F g−1)

Ed (Wh 
kg−1) Electrolyte Ref.

Date palm fronds 1011 125.9 – H2SO4 [108]

Rubberwood wastes 429 69 – H2SO4 [109]

Apricot shell 2074 339 – KOH [110]

Rice husk 2681 172.3 – K2SO4 [79]

Sunflower stalks 2658 207 18.4 H2SO4 [111]

showed improved capacitive performance (Cs = 129 F g−1) and high surface area (605–693 
m2 g−1) compared to the NaOH activator-based AC with the Cs value of 69 F g−1 and the 
surface area of 429 F g−1 [109]. This significantly low electrochemical performance of AC 
derived from the rubberwood wastes and NaOH activation could be ascribed to the lower 
AC surface, which restricts the infiltration of electrolytes and limits the rate of electrolyte 
ions intercalation/deintercalation into the AC. In another report, Xu et al. developed ACs 
using NaOH activator from the apricot shell that exhibited a much higher surface area 
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(2074 m2 g−1); concurrently, the AC-based ESC delivered significantly high Cs (339 F/ g−1)
[110]. Therefore, it can be concluded that for developing high-performance ESCs based on 
AC composed of the NaOH activator, the choice of biomass precursor is crucial, and com-
parative performance analysis of ACs created from the different biomass sources using 
NaOH as the activator for ESC is necessary.

10.5 Conclusions

This chapter discusses the synthesis of ACs from biomass using KOH and NaOH activa-
tors and application of ACs for ESCs. A brief discussion on the structural characteristics 
of ACs and the synthesis methods of ACs from biomass are also presented. Although 

Figure 10.8 SEM images of ACs prepared from date palm fronds by (a) physical activation using 
CO2 and (b) chemical activation using NaOH. (c) Cyclic voltammetry curve at 60 mV/s (d) and 
galvanostatic charge-discharge plot at 1 A/g for the as-prepared ESC based on CO2 and NaOH-
assisted ACs. Adapted from ref. [108] Copyright 2022, MDPI.
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KOH is toxic and detrimental to humans and the environment, among the alkaline chem-
ical activators, KOH is widely used for producing ACs from biomass with many micropo-
res, high specific surface area, and abundant –OH functional group. Accordingly, the 
KOH-assisted ACs-modified electrodes deliver high electrochemical performance when 
applied in ESCs compared to the ACs prepared by other chemical activators. Even though 
the NaOH activator is cheaper, more environmentally friendly, and less toxic than KOH, 
the ACs developed thought the NaOH activation have been investigated less for use in 
ESCs applications. This is mainly due to the reduced textural and chemical functionali-
ties of ACs arranged by the NaOH activation compared to the ACs prepared through KOH 
activation. Nevertheless, the ESCs performance of the NaOH-assisted ACs is much better 
than physical (CO2) activation-based ACs, and their textural and chemical functionalities 
are highly dependent on the chemical compositions of biomass. Therefore, further devel-
opment of the NaOH-assisted ACs by selecting a suitable biomass precursor and the per-
formance analyses in the ESCs is necessary. The authors are confident that this book 
chapter can guide the researchers in understanding the fundamentals of ACs, chemical 
activation methods, and the stepwise development of the KOH and NaOH-assisted ACs 
as electrode materials for ESCs.
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11.1 Introduction

The excessive usage of non-renewable energy resources and the consequential creation of 
greenhouse gases is the most alarming issue in the rapidly growing world. The energy crisis 
is a significant bottleneck in meeting the world’s energy requirements [1]. To meet the need 
for energy requirements and to protect the world from the life-threatening effects of green-
house gases, researchers are working on a serious note to address this problem by utilizing 
environmentally-sound sustainable energies like wind, solar, and biomass [2]. Because of 
their high power density, quick charge-discharge, and long lifetime, supercapacitors (SC) 
are the most commonly used type of energy storage in a variety of applications, including 
medical applications, consumer electronics, pure electric vehicles (PEVs), and hybrid elec-
tric vehicles (HEVs) [3, 4]. The power source, polarized electrode, collector, Helmholtz 
double layer, electrolyte with negative and positive ions, and separator are the key compo-
nents of a supercapacitor. Supercapacitors use electrostatic forces to store electric charges 
at the electrode‒electrolyte interface [5]. Carbon materials are commonly used as an elec-
trode in supercapacitors due to their properties like high surface area, high electrical con-
ductivity, and better thermal stabilities [6]. Electrical double-layer capacitance (EDLC) is 
the storage mechanism in supercapacitors [7].

To advance commercialization of supercapacitors, cost-effective biomass waste is vital. 
Andrew Burke’s studies show that in a carbon-based supercapacitor, 60% of supercapacitor 
cost is due to carbon, where 0.1 cent/F is due to the electrode material. In contrast, only 
around 0.001cent/F is due to biochar-derived electrode material. Hence, using biomass-
derived carbonaceous material can reduce the cost for large supercapacitor applications 
and increase associated revenues [8, 9]. Also, supercapacitors derived from biomass have 
almost the same capacitance as conventional supercapacitors.

Over the last few years, much work has been done in studying carbonaceous materials 
due to their tremendous electrochemical storage of energy [10, 11]. Carbon exists in many 
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allotropic forms and structures, and its different dimensionality from 0 to 3D makes it suit-
able for supercapacitors [12]. Carbon has an amphoteric nature which enables the usage of 
its electrochemical properties from donor to acceptor state [13]. Carbon materials are not 
harmful [14].

Most of the electrodes are prepared from carbonaceous materials due to their  cost-effectiveness, 
easy availability, and ease of handling. Carbonaceous materials are stable in alkali and alkaline 
solutions [15] and operate effectively at a broad temperature range. For electrochemical appli-
cations, the electrode‒electrolyte interface is largely determined by the materials used to syn-
thesize it. These materials can be synthesized with a high surface area and precisely controlled 
pore size and volume via various physical and chemical activation techniques [16].

Many chemical agents have been used to activate carbonaceous materials, such as some 
acids, bases, and salts. Chloride salts are much used as chemical agents for activating car-
bon materials due to their easy availability, cheapness, and eco-friendliness. For example, 
Xiang et al. prepared an activated carbon electrode for supercapacitors from polyaniline by 
using ZnCl2 as activating agent [17]. Among carbon materials, activated carbon is widely 
used, as the activating agents utilized for them are cost-effective, and their synthesis 
method is relatively simple. In the following sections we will discuss biomass-derived acti-
vated carbon materials, using chloride salts as activation agents, which have been used as 
electrode materials for supercapacitors.

11.2 Biomass-derived Carbon Materials for Supercapacitors

In electrical double-layer capacitance (EDLC), the electrode surface area is the most 
important aspect [18]. Different carbonaceous materials are given in the literature as 
electrode materials. Among them, active carbons have shown to have remarkable prop-
erties [19–21]. It is well known that carbonaceous materials have a high surface area 
compared to metal oxides, phosphides, and sulfides [22–24]. Activated carbons often 
have increased porosity, chemical, and thermal stability, packing density, and surface 
area. Biomass is plant and animal-derived organic material that can be utilized as an 
energy source [25, 26]. Figure 11.1 shows the conversion of different biomasses into car-
bon materials for their application in supercapacitors [27]. Activated carbons (AC) uti-
lized as electrodes for supercapacitors are usually acquired from renewable resources, 
biowastes, neem leaves, jute sticks, banana leaves, sawdust, bamboo, coconut shell, and 
seaweeds [28–39].

Various biomasses, such as coconut shells, pitch, coal, tea leaves, polymers, cellulose, 
etc., are used to synthesize activated carbon [40, 41]. Biomass has been broadly explored as 
a carbon source due to its large quantity, cheapness, and easy accessibility compared to 
other sources. Biomass can be converted to conducting carbonaceous materials, which is a 
cost-effective and resourceful way of recycling biomasses [30, 34, 42–45]. Although certain 
carbon materials, like carbon nanotubes (CNTs) and graphene, have high capacitance, 
they are prohibitively expensive due to difficult production procedures and insufficient 
precursors, limiting the viability of large-scale use. Although carbon is broadly employed, 
it has the limitation of specific capacitance compared to conducting polymers and metal 
oxides [46, 47].
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11.3 Methods of Converting Biomass to Carbon for Supercapacitors

Different methods can be employed to derive carbon from biomass, such as pyrolysis and 
hydrothermal carbonization, followed by its activation [48]. The detail of this can be seen 
in Figure 11.2a. Optimizing parameters, i.e., temperature, pressure, chemicals involved, 
and time for synthesizing carbon materials, can enhance its surface area, porosity, and 
morphology.

Biomass pyrolysis is executed in an inert or low oxygen level atmosphere at high tem-
peratures [31, 33, 36, 37, 45, 49–51]. This method can produce porous carbon with a large 
pore volume and a high surface area [20, 52]. Studies have shown that pyrolysis can pro-
duce carbon with enhanced properties without activating them. B’eguin et al. demonstrated 

Figure 11.1  Conversion of different biomasses into carbon materials for their application in 
supercapacitors.
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a carbonaceous electrode with an enhanced surface area for SC derived from waste sea-
weeds without activation [53–56]. The factors such as temperature, particle size, and the 
catalyst used influence the product obtained [57].

Hydrothermal carbonization (HC) is a thermochemical process that is applied to derive 
carbon materials from biomass. HC is carried out at low temperatures, usually between 
120 and 250 °C, under pressure in an aqueous environment [58], with or without the 
assistance of a catalyst [59]. It is similar to the natural coalification of biomass, but the 
reaction rate is fast compared to coalification [60]. Many factors influence HC, like tem-
perature, precursor concentration, residence time, and catalyst. The application of HC for 
the derivation of biomass into carbonaceous materials has gained substantial interest for 
numerous uses, such as catalysis [61, 62], CO2 capture [63, 64], and energy storage 
[65, 66]. The carbonaceous product obtained from the HC process is called “hydrochar”, 
which is rich in oxygen-containing groups [67]. The product obtained from HC is poor in 
porosity with low surface area, so activation of the surface of carbon material after HC is 
necessary [68–70].

11.4 Improving the Specific Capacitance Performance of Carbon 
Materials

The effective surface area of the electrode materials determines the supercapacitors’ 
capacity to store charges and their specific capacitance.This section describes increasing 
the surface area of electrode materials by improving their porous structure via physical 
and chemical methods. The process of making carbon active by making materials porous 
and improving surface area is called “activation of carbon” and the carbon is called “acti-
vated carbon” (AC). The activation of carbon can be done both by physical and chemical 
means to obtain biomass-derived ACs, as can be seen in Figure 11.2b [71]. Physical acti-
vation is less complicated and less harmful to the environment but requires a high tem-
perature. Chemical activation is currently the most popular method due to its many 
advantages. These include a lower activation temperature, faster activation time, higher 
yield, larger surface area, and well-developed pores. The chemical activation method has 

Figure 11.2  (a) The biomass conversion methods. (b) Different methods of activation of 
carbonaceous materials.
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some disadvantages, including the necessity of water cleansing after activation to remove 
contaminants produced during the process and subsequent management of the polluted 
water [72, 73].

The activating strategies, such as physical or chemical methods, make it difficult to con-
struct the special architecture of carbon materials such as carbon nanosheets or networks 
[74]. Preparing 2D carbon materials by 2D space-confined method [75] or CVD or template 
method can be costly and not environmentally friendly [76]. Therefore, the molten salt 
activation method is becoming the common approach for synthesizing 2D carbon materi-
als [77, 78].

The physical activation or thermal activation of carbon materials typically happens at 
high temperatures (700 to 1100 °C) in the presence of carbon dioxide or water steam to 
form porous structures internally and externally. During the activation of carbon materials 
initially, the pore opens, clogged by excessive carbon atoms and other heteroatoms. In the 
second stage the carbon in the elementary crystals reacts with oxidative gas at the surface 
to generate gaseous oxides. In the final stage the existing micropores are continually 
enlarged, and the walls between adjacent micropores entirely collapse to generate larger 
pores [79, 80].

Chemical activation happens at a slightly low temperature along with the use of activat-
ing agents such as KOH, ZnCl2, NH3, NaNO3, etc. Washing the carbon after activation is 
necessary to remove residual reactants (also known as ash) that come from the carbon 
precursors or have been introduced during activation [81]. Kim et al. produced carbon 
using walnut shells as a raw material [82]. The produced carbon was activated by using 
ZnCl2 as an activating agent through a chemical activation method.

According to the International Union of Pure and Applied Chemistry (IUPAC), pore 
sizes can be grouped as macroporous (>50 nm), mesoporous (2–50 nm), and microporous 
(<2 nm) [83]. Pore size distribution is a key characteristic of charged ion adsorption. 
Nowadays, there is much interest in carbon as an electrode material as it can be turned into 
a form with a high surface area with improved porous structures [84, 85]. Increasing sur-
face area and improving the porous structure of carbon organic materials is generally 
stated as “activation” and the resulting materials are called activated carbons [86]. Chars, 
for example, have a very small pore size and a structure composed of primary crystallites 
with a significant number of interstices between them, the majority of which are filled with 
“disorganized” carbon residues (tars) that block the pores.

Activation clears these pores and can additionally produce extra porosity. Changing the 
carbonaceous organic materials and activation parameters such as time, temperature, and 
gaseous environment can govern the subsequent porosity, the nature of the internal sur-
faces, and pore-size distribution. Carbonaceous materials can be activated by two general 
methods, i.e., thermal activation and chemical activation. Carbon electrode materials hav-
ing a porous structure, a high specific surface area (SSA), and an optimum pore size distri-
bution are proven to have greater capacitance at high current densities [87, 88]. Many 
studies have shown that the micropores are the most active in the double-layer formation 
process while decreasing the rate of ion transport to some degree [89]. Mesopores mini-
mize ion diffusion resistance, while macropores aid in establishing ion buffering reser-
voirs, hence reducing ion transit distance after electrolyte penetration. Numerous studies 
have been conducted on the combinations of different pore size distributions and pore 
volumes [90].
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Figure 11.3  Synthesis of biomass-derived hierarchically porous carbon materials. Reproduced with 
permission [93]. Copyright 2020, Elsevier.

The combined effects of multiple porous morphologies can enhance charge transfer and 
an ion diffusion process. As a result, making electrodes from such materials allows for ion 
transport affinity and excellent capacitance of SCs. Furthermore, the linked mesopores 
minimize low resistance ion diffusion pathways at the surface of the inner pore, and the 
large space of macropores can enhance the potential electrostatic adsorption area, enhanc-
ing SC rate capacity [91]. Moreover, the hierarchically macroporous and mesoporous com-
binations not only allow free ion contact to the inner or outer surface of materials and 
transport across channels, which is satisfactory for the diffusion of electrolyte and electro-
chemical reactions, but also offer a large specific surface area for high mass loading of the 
electroactive materials. It’s worth noting that charges are stored in nanopores that are con-
ducive to confinement [92, 93]. The synthesis of biomass-derived hierarchically porous 
carbon materials is shown in Figure 11.3. Methods to manufacture spongy materials are 
vital for maximizing the electrochemical performance of SCs [91]. Furthermore, because of 
their unique mechanical, electrical, and thermal conductivity properties, numerous micro/
nanoscale materials have become standard electrode materials [94–100].

11.5 Chloride Salt-activated Carbon

In this section, chloride salt-activated carbon materials for supercapacitors will be dis-
cussed. The main properties, synthesis methods, and electrochemical properties will be 
presented for each chloride salt-activated carbon. AC has also been extensively utilized in 
supercapacitors because of its low cost, large specific surface area, and relatively good elec-
trical property, making it feasible to commercialize. Various activating agents have been 
reported in the literature, such as ZnCl2, KOH, NaOH, and H3PO4, among others, for pro-
ducing porous carbon materials.
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11.5.1 Preparation and Electrochemical Performance of Biomass-derived 
Activated Carbon Using Chloride-based Activation Agents

The properties of biomass-derived carbon, i.e., porosity type, specific surface area (SSA), 
and morphology, depend on the activating agent used. Numerous activating agents have 
been utilized, and each type develops diverse sorts of morphologies with different pore 
sizes due to their different activating mechanisms. Other activation agents like KOH or 
H3PO4 are very strong acids and bases. The handling of these materials needs precaution-
ary measures as these materials are corrosive, which increases the steps in the preparation. 
Also, these harsh agents can dissolve the organic part of biomass, making the activation 
process difficult. Chloride salts-activated carbonaceous materials, have been given much 
attention in recent years. The use of chloride salt has some advantages over other typically 
used chemical activating agents. For example, it has easy availability, low cost, and is envi-
ronmentally benign. Table 11.1 shows the effect of different activating agents on the elec-
trochemical properties of SC.

Table 11.1 The effect of various activating agents on the structural and electrochemical 
properties of carbon generated from biomass.

Raw material Activation agent

Pore 
Size 
(cm3 g−1)

Surface 
area 
(m2 g−1)

Specific 
capacitance 
(F g−1)

Current 
Density 
(A g−1) Ref.

Rotten carrot ZnCl2 - - 135.5 1 [105]

Cotton ZnCl2 1.23 1990 240 1 [107]

1H-Benzotriazole 
(BTA)

ZnCl2 - 1228 332 0.5 [108]

4-(4-nitrophenylazo)
resorcinol

ZnCl2 0.54 891.1 431.5 1 [110]

Rapeseed dregs ZnCl2 - 1416.966 170.5 1 [111]

Ginkgo leaf CaCl2/KCl - - 150.4 0.05 [117]

Walnut shells KCl - 1958 233.7 0.1 [115]

Mung bean CaCl2 + urea - - 300.5 1 [121]

Java kapok tree shell (NaCl: KCl) (1: 1) 0.439 1260 169 1 [116]

Waste coffee grounds FeCl3 - 846 57 - [113]

Moringa oleifera stem ZnCl2: FeCl3 (1:3) 2.3 2250 283 0.5 [119]

Coconut shell ZnCl2 1.21 1874 268 1 [112]

Peanut shells FeCl3/MgCl2 - 1401.4 247 1 [122]

Lithium chloride-
doped polyaniline

PAni-LiCl - - 471 1 [123]

polyaniline-doped 
lithium chloride

PANI-LiCl6 - - 388 1 [124]

Kapok flower HCl - 1904 286.8 0.5 [125]

Tree residues HNO3:H2SO4 = 1:3 - 616 24 0.25 [126]

Wood sawdust and 
tannicacid

KCl + Na2S2O3 2.3 2650 200 - [118]



11 Chloride Salt-activated Carbon for Supercapacitors186

(a)

(b)

RCP

150

120

90

60

30

0
0 1000 2000

Scan rate (mVs–1)

S
pe

ci
fic

 C
ap

ac
ita

nc
e,

 C
sp

 (
F

g–1
)

3000 4000 5000

Figure 11.4  (a) Schematic for preparing activated carbon from rotten carrots. (b) Specific 
capacitance versus scan rate of prepared AC electrode. Reproduced with permission [105]. Copyright 
2018, Elsevier.

11.5.1.1 Zinc Chloride
Zinc chloride (ZnCl2) is a neutral type of activating agent. ZnCl2 is used as a dehydrating 
agent to encourage carbon material condensation processes and to prevent the production 
of tar and the gasification of carbon atoms, which results in materials with greater carbon 
contents. The parameters, surface area, pore size, and pore volume, which impact the elec-
trochemical performance of SC, can be optimized by carbonization temperature and the 
ZnCl2 concentration.

To eliminate the water content from the lignocellulose skeleton, ZnCl2 is employed as a 
dehydrating agent. This produces mainly micro- and mesoporous AC with no loss in car-
bon amount [101–104]. Ahmad et al. describe the amalgamation of porous AC generated 
from rotting carrots using a chemical activation process using ZnCl2 as an activating agent 
at a variable temperature under an inert environment (Figure 11.4a) [105, 106]. The elec-
trochemical performance of prepared AC was explored using the AC as an electrode in 
different electrolyte solutions named Cell#1, Cell#2, and Cell#3. It was observed that the 
prepared activated carbon-based electrode, i.e., Cell #3, has the highest specific capaci-
tance (135.5 F g−1 at 10 mHz), specific energy (29.1 Wh kg−1 at 2.2 A g−1), and specific power 
(142.5 kW kg−1 at 2.2 A g−1) in the ionic liquid-based electrolyte. Cell #3 also has the highest 
specific energy (29.1 Wh kg−1 at 2.2 A g−1) (Figure 11.4b). Results showed the suitability of 
prepared electrode material in the application of energy storage devices.

Sun et al. utilized cotton as biomass for which they derived porous carbon materials 
[107]. They used MgO and ZnCl2 as templating and activating agents, respectively. Cotton 
carbon absorbs MgO from cellulose fibers that have absorbed a solution of Mg(NO3)2, then 
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undergoes dehydration and calcination to create porosity. A low-priced, high-specific 
 surface-area porous carbon material can be created from biomass by acid leaching of the 
MgO. During the activation process, the hydrogen and oxygen in the raw material are lib-
erated as water vapor thanks to ZnCl2 dehydroxylation and dehydration properties. Also, 
activation involves the conversion of ZnCl2 to ZnO. When acid is used to wash the produced 
material, the ZnO particles are removed, and the resulting voids increase the material’s 
porosity. The findings of the research indicate that the activated carbon material manufac-
tured by using MgO as the template and ZnCl2 as the activating agent has a specific surface 
area that can reach up to 1990 m2g−1. The results show a capacitance of 240 Fg−1 and a cur-
rent density of 1 Ag−1 in the three-electrode system test. The specific capacitance at 20 Ag−1 
is 173 Fg−1, and the capacitance retention rate is 71%. Additional testing was conducted in 
6M KOH aqueous solution and 1M Na2SO4 aqueous solution on the built symmetric super-
capacitors. The alkaline system has an energy density of 5.7 Whkg−1. A neutral electrolyte 
has an energy density of 12.5 Whkg−1 and a cycle stability of 89% [107].

Chen et al. use a straightforward method to produce porous carbon materials with a high 
concentration of nitrogen [108]. This is accomplished by heating 1H-Benzotriazole (BTA) 
as a carbon precursor with ZnCl2 as the activating agent at temperatures ranging from 600 
to 800 °C for two hours in an environment containing nitrogen gas. ZnCl2 has the ability to 
convert more organics to carbon as a result of its dehydration, whereas pure BTA degrades 
completely even when exposed to inert gas at temperatures as low as 270 °C. The NC-2–700 
sample that was created has a nitrogen concentration of up to 10.27 weight percent and a 
high specific surface area (1228 m2g−1). With a specific capacitance of 332 Fg−1 at a current 
density of 0.5 Ag−1, N-doped carbon is an excellent electrochemical material, and it also has 
excellent cycle stability, retaining 96.5% of its initial specific capacitance even after 5000 
cycles at 1 Ag−1. In addition, the NC-2–700 sample symmetric ultra-capacitor demonstrates 
a maximum power density of 375 Wkg−1 and a maximum energy density of 12.94 Whkg−1 
when measured at a current density of 1 Ag−1. Even at a high current density of 10 Ag−1, the 
NC2–700/NC-2-700 supercapacitor provides 5.43 Whkg−1 of energy storage or 3750 Wkg−1 
of power.These experimental results verify the potential of high-nitrogen-content porous 
carbon materials as electrodes for supercapacitors [108].

Shrestha et al. create Areca catechu nut (ACN)-derived nanoporous carbon materials 
(NCMs) with improved electrochemical supercapacitance capabilities [109]. The impact of 
activating agents ZnCl2 and others on the surface functional groups, electrochemical super 
capacitance capabilities, and textural characteristics were carefully studied. They discov-
ered that several kinds of nanoporous carbon materials synthesized from ACN were pro-
duced depending on the sort of activating agents utilized. They studied the supercapacitive 
properties of the prepared sample by cyclic voltammetry and chronopotentiometry. The 
charge-discharge profile of ZnCl2-activated NCM was studied by chronopotentiometry at a 
fixed current density of 1 A g−1. The prepared material shows better charge/discharge over 
5000 cycles with 91% capacity retention.

Zhang et al. showed that 4-(4-nitrophenylazo)resorcinol, sodium 5-[(4-nitrophenyl)azo]
salicylate, and tartrazine were used to create nitrogen-containing nanoporous carbon 
materials using a generic yet effective ZnCl2 activation approach [110]. It was shown that 
the activation temperature and mass ratio of the carbon/nitrogen precursors to the ZnCl2 
activating agent has significant effects on the carbon structures and the resulting capacitive 
behaviors. Samples of carbon created in this work have an amorphous structure. Named 
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Figure 11.5  (a) the cyclic stability and Coulombic efficiency of PGNS; (b) Ragone diagram shows 
the corresponding power and energy densities. Reproduced with permission [112]. Copyright 2013, 
Royal Society of Chemistry.

carbon-1#, this activated carbon sample was produced by heating 4-(4-nitrophenylazo)res-
orcinol in ZnCl2 at 900 °C. It has the highest nitrogen concentration, 5.96%, and the highest 
porosity, 891.1 m2 g−1 on the BET surface area scale and 0.54 cm3/g for its total pore vol-
ume. Because of this, the carbon-1# sample offers the best specific capacitances of 431.5 Fg−1 
at a current density of 1 A g−1 and the best long-term cycle stability of 97.16% even after 
10,000 charges and discharges. The current ZnCl2 activation method is expected to enable 
the synthesis of novel carbon compounds with significant porosities and excellent electro-
chemical properties for supercapacitor applications.

Kang et al. manufactured hierarchically porous and heteroatom-doped ACs using rape-
seed dregs (RDs) as a novel carbon source by activating ZnCl2 at varied high temperatures 
in a tube furnace [111]. The RD-derived ACs have up to 1416.966 m2 g−1 specific surface 
area. The tests showed that activated carbons generated through RD had high specific 
capacitances of 170.5 and 153.2 F g−1 in 1 M H2SO4 and 1 M Et4NBF4/AN, respectively, at a 
scan rate of 5 mV s−1. Additionally, the RD-derived ACs exhibit respectable long-term 
cycling stability, and after 6400 cycles at a high current density of 1 A g−1, more than 90% of 
the original capacity was still present [111].

Sun et al. prepare porous graphene-like nanosheets (PGNS) from coconut shells having 
properties of low resistance and small ion transport paths which can be appropriate for SCs 
application [112]. ZnCl2 was used as the activating agent. The prepared PGNS possess a 
high specific surface area of 1874 m2 g−1 and a high pore volume of 1.21 cm3 g−1. The PGNS 
possess good electrochemical properties for SCs application. PGNS, as additions, have a 
high specific capacitance of 268 Fg−1 at 1 A g−1. Moreover, after 5000 cycles, PGNS have 
higher cycle endurance and Coulombic efficiency of over 99.5%. At high power density, an 
energy density of up to 54.7 Wh kg−1 has been achieved (Figure 11.5a, b). Electrochemical 
impedance (EIS) confirms the electron mobility behavior of the prepared sample. 
Figure 11.6 shows the Nyquist plots of PGNS-3–900, activated carbon AC-900, and 
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graphitization catalyst GC-900. The Nyquist plot on the low-frequency region showed a 
straight line for PGNS-3–900. The vertical line indicates the behavior of the supercapacitor, 
like a perfect capacitor. So, in comparison to the other two electrodes, PGNS-3–900 showed 
a much straighter line with an angle of nearly 90 °C, which shows good capacitance behav-
ior of the electrode. The Warburg region of the PGNS-3–900-based electrode is smaller in 
comparison to other electrodes. The semi-circle of PGNS-3–900 is smaller, indicating low 
ion transport resistance. The equivalent circuit shows the appropriate conductivity of 
PGNS-3–900 (Figure 11.6).

11.5.1.2 Iron Chloride (FeCl3) and Magnesium Chloride (MgCl2)
Rufford et al. [113] fabricated carbon electrodes from waste coffee grounds. They drenched 
coffee grounds with FeCl3 and MgCl2 and then treated at 900 °C. The resulting carbon was 
characterized with different spectroscopic techniques and then compared with ZnCl2 
treated carbon obtained from coffee grounds. ZnCl2 and FeCl3 activated carbons show 
higher surface area, i.e., 977 and 846 m2/g, respectively, when compared to MgCl2. The 
electrode fabricated with FeCl3-activated carbon shows a specific capacitance of 57 F g−1. 
Their results show that FeCl3-activated carbon gives stable charge cycles and, as a result, 
can be used as an alternative to ZnCl2 to prepare activated carbons electrodes for SC from 
biomasses. Gunasekaran et al. showed that iron salt activated plays a vital role in forming 
activated carbon from the biomass [114].

11.5.1.3 Potassium Chloride (KCl)
Yuhe et al. synthesized KCl-activated carbon derived from walnut shells. Around 900 °C, 
CO2 activation of biochar with a KCl template yielded AC with a significant specific surface 
area (1958 m2 g−1) [115]. At a current density of 0.1 A g−1, the specific capacitance was 
found to be 245.0 F g−1 in an electrolyte containing 6 mol/L of KOH. This value decreased 
from 245.0 to 233.7 F g−1 at 0.1 A g−1 after 4000 cycles (at 0.1, 0.5, 1.0, and 5.0 A g−1 for 1000 
cycles, respectively), resulting in a capacitance retention ratio of 95.4%. It also had extremely 
strong cyclic stability. Kumar et al. prepare nanoporous carbon from kapok shells using 
melted NaCl:KCl (1:1) as activating agent (Figure 11.7a). The surface area of the prepared 

Figure 11.6  A comparison of PGNS-
3–900, AC-900, and GC-900 in an 
EIS plot. Reproduced with permission 
[112]. Copyright 2013, Royal Society of 
Chemistry.
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Figure 11.7  (a) Schematic illustration of kapok shell-derived nanoporous carbon formation. 
Reproduced with permission [116]. Copyright 2018, Elsevier. (b) Schematic for the synthesis of 
porous carbon by molten metal chloride salt. (c) The specific capacitance of all three samples when 
subjected to varying current densities. Reproduced with permission [117]. Copyright 2021, Elsevier.

material is reported as 1260 m2 g−1, and the specific capacitance is 169 F g−1 with 97% capac-
itance retention after 10,000 cycles at 1 A g−1 [116].

Zhang et al. prepared N/S co-doped porous carbon nanosheets (PCNS) from ginkgo 
leaves utilizing CaCl2/KCl molten salt as an activation agent (Figure 11.7b) [117]. The eco-
logically friendly activation agents CaCl2/KCl improve the pore volume and morphologies 
of the carbonaceous materials. Temperature is also one of the factors affecting the activa-
tion of carbon. The electrochemical properties of PCNS were checked at 700, 800, and 
900 °C temperatures. The manufactured carbon electrode, 0.75PCNS800, has good cycling 
performance with a capacity retention of 94.2% after 10,000 charge-discharge cycles at 
1 A g−1. Additionally, the constructed carbon electrode has an extraordinary specific capac-
itance of 150.4 F g−1 when charged at 0.05 A g−1 (Figure 11.7c). This easy and ecologically 
welcoming activation process offers a new way to fabricate N, S-doped, 2-D porous carbo-
naceous nanosheets for advanced energy storage devices.
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According to Sevilla et al., by using sodium thiosulfate as the activating agent and KCl as 
the confinement medium for the activation reaction, high-surface-area carbons can be pro-
duced in an environmentally acceptable way from biomass-based resources like wood saw-
dust and tannic acid [118]. Depending on the amount of activating agent used, these porous 
carbons can have BET surface areas as high as 2650 m2g−1, pore volumes as large as 
2.3 cm3g−1, and porosity that mixes micro- and mesopores in varying proportions. These 
carbons are also notable because they are S-doped (containing between 2 and 6 wt.% S) and 
possess good electrical conductivities (with values ranging from 2.5 to 4.5 Scm−1). These 
carbon compounds are very promising as electrodes for use in supercapacitors because of 
their desirable characteristics. Extensive testing in a wide range of electrolytes (including 
H2SO4, TEABF4/AN, and EMImTFSI) at commercial mass loadings reveals high specific 
capacitances (up to 200 Fg−1 in aqueous, organic, and ionic liquid electrolytes, respectively) 
and excellent stability under cycling and floating modes.

11.5.1.4 Zinc Chloride (ZnCl2) and Iron Chloride (FeCl3)
Cai et al. prepare hierarchically porous carbon nanosheets (PCNS) by single-step pyrolysis 
method from Morinaga oleifera (MOS) [119]. ZnCl2 and FeCl3 were used as activating 
agents. It is known that ZnCl2 produces porosity, and FeCl3 can result in nanosheets of 
carbon materials [120]. MOS was mixed with ZnCl2 and FeCl3 at a ratio of 1:3, heated at 
800 °C for 2 hr, and then washed and dried. The synthesized materials possess a high spe-
cific surface area and porosity, and doping with N and O improves the electrochemical 
properties for SCs. The different concentrations of FeCl3 (0, 1.0, 2.0, 3.0 M) were used to 
produce porous carbon nanosheets, which were denoted as PCNS-0, PCNS-1, PCNS-2, and 
PCNS-3, respectively. The electrochemical performance of the synthesized materials in 
6.0M KOH as an electrolyte is shown in Figure 11.8. Among all, the PCNS-2 represents the 
highest capacitance. Cyclic voltammetric (CV) curves of PCNS-2 at different scan rates 
show well-rate performance even at 200 mVs−1. In comparison to other samples, PCNS-2 
exhibits a superior capacitance of 283 Fg−1 and 72% retention of the initial capacitance. The 
PCNS-2’s capacity to withstand repeated charges and discharges at a high current density 
of 20 Ag−1 for 20,000 cycles was measured using the GCD test (Figure 11.8). It is possible 
that after 20,000 charge/discharge cycles, the capacitance of PCNS-2 falls somewhat but 
remains constant at 95%. At 99%, initial capacitance and coulombic efficiency can be 
steady, showing exceptional stability and reversibility.

11.5.1.5 Calcium Chloride (CaCl2)
Zhong et al. utilized chemical activation with calcium chloride and urea to turn mung bean 
flour into N-doped porous carbons for use in the preparation of products [121]. The sub-
strate and preparation temperature variations significantly influenced the graphitization, 
porosity, specific surface area, and surface chemical composition of the porous carbons. 
The best sample was created by heating mung bean flour, urea, and CaCl2 to 800 °C. It had 
great specific capacitance (247.2 F g−1 at 2 mVs−1 and 300.5 F g−1 at 1 A g−1), great rate per-
formance (178.6 F g−1 at 200 and 225 F g−1 at 100 A g−1), and great durability (93.2 and 97.5% 
capacitance retention after 10000 cyclic voltammograms and 2000 galvanostatic charge/
discharge, respectively) in 6M KOH. According to structure-performance connections, the 
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Figure 11.8  (a) The corresponding CV curves for the prepared PCNS. (b) CV curves of PCNS-2 at 
various scan rates. (c) The PCNS-2 GCD curves at different current densities. (d) The capacitance 
retention of PCNS in a variety of different current densities. (e) The PCNS-2’s capacity to maintain 
its long-term cycling stability across 20,000 charge/discharge cycles when subjected to a high 
current density of 20 Ag−1. Reproduced with permission [119]. Copyright 2017, Elsevier.
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high carbonation, abundant porosities, and doped-N are to credit for this sample’s excep-
tional specific capacitance.

11.5.1.6 Bimetallic Chloride Salts
Guo et al. generated biomass-derived activated carbons from peanut shells (PS) for use in 
supercapacitors [122]. They devised a one-step bimetallic activation technique that com-
bines the activation efficacy of different activating agents (FeCl3/ZnCl2, FeCl3/MgCl2, and 
ZnCl2/MgCl2) with the etching effect of CO2. The injecting of ZnCl2 and FeCl3 formed a 
large number of micropores during the activation of biomass, which can supply ion adsorp-
tion sites. MgCl2 enhanced the creation of mesoporous structures, which aids in the trans-
fer of electrolyte ions. Before activating the AC, the PS was rinsed, dried out, and powdered, 
passing through a 100-mesh sieve. The activated carbon samples were produced by com-
bining PS with a variety of activating agents in a ratio of 2: 1 (activator: PS). After this, the 
mixture was activated at varying temperatures (700, 800, and 900 °C) and in the presence 

Figure 11.9  CV curves of (a) Fe/Zn-AC-y, (b) Fe/Mg-AC-y and (c) Zn/Mg-AC-y at a scan rate of 
10 mV s−1 (y = activation temperature); (d) CV curves of x-AC-800 at the scan rate of 10 mV s−1 
(AC = bimetallic). Reproduced with permission [122]. Copyright 2019, Elsevier.
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of carbon dioxide. After preparation, the samples were dried and heated in a tube furnace 
under the CO2 atmosphere. Figure 11.9a–c shows the CV curves of different activation 
temperatures at which activated carbon electrodes were prepared at a scan rate of 10 mVs−1 
in Na2SO4 electrolyte. All three electrodes show good CV curves; however, the current 
response was weak. Enhancing the activation temperature to 800 °C increases the area 
covered by the CV curves, signifying their good capacitance performance. However, the 
area of CV curves decreases for an increase in temperature to 900 °C. The CV curves of the 
electrodes formed at the activation temperature of 800 °C revealed the greatest surround-
ing regions for all three bimetallic activators, signifying that 800 °C was a favorable activa-
tion temperature at which activated carbons with larger specific capacitance. The CV 
curves of all three electrodes at 800 °C were examined to explore the influence of activation 
agents on the electrochemical supercapacitor behavior of the electrode materials made in 
this way, Figure 11.9d. The fact that each of the three CV curves maintains a form that is 
essentially rectangular throughout a given voltage range of 1 to 0 V is suggestive of the high 
electrochemical reversibility of the substances. When used as electrode material, Fe/
Mg-AC-800 demonstrates a maximum specific capacitance of 247.28 F g−1 when subjected 
to a current density of 1 A g−1. EIS measurements were performed for the three samples in 
the frequency range of 0.01 to 100 kHz to assess further the electrochemical characteristics 
(Figure 11.10a,b). In the low-frequency region of each EIS plot, you’ll find a straight line, 
and in the high-frequency region, you’ll find a semi-circle. The Fe/Mg-AC-800 sample 
exhibited the least vertical deviation compared to the other three samples.

11.6 Conclusions and Future Perspective

Because of its availability, cheapness, and cleanliness factors biomass can be utilized to 
synthesize valuable carbonaceous materials as SC electrode materials. Parameters of pre-
pared carbon materials such as high conductivity, surface area, porosity, and morphologies 
make biomass suitable for energy storage properties, particularly in electric double-layer 

Figure 11.10  (a) GCD plot of Fe/Zn-AC-800, Fe/Mg-Ac-800, and Zn/Mg-Ac-800 electrodes at 
1 A g−1; (b) EIS of Fe/Zn-AC-800, Fe/Mg-Ac-800 and Zn/Mg-Ac-800 electrodes over a frequency range 
of 0.01 Hz to 100 kHz. Reproduced with permission [122]. Copyright 2019, Elsevier.
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capacitors. Carbon materials resulting from pyrolysis and hydrothermal carbonization of 
biomasses need to be activated before their application through physical and chemical 
methods. The chemical activation method is widely used to activate carbon and facilitate 
porous structures. Various activating agents are employed for the activation of carbon. 
Using chloride salts as an activating agent has many advantages, as they are less hazardous, 
cost-effective, and easily available in nature.

Production of the world’s plant biomass is estimated to be around 1011 tons per year. 
These plant biomasses are considered promising resources to produce carbonaceous mate-
rials in the future. Converting biomass into useful carbon materials will be cost-effective 
and provide new ways to cope with advanced, challenging energy storage devices and deal 
with waste management.

Chloride salt-activated carbon for supercapacitors has gained attention in recent years. 
These activating agents are easily available, environmentally friendly, and cost-effective 
and they can be easily removed during the washing of carbon materials. However, this 
acidic and basic activating agent can be corrosive, and it can be difficult to handle. These 
harsh reagents can also dissolve the organic matter of biomass. Chloride salts used as acti-
vating agents produce activated carbon with a large specific area, and porous size, which 
greatly influences EDLC properties.
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12.1 Introduction

The production of activated carbon (AC) from natural sources such as waste biomass, ligno-
cellulosic biomass, and various biological sources has grown in popularity in recent years. 
Simultaneously, applying such bio-based activated carbon as supercapacitor electrode 
materials is becoming of interest to the research community [1, 2]. A summary of recent 
developments, along with critical analysis, is provided here. Because of their widespread 
availability and low cost, bio-materials are considered potential precursors for the fabrica-
tion of AC. AC is defined as an amorphous carbonaceous material with higher porosity 
that can be competitively produced for various commercial products [3–5]. However, the 
physiochemical properties of AC, such as pore structure, specific surface area, and chemi-
cal polarity, are primarily determined by the precursor material composition and activa-
tion process [6]. Fabricating activated carbon-based electrodes from waste biomass is also 
helping to alleviate waste disposal concerns in agro-based industries. Several articles pub-
lished in the last decade focused on fabricating biomass-oriented AC for use as a super-
capacitor electrode [7, 8]. Essentially, climate change and the depletion of fossil fuels are 
compelling society to consider green energy sources commercially for various purposes. As 
a result, hydro, solar, and wind energy have surpassed petroleum as superior alternatives. 
Simultaneously, the production of electric vehicles is now the primary focus of automobile 
manufacturers, while developing an efficient energy storage system remains a major con-
cern [9, 10]. The raw composition of electrode materials in supercapacitors continues to be 
the most appealing aspect to the research community [11–19].

Both hydrothermal and thermochemical pathways are conventionally employed to fabri-
cate AC from natural biomass. Particularly, in a one-step thermochemical process, biomass is 
converted into porous carbon material through heating at 600–900°C [3]. The whole process 
is carried out under an inert atmosphere in the presence of a chemical activating agent, steam, 
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or CO2 [3, 20]. In a two-step thermochemical process, pyrolysis is carried out to convert the 
biomass into biochar, followed by a physical or chemical activation process. Specifically, CO2 
activation is a physical activation process based on controlled biochar gasification in the pres-
ence of CO2 at temperatures between 800–1000°C. The research found that smaller-sized 
micropore-activated carbons exhibit a larger capacitance, while CO2-activated carbon pos-
sesses a higher number of mesopores along with larger pore size. This happens due to the 
limited accessibility of larger CO2 molecules into micropores [6]. Moreover, compared with 
chemical activation like KOH activation, CO2 activation causes a higher degree of graphitiza-
tion oriented with multilayer domains and graphene sheets stacking parallel in the structure 
of the porous carbons[6, 19, 21–23]. In general, CO2 activation demands lower temperature 
and tend to form a wider pore size distribution [24]. Research on CO2-based physical activa-
tion of biomass is relatively less often investigated than commonly used chemical activation.

Until now, commercial-graded AC has been primarily derived from petroleum and coal-
based precursors, which are both costly and unfriendly to the environment [25]. As a result, 
the emphasis has shifted to biomass precursors in order to make AC more affordable, 
widely available, renewable, structurally porous, and environmentally friendly [25–30]. 
This chapter highlights an in-depth analysis of CO2-activated-AC fabrication from bio-
mass-based precursors and direct biomass-derived AC for use in energy storage applica-
tions. Furthermore, our conclusions and recommendations are noted in order to identify 
future research gaps to advance AC-based energy storage to the next level.

12.2 Roles of CO2 – Functions of Activated Carbon

The transformation of carbon into CO2-activated carbon by building up novel carbon-based 
nanostructure can produce two positives: (i) reduction of a greenhouse gas atmospheric 
CO2 and (ii) formation of potential carbon materials with maximum electrochemical per-
formance [31]. Today, global warming is a huge problem due to the frequent emission of 
CO2 into the atmosphere [32]. But commercial utilization of this pernicious gas can greatly 
reduce the environmental strain. CO2 is capable of participating directly or indirectly in the 
formation of AC and carbon extraction from biological substances can be converted into 
AC with a higher surface area and pore interconnected natural network, which occurs due 
to the transportation of nutritional elements within bio-plants. In addition, such extracted 
AC can also be functionalized via catalytic agents or CO2 as an activation agent [33]. 
Consequently, a large volume of CO2 will be required for this reaction, and it’s quite pos-
sible to supply this gas from atmospheric air or different biological sources [22, 34–39].

The major concern for such an activation process is using compatible activation agents. 
Various activating agents are frequently employed to fabricate porous activated carbon, 
including KOH, HCl, H3PO4, ZnCl2, and steam, followed by the utilization of AC as elec-
trodes for supercapacitors [4, 5, 40, 41]. Keppetipola et al. [40] particularly considered fab-
ricating activated carbon coconut shell biomass by utilizing H2O and steam, respectively. 
The authors also highlighted the two routes of the working mechanism: (i) coconut shells 
being dried and burned in a closed chamber to make charcoal powder. Later the powder 
was heated again at 900 ºC for 20 min and immediately quenched with distilled water to 
activate it, and (ii) the activation process was performed by heating charcoal powder at 
900 ºC in a furnace for 1 to 2 hours with a continuous steam flow. Then immediately 
quenched with distilled water to make it activated (Figure 12.1).
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Abd et al. [42] showed details on the selective adsorption of CO2 in AC based on molecular 
sieving impact. In this work, authors explain how CO2 plays a critical role in activating car-
bon to meet the demands of carbon electrodes in energy storage systems. CO2 functions can 
be classified into several synthetic processes for the production of porous activated carbon:

i) The conversion of carbon into CO2-AC by chemical activation process from biological 
precursors (Figure 12.2).

ii) CO2 can easily impinge into porous AC during activation from natural air.
iii) CO2 from the gaseous environment is used in the physical activation process.

AC plays two major roles in energy storage systems: (a) ensuring maximum surface area 
and porosity, and (b) ion transition spaces with excellent super-capacitive performances 
and cyclic stability. As a result, AC is widely available in various energy storage devices 
such as fuel cells, supercapacitors, and batteries [43–47]. In such cases, biological sources 
such as sweet potato starch can be converted to AC using the various synthetic approaches 
depicted in Figure 12.3 [48].

This is a real world scenario and mechanism of formation of the AC from biomass or bio-
plants using the CO2 activation process. In detail, starch is extracted from natural sweet 
potato, and further gelatinization and hydrothermal processes convert it into powder black 
carbon. Finally, CO2 was used as an activating agent to produce activated carbon for superca-
pacitor applications. AC has a high surface area and excellent adsorption performance; hence 
adsorption of CO2 into AC easily impinges for a proper activation process. The primary con-
sideration in selecting an AC-based adsorbent for CO2 adsorption is that the pore diameter 
of the adsorbent must be rational with the kinetic diameter of the CO2 molecule. According 

Figure 12.1 Preparation methods of activated carbon (AC1-AC5) using coconut shells as the 
precursor. The final products were prepared according to the activation routes using distilled water 
quenching or steam as an activation agent. Reproduced with permission [40]. Reproduced under the 
terms of the CC BY-NC 3.0 license. Copyright 2021, Keppetipola et al.



12 CO2-activated Carbon204

Figure 12.2 Mechanism of the CO2 activation of porous carbon from biomass.

Figure 12.3 Schematic illustration for synthesizing activated carbon from starch and fabrication 
of supercapacitor device. Reproduced with permission [48]. Copyright 2018, Elsevier.

to this viewpoint, proper design and fabrication of AC can improve CO2 adsorption perfor-
mance and selectivity for further activation of retained carbon via CO2 activating power [49].

In general, the classification of AC-based adsorbents is determined by their activation 
pathways. Physical activation and chemical activation are the two main approaches used. 
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It is possible to tune both the shape and texture of adsorbents during physical activation 
and achieve a surface area of around 2000 m2 g−1 [50]. On the other hand, chemical activa-
tion controlled both the porosity and surface area of the adsorbent [51]. Currently, AC-based 
adsorbents have proven to be highly viable for adsorbing various gases based on size and 
shape [52]. As a result, it is clear that gas molecules can migrate through pores if their 
kinetic diameters are compatible with adsorbent pores (Figure 12.4) [53]. Wilcox et al. [54] 
supported this claim by reporting that matching the pore diameter to the CO2 molecule will 
never allow the CO2 molecules to escape from the adsorbent surface. Pore sizes less than 
1 nm are highly compatible with CO2 adsorption at atmospheric temperature and pressure 
and this structure aids in the retention of CO2 molecules in adsorbent pore walls [55]. 
Aside from retaining CO2 molecules, such pore size can also ensure the desired selectivity 
of CO2 molecules in the case of a mixture of nitrogen (N2) and CO2 by inhibiting N2 flow 
into the pore wall [56]. On the other hand, small porosity has a lower adsorption capacity 
because the pore size is close to the kinetic diameter (0.33 nm) of a CO2 molecule [57]. 
However, pore sizes smaller than 1 nm are ineffective for CO2 uptake at low pressure and 
it would be impossible to achieve a dense pack of CO2 molecules in such a case [58].

12.3 Routes for Synthesis of Activated Carbon

The synthesis of activated carbon is critical for obtaining high performance and is a new fron-
tier in super-capacitance materials [6, 10]. Figure 12.4 demonstrates that CO2 and carbon 
extracted from biomass can play an important role in forming activated carbon, which has 
two common functions: super-capacitive application and CO2 adsorption. The relationship 

Figure 12.4 Synthesis routes for activated carbon with CO2 interrelationship and its applicable 
paths within energy reservoir systems and adsorption process by functionalizing it for cyclic 
production purposes.
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between these two features can be deduced as four major chemical interrelationships capa-
ble of having excellent super-capacitive performances and noticeable CO2 adsorption or 
capture phenomena. This chain process can produce available carbon materials at a low 
cost and in abundance, reducing greenhouse gas (i.e., CO2) and environmental pollution, 
making the atmosphere safe to breathe and saving animal and plant life [23, 59–62].

In this chapter, we summariz the activation roles of CO2 of the biomass extracted carbon 
and the use of activated carbon for energy storage applications and CO2 reservation to man-
ufacture further activated carbon from or by CO2 as the main raw component. Although 
our primary focus is carbon extraction from biomass substances, a minor discussion is pre-
sented on direct conversion into AC, or direct CO2 used as a raw material from biological or 
environmental sources. Adsorption of CO2 is also discussed here because a huge volume of 
CO2 is needed during the activation process and raw usage. AC has a high adsorption capa-
bility of CO2, so during the activation AC can play an important role as a supplier and 
enhancer of the CO2 activation process. Using this cyclic process, we can reduce CO2 levels 
in our environment and use it both as a primary or secondary ingredient in forming acti-
vated carbon, which has multifunctional activity and can also capture CO2 from the atmos-
phere. That is, a chain of CO2 reduction processes will be carried out through the formation 
and functionalization of activated carbon and energy storage devices.

12.4 Biological Precursors – Activation by CO2-activated Carbon

Coconut husk is used to fabricate AC-based electrodes via physical and chemical activation 
in the presence of CO2 as an activating agent (Figure 12.5) [63]. Firstly, low temperatures 
(<500 oC) and an inert atmosphere or limited air are used to make powdered carbon from 
bio-precursor such as coconut husk. Secondly, high temperature is applied in the presence 
of CO2. Specifically, CO2 was introduced as a potential activator during physical activation 

Figure 12.5 Preparation process of the activated carbon electrodes from coconut husk. Reproduced 
with permission [63]. Reproduced under the terms of the CC BY 4.0 license. Copyright 2018, Taer et al.
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at temperatures ranging from 750 to 900 oC. During the chemical activation of a coconut 
husk-based adsorbent, potassium hydroxide was considered as another activator [63].Miao 
Yu et al. [64] presented a low-cost method for producing porous carbon by utilizing cattail 
biomass. The carbon was then activated in the presence of CO2, eliminating the need for 
any chemicals. Finally, the result showed that the carbon activated with CO2 had a specific 
surface area of about 441.12 m2 g−1. In addition, the AC was also capable of adsorbing mala-
chite green dye (Figure 12.6). At the same time, this porous activated carbon could function 
as electrochemical supercapacitors, with a capacitance of 126.5 F g−1 and a current density 
of 0.5 A g−1 in the presence of a 6 M KOH solution.

Gunasekaran et al. [65] created porous carbon from hemp fibre (HFPC) by carbonizing it 
at a lower temperature and then activating it physically in the presence of CO2. Carbon was 
then used in a high-performance solid-state supercapacitor. HFPC-30 material was formed 
during activation and consists of interconnected networking of pores (both meso and macro) 
with a surface area of 1060 m2 g−1. This property facilitated rapid ion transfer and efficient 
interactions between electrode and electrolyte. Furthermore, HFPC-30 demonstrated excep-
tional half-cell capacitance of 600 F g−1 at 1 A g−1. During the experiment, they built a super-
capacitor that can deliver 2V and retains 85% of capacitance even after 10,000 cycles.

Jiang et al. [66] investigated biomass-based porous carbon, in which lignocellulose was 
transformed into hierarchical porous carbon in the presence of CO2. During this activation 
process, the physical activation method was used. It is worth noting that engineered porosity 
in carbon material was achieved in addition to biomass’s inherent porosity. This property of 
porous carbon makes it more suitable for supercapacitors in terms of ion storage and trans-
portation. Furthermore, the available functional groups had a significant influence on the 
performance of the supercapacitor. Similarly, Taer et al. [67] created biomass-based activated 
carbon from sawdust of rubber wood. The activation was completed in the presence of CO2, 
and the temperature was adjusted between 700 and 1000 °C. The prepared carbon pellet 
appeared to be supercapacitor compatible. Wang et al. [68] investigated potential bottlenecks 

Figure 12.6 CO2-activated porous carbon derived from cattail biomass for removal of malachite 
green dye and application as supercapacitors. Reproduced with permission [64]. Copyright 2017, 
Elsevier.
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in traditional AC preparation methods (physical and chemical activation). To make activated 
carbons they developed a simple and adjustable melt infiltration technique that was aided by 
CO2 activation. A low dose of iron (III) chloride can be used to introduce metal precursors 
into coal or biomass during the preparation of highly-porous activated carbon (Figure 12.7). 
Murugan Vinayagam et al. [69] investigated two types of biomass for the first time: 
Chrysopogon zizanioides roots (CZR) and Syzygium cumini fruit shells (SCFS). They advo-
cated a straightforward approach to producing porous AC by considering the physical activa-
tion process. More specifically, the AC fabrication method was divided into two steps. First, 
carbonization was completed at 700 oC in the presence of nitrogen. Second, complete CO2 
activation at 700 oC, again in the presence of nitrogen. At 200 W kg−1 power density, the 
resulting AC was capable of delivering a maximum energy density of 16.72 Wh kg−1 (CZR-AC) 
and 27.22 Wh kg−1 (SCFS-AC)and this stability was maintained over 5000 cycles.

Zhu et al. [70] created AC from waste poly-acrylonitrile fibers by carbonizing them and 
then activating them with CO2. Then, thermal and chemical treatments were used to host 
functional groups on the surface of the AC. A significant capacitance of 214 F g−1 was con-
firmed at a current density of 0.5 mA/cm2 due to the presence of optimized pore structure 
and surface functional groups.

12.5 Conclusion and Future Perspective

The preparation procedures, reaction conditions, effects of biological waste precursor 
structure and composition all significantly impact the performance of biomass-based AC. 
The capacitive performances of AC-based electrodes were found to be dependent not only 

Figure 12.7 A schematic illustration of the porosity development mechanism via various 
strategies. Reproduced with permission [68]. Copyright 2018, Elsevier.



References 209

on the AC’s surface area, but also on pore structure and distribution, electrical conductiv-
ity, and surface functionalities. Furthermore, ultra-small micropores discovered in low sur-
face area active carbons have significantly contributed to the capacitance observed in those 
carbons. Overall, it was discovered that the electrolyte system influenced the energy cells’ 
electrochemical performance. Massive research efforts are currently focused on developing 
low-cost active carbon electrodes with high capacitance and low resistance.

Despite the fact that there have been few publications in this field, the results obtained 
thus far are promising. As a result, more research is required into the performance of CO2-
activated carbon electrodesand also to design nanostructured materials which could sig-
nificantly improve the existing energy and power capabilities of electric double-layer 
capacitors. A thorough understanding of the interrelationship between pore size, surface 
area, surface chemistry, electrochemical capacitor performance, and the CO2-based activa-
tion process is also required. In addition, to achieve superior CO2 capture from gas mix-
tures such as flue gas or biogas, a new design of activated carbon materials that can 
withstand corrosive environments is urgently required. Also, there is a need to develop 
optimized electrolyte systems with higher conductivity at room temperature and the ability 
to operate at higher voltages required for future generations of supercapacitors. An in-
depth analysis should be carried out to understand the effects of electrolytes on physical 
properties, molecular interactions, and supercapacitor performance.

Acknowledgements

The authors thank the Ministry of Science & Technology of Bangladesh for funding this 
work.

References

1 S. Najib, E. Erdem, Nanoscale Adv. 2019, 1, 2817–2827.
2 N. A. Rashidi, S. Yusup, J. Energy Storage 2020, 32, 101757.
3 A. Aziz, S. S. Shah, A. Kashem, Chem. Rec. 2020, 20, 1074–1098.
4 S. S. Shah, S. M. A. Nayem, N. Sultana, A. J. S. Ahammad, M. A. Aziz, ChemSusChem 2022, 

15, e202101282.
5 S. S. Shah, M. N. Shaikh, M. Y. Khan, M. A. Alfasane, M. M. Rahman, M. A. Aziz, Chem. 

Rec. 2021, 21, 1631–1665.
6 P. González-García, T. A. Centeno, E. Urones-Garrote, D. Ávila-Brande, L. C. Otero-Díaz, 

Appl. Surf. Sci. 2013, 265, 731–737.
7 A. M. Abioye, F. N. Ani, Renew. Sust. Energ. Rev. 2015, 52, 1282–1293.
8 K. Wang, N. Zhao, S. Lei, R. Yan, X. Tian, J. Wang, Y. Song, D. Xu, Q. Guo, L. Liu, 

Electrochim. Acta 2015, 166, 1–11.
9 P. Simon, Y. Gogotsi, Nat. Mater. 2008, 7, 845–854.

10 D. Pech, M. Brunet, H. Durou, P. Huang, V. Mochalin, Y. Gogotsi, P.-L. Taberna, P. Simon, 
Nat. Nanotechnol. 2010, 5, 651–654.

11 H. Tran Thi Dieu, K. Charoensook, H.-C. Tai, Y.-T. Lin, -Y.-Y. Li, J. Porous Mater. 2021, 28, 
9–18.



12 CO2-activated Carbon210

12 Z. Li, Z. Xu, X. Tan, H. Wang, C. M. B. Holt, T. Stephenson, B. C. Olsen, D. Mitlin, Energy 
Environ. Sci. 2013, 6, 871–878.

13 A. Alabadi, X. Yang, Z. Dong, Z. Li, B. Tan, J. Mater. Chem. A 2014, 2, 11697–11705.
14 S. M. Abu Nayem, S. S. Shah, S. B. Chaity, B. K. Biswas, B. Nahar, M. A. Aziz, M. Z. 

Hossain, Arab. J. Chem. 2022, 15, 104265.
15 A. J. S. Ahammad, P. R. Pal, S. S. Shah, T. Islam, M. Mahedi Hasan, M. A. A. Qasem, N. 

Odhikari, S. Sarker, D. M. Kim, M. A. Aziz, J. Electroanal. Chem. 2019, 832, 368–379.
16 M. A. Aziz, S. S. Shah, S. Reza, A. S. Hakeem, W. Mahfoz, Chem. Asian J. 2022, https://doi.

org/10.1002/asia.202200869, e202200869. Accessed February 2023.
17 M. R. Hasan, T. Islam, M. M. Hasan, A.-N. Chowdhury, A. J. S. Ahammad, A. H. Reaz, C. 

K. Roy, S. S. Shah, I. Al, M. A. Aziz, J. Phys. Chem. Solids 2022, 165, 110659.
18 S. S. Shah, M. A. Aziz, E. Cevik, M. Ali, S. T. Gunday, A. Bozkurt, Z. H. Yamani, J. Energy 

Storage 2022, 56, 105944.
19 S. S. Shah, H. Yang, M. Ashraf, M. A. A. Qasem, A. S. Hakeem, M. A. Aziz, Chem. Asian J. 

2022, 17, e202200567.
20 J. A. Maciá-Agulló, B. C. Moore, D. Cazorla-Amorós, A. Linares-Solano, Carbon 2004, 42, 

1367–1370.
21 M. Daud, M. S. Kamal, F. Shehzad, M. A. Al-Harthi, Carbon 2016, 104, 241–252.
22 M. D. Garba, M. Usman, S. Khan, F. Shehzad, A. Galadima, M. F. Ehsan, A. S. Ghanem, M. 

Humayun, J. Environ. Chem. Eng. 2021, 9, 104756.
23 M. Ashraf, S. S. Shah, I. Khan, M. A. Aziz, N. Ullah, M. Khan, S. F. Adil, Z. Liaqat, M. 

Usman, W. Tremel, M. N. Tahir, Chem. Eur. J. 2021, 27, 6973–6984.
24 R. Farma, M. Deraman, A. Awitdrus, I. A. Talib, E. Taer, N. H. Basri, J. G. Manjunatha, M. 

M. Ishak, B. N. M. Dollah, S. A. Hashmi, Bioresour. Technol. 2013, 132, 254–261.
25 S. S. Shah, E. Cevik, M. A. Aziz, T. F. Qahtan, A. Bozkurt, Z. H. Yamani, Synth. Met. 2021, 

277, 116765.
26 -M.-M. Titirici, R. J. White, C. Falco, M. Sevilla, Energy Environ. Sci. 2012, 5, 6796–6822.
27 M. Yaseen, M. A. K. Khattak, M. Humayun, M. Usman, S. S. Shah, S. Bibi, B. S. U. Hasnain, 

S. M. Ahmad, A. Khan, N. Shah, A. A. Tahir, H. Ullah, Energies 2021, 14, 7779.
28 S. S. Shah, M. A. Aziz, Z. H. Yamani, Chem. Rec. 2022, 22, e202200018.
29 S. S. Shah, M. A. A. Qasem, R. Berni, C. Del Casino, G. Cai, S. Contal, I. Ahmad, K. S. 

Siddiqui, E. Gatti, S. Predieri, J.-F. Hausman, S. Cambier, G. Guerriero, M. A. Aziz, Sci. 
Rep. 2021, 11, 6945.

30 S. S. Shah, H. T. Das, H. R. Barai, M. A. Aziz, Polymers 2022, 14, 270.
31 C. Li, X. Zhang, K. Wang, F. Su, C.-M. Chen, F. Liu, Z.-S. Wu, Y. Ma, J. Energy Chem. 2021, 

54, 352–367.
32 G. Crabtree, Nature 2015, 526, S92–S92.
33 Y. Zhang, S.-J. Park, Carbon 2017, 122, 287–297.
34 Z. Zhang, S.-Y. Pan, H. Li, J. Cai, A. G. Olabi, E. J. Anthony, V. Manovic, Renew. Sust. Energ. 

Rev. 2020, 125, 109799.
35 I. U. Din, M. Usman, S. Khan, A. Helal, M. A. Alotaibi, A. I. Alharthi, G. Centi, J. CO2 Util. 

2021, 43, 101361.
36 M. Usman, M. Humayun, S. S. Shah, H. Ullah, A. A. Tahir, A. Khan, H. Ullah, Energies 

2021, 14, 2281.
37 M. Usman, Membranes 2022, 12, 507.
38 M. Usman, M. Humayun, M. D. Garba, L. Ullah, Z. Zeb, A. Helal, M. H. Suliman, B. Y. 

Alfaifi, N. Iqbal, M. Abdinejad, A. A. Tahir, H. Ullah, Nanomaterials 2021, 11, 2029.

https://doi.org/10.1002/asia.202200869
https://doi.org/10.1002/asia.202200869


References 211

39 M. Usman, A. S. Ghanem, S. Niaz Ali Shah, M. D. Garba, M. Yusuf Khan, S. Khan, M. 
Humayun, A. Laeeq Khan, Chem. Rec. 2022, 22, e202200039.

40 N. M. Keppetipola, M. Dissanayake, P. Dissanayake, B. Karunarathne, M. A. Dourges, D. 
Talaga, L. Servant, C. Olivier, T. Toupance, S. Uchida, K. Tennakone, G. R. A. Kumara, L. 
Cojocaru, RSC Adv. 2021, 11, 2854–2865.

41 M. M. Hasan, T. Islam, S. S. Shah, A. Awal, M. A. Aziz, A. J. S. Ahammad, Chem. Rec. 2022, 
22, e202200041.

42 A. A. Abd, M. R. Othman, J. Kim, Environ. Sci. Pollut. Res. 2021, 28, 43329–43364.
43 J. L. Goldfarb, G. Dou, M. Salari, M. W. Grinstaff, ACS Sustain. Chem. Eng. 2017, 5, 

3046–3054.
44 S. M. Abu Nayem, A. Ahmad, S. S. Shah, A. Saeed Alzahrani, A. J. Saleh Ahammad, M. A. 

Aziz, Chem. Rec. 2022, https://doi.org/10.1002/tcr.202200181, e202200181. Accessed 
February 2023.

45 M. M. Faisal, S. R. Ali, S. S. Shah, M. W. Iqbal, S. Pushpan, M. A. Aziz, N. P. Aguilar, M. M. 
Alcalá Rodríguez, S. L. Loredo, K. C. Sanal, Ceram. Int. 2022, 48, 28565–28577.

46 S. S. Shah, M. A. Alfasane, I. A. Bakare, M. A. Aziz, Z. H. Yamani, J. Energy Storage 2020, 
30, 101562.

47 M. A. Aziz, S. S. Shah, S. M. A. Nayem, M. N. Shaikh, A. S. Hakeem, I. A. Bakare, J. Energy 
Storage 2022, 50, 104278.

48 W. Hong, L. Wang, K. Liu, X. Han, Y. Zhou, P. Gao, R. Ding, E. Liu, J. Alloys Compd. 2018, 
746, 292–300.

49 T. K. Kim, M. P. Suh, Chem. Commun. 2011, 47, 4258–4260.
50 Z. Yang, R. Gleisner, D. H. Mann, J. Xu, J. Jiang, J. Y. Zhu, Polymers 2020, 12, 2829.
51 S. M. Manocha, Sadhana 2003, 28, 335–348.
52 A. E. Creamer, B. Gao, Environ. Sci. Technol. 2016, 50, 7276–7289.
53 M. E. Casco, M. Martínez-Escandell, J. Silvestre-Albero, F. Rodríguez-Reinoso, Carbon 

2014, 67, 230–235.
54 J. Wilcox, R. Haghpanah, E. C. Rupp, J. He, K. Lee, Annu. Rev. Chem. Biomol. Eng. 2014, 5, 

479–505.
55 Z. Chen, S. Deng, H. Wei, B. Wang, J. Huang, G. Yu, Front. Environ. Sci. Eng. 2013, 7, 

326–340.
56 H. Yuan, Z. Zhang, Y. Mi, F. Ye, W. Liu, J. Kuan, X. Jiang, Y. Luo, Energy Fuel 2020, 34, 

8316–8324.
57 S. Deng, B. Hu, T. Chen, B. Wang, J. Huang, Y. Wang, G. Yu, Adsorption 2015, 21, 125–133.
58 H. Wei, S. Deng, B. Hu, Z. Chen, B. Wang, J. Huang, G. Yu, ChemSusChem 2012, 5, 

2354–2360.
59 M. Ashraf, I. Khan, M. Usman, A. Khan, S. S. Shah, A. Z. Khan, K. Saeed, M. Yaseen, M. F. 

Ehsan, M. N. Tahir, N. Ullah, Chem. Res. Toxicol. 2020, 33, 1292–1311.
60 A. Helal, S. S. Shah, M. Usman, M. Y. Khan, M. A. Aziz, M. Mizanur Rahman, Chem. Rec. 

2022, 22, e202200055.
61 M. Rauf, S. S. Shah, S. K. Shah, S. N. A. Shah, T. U. Haq, J. Shah, A. Ullah, T. Ahmad, Y. 

Khan, M. A. Aziz, K. Hayat, J. Saudi Chem. Soc. 2022, 26, 101514.
62 S. S. Shah, M. A. Aziz, W. Mahfoz, A.-R. Al-Betar, Conducting Polymers Based 

Nanocomposites for Supercapacitors in Nanostructured Materials for Supercapacitors, (Eds. 
S. Thomas, A. B. Gueye, R. K. Gupta), Springer, Cham, 2022, Chapter 22, 485–511, vol. 1.

63 E. Taer, R. Taslim, A. Putri, A. Apriwandi, A. Agustino, Int. J. Electrochem. Sci. 2018, 13, 
12072–12084.

https://doi.org/10.1002/tcr.202200181


12 CO2-activated Carbon212

64 M. Yu, Y. Han, J. Li, L. Wang, Chem. Eng. J. 2017, 317, 493–502.
65 S. S. Gunasekaran, S. Badhulika, Energy Storage 2022, https://doi.org/10.1002/est2.404, 

e404. Accessed February 2023.
66 C. Jiang, G. A. Yakaboylu, T. Yumak, J. W. Zondlo, E. M. Sabolsky, J. Wang, Renew. Energy 

2020, 155, 38–52.
67 E. Taer, M. Deraman, I. A. Talib, A. A. Umar, M. Oyama, R. M. Yunus, Curr. Appl. Phys. 

2010, 10, 1071–1075.
68 L. Wang, F. Sun, J. Gao, X. Pi, T. Pei, Z. Qie, G. Zhao, Y. Qin, J. Taiwan Inst. Chem. Eng. 

2018, 91, 588–596.
69 M. Vinayagam, R. Suresh Babu, A. Sivasamy, A. L. Ferreira de Barros, Biomass Bioenerg. 

2020, 143, 105838.
70 K. Zhu, Y. Wang, J. A. Tang, S. Guo, Z. Gao, Y. Wei, G. Chen, Y. Gao, Mater. Chem. Front. 

2017, 1, 958–966.

https://doi.org/10.1002/est2.404,e404
https://doi.org/10.1002/est2.404,e404


213

Biomass-Based Supercapacitors: Design, Fabrication and Sustainability, First Edition. Edited by 
Md. Abdul Aziz and Syed Shaheen Shah.
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd.

13

Steam-activated Carbon for Supercapacitors
Madhusudan Roy1 and Hasi Rani Barai 2,*

1 Department of Physics, National Taiwan University, Taipei, Taiwan 
2 Department of Mechanical Engineering, School of Mechanical and IT Engineering, Yeungnam University, Gyeongsan 38541, 
Republic of Korea 
* Corresponding author

13.1 Introduction

To understand steam-AC first we need to understand activated carbon (AC). AC, some-
times entitled activated charcoal, is a certain pattern of carbon utilized for air and water 
filtration with several contaminants. ACs are prepared so that the synthesized materials 
will have a lot of small pores with relatively larger pore volumes, and a relatively large 
amount of materials can adsorb. The ACs are used for several purposes, e.g., purifying liq-
uids and gases [1, 2], and preparation of storage devices, including supercapacitors [3–11]. 
Based on the target application, ACs are prepared using different methods and from differ-
ent materials.

ACs are used for different purposes such as in industrial processes, medical science, 
analytical study, environmental science, agricultural purposes, purification of alcoholic 
beverages, manufacturing supercapacitors, energy storage devices, storing fuels, purify-
ing gas and chemicals, removing mercury, food additives, and caring for skin. The ACs 
can be synthesized or prepared from carbonaceous materials like bamboo, coconut husks, 
jute sticks, willow peat, wood, and coir, and lignite from coal and petroleum pitches 
[12–21]. As the purpose of use and raw materials differ, scientists prepare ACs using dif-
ferent techniques. Some of them are quite expensive, complicated, and time-consuming; 
some of them are very simple and very fast. Among them, steam-AC is a very environ-
mentally friendly, cheap, easy and fast process for synthesizing AC. The steam-activation 
mechanism can be explained as the creation and development of pores in carbonaceous 
substances via minor oxidation caused by the passing of hot steam over it. At higher 
temperatures (700–800 °C), generally, water reacts with carbon to produce CO + H2. So, 
carbon is oxidized, very narrow holes/pores are created, increasing with time, and the 
materials are considered AC. This chapter will discuss steam-AC’s different aspects and 
their applications in supercapacitors.
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From when modern society was revolutionized with industry, humans experienced fast 
technological progress and uncontrolled population increase, rapidly adding the necessity 
for more foodstuffs and energy [22, 23]. Up to now, above 85% of the entire power required 
is supplied by hydrocarbon deposits, like char, petroleum, and natural gases [24]. Due to the 
steady rise in worldwide energy use, fossil fuel storage is decreasing fast, and energy genera-
tion from a more accessible way will be a challenge [22]. Along with this, the generation of 
energy from fossil fuels creates a lot of CO2 and some additional greenhouse gases that are 
ultimately culpable for increasing the temperature of the atmosphere and oceans and will 
be responsible for many circumstances associated with environmental problems [24, 25].

In the last 30–40 years, the reduction of non-renewable energy sources and related 
environmental difficulties stimulated scientists’ awareness and helped people investi-
gate environmentally sustainable and renewable energy [26]. Using many energy sources 
is commonly influenced by unpredictable external conditions like climate or geological 
changes [26]. To ensure the uninterrupted and steady harvest of this reusable, long-lasting 
power, the progress and investigation into better quality, energy-storing systems attracted 
the scientists and environmental protection agencies of several countries. Electrochemical 
energy-storing processes and systems can add to and support the energy requirements of 
the world [26, 27]. Some major and widely used battery devices are made of lithium-ion, 
lead-acid, Ni-H2, fuel cells, metal-air, Na-ion, Ni-Cd, supercapacitors, and H2O depletion 
schemes, along with emergent energy-storing devices, like as Al-ion, Mg-ion, Zn-ion, and 
other H2O-based metal ion batteries have also received attention from several scientists [23, 
28–30]. The electrochemical energy storing techniques can improve capacity and support 
the faster acceptance of transferrable electrical parts and static energy generation plants 
[28]. Recently, the electrical energy-storing mechanism genertaed great interest from sci-
entists and became a widely studied topic in the academic community and commercial 
manufacturing world [29].

Supercapacitors are unable to be used on their own; rather, they are connected to other 
apparatuses for increasing total capacity along with the lifetime of energy-storing apparatuses 
to gain maximum workability [31]. However, the specific capacity for supercapacitors is quite 
large, which can rise up to ten times or more than the regular Pb-acid batteries [31]. At a 
higher power level, the supercapacitors exhibit more precise energy than the batteries [32]. 
Also, supercapacitors can be applied in handy power sources as they have a quicker charging 
speed. Supercapacitors can be implemented at a wider range of temperatures (-40 to 80 °C), 
whereas traditional batteries can be used only in a concise range of temperatures [33, 34].

Most of the time, electrode materials do not react during discharge. So, the lifetime for 
supercapacitors can be longer [34] than that in simple batteries because the electrode mate-
rials of batteries decompose during discharge. Based on these special properties, the super-
capacitors represent very high ability and value in the upcoming energy systems.

Due to the regular developments of electronic instruments, the use and progress of 
supercapacitors has become a barrier. As shown in the Ragone plots (Figure 13.1) energy 
and power densities for batteries and supercapacitors are quite different. Batteries offer 
energy densities among 150–500 Wh kg−1 [31, 34, 35]; however, the power density value 
shows a lower value due to the slower movement of electrons rather than the faster transfer 
of ions. To keep the larger energy output of batteries, the discharge time needs to be very 
long, 10–60 minutes or greater. In comparison to this, electric double-layer capacitors with 
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larger power density can fully discharge the energy within 10 seconds. The yield powers 
are around 10–20 kWkg−1 [23, 25, 26, 35]. If the supercapacitor discharge time is increased, 
the energy density can’t be increased more than 30 Whkg−1 [35]. The electrode material 
plays a crucial role in supercapacitors. The study of the creation and modification of elec-
trode materials to overcome the limits of utilization predictions of supercapacitors will 
show tremendous application to manufacturing advanced energy storing arrangements.

Among the various energy-storing materials, carbon has huge advantages over many 
others, such as availability, affordable cost, consistent chemical characteristics, larger spe-
cific surface area (SA), relatively easier to regulate the porous pattern and surface charac-
teristics, etc [36]. Therefore, electrode materials made of carbon are the most studied and 
highly developed for supercapacitors [30, 37]. The actual performance of a carbon-based 
supercapacitor is very much interrelated with the chemical and physical characteristics of 
the source materials. The porosity, specific SA, the density of electrodes, and conductivity 
of supercapacitors made from carbon need to be adjusted to find the optimum condition 
[22, 38]. Major electrode materials made of carbon are porous carbon, graphene, carbon 
nanotubes, carbon nanofibers, and/or their combinations [39–41]. Among them, porous 
carbon and graphene are mostly studied due to their better performance than the perfor-
mance of the others. However, there have been a lot of difficulties in manufacturing and 
successful energy-storing. For example, chemical vapour deposition creates graphene, 
which creates environmental problems and is unsustainable [42].

Porous carbon synthesized from graphite and petroleum is not renewable and is con-
taminative, and requires unenvironmentally-friendly methods to prepare them [44]. 
Therefore, scientists are trying to find an appropriate, environmentally clean, and cost-
effective path for manufacturing a sequence of carbon electrode substances to solve the 
many difficulties that have to be faced. Biomass, including renewable harvests or animals, 
can be considered environmentally clean raw materials for preparing materials for the 
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electrode to be used in supercapacitors. Electrode materials prepared from biomass create 
permeable and layered shapes following a simple method [45]. Many studies are presently 
going on to prepare electrode materials from renewable biomass. It is considered that the 
carbon in trees, plants, and aquatic bodies, can be used economically. Worldwide crop pro-
duction per annum is around 146 billion tons [46], and domestic and wild agricultural 
wastage is around 1014 kg [47]. That is a severe problem for the environment. Therefore, if 
the biomasses can be used to prepare AC it reduces the waste [48].

13.2 Supercapacitors

Supercapacitors or ultracapacitors are capacitors having large capacitance values and 
lower voltage limits compared to many other capacitors. Normally the supercapacitor is 
able to accumulate 10 to 100 times higher energy than other capacitors. The charge of 
rechargeable batteries depends on the control of ions diffusion, which determines the rate 
of charging-discharging of lithium-ion batteries [49–56]. As supercapacitors have larger 
power capacity, wider cycling stability relative to lithium-ion batteries, and improved 
energy density relative to dielectric capacitors, they are generally acknowledged as good 
replacements for batteries for high power-requiring applications [57–59]. Based on their 
charge storing method, supercapacitors can be divided into two broad groups: electrical 
double-layer capacitors (EDLC) and pseudo-capacitors. The value of the specific capaci-
tance of a supercapacitor defines the electrical charge stored. The specific capacitance can 
be represented as gravimetric capacitance, areal capacitance, and volume capacitance. 
Previously, carbon materials like graphene, active carbons, carbon nanotubes, and nanofib-
ers have been used for electrical double-layer capacitors. However, having a larger distinct 
SA, a lot of openings, improved conductivity, and carbon materials impacts power perfor-
mance and cycling stability. Again, due to being less harmful to nature, less expensive, 
highly available in nature, renewable resource-based substances can be vastly utilized for 
the preparation of supercapacitor electrodes corresponding to a sustainable growth. 
Actually, these types of biomaterials are available around us in different forms, just like as 
a particular portion of a tree (shaddock peel, bamboo, petals, etc.), some substances found 
in vertebrates or insects (silk, crab shell, honeycomb, etc.), and significant metabolites 
alike cellulose, starch, etc [60].

13.3 Preparation of Activated Carbon

The manufacture of AC involves two main steps: carbonization and activation that are can 
be performed discretely or in a combination of two steps. The carbonization of a source 
occurs within a temperature range of 400–850 °C without the presence of oxygen [61]. 
Activation can be explained as transforming carbonaceous substances into AC using heat 
in an incinerator or microwaves in a regulated environment and temperature [61]. 
Typically, activation is done in either a physical or chemical process. Steam activation 
belongs to the class of physical activation. For physical activation, some oxidizing gases 
such as steam, air, CO2, or a combination of the mentioned gas mixtures are used within 
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the temperature range of of 600–900 °C [61]. The selection of activating gases depends on 
the type of raw materials because different activating agents will behave differently from 
different sources [62]. The creation of more pores is directly related to the increase in sur-
face space and opening volume, and is the main activity of the activator. The amount of 
carbon released relies on the value of temperature, the continuation of burning, the flow of 
gas, and the category of the furnace. Examples of steam-ACs are corncob, ashes obtained 
from bagasse, macadamia nut shell, rice husk, sawdust, etc [62], date stones, bean pods, 
coconut shells, apple pulp, olive stones, etc [63]. jatropha hull, coconut shells [64].

13.4 Activated Carbon from Biomass

To create AC from biomass [12], two main processes are applied: carbonization and activa-
tion. Carbonization is achieved by heating biomass to an upper temperature inside an oven 
generating biochar. At this level, the volatile components are removed by thermal decom-
position. There are some common parameters to control the quality of the carbonization: 
heating temperature, heating rate, flow rate of N2 gas, and the time of the operation. The 
active SA of biochar is lower than 300 m2g−1 [65], and the level of adsorption at this stage is 
quite low; therefore, the activation process is very important for the expansion of volume 
and size and SA of the pores [66]. After that, the poorly organized carbons are removed 
when microporous structures are prepared. In the final stage, the available openings are 
expanded into a larger diameter by igniting the walls within the pores, increasing the inter-
vening opening and macro-porosity and decreasing the size of the micropores. Depending 
on the activation process, the removal the remaining deposited substances in the biochar 
may be done before or after the carbonization, which will increase the porosity and larger 
SAs for the ACs [67]. The selections of the carbonization parameters are essential because 
they determine the quality of the final product [68]. Among them, the parameters are car-
bonization temperature, heating rate, amount and flow rate of inert gas, and holding time, 
as depicted in Figure 13.2.

Normally, extra resilient substances are removed at a higher temperature, and the amount 
of rigid carbon and ash composition increases. However, the amount of biochar yield 
decreases with increasing temperature [70]. The reduction in yield is due to the break down 
of primary and secondary biomass and biochar at a higher temperature. However, higher 
temperature creates better-quality biochar [71]. It has been observed in several types of 

Figure 13.2 Thermochemical conversion of biomass into bio-oil, biochar, and gases. Reproduced 
with permission [69]. Copyright 2014, Elsevier.
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research that the two-step activation creates better textural properties and qualities. ACs 
produced via the physiochemical process produce well-developed and evenly distributed 
pore structures [72]. The highest adsorption capacity of 114.8 mg/g of AC was produced 
from tropical almond shells synthesized by the activation of a mixture of CO2 and steam [73].

To prepare steam-AC, carbonization is carried out at 500 °C, when initial oxidation 
occurs. The process generates a lot of heat, like burning some oxygen fuel, which is an exo-
thermic process. Therefore, it is necessary to control the temperature precisely. The process 
begins at 150 °C, gradually increasing to 500 °C at the carbonization phase. Table 13.1 rep-
resents the reactions for solid or gas reactions, including the amount of energy required or 
released. The pores created at this level are relatively small. Therefore, the adsorption is too 
low. However, it does not have any volatile substances. At this stage, we need to find some 
way to increase the pore size and number of pores. One of the best ways to do that is to 
activate using steam at around 1000 °C. The overall process is exothermic (formation of 
carbon dioxide from carbon). It can create a lot of additional energy, which can be reused 
to generate steam or can be supplied to some energy storage system.

Different kilns and reaction furnaces are utilized for carbonization and activation. 
Rotary, multi-heart furnaces and fluidized bed reactors are among them. One of the easiest 
ways to do that is simply bending the kiln to a few degrees, adding water at a controlled rate 
along with the flow of nitrogen around the temperature of 750 °C. A controllable pump is 
used, which can control the flow of water. For that purpose, a bubble saturator can be used, 
which is relatively cheap, and it is possible to control the saturation level by keeping the 
bubbler in a temperature-controlled bath. Every drop will move towards the hotter area of 
the furnace and convert into steam, which will interact with the carbon to convert into AC. 
Next, we will discuss examples of how some research groups prepared steam-AC from dif-
ferent raw materials and their specific applications.

For the physical activation, mainly steam or CO2 are used because both of them can react 
with carbon. Sometimes oxygen can be used for the activation. But the steam or CO2 activa-
tion efficiency is relatively high; the maximum SA can be 1000 m2/g or higher. Steam is a 
better activator than CO2 or oxygen [12]. Water molecules are smaller than carbon dioxide 
molecules, and H2O molecules can distribute easily within the openings of biochar com-
pared to carbon dioxide [74]. So, steam can react faster to produce more pores in biochar 
than carbon dioxide [75]. It has been reported that steam reacts at least four times faster 
with carbon around the activation temperature than CO2 [65]. So the steam activation can 

Table 13.1 The reactions occurring for solid/gas reactions.

Gas / solid reactions or Gas / gas reactions Endothermic / exothermic ΔH / kJ mol−1

C(graphite, solid) + H2O(g) → CO(g) + H2(g) Endothermic 130

C(graphite, solid) + CO2(g) → 2 CO(g) Endothermic 171

C(graphite, solid) + ½ O2(g) → CO(g) Exothermic −111

C(graphite, solid) + O2(g) → CO2(g) Exothermic −393

CO(g) + ½ O2(g) → CO2(g) Exothermic −283

H2(g) + ½ O2(g) → H2O(g) Exothermic −241
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reach the maximum SA in a shorter period than CO2 [76]. At a standard heating rate, the 
CO2 develops advanced opening beyond the elevating of thinner pores. Also, steam activa-
tion widens the micropores into mesopores or macropores, and allows wider pore distribu-
tion for the ACs [70]. At a higher activation rate, a higher percentage of mesoporous and 
microporous structures are found for steam activation and CO2 activation, respectively [65].

13.4.1 Steam-activated Carbon from Almond, Pistachio, and Walnut Shells

Steam-AC from three separate horticultural wastage substances, almond shells, pistachio 
shells, and walnut shells, was synthesized and optimized using the best method of activa-
tion [14]. First, the raw materials are collected, cleaned with deionized H2O, and heated in a 
furnace at around 80 °C. Then the heated shells are ground in a rotary machine for half an 
hour, and regular shaped granules are separated by passing through a mesh 20. The classified 
particles are cleaned two more times with deionized water and heated in the furnace for six 
hours at 70 °C. The chemical composition of the samples is represented in Figure 13.3. After 
that, each sample is taken into a special crucible, placed into an atmospheric furnace, N2 gas 

Figure 13.3 (i) Elemental composition of walnut (W), pistachio (P), and almond (A) shells samples 
used for the preparation of AC (ii) FESEM image of crushed activated nano-carbons after planetary 
ball mill (iii) Specific SA test results and temperature changes (after vibration milling). (iv) Results 
and changes of specific SA testing of samples after milling. Reproduced with permission [14]. 
Copyright 2020, Royal Society of Chemistry.
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is added, and the sample is heated to around 600 °C for 60 minutes. It was then allowed to 
cool to ambient temperature by reducing by 10 °C min−1. During the process, 150 cm3 min−1 
of N2 gas was supplied to make the system inert. After the carbonization process, the particles 
are heated at 850–1000 °C temperature to activate it by increasing the temperature to 3 °C 
min−1 and continuous steam flow at 130 cm3 min−1, varying the retention time at different 
temperatures. During the activation process, the pores created during carbonization increase 
in size, which increases the active SA. The retention time is another important factor for the 
activation because, at the early stage of activation, the inorganic materials are removed, aro-
matic structures are created, and micropores developed at the end of the activation process.

The FESEM image of crushed activated nano-carbons after the planetary ball mill is 
shown in Figure 13.3(ii). The size of the particles just after the vibrating mill is too large, 
5–20 μm, rather than being at the nano-scale. Therefore, it is confirmed that only the 
vibrating mill cannot create AC. So, intermediate planetary milling with higher energy was 
utilized, which converted the source into a porous structure that is visible in the SEM 
image. The porous structure allows the steam to penetrate and improve the quality of AC. 
Under the experimental conditions, AC obtained from walnut shell gives the best struc-
ture, size, and morphology as seen in Figure 13.3(ii)-(iv)[14]. The average size of the differ-
ent raw materials were 50–100 nm. After 1 hour of carbonization at 600 °C using a N2 
environment and activated using steam at 950 °C for 0.5 hr for pistachio shell and 1 hour 
for walnut shell and almond shell, the BET SA obtained was 1196 (pistachio shell), 1261 
(walnut shell), and 1248 (almond shell) m2/g of AC [14].

13.4.2 Steam-activated Carbon from Coconut Charcoal or Coconut Shell

First, the char is prepared by heating the coconut shell or coconut charcoal to produce the 
char. Then the char is heated to a greater temperature at around 925–985 °C in a kiln with 
steam but no oxygen. During the activation process, all the volatile compounds present in 
the char or coal are removed, and carbon atoms from layer by layer of the char are peeled 
off, enhancing the available pores and keeping the carbon skeleton almost unchanged. The 
reaction between C + steam produces H2 gas and CO gas. Once the CO gases are taken off, 
it takes away carbon atoms, and the weight of the AC reduces to almost one-third of the 
char, which has been phrased as “less is more” where the number of carbons are less, pro-
ducing more internal spaces. In the next step, the hot activated charcoal is cooled down to 
remove the soluble ash by washing it with water or acid. Actually, it takes a lot of water to 
wash out; therefore, it is better to use some acid first to wash the acid-soluble contents, then 
wash several times with water to remove the acid content. During this washing procedure, 
some by-products can be collected, which can be called charcoal vinegar, and it can be 
processed into table vinegar.

AC was manufactured using coconut shells applying steam for activation and used to 
test the supercapacitor’s energy storage capacity [77]. Figure 13.4(i) shows the prepara-
tion methodologies of AC from coconut shells. Two different routes were followed, and 
the ultimate products were synthesized based on the methods shown and activated with 
steam. Figure 13.4(ii) shows the pore size dissemination of the prepared ACs, which shows 
that the width of the pores are quite homogenous, and most of the samples show unique 
width except the last samples. Figure 13.4(iii) depicts the Ragone diagram contrasting the 
supercapacitor’s power density and specific energy with AC5 electrodes and references. 
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By comparing the filter paper divider, the part with the polyethylene divider gives higher 
power and energy management capacity at a current density of 30 Ag−1. Electrochemical 
categorization of supercapacitors based on AC5 represented as CV and CD patterns in 
Figure 13.4(iv) and Figure 13.4(v) at 5 mV/s at 0.5 A/g, respectively, and CV curves at 
5 mV s−1 (v) CD curves at 0.5 A g−1. Figure 13.4(vi, vii) shows the electrochemical charac-
terization of non-volatile supercapacitors with AC5 electrodes (vi) CV graph at 5 mV s−1, 
(vii) CD pattern at 1 A g-1. Figure 13.4(vi) and 4(vii) respectively. The XRD, Raman, con-
ductivity, SEM analysis, N2 gas adsorption capacity, and TGA-MS analysis reflect the syn-
thesized AC and show graphitic character with a larger SA and higher pore volume. The 
ACs are used to prepare electrodes that show a BET SA of 1998 m2/g, with a high capaci-
tance value of 132.3 F/g in an aqueous electrolyte (1.5 M H2SO4). The AC synthesized with 
coconut shells and an ionic liquid represents an exceptional energy-storing capacity and 
energy-power control capacity of 219.4 F/g with a specific energy of 92.1 Wh/kg while the 
power density of 2046.9 W/kg at 1 A /g. It indicates an ultra-high value of 30 A/g represent-
ing the wider potential and power-related use. As reported by Keppetipola et al [77], this is 
the maximum value of energy-power handling capacity of an ionic liquid-based superca-
pacitor prepared from coconut shells.

13.4.3 Steam-activated Carbon from Eucalyptus Wood Chips

Figure 13.5a-f shows the AC production system from Eucalyptus wood chips, and Figure 
13.5(g-j) shows the scanning electron microscopic study of dried Eucalyptus raw wood 
chips, activated at 500 °C, 600 °C, and 700 °C [78]. Actually, this method was used to steam-
activate carbon materials on a large scale. First, Eucalyptus wood chips without bark and 

Figure 13.4 (i) Steam AC from coconut shells, (ii) pore size distribution, (iii) Ragone plot. The contrast 
of power density and specific energy of the supercapacitor with AC5 electrodes and references. 
Electrochemical characterization of supercapacitors based on AC5 (iv) CV curves at 5 mV s−1 (v) CD 
curves at 0.5 A g−1. Electrochemical categorization of non-volatile supercapacitors with AC5 electrodes 
(vi) CV curves at 5 mV s−1, (vii) CD curves at 1 A g−1. Reproduced with permission [77]. Copyright 2021, Royal 
Society of Chemistry.
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having a regular dimension (2.5 × 3.75 × 0.5 cm) were collected from a wood factory and 
dried in the sun. 2000 kg of the dried chips was taken to a rotary kiln. After that, the wood 
chips were burned, setting fire in an oven below the rotary kiln while the kiln was rotated 
continuously at a rate of 0.25 rpm. The temperatures were monitored back and forth, set-
ting up thermocouples. The heating was increased slowly in steps of 2.5 °C per minute until 
the required temperature was attained. At this stage, steam was constantly applied from a 
boiler to activate the carbon to the kiln at 3 bar steam pressure for two hours. An almost 
equal amount of steam to the raw wood chips was added (a 1:1 mass proportion for water 
vapour and fresh logs chips). The gases obtained from the pyrolysis inside the kiln are 
transferred out of the system using an exhaust pipe. Once the steam activation took place 
for two hours, the oven and the kiln were turned off and allowed to reduce the temperature 
for the whole night to normal temperature. The cooled AC substances were taken out of 
the furnace and used for further study. Using this method, they obtained around 22–32% of 
the wood chips were converted into stem-AC with an absorptivity of 518–737 mg I2 / per g 
[78]. The ACs’ BET SA and micropore volume were estimated as 427–870 m2/g and 
0.1–0.2 cm3/g.

13.4.4 Steam-activated Carbon from Malt Bagasse

Figure 13.6 shows the N2 adsorption and desorption isotherms at 77 K, and pore size distri-
bution. It also shows SEMs of malt bagasse precursor, and steam-AC [79]. Figure 13.6 
shows that at lower relative pressure, more N2 is adsorbed, which shows the presence of 
more micropores. The pore diameter is quite homogenous, with the maximum particle 
pore diameter around 4 nm. The local beer industry collected the fresh malt bagasse to 
prepare the steam-AC. The raw bagasse was dried in a stove at 100 °C for about 24 hours 

Figure 13.5 AC production system from Eucalyptus wood in set periodic revolving furnace (a) 
Eucalyptus logs chips being dehydrated using sunlight, (b) conveyor belt, (c) rotary kiln, (d) wood 
stove, (e) thermocouples, and (f) pipe vent (25 mm diameter). Scanning electron microscopic study 
of (g) dried Eucalyptus raw wood chips, activated at (h) 500 °C, (i) 600 °C, and (j) 700 °C. Reproduced 
with permission [78]. Reproduced under the terms of the CC BY 4.0 license. Copyright 2021, Mopoung et al. 
published by nature.
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and grounded. Different parameters, like moisture content, volatile substance, rigid carbon 
contents, etc., were measured to get an idea as to which extension needs to be heated for 
further processing. The major factors for preparing AC were adjusted by combined strategy 
and feedback surface policy: temperature, pressure, and heating time. The steam flow rate 
was kept parallel to the flow of N2 as carrier gas. The steam used for the process was created 
with the help of a round bottom flask positioned on a hot plate. As the synthesis was on a 
laboratory scale, around five grams of previously dried malt bagasse were taken in a cov-
ered ceramic vessel and heated in a muffle incinerator. The heat was raised gradually by 
10 °C per minute in two distinct steps. First, the carbonization was performed by passing 

Figure 13.6 (i) N2 adsorption and desorption isotherms at 77 K (ii) pore size distribution. SEM of 
malt bagasse precursor (iii-iv) and steam-AC (v-vi). Reproduced with permission [79]. Copyright 2021, 
Elsevier.
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100 cm3 min−1 of nitrogen gas around a temperature of 500 °C for about two hours. Then, 
the activation step was performed from 600–735 °C at a steam pressure of 187–53 cm3 
min−1 for about 60–120 min. From the variation of different parameters for the manufac-
ture of steam-AC from malt bagasse, they found that the optimum conditions for the pro-
cess are 841 °C, 82-min steam flow of 164 cm3 min−1, and that gives the BET SA of 917 m2 
g−1, and yield 9.45% [79]. They tested the adsorption of the optimized AC with the adsorp-
tion capacity of 199.7 mg g−1 at 55 °C for the food dye sunset yellow.

13.4.5 Steam-activated Carbon from Artocarpus integer Biowaste

To prepare the steam-AC from Artocarpus integer (AI) biowaste, first the raw material, AI 
biowaste, is cleaned and removed the carpel fibers. Then it was autoclaved to make it free 
from microbes and dried in air for one day beforehand, heating in a furnace for 48 h at 
70 °C. The dried substances are blended and separated using an 18 mesh (1 mm). A tubular 
oven and a temperature controller were used for the pyrolysis and steam activation. Fifteen 
grams of powdered biowaste were taken in a porcelain ceramic pot and heated in a furnace, 
and highly pure N2 was passed at an amount of 25 cm3 min−1 up to 10 min. Next, the crack-
ing was performed at around 600–950 °C by increasing the temperature to about 10 °C / min 
and passing nitrogen gas at a rate of 100 cm3 min−1 for about 20–140 min. Direct pyrolysis 
steam activation was applied for the creation of Eco-ACs. The biochar obtained from the 
incineration of the biowastage at 700 °C for 1 hour was warmed with flowing nitrogen of 
20 cm3 min−1 and raised the temperature to about 10 °C min−1 to gain the desired tempera-
ture. At this stage, steam was introduced instead of N2 gas after the targeted steam activa-
tion temperature was obtained. The water vapor level was created by adding deionized H2O 
by 5 ml min−1 to a warm quartz hose using a peristaltic push. The temperature of the fur-
nace was kept constant while flowing stream to the system for the desired time. Then it was 
gradually cooled down to the normal temperature by flowing nitrogen. The unwanted vola-
tile materials were removed from the furnace, through nitrogen gas. The cooled ACs cleaned 
by washing with 0.1 M HCl at a proportion of 100:1 of HCl and carbon, w/w. After that, to 
wash away the excess HCl, it was cleaned with distilled H2O and warmed up to 70 °C. Figure 
13.7(i-viii) shows the scanning electron microscopic image of biochar (carbonized at 700 °C 
for 60 min) collected before steam-gasification and Eco-ACs prepared under optimum 
pyrolysis (700 °C; 1 hour) and steam-gasification (750 °C; 1 hour) situations. Pore size 
spreading lines of Eco-AC prepared at optimized situations (700 °C; 1 hour) and steam-
gasification (750 °C; 60 min) [2]. From Figure 13.7, it is clear that the active SA for particles 
before activation is very low, while after activation, it has increased to a significant level. 
That is explained by the dimensions of pore distribution represented in Figure 13.7(ix-x).

13.4.6 Activated Carbon from Bamboo

First, the bamboo raw materials were collected, cut into smaller pieces, cleaned using fresh 
H2O, and heated into an airtight furnace up to 150 °C for about 24 hours. The heated sam-
ples were carbonized for 60 minutes at a temperature of 1000 °C and ball-milled to convert 
into powder of an average diameter of 40 mm. The powdered samples are washed with 3M 
HCl to discard ash-like substances. Then the acid-washed samples are activated by 
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Figure 13.7 SEM of (i) biochar (carbonized at 700 °C for 1 hour) taken just before steam-
gasification and (ii)–(viii) Eco-ACs synthesized at optimized condition (700 °C; 1 hour) and steam-
gasification (750 °C; 1 hour) parameters. Scattering of pore size of Eco-AC prepared at optimized 
condition (700 °C; 1 hour) (ix) and steam-gasification (750 °C; 1 hour) (x). Reproduced with 
permission [2]. Copyright 2018, Elsevier.

(i) (ii) (iii)

Figure 13.8 (i) N2 adsorption isotherms at 77 K for AC prepared from bamboo (a) 700 oC, (b) 
800 oC, and (c) 900 oC. (ii) CV at three different temperatures. (a) 700 °C, (b) 800 oC, and (c) 900 oC 
in 1M TEA electrolyte at 5 mV/s sweep rate. (iii) Dependence of specific capacitances on the sweep 
rate for raw materials activated at several temperatures: (a) 700 oC, (b) 800 oC, and (c) 900 °C. 
Reproduced with permission [80]. Copyright 2006, Springer.

supplying 30 vol % of steam using the N2 gas carrier at 700, 800, and 900 °C for about an 
hour. Figure 13.8(i) shows the N2 adsorption isotherms at 77 K for the ACs obtained from 
bamboo according to the mentioned mechanism at 700, 800, and 900 °C [80]. The BET 
equation has obtained the pore’s specific SA, size, and distributions. The graph shows that 
the greater the activating temperature, the more N2 adsorption is possible. The adsorption 
pattern is a type I with a little hysteresis effect. Figure 13.8(ii) shows the corresponding 
cyclic voltammogram (CV) of the bamboo-based AC electrode supercapacitor in the win-
dow of 0–2.5 V. From Figure 13.8, it is obvious that the anode and cathode are steady in a 
liquid solution of TEA within the potential window. The generated electricity increases as 
the activation temperature goes up. The sample which has been activated at a higher tem-
perature (900 °C) shows higher capacitance because of the larger specific SA than the sam-
ple activated at lower temperatures (700 or 800 °C). Figure 13.8(iii) displays the specific 
capacitance at several sweep rates at several activation temperatures. Figure 13.8(iii) 
clearly shows that the specific capacitance reduces due to the increased sweep rate. Ions 
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block the entry of micropores so that specific capacitance reduces. The specific capacitance 
and SAs of the AC 5–60 Fg−1 and 445–1025 m2g−1 at different activation temperatures. The 
AC prepared at 900 °C for one hour shows the maximum capacitance and specific SA.

13.4.7 Steam-activated Carbon Using Fir Wood and Pistachio Shell

Four different types of ACs with a similar specific SA of ~1050 m2/g have been prepared using 
fir wood and pistachio shell by activation with steam or KOH to justify the impact of pore 
shape and type of electrolyte on the capacitive features for supercapacitors [81]. The fir wood 
or pistachio shell was heated to 110 °C for 24 hours. After that, the heated samples are kept 
in an airtight porcelain furnace and warmed slowly by increasing 5 °C min−1 upto 550 °C. 
Water vapor at a 3 cm3 min−1 rate was blown for 3 h for fir wood and 2 h for pistachio shells. 
Then the heated samples were carbonized at 550 °C without oxygen by increasing the heat at 
the same rate. After the carbonization process, the furnace was heated to 900 oC (for 5 h) and 
890 °C (for 3 h) for fir wood and pistachio shell, along with flowing steam at 3 cm3 min−1. 
Then the carbons were ground, cleaned by applying distilled H2O, and dried. At the end, the 
dried particles are sieved through a 0.12–0.2 mm pore size sieve. To prepare the electrode out 
of the ACs, the prepared AC has been blended at a ratio of 2:1 (AC to PVDF) (wt.%) polyvi-
nylidene fluoride (PVDF) for 0.5 h and N-methyl-2-pyrrolidone (NMP) was added drop by 
drop into the mixture and ground to create a slurry. The prepared slurry was spread over a 
pre-treated graphite substrate and dried in an airtight furnace at 50 °C overnight.

The dimensions of the graphite substrate are 1cm × 1cm × 0.3cm, and ahead of making the 
layer with ACs, is first roughened using very fine SiC paper, cleaned with CH3COCH3 and 
H2O, then sculpted in a 0.1M hydrochloric acid solution at ~ca. 25 °C for 10 min, and lastly 
washed with H2O in a sonicator. About 1 cm2 of the pre-treated graphite electrode was exposed, 
and the rest of the parts were shielded with polytetrafluorene ethylene (PTFE) coatings.

For the steam activation, the adsorption and desorption pattern is identical at the lower 
relative pressure, while a hysteretic loop is visible for higher relative pressure (P/P0 > 0.5). 
However, the adsorption-desorption isotherm for KOH-ACs represents the pattern of 
Type-I pattern. The pattern observed reflects that the spread of the pore size distribution 
and shape depends on the activation and precursor materials. Figure 13.9i shows the pore 
size distributions of W-H2O-AC, P-H2O-AC, WKOH-AC, and P-KOH-AC. A peak occurs at 
a pore diameter of < 2 nm, and a second peak is found between 3.5–4.5 nm for the steam-
ACs, meaning the steam activation creates pores of two distributions, micropores and 
mesopores. The proportions within the SA of micropores with the entire specific SA are 
greater than those of steam-ACs. From this observation, we can say that the activation with 
KOH produces more carbons full of micropores and the H2O vapor activation technique 
favors growing the outer SA.

Figure 13.9(ii) shows the CV performance of W-H2O-AC, P-H2O-AC, W-KOH-AC, and 
P-KOH-AC observed at 20 mVs−1 in 1.0 M NaNO3. Two-layers’ charge/discharge governs the 
energy-storing procedure of these electrodes. All the CV patterns are rectangular except for 
noticeable redox currents happening together with positive and negative sweeps during the 
study. From the i-E curve, it is clear that NaNO3 is an important electrolyte for applying 
EDLC for steam and KOH-ACs. Both show good capacitive performance despite pore struc-
tures, and distributions differ. Again, as the voltammetric charges for forward and reverse 
sweeps are close to each other, the charge/discharge pattern is expected to be highly 
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reversible in NaNO3, which makes the ACs for the ability to use in the EDLCs. Figure 13.9 
(iii) shows how CV current depends on the scan rate for W-H2O-AC and W-KOHAC for dif-
ferent potentials in 1M NaNO3, representing the two-layer charging /discharging currents. 
It is believed that the ACs inserted electrodes in 1.0 M NaNO3 show very high power char-
acteristics, which is very important for the supercapacitor electrode material. Also, the 
steam-AC shows the redox characteristics in acidic electrolytes [81, 82]. Figure 13.9(iv) 
shows the CV of W-H2O-AC, P-H2O-AC, W-KOH-AC, and P-KOH-AC monitored at 20 mV/s 
in 1.0 M HNO3 and 0.5 MH2SO4, respectively. CV current determined for HNO3 is greater 
compared to NaNO3 for any specific AC due to the increment of the accessible SA of ACs in 
acidic electrolytes. However, the CV curves tend to distort from a rectangular shape due to 
the application of acidic electrolyte, but non-acidic electrolyte gives the capacitive curve. 
This is because an acidic electrolyte medium creates an electric double layer, increasing the 
partially accessible surface, which delays the transfer of solvated ions under a medium scan 
rate (20 mVs−1). The specific capacitance of all ACs mentioned here have relatively higher 
values (180–85 F/g measured at 10 mV/s) using different electrolytes compared to some 
other ACs reported earlier, like 80 F/g (specific SA = 1200 m2/g) [83], 60–125 F/g (the spe-
cific SA from 1200 to 2315 m2/g) [84], 28–100 F/g (the specific SA from 1223 to 2571 m2 g−1) 
[85], and 90 Fg−1 (specific SA = 1500 m2/g) [86]. Table 13.2 illustrates steam activated car-
bon from different biomasses and their BET surface area at different temperatures and 
retention times.

13.5 Applications of Steam-activated Carbon

Based on the dimension, shape, and number of micropores or mesopores, pore size, and 
volumes, the characteristics of AC change quite a lot. These parameters depend on the raw 
materials, manufacturing conditions, oxidizing technique, carbonization process, activa-
tion method, time of activation, temperature, etc. Based on the ACs’ physical and chemical 
properties, they are used for different purposes. One of the most important applications is 

Figure 13.9 (i) Pore size distribution of different ACs prepared from pistachio (P) shells and fir 
woods (W) activated with steam (H2O) and KOH. (ii) Cyclo voltammetric pattern of (1) W-H2O-AC, (2) 
P-H2O-AC, (3) W-KOH- AC, and (4) P-KOH-AC obtained for 20 mVs−1 in 1.0M NaNO3. (iii) Dependence 
of CV currents for (a) W-H2O-AC and (b) W-KOH-AC for the scan rate of cyclic voltammetry, where 
currents have been observed at (1) 0.2, (2) 0.4, (3) 0.6, and (4) 0.8V on the positive sweeps of CVs in 
1M NaNO3. (iv) CVs of (1) W-H2O-AC, (2) P-H2O-AC, (3) W-KOH- AC, and (4) P-KOH-AC measured at 20 
mVs−1 in (a) 1M HNO3 and (b) 0.5M H2SO4. Reproduced with permission [81]. Copyright 2005, Elsevier.
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to prepare the electrode material. As the active SA and pore volume of the ACs are relatively 
larger than many other materials, the charging-discharging capacity and performances 
of ACs are higher than many other materials. Also, the cost of the AC materials is much 
cheaper than many other available suitable materials for making electrodes. Steam-ACs are 
preferable over chemical activation to manufacture electrode materials because producing 
chemical-AC uses more contaminates than steam-ACs. To prepare an electrode with high 
purity of materials used for manufacture is considered one of the most important factors. 
Naturally, steam-AC materials are prefered. Again, most of the volatile components present 
in the char are removed and washed away during steam activation. Therefore, no unex-
pected material will interfere during the charging and discharging of an electrochemical 

Table 13.2 Steam ACs from different biomass and their corresponding BET SA.

Biomass
Applied 
temperature (°C)

Retention time 
(min) BET SSA (m2/g) Ref.

Date pits 800 60 702 [87]

Rice husk 850 105 1180 [88]

Date palm tree fronds 577 30 1094 [88]

Industrial pre-treated cork 800 60 750 [89]

Camellia oleifera 820 - 1076 [90]

Oil palm EFB - - 720 [65]

Bamboo waste scraps 800–900 - 990–1099 [91]

Pistachio nut shells 850 20 2596 [92]

Bulgarian peach stones 1123 60 1258 [93]

Rubber seed shell 820 60 878 [94]

Apricot stones 800 60 712 [95]

Coconut shell 900 120 1926 [96]

Coconut shell 900 30 901 [96]

Tropical almond shell 850 - 1074 [73]

Guava seeds 850 - 1201 [73]

Dinde stones 850 - 1029 [73]

Artocarpus integer 750 60 852.63 [2]

Almond shell 850 30 601 [97]

Walnut shell 850 30 792 [97]

Pistachio shell 950 30 1196 [14]

Almond shell 950 60 1261 [14]

Walnut shell 950 60 1248 [14]

Coconut shells 200 30–90 228 [98]

Black liquor lignin 725 40 310 [99, 100]

Bamboo waste 850 120 363 [100]

Cherry stone 800 30 367 [101]
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cycle. Among some other applications of steam-ACs are industrial purposes, medical sci-
ence, analytical study, environmental science, agricultural purpose, purification of alco-
holic beverages, preparation electrodes, storing fuels, purifying gas, purifying chemicals, 
removing mercury, as some food additives, to care for skin and many more.

13.6 Design of AC Electrodes made from Biomass

To prepare a high-quality supercapacitor, very high-quality electrode materials are 
required. Highly adsorptive carbon materials are among the most used substances for elec-
trodes, specifically porous materials obtained from biomass [102]. The extraordinary prop-
erty of carbon materials leads to the quality of the supercapacitors. For the best output of a 
supercapacitor, rational design and preparation of the carbonaceous substances are essen-
tial. Though much research in different laboratories worldwide has shown excellent 
results, supercapacitors need to be adjusted and controlled to get the best output. In most 
cases, the following four parameters are critical to designing and improving the porous 
carbon materials for supercapacitors.

13.6.1 Hierarchical Porosity

Figure 13.10 (a) shows the types of pore and 13.10(b) shows the ion dispersion form. The 
larger the specific SA of the porous carbon materials the larger the electrode/electrolyte 
edge, which is directly associated with the higher adsorption of ions [103, 104]. The distri-
bution, structure, and connectivity of the pores influences the electrochemical activity by 
altering the transport of the ions. Traditionally, it is thought that the larger the specific SA, 
the better the material performs as an electrode material [103]. Larger specific SA shows 
more charge accumulation capacity [104]. But, experimentally it has been shown that hav-
ing wider pore size distribution does not allow more electrolyte ions to enter into smaller 
holes, and the transport of ions reduces, making the supercapacitor’s quality poor [27, 103]. 
So, it is very much required to have an appropriate process for opening the carbon sub-
stances pores to get the optimized capacitance out of the supercapacitor. It was observed 
that the optimum capacitance and energy density could be obtained if ions can be selected 
that are similar in size to the pores of the derived materials, and the size of the hole, < 1 nm, 
gives the best capacitance [27]. Therefore, a higher energy-storing capacity can be obtained 
by adjusting the pore. However, micropores (< 2 nm) – and mesopores (2–50 nm), and 
macropores (> 50 nm) play a different roles in the activity of the supercapacitors [105, 106].

13.6.2 Graphitization

Higher conductivity lowers the internal resistance, stimulating the charge transmission 
and construction steadiness and ensuring excellent rate performance, power density, and 
cyclic stability [107]. If the conductivity is higher, the degree of graphitization is expected 
to be higher [107]. To get the best electrochemical activity, one must select the optimum 
condition within specific SA, configuration, functional groups, and amount of graphitiza-
tion. These days, higher-temperature cracking and graphitization by catalysis are two 
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major ideas in order to prepare high-quality graphitic structures from biomass [108]. 
Higher temperature is better for carbonization because conjugated sp2 bonds are created at 
that temperature. But, ultrahigh temperature (~2500 °C) is not suitable because the pores 
and functional groups can collapse at such a temperature and reduce the specific SA [108]. 
Again, if the carbonization is performed at ultrahigh temperature, the structure becomes 
very hard to modify in any other form. At the same time, higher temperature consumes a 
lot of energy which is goes against the green energy theme.

13.6.3 Phase or Surface Modification

Research has shown that functional groups on the surface or doping different atoms con-
siderably alters the carbon materials [107]. Replacement of carbon with some other atom 
can easily compromise the intrinsic activity, which represents higher usability [109], 
because the dopant alters the symmetric π-π conjugation, and the band gap is altered, lead-
ing to the energy storing capacity [110]. In addition, a forward and reverse redox system 
can be introduced disturbing the rate and periodic activity, which progresses the capaci-
tance. Extrinsic carbon doped with heteroatom can be obtained from biomass by choosing 
more heteroatom-containing raw materials, elemental dopants, or doping after the han-
dling. N is used mostly for that which is responsible for allowing the electroactive core to 
increase the conducting ability, exterior polarity, and capacity to spread on a carbon sur-
face by generating faults and changing the outermost orbit of the carbon by improving the 
electrical reactivity [60]. It has been found that carbon obtained from grape marc had a 

Figure 13.10 (a) Classification of pores and (b) graphics for ion dispersion form with the 
hierarchical porous configuration. Reproduced with permission [105]. Copyright 2017, Royal Society of 
Chemistry.
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significantly higher level of N doping (2.04%), a very high SA (2221.4 m2g−1), and a high-
quality pore configuration that gives 446 Fg−1 at 0.5 A g−1 in 1 M H2SO4 [111].

13.6.4 Composites

Combining porous carbon obtained from biomass with other forms of carbon like CNT, 
carbon micro-tubes, graphene, or some pseudocapacitance substances can enhance the 
electrochemical property [36, 102]. The final product has a hierarchical spongy form and 
pollen-derived carbon microspheres, which can work as hollow bars for inhibiting the 
accumulation of graphene nanoplates. The adjusted combination showed elevated specific 
capacitance (420 F g−1 at 1 A g−1), higher performing activity (280 F g−1 at 20 A g−1) with 
better periodic steadiness (94% of capacitance afterward 10000 periods) [112]. Intrinsic 
porous carbon materials have relatively lower energy density than supercapacitors, which 
cannot satisfy modern requirements. Adding pseudocapacitance substances like an oxy-
genated compound of d-block elements or their hydroxides and conductive polymers can 
increase the energy density of supercapacitors for reversible Faraday reactions and the 
electrode‒electrolyte edge [113]. The adsorption of ions can attain greater capacity and 
energy density. But, some defects like lower specific SA, lower intrinsic conductivity, and 
larger destruction on the structure while cycling can reduce the ion/electron transport a lot 
and reduce the cycle life [114]. Therefore, mixing pseudocapacitance materials with the 
porous carbon material obtained from biomass can be very helpful in recovering the prob-
lem. The carbon with high porosity has a very large specific SA, so it can accommodate 
pseudocapacitance substances to enhance the electrically active regions [114]. The solid 
structure of the porous carbon obtained from biomass buffers the mechanical stress due to 
the Faraday reaction of the mock capacitive materials due to recurring charging/discharg-
ing, and meaningfully increases the periodic stability of the composites [113]. So, biomass-
derived carbon nanostructure shows boosted capacity, very high performance rate, energy 
and power density, and periodic stability.

13.7 Conclusions

Applications of AC range from personal to industrial scale including as supercapacitor and 
activation of carbon become critical research in recent years. There are two significant 
ways of activation of carbon; physical activation (e.g., steam activation) and chemical acti-
vation. Chemical activation requires several chemicals, which increases the cost and can 
cause environmental pollution. However, steam activation is possible with steam only 
without using any other chemicals. Therefore, steam activation is considered one of the 
most popular methods to activate the carbon as obtained from different sources like bio-
mass, agricultural wastes, coconut shell, or any coal-based carbon. After activation of car-
bon, the pore size, active SA, pore volume, and the number of pores increase rapidly, which 
is very effective for the adsorption-desorption of ions or other molecules. Therefore, the use 
of steam to activate carbon from biomass to prepare highly effective supercapacitors, 
energy storage devices, and many more is widespread. Steam activation proceeds mainly in 
two steps: carbonization at a relatively lower temperature and activation by flowing steam 
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at a controlled rate at a higher temperature. Steam activation makes the carbon skeleton 
more stable and increases the pore size and volume, increasing the BET SA and capaci-
tance. In addition, the electrode prepared with the steam-AC shows much charging/dis-
charging stability, making the steam-AC better electrode material. Among the studied ACs 
presented here, the maximum BET SA was obtained at 2596 m2/g for pistachio nut shells 
(activated with steam at 850 °C for 20 minutes), followed by 1926 m2/g for coconut shells 
activated with steam at 900 °C for 120 minutes. Therefore, steam activation with 800–
1000 °C is a better range for working while the time range is uncertain. Thus, much 
research is required to estimate the best retention time for steam activation. The pore size 
and pore volume of the mentioned ACs are relatively large so they are a suitable candidate 
for producing high-capacity supercapacitors and energy storage devices.
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14.1 Introduction

Environmental pollution around the globe has rapidly increased due to the unrestricted 
utilization of natural sources, and it keeps damaging the lives of every earthly organism. So, 
in this hour of need, renewable energies usch as wind and solar energy is likely to play the 
most crucial role in alleviating such harmful impacts and serving as promising energy 
sources for the future. However, the stability and efficiency of these energy technologies are 
of great concern and are being extensively investigated to increase their durability [1]. 
Besides focusing on alternative energy sources, researchers have explored a variety of energy 
storage devices to maximize the usage of these energy resources. Storage devices such as 
batteries and supercapacitors have been widely examined to enhance their energy storage 
capabilities. Using supercapacitors, efficacious characteristics like excellent power density, 
swift charge/discharge rate and longer cycle life were observed, which is why supercapaci-
tors are considered a potential energy storage device [2]. Experimenting with supercapaci-
tors with different types of electrode material and electrolytes has resulted in various 
electrochemical performance outcomes, creating a novel scope of research. Out of the tested 
materials, carbonaceous materials are one of the most examined and feasible ones. They 
contribute to different supercapacitors components, making these materials more attrac-
tive. To derive or prepare these carbonaceous materials, macromolecule polymer [3, 4], 
graphite oxide [5], micromolecule organics, etc., are the frequently used precursors. 
Compared to these precursors, biomass is considered an easily available and much cheaper 
candidate for deriving carbonaceous materials. Using these biomass materials is beneficial 
in terms of waste recycling as well. Among various carbonaceous materials used in energy 
storage devices [6], hard carbon has been recently regarded as a suitable choice compared to 
other carbonaceous materials. Figure 14.1 shows various carbonaceous materials derived 
from different biomasses. However, CNTs and graphene are carbon materials that give a 
superior performance but demand additional cost and complex preparation techniques.
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Researchers have reported efficient usage of hard carbons in sodium-ion batteries in the 
past few years. However, recent studies confirmed its usage in supercapacitors as well [11]. 
Hard carbon is comprised of randomly and closely attached single-layer carbon atoms, 
which are highly irregular and disordered, and it is also tough to graphitize. Earlier prepa-
ration was mostly done using epoxy resin, phenolic resin-like polymers, and a pyrolysis 
process [12]. But in recent studies, biomass has been considered a suitable choice to derive 
hard carbons. Already studies have shown the preparation of hard carbons using different 
biomass sources like lotus stems, soybean roots, rice husks, silk, puffed rice, and popcorn 
and their utilization as electrodes for supercapacitors [13–19]. A few examples of hard car-
bon derived from different sources and their synthesis has shown in Figure 14.2.

This chapter will particularly discuss biomass-derived hard carbon and its usage in 
supercapacitors. The electrodes produced with hard carbons have resulted in safer opera-
tion, longer cycle life, superior capacity, and higher rate performance [24]. Along with 
highlighting the positive aspects of employing hard carbons, its drawbacks, such as inade-
quate packing density, large irreversible capacity, and hysteresis in the voltage levels, will 
also be emphasized, which might help future researchers to understand and find approaches 
to prevent those pitfalls via modifications.

Figure 14.1 a) Proposed formation mechanism of hard carbon materials for sucrose/PF precursors 
toward the extremely low surface area. b) Schematic diagram of synthesis routes and Na+ storage 
behaviors of hard carbon samples as anode materials for Na-ion batteries, c) Preparation scheme of 
BPC, d) Schematics of the preparation of the C–Ni composite materials. Reproduced with permission 
[7–10]. Copyrights (2017, H. Zhang, Published by ACS) (2015, Y. Bai, Published by ACS) (2020, C. Chen, 
Published by ACS) (2020, J. Cai, Published by ACS).
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14.2 Biomass-derived Hard Carbons

The term hard carbon is primarily used to indicate its mechanical hardness and structural 
complexity. This type of carbon material does not get graphitized even at higher tempera-
ture levels (>3000 °C). In other words, we can say that these hard carbon materials are 
composed of curved graphene sheets. Under higher temperatures, these cannot be flat-
tened or unfolded to convert the graphite stacking structures [25]. Also, covalent C–O–C 
bonds are significantly responsible for their inability to graphitize and for their mechanical 
hardness. Dahn et al. [26] first presented the developed “falling cards” model, which 
became useful in understanding structural sketches for hard carbons. This model clearly 
explains that this structure consists of small graphene sheets, nanopores, and amorphous 
regions with defects. Apart from these characteristics, hard carbons also possess randomly 
oriented intricate crystalline structures and textures and have different structures (micro/
meso/macro) with varying stacking and pores [27]. Large interlayer spacing and more 
nanopores are mainly created due to this amalgamation of disordered structures and crys-
tallinity. As a result, the structures of hard carbons can afford enhanced storage sites and 
improved charge diffusion pathways. Studies revealed that the interlayer spacings of hard 
carbon mostly vary between 3.6–4.0 Å, and paralleled layers of graphitic domains are 
observed to be in turbostratic, curved, or bent shapes [28]. Different hard carbon mor-
phologies are mentioned in the literature, such as twisted, non-planar, buckled, spherical, 
wire-like, or porous [25, 29, 30]. Precursors such as biomass or pure organic compounds 
generally use chemical or thermal techniques to obtain hard carbons for electrochemical 
application. The conversion mechanism mainly involves the complex carbonization pro-
cess, which includes concurrent reaction processes, like dehydrogenation, condensation, 

(a)

(c) (d)

(b)

Figure 14.2 a) Preparation and microstructure of samples HC, BHC-CO2, and BHC-CO2-H2,  
b) schematic of the synthesis routes of PSDHCs-X samples, c) schematic representation of the 
synthesis of hard carbon from reed straw, and d) schematic representation of the apricot shell-
derived hard carbon materials and SnO2 hard carbon nanocomposite structures. Reproduced with 
permission [20–23]. Copyrights (2019, H. Wang, Published by ACS) (2019, X. Ren, Published by Elsevier) 
(2018, J. Wang, Published by Elsevier) (2019, E. Demir, Published by Elsevier).
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hydrogen transfer, and isomerization. An important activity that needs to be emphasized is 
that during the carbonization process precursors having higher oxygen content are useful 
in forming better cross-linking regions or curved layers in the hard carbon structures, 
which in turn completely ensures the non-graphitize ability of the hard carbons. Here, 
another observable point is that the converted hard carbon has almost analogous morpho-
logical structures, but with low bulk density compared to the parent material. In the next 
sections, we will explain more about the formation of electrodes using hard carbons with 
suitable illustrations.

14.3 Biomass-derived Hard Carbon Electrodes in 
Supercapacitors

An electrode is a vital segment of the electrochemical device, which is very capable of con-
ducting electrons or transferring the Faradic charge. In the case of supercapacitor devices, 
the electrode materials are majorly responsible for determining the charge-storing ability 
and capacitive performance. So, improving the electrode materials can easily enhance the 
performance outcome of supercapacitors. Recent studies have shown that enhancing elec-
trode factors like morphology modification of electrode materials, improvement in electro-
chemically active sites, and manipulating pore size and shape can lead to the electrochemical 
performance of supercapacitors [31–33]. Supercapacitor electrodes are generally expected 
to exhibit a few crucial characteristics such as high specific surface area, improved chemi-
cal and thermal stability, corrosion resistance, suitable surface wettability, and high electri-
cal conductivity [34–36]. Nanostructured carbon-based materials (such as activated carbon 
materials, carbon gels, graphene, carbon nanotubes), transition metal oxides/hydroxides-
based materials (such as ruthenium oxide, manganese dioxide, nickel oxide/hydroxide, 
vanadium pentoxide, etc.), conducting polymer-based material (polyaniline, polypyrrole, 
etc.) are the frequently used electrode materials for supercapacitors. However, several 
newly developed 2-dimensional and 3-dimensional materials are being used as electrodes 
in recent studies, which have widened the scope for further exploration [37].

Carbon materials possess greater potential as supercapacitor electrodes due to their char-
acteristics such as enhanced conductivity, better stability (both thermal and chemical), and 
the opportunity to modify the textural properties. Over the years, researchers have been 
putting a few specific aspects on carbon-based electrodes, such as surface chemistry modi-
fication, pore size adjustments and formation of materials with higher surface area. These 
explorations have resulted in the development of numerous carbon materials of various 
sizes and shapes. In recent trends, rice/rice stem, algae, jujun grass, jute sticks, and sugar 
cane bagasse [33, 38–45] biomass materials have been considered promising sustainable 
precursors to developing carbon nanomaterials. Interestingly, the morphology of the dif-
ferent biomass-derived hard carbons is different, as seen in SEM images given in Figure 
14.3. The electrochemical performances are governed by the derived morphology, porosity, 
or distribution of the electrode [2]. Apart from being carbon-rich, these biomass materials 
also offer the presence of Si, Na, Ca, Mg, and K like minerals, which play a vital role in 
energy storage [42, 46]. However, the number of mineral elements, structural characteris-
tics and the chemical composition are different in every individual species.
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Lately, an increasing scope of utilization of hard carbon as an electrode material has been 
observed in studies. Hard carbon has a highly disordered and irregular structural configu-
ration, containing randomly and closely attached single-layer carbon atoms. Due to abun-
dant micropores and expanded carbon inter-plane space, hard carbon can offer plenty of 
active sites that facilitate fast charge insertion/extraction surface reaction. As a result, it 
exhibits robust rate performance and the ability to store high charges [47]. Primarily, hard 
carbons were considered an effective choice for sodium-ion batteries because of efficient 
charge/discharge cycling [11]. Mainly epoxy resin, phenolic resin-like polymer materials 
are pyrolyzed to prepare hard carbon [12, 48, 49].

For instance, J. Ni et al. [54] utilized phenolic resin to prepare hard carbon at 1100 °C 
via pyrolysis. Afterward, the prepared hard carbon was used as a negative electrode in a 
supercapacitor setup, where activated carbon was added as the positive electrode. The 
supercapacitor exhibits specific capacitance fluctuating between 20.7 to 21.5 F g−1, which 
was comparatively more than the supercapacitor constructed by the author formed using 
both electrodes made of activated carbon (12 F g−1). Moreover, it was observed that 90% 
of initial capacitance was retained using a hard carbon/activated carbon supercapacitor 
setup after 3000 cycles at a current density of 200 mA g−1. In recent reports, biomass has 
been described as a good source for deriving hard carbon. For example, Ghosh S. et al. [55] 

Figure 14.3 a) SEM pictures of poplar wood-derived hard carbon (PHC1400), b) SEM images of 
dandelion-derived biomass carbon, c) SEM images of sucrose-derived hard carbon, d) SEM images 
of renewable paper-derived hard carbon. Reproduced with permission [50–53]. Copyrights (2019, 
Y. Zheng, Published by Elsevier) (2017, C. Wang, Published by Elsevier) (2015, W. Luo, Published by ACS) 
(2020, L. Pei, Published by Elsevier).
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used biomass materials such as corn cob, banana stems, and potato starch to derive hard 
carbon by using them as supercapacitor electrodes individually. The authors employed 
three major steps ‒ dehydration, porogenic stage, and pyrolysis ‒ to prepare hard carbon. 
Furthermore, the banana stem sample was treated with potassium hydroxide and phos-
phoric acid to form separate samples. The prepared electrodes exhibited a different range 
of specific capacitance values, 479.23, 309.81, 202.11, and 99.9 F g−1 for potassium hydrox-
ide activated banana stem, corn-cob derived, phosphoric acid treated banana stem, and 
potato starch derived hard carbons. The electrode made with potassium hydroxide-acti-
vated banana stem has shown the highest efficiency, almost 72.88%, after 6000 cycles, 
and this result indicates good performance stability. Moreover, the potassium hydroxide-
treated sample showed the highest columbic efficiency (47%) after the 100th cycle [55]. 
Hard carbon derived from oak wood has also shown promising electrochemical activity 
when used in organic supercapacitors. It has exhibited almost similar conductivity to 
artificial graphite [56]. Bio-derived or bio-based hard carbon aerogels are another great 
choices for various applications, as they exhibit mechanical strength and structural sta-
bility [57]. But at the same time, they have depicted inadequate electrical conductivity 
and restricted compressive strength (<300 kPa) due to having inherent interfacial issues, 
and this limits its further usage [58, 59]. Though, Ding et al. [60] came up with an effec-
tive solution, as the author used thiourea and self-assembling bacterial cellulose and 
carbonized them to prepare robust and ultra-elastic hard carbon aerogels for superca-
pacitor applications. These unique hard carbon aerogels have shown enhanced electrical 
conductivity (23 Sm−1) and remarkable areal capacitance (0.97 F cm−2). Additionally, it 
displayed higher rate capability (at 20 A g−1, capacitance retention is 86%) and improved 
cyclic stability.

However, because of biomass’s inherent robust microstructure, tuning the derived, hard 
carbon’s structure became difficult. So, to make further improvements, studies have 
focused on forming composite using hard carbons. Dong et al. [61] prepared porous carbon 
nanosheets/hard carbon composite via grafting porous carbon nanosheets onto the hard 
carbons derived from rice husk to upgrade the functionality. The main purpose of grafting 
carbon nanosheets with leaf-like units was to enhance the approachable surface area of 
derived hard carbon for ion adsorption and to create abundant small pores for better ion 
movement during electrochemical activity. Hence conductivity was improved as well as 
supercapacitor performance. The composite electrodes prepared with different ratios of 
KOH were used in the supercapacitor setup individually, out of which 8 g KOH depicted 
the most efficient performance. That particular sample exhibited an outstanding rate capa-
bility of 189 F g−1 at a current density of 50 A g−1, a specific capacitance of 315 F g−1 at a cur-
rent density of 0.1 A g−1, and after 10000 cycles, capacity retention was found to be 95.8% 
with superb cycle stability. Additionally, the highest energy density was 10.9 Wh Kg−1 at a 
power density of 52.6 W Kg-1 [61].

Other than that, N/O dual-doped hierarchical porous hard carbon and N/O-doped hard 
carbon electrodes have improved electronic conductivity, better reversible capacity, and 
excellent cycling stability [62, 63]. Huang et al. [62] prepared natural N/O co-doped hard 
carbon material via carbonizing mango seed shuck using a temperature range of 900–
1300 °C. The material prepared in this way was used as an anode and activated carbon as a 
cathode in the potassium-ion hybrid capacitors setup. The fabricated hybrid capacitor has 
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exhibited a power density of 2000 W kg−1 and an energy density of 68 W h kg−1 with 
improved cycling stability (after 500 cycles and at 0.1 A g−1, 93.5% capacity retention was 
observed). Additionally initial reversible capacity of the fabricated device was 186.3 mA h g−1. 
In actuality, N/O doping helped enhance the cyclability and rate capability of the electrode. 
In another study, H. Wu et al. [64] prepared composite electrodes using sodium iron sili-
cate and H-N-doped hard carbon nanospheres [62]. The hybrid composite was prepared via 
the sol-gel procedure employing ferrous gluconate as a template and carbon source. Similar 
to the previous study, the author also aimed to create a fast charge (Na+ ions and electron) 
transport pathway, which is why sodium iron silicate nanosheets were uniformly anchored 
in the mesoporous network structure of hard carbon nanospheres coating to form the 
hybrid electrode for supercapacitor. The electrode exhibited long-term cycling stability 
(after the 3300 cycles, 73.8% capacity retention) as well as high initial discharge capacity 
(218.4 mA h g−1 at current density of 276 mA h g−1). Owing to the unique mesoporous car-
bon-coated structural characteristics, the hybrid electrode depicted an excellent energy 
density of 331.99 Wh kg−1and a power density of 2431.87 W kg−1 within the working voltage 
range of 1.5−4.6 V [64]. The combination of hard carbon nanoparticles and carbon nano-
tubes has also shown potential energy storage applications [65]. However, this electrode 
has been used only for sodium-based batteries until now, and will hopefully be workable 
for supercapacitors as well.

14.4 Compatible Electrolytes for Biomass-derived Hard 
Carbon in Supercapacitors

Similar to the electrodes, electrolytes are also an essential element of the energy storage 
device. Its purpose is primarily to balance and effectively transfer the charges between 
the cathode and anode and to provide ionic conductivity. In past decades, electrolytes 
were explored and upgraded to serve better electrochemical performance and raise 
safety measures. The chemical and physical properties of electrolytes are greatly affected 
by rate performance, power density, specific capacity, cyclability, etc., like electrochemi-
cal performance parameters. Additionally, electrolyte and electrode interaction also has 
a crucial role in supercapacitor device performance as it strongly affects the internal 
structure of active materials and the electrode and electrolyte interface state. To design 
an electrolyte, one must control a few factors: electrolyte conductivity, salt concen-
tration, solvent constituents, and electrochemical and thermal stability. Additionally, 
a recent article highlighted that energy density could be greatly improved by increas-
ing the voltage window width of the electrolyte [66]. Various electrolytes are generally 
used in supercapacitors, such as liquid electrolytes, solid-state or quasi-solid-state elec-
trolytes, and redox-active electrolytes and are implemented per the device fabrication 
requirements [67, 68].

In the literature, no studies are available that compare the hard carbon electrodes using 
a different set of electrolytes as a comparison. Still, as the trend is increasing recently, 
surely researchers will consider evaluating similar biomass-derived electrodes with various 
electrolytes. Nevertheless, here we will mention the electrolytes used in existing studies 
where biomass-derived hard carbon or composite hard carbon electrodes are utilized. 
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Dong et al. used a 6 M potassium hydroxide electrolyte (KOH) where rice husk-derived 
composite hard carbon material was employed as an electrode [61]. Likewise, S. Ghosh et 
al. also used the same type and amount (6 M KOH) of electrolytes where hard carbon was 
produced using different biomass, which shows excellent EDLC behavior with the sym-
metric triangle charge discharge shows less IR drop and high discharge time (Figure 14.4 c 
and d) [55].

In another study, where the hard carbon electrode was used, the electrolyte was 1 mol 
l−1 lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC)/dimethyl carbonate 
(DMC) [54]. Here the ratio of DMC and EC was 3:1 (by volume). Using the volume ratio 
of DMC: EC as 1:1, 0.8 M potassium hexafluorophosphate (KPF6) has also been used as 
electrolytes where mango seed shuck-derived nitrogen and oxygen dual-doped hard car-
bon was utilized as electrode [62]. While using sodium iron silicate/H-N-doped hard car-
bon composite electrode, H. Wu et al. used 1 M sodium perchlorate (NaClO4) solution in 
ethylene carbonate (EC)/propylene carbonate (PC)/fluoroethylene carbonate (FEC) as the 
electrolyte. Here the ratio of PC and EC was 3:1 (by volume), with 5% FEC. From the CV 
curve (Figure 14.4 a) we can observe that varying ratio doen’t affect the redox actvity rather 
increased the conductivity. The material exhibits high specific capacity of 138.1 mAh g−1 at 
0.1 C rate (Figure 14.4 b) [64]. An aqueous solution of sulfuric acid (H2SO4) is also a capable 
candidate for hard carbon electrode supercapacitor setup [56]. In conclusion, a very impor-
tant factor observed in existing reports about the hard carbon and the utilized electrolyte is 
that carbon has random and irregular pores, due to which electrolyte and electrode interac-
tion differs depending on the pore structure and accessibility by the electrolytes [54].

14.5 Pros and Cons of Application of Biomass-derived Hard 
Carbon in Supercapacitors

We have already discussed that hard carbon is extensively being explored as electrode 
material in a supercapacitor, and biomass as a potential source of hard carbon is getting a 
lot of attention. Due to having rapid kinetics feature, hard carbon is sufficiently useful for 
supercapacitor applications. However, its torturous and slender pore structures have cre-
ated inadequate electrochemical performance issues. Due to its random pores and inner-
pore configuration, ion transfer or diffusion was restricted [69]. This formation of pores 
and randomly oriented nano-graphite domains in bulk hard carbon seemed unable to 
access the electrolyte ions due to electrostatic shielding. Finally, electrochemical activity is 
confined [61]. But still, the hard carbon structure seemed to differ depending on the bio-
mass used or the temperature used for carbonization. For example, hard carbon prepared 
with only 950 °C temperature has shown lower specific capacitance, but the same sample 
treated with KOH has exhibited better electrochemical device performance [61]. Like 
KOH, phosphoric acid-treated biomass (banana stem) derived hard carbons have also been 
proven a promising choice for supercapacitor application. In the same study, different 
types of biomass, such as corn cobs, potato starch, and banana stem, are employed, and 
structural and morphological parameters, such as interlayer distance, surface structure, 
porosity, etc., vary [55]. Apart from these, utilization of dopant or making composite using 
bio-derived hard carbon also enhanced device performance parameters such as rate 
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performance, reversible capacity, cycle stability, etc. [62, 64, 70]. These reports focus on 
various aspects of using hard carbon in a supercapacitor. However, it still needs to explore 
more diversely for comparative evaluation to understand it more closely and make further 
optimization to make this commercially viable. Biomass to hard carbon will serve as an 
efficient choice for energy device applications and offers a great opportunity to reduce bio-
mass wastage and to make waste biomass usable for valuable purposes.

14.6 Conclusions

Presently, researchers are exploring different types of materials in energy storage and con-
version technologies to achieve maximum efficiency and make a commercial approach 
using them. Hard carbon is one of those options, and the practical scope of deriving these 
materials using biomass makes it more fascinating. The feasibility of utilizing hard-carbon 
materials has been discussed above with respective examples. We have illustrated the basic 
structural configurations and their electrochemical performance outcomes when devised 
in supercapacitor setups. Additionally, presently faced drawbacks and their possible 

Figure 14.4 a) CV curves at 0.5 mV s-1 vs. Na/Na+ in the voltage range of 1.4–4.6 V, b) the second 
charge and discharge profiles at 0.1C, c) cyclic voltammetry of KHC-based device at different scan 
rates from 1 mV/s to 100 mV/s, d) galvanostatic charge/discharge curves measured at various 
current values in 6 M KOH solution. Reproduced with permission [55, 64]. Copyright 2020, H. Wu, 
(Published by Elsevier) 2019, S. Ghosh, (Published by Springer Nature).
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preventing measures have also been discussed, which will help the readers process more 
ideas for further advancements or modifications. However, beneficial characteristics of 
using hard carbons, such as better cycling performance, superior specific capacity, and bet-
ter rate capability, have been explained concerning their supercapacitor device setup and 
their specific selection of other components (like electrolyte, electrode materials, etc.) used 
in the device. Finally, it can be concluded that biomass-derived hard carbon looks promis-
ing as an electrode material. Further improvement or modification can effectively boost its 
functionality, enhancing electrochemical activity and commercial-scale application.
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15.1 Introduction

Carbon-based materials are commonly used as electrode materials for supercapacitors 
because of their unique chemical and physical properties, i.e., easy processability, control-
lable porosity, inert electrochemistry, good conductivity and high thermal stability [1, 2]. 
The versatile physical appearances of carbon materials such as powder, sheet, aerogel, tube, 
composite, monolith and fiber are also advantageous and desirable for preparing a 
 high-performance supercapacitor [1, 3]. The charge storage mechanism of carbon-based 
electrode material is the adsorption of electrolytes across the electrode‒electrolyte inter-
face. The most promising material for use as an electrode in supercapacitors is carbon 
nanofiber (also known as CNF) due to its high surface area, flexibility, unique structure, 
good modulus of elasticity, high electrical conductivity, and homogenous porosity [4, 5]. 
One-dimensional CNFs with interconnected three-dimensional mesoporous morphology 
provide a suitable platform to incorporate foreign material for high-performance superca-
pacitors [4, 6, 7]. The tunable surface functionality of CNFs elevates the electrode perfor-
mance by increasing the conductivity and introducing pseudocapacitive performance [8]. 
However, most CNFs are synthesized from high-cost and non-renewable resources such as 
poly(vinyl alcohol), poly pyrrole, and polyacrylonitrile. Thus, their use is still limited to lab-
scale research [9]. Biomass is an abundant natural resource that has the potential to be a 
base for CNFs [5]. Biomass is the most significant source of carbon present as lignocellulose 
compounds, including cellulose, lignin and hemicellulose [10]. The components of plant 
biomass (hemicellulose, cellulose, plant protein, lignin, plant lipids) provide a fundamental 
skeletal structure and considerable numbers of functional groups for the carbons [11]. In 
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addition, cellulose’s hydrophilic nature simplifies the ion diffusion process into nanofiber 
pores [5]. Furthermore, after cellulose, lignin comprises the second largest amount of 
biopolymer, found as a by-product in large quanities in the paper and pulp industry [12]. 
Biomass-derived CNFs have carbon-based material’s fundamental chemical and physical 
properties, like heat resistance, good chemical inertia, and high conductivity [3]. Also, oxy-
gen-containing functional groups such as –OH, –COOH and others on the biomass-derived 
carbon’s surface, to a certain extent, make the CNFs appropriate for supercapacitor elec-
trode materials[3]. This chapter comprehensively discusses the synthesis and development 
of biomass-based CNFs for high-performance supercapacitors.

15.2 Biomass-derived CNFs as Electrode Material for 
Supercapacitors

The electrode material used in a supercapacitor has a significant role in determining the 
device’s electrochemical performance. It has been proved that the physical and chemical prop-
erties of controlled electrodes affects the charge storage efficiency of supercapacitors [13]. 
CNFs extracted from biomass provide modification facilities with low-cost renewable precur-
sors, enhanced ion mobility and faster diffusion rate. The charge storage property of CNFs can 
be enlarged through activation, porosity incorporation, heteroatom doping and composite for-
mation. In such a case, the modified electrode changes the charge storage mechanism.

15.2.1 Carbon Nanofibers

CNFs are considered promising electrode materials for supercapacitors in the energy stor-
age field, especially for wearable devices. Biomass-based organic polymers such as cellu-
lose, lignocellulose and lignin are used to synthesize CNFs and are regarded as a partial or 
total alternative to synthetic polymers for electrospun CNFs. A study on biomass-derived 
CNFs shows the potential charge storage property of CNFs being used as electrode mate-
rial. Chen et al. [14] reported an esterification modified electrospun technique for prepar-
ing the CNFs from biomass: CNFs from whole lignocellulosic biomass acetylated sugarcane 
bagasse and polyacrylonitrile (PAN, as blending agent) without activating chemicals or 
pore-forming agents followed by carbonization. In addition, CNFs obtained from the ester-
ification of lignin precursors show higher electrochemical performance in charge storage 
performance than the CNFs obtained from original lignin precursors [15]. The sugarcane 
bagasse-derived CNFs possessed abundant meso and microporosity, resulting in good BET 
surface area value of 450.0 m2 g−1 and thereby showing high charge storage performance 
with Sc Fg= −289 50 1.  and areal capacitance of (Ξ = 64.20 μF cm−2). The symmetric system 
prepared with the sugarcane bagasse-derived CNFs also showed power density 
(P kW kgd =

−1 260 1. ) and high energy density ( . )Ed Whkg= −56 0 1  with good cyclic stabil-
ity (5000 cycles at a current of 2.0 A g−1) and a high capacitance retention rate (111.80%). 
However, different biomass-derived CNFs show different responses as the organic poly-
mers or CNFs precursors obtained from different biomasses don’t have a similar chemical 
structure. Therefore, the selection of biomass precursors is quite important in preparing 
high-performance CNFs for supercapacitor electrode material. The mechanism and 
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electrochemical performance of lignin-based CNFs obtained from different plant species 
precursors were unlocked by Du et al. [16] who also gave clear guidance in the case of 
biomass-based precursors selection. Here, three different types of typical lignin were 
extracted from softwood (pine, PE), hardwood (poplar, PR), and grass (corn stalk, CS) 
materials and used to prepare CNFs. In addition, the three types of lignin contain different 
structural units (p-hydroxyphenyl unit (H), guaiacyl units (G), and/or syringyl units (S)). 
Lignin-based CNFs were prepared by electrospinning, where PAN was the blending agent 
and followed by peroxidation and carbonization. In a comparison of the electrochemical 
performance of the three types of lignin-based CNFs, poplar lignin-based CNFs showed 
a greater specific surface area of 1062.50 m2 g−1, larger S Fgc =

−349 2 1.  and higher tensile 
strength of 35.31 MPa. Even in a two-electrode system with symmetric assembly, poplar 
lignin-based CNFs, when tested in an aqueous electrolyte containing Na2SO4, CNFs 
showed an excellent Ed Whkg= −39 60 1.  when subjected to a Pd kW kg= −5 0 1.

They also displayed exceptional cycling stability, having a value of 90.51% after 5000 
cycles. The findings demonstrated that lignin derived from hardwoods, specifically poplar, 
was an excellent choice for an eco-friendly raw material for lignin-based CNFs. Analyzing 
the connection between the structure of various lignins and the behaviour of lignin-based 
CNFs allowed researchers to better understand the process by which different plant species 
affect the electrochemical performance of these materials. This was done by focusing on 
the lignins themselves. In general, it was noted that the performance of lignin-derived 
CNFs was better when the molecular weight was higher, more -O-4 aryl ether linkages and 
S units were present, fewer –COOH groups were present, and the polydispersity was 
smaller. Among all lignin-based CNFs, poplar lignin contained these superior functionali-
ties and therefore high performance was observed.

15.2.2 Activated CNFs

Biomass precursors have a complex hierarchical structure, which allows the freestanding 
formation of conductive CNFs after simple activation [5, 17]. Activation of carbon material 
introduces high porosity and enlarges the specific surface area. Generally, the activation is 
carried out either physically (in air, steam or CO2) or chemically using activation agents 
[18]. Physically activated cellulosic biomass gives activated CNFs, which showed a high 
specific surface area and appropriate surface porosity [19]. High electrochemical perfor-
mances, i.e., high Sc Fg= −240 80 1.  (in 6.0 M KOH electrolyte) and excellent reversibility 
and rate capability were observed using the physically activated CNFs. Chemically acti-
vated electrospinning CNF mats prepared from lignin biomass showed highly densified 
carbon electrodes (0.10 to 0.60 g cm−3) where NaOH was used as the activating agent to 
ensure microporosity [20]. Therefore, a high surface area was maintained even after densi-
fication, which is beneficial for electrochemical double-layer capacitors. Shi et al. showed 
that activated CNFs prepared from a mixture of biomass (industrial hemp straw) and PAN 
showed higher charge storage performance than the CNFs obtained from synthetic organic 
polymer PAN [21]. The activated CNFs obtained from biomass were found to have a high 
surface area, strong electro-conductivity, and outstanding electrochemical performance. 
The activated CNFs as electrode material showed Sc Fg= −244 80 1.  at a j= −1 0 1. ,Ag  and 
the specific capacitance reached 219.0 F g−1 at j= −10 0 1. Ag . After being charged and 
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discharged 3000 times in a 6 M KOH solution using a three-electrode setup, activated CNFs 
showed a specific capacitance retention rate of 96.0% (at 2.0 A g−1).

15.2.3 Heteroatom Doped CNFs

The existence of heteroatoms (such as O, N, S and P) is beneficial for the electrochemical 
properties of biomass-derived CNFs electrodes [9]. N-doped CNFs derived from bacterial 
cellulose combined with a reduced graphene oxide (RGO) sheet form an efficient electrode 
material for supercapacitors [22]. Here, N doping increased the electrode material’s wet-
tability and increased the speed of the transportation and diffusion of electrolyte ions. The 
N-doped carbon nanofiber networks showed enhanced specific capacitance, improved rate 
capability and exceptional cycling performance (100% retentions after 20,000 cycles). On 
the other hand, N and S co-doped CNFs based electrodes were prepared from a lignin bio-
mass precursor where graphene was used to immobilize the S and N by capturing NH3, 
HCN, and SO2 released during carbonization and activation of lignin and PAN [23].

The supercapacitor fabricated with the N, S self-doped graphene-modified CNFs displayed 
a high Sc = 267.32 Fg−1, a long cycling life, high Pd = 0.493 kW kg−1, and exhibited a Ed = 9.28 
Wh kg−1. Improved performance of heteroatom doped CNFs based flexible electrode inspired 
Li et al. [24] to further modify the morphology of CNFs to enhance the charge storage capac-
ity. However, the limited mass transfer of electrolyte ions through the one-dimensional car-
bon material reduces the performance of charge storage and energy conversion. Therefore, 
the introduction of multifunctional pores on the surface of CNFs can enhance the active sur-
face for electrolyte ions adsorption. Li et al. [24] reported a new method for preparing high-
performance electrode material by incorporating multimodal porosity in seaweed-derived 
CNFs (PCNFs) and then activating with NH3 for N-doping (N-PCNFs). In addition, heter-
oatoms helped to enlarge the charge storage performance by introducing pseudocapacitance. 
Figure 15.1A-D shows the morphology and elemental composition of the mesoporous 
N-PCNFs. Figure 15.1E-H demonstrates the CV as well as the GCD measurement. N atom 
incorporation in PCNF showed a significant enhancement in the rectangular shape of the CV 
curve (Figure 15.1F), and the highest discharging time (Figure 15.1G) was achieved for 
N-PCNF-600 (annealed at 600 °C), which offered higher capacity for charge storage.

15.2.4 Hierarchical Hollow Porous CNFs

Solid structural CNFs generally expose the outer surface for ion adsorption. On the other 
hand, hollow CNFs provide a better two-dimensional active flat surface for charge storage, 
increase the permeability of electrolyte ions through the hollow structure of the electrode 
and shorten the diffusion path for ions. Hence high capacitance performance can be 
achieved by hierarchical hollow porous structural electrodes. The complex microstructure 
of biomass often helps to have high porosity in carbon material.

Wang et al. [25] synthesized hollow activated carbon nanofibers (HACF) of the three dif-
ferent types using biomass from willow catkins (WC), pitch-based hollow fibers and phe-
nolis. These hollow fibers were investigated from multiple angles, looking at their shape, 
pore structure, surface, electrochemical capabilities and chemical content. HACFs that are 
produced from WCs have the potential to serve as good electrode materials for electrochem-
ical energy storage devices on account of their high hollowness, low cost, and eco-friendly 
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Figure 15.1 (A and B) Scanning electron microscopic images of the N-doped porous graphitic 
carbon nanofibers-600 material. (C) TEM image at low magnification, as well as TEM-EDS 
(energy-dispersive spectroscopy) elemental mapping and (D) transmission electron microscopy 
image of N-doped porous graphitic carbon nanofibers-600 captured by a TEM operating at high 
magnification. (E) CV of N-doped porous graphitic carbon nanofibers-600 SCs measured between 
0.0 and 0.80 volts in a solution containing 6.0 M KOH while using a variety of scan rates. (F) CV 
curves of various PCNF and N-doped porous graphitic carbon nanofibers-600 compounds were 
scanned at a rate of 100 mVs−1 in a solution that contained 6.0 M KOH. (G) N-doped porous 
graphitic carbon nanofibers-600 galvanostatic charge and discharge (GCD) curves were measured 
over a wide range of current densities. (H) GCD curves at 1.0 A g−1 for various PCNF and N-PCNF are 
displayed. Reproduced with permission [24]. Copyright 2015, American Chemical Society.
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nature. Compared to melt-pinned hollow fibers, willow-HACFs are better for fabricating 
electrode materials due to their low cost, renewability and the particularly high-hollow 
tubular structure of naturally occurring biomass WCs. The willow-HACFs have excel-
lent electrochemical properties due to the combination of EDLCs and pseudocapacitance. 
The willow-HACFs feature a substantial amount of surface heteroatom-doped functional 
groups (2.390 wt.% N and 16.410 wt.% O species) and a high microporous specific sur-
face area (1067.0 m2 g−1). The pore size distribution is more concentrated at 0.7∼1.2 nm. 
Electrochemical studies showed that the HACFs produced from WCs possess a high spe-
cific capacitance of 333.0 F g−1 at a current rate of 0.10 Ag−1 and had 62.70% of a large rate 
capability with retention (209.0 F g−1 at 10.0 Ag−1). When HACFs derived from WCs-based 
electrodes are used in symmetric supercapacitor devices, HACFs produced from WCs pro-
vide a maximum Ed ≈ 8.80 Wh kg−1 at a Pd = 0.050kW kg−1 and good cycling performance, 
with 95.50% retention over 3000 cycles at 5.0 Ag−1 in 6 M KOH aqueous electrolytes. The 
supercapacitor device has exceptional electrochemical performance, which makes it a good 
candidate for application in a high-performance electrochemical energy system [25]. Figure 
15.2 shows an illustration of the manufacture of HACFs obtained from willow catkins and 
the corresponding scanning electron microscopic images.

Figure 15.2 An illustration of the manufacture of HACFs obtained from willow catkins according. 
(a, b) Scanning electron microscopic images of willow-HACFs, (c, d) scanning electron microscopic 
images of phenolic-HACFs, (e, f) scanning electron microscopic images of pitch-HACFs. Reproduced 
with permission [25]. Copyright 2017, Elsevier.
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Ma et al. [26] synthesized biomass-derived activated carbon hollow fibres (ACHF) at dif-
ferent carbonization temperatures (600 °C, 700 °C and 800 °C) using wood waste to prepare 
high-performance electrode material for supercapacitors. For a comparative study, com-
mercial wood charcoal (WC) was mixed with ACHF in liquefication before electrospinning 
to prepare WC-modified ACHF (WC-ACHF). Carbonization of the WC-ACHF was also 
done at 600 °C, 700 °C and 800 °C. The WC-ACHF showed large inner and outer porosity 
due to effective contraction between ACHF and WC. High-extent porosity demonstrates an 
exceptional Sc = 295Fg−1 at 0.5 A g−1, which was measured for WC-ACHF-800. This specific 
capacitance remained as high as 218 F g−1 even when the current density is 20.0 A g−1 
(214 F g−1 at the current rate of 20.0 A g−1 observed for ACHF-800). Modifying AHCF with 
WC showed an excellent capacitance retention rate of 73.80% at the current rate of 20 A g−1. 
At 500 W kg−1 power density, a symmetrically assembled WC-ACHF-800 two-electrode sys-
tem achieved an energy density of 7.80 Wh kg−1, and when the power density was increased 
up to 10.0 kW kg−1, the energy density was 5.20 Wh kg−1.

15.2.5 Transition Metal or a Metal Oxide Containing CNFs

Significant effort has been made to produce a supercapacitor with a high energy density. 
Biomass-derived CNFs are used to effectively elevate the double-layer charge storage capac-
itance property. A freestanding three-dimensional network of CNFs accelerates electrolyte 
accessibility and shortens the path to the active sites. The CNFs have a hierarchical struc-
ture, increasing the specific capacitance and, as a result, the power density. Nevertheless, 
low energy density continues to be a problem that has to be studied. Transition metals or 
metal oxides are considered active pseudocapacitive materials that store energy through 
redox reactions resulting in high energy density.

A metal or metal oxide composite and CNFs add a new charge storage mechanism (redox 
center) to double-layer capacitance and enhance the specific capacitance. Literature study 
shows transition metal compounds such as oxide, sulfide and hydroxide have been used to 
enlarge the electrochemical performance of biomass-based CNFs [26–29]. Changing the 
surface chemistry of biomass-derived CNFs with such metal compounds helps develop an 
electrode material for high-performance supercapacitors. In addition, a biomass-derived 
organic polymer such as cellulose provides a three-dimensional web to anchor metals or 
metal oxides. Long et al. used bacterial cellulose as both a carbon precursor and a template 
to prepare a nanofibrous carbon network (c-BP) by carbonization with polyaniline [28]. 
The deposition of MnO2 on the c-BP showed a larger CV curve and higher specific capaci-
tance for c-BP/MnO2 than a single MnO2 electrode.

Sun et al. [30] synthesized manganese dioxide (MnO2) nanosheets that were formed on 
multichannel carbon nanofibers containing amorphous cobalt oxide (CoMCNFs@MnO2) 
by using electrospinning technology, then carbonization and a straightforward chemical 
bath deposition. The resulting CoMCNFs@MnO2 composites exhibit flexible characteris-
tics, which have the potential to serve as freestanding electrodes in supercapacitors. This 
one-of-a-kind structure offers a variety of benefits, such as embedding amorphous cobalt 
oxide (CoO), which encourages the growth of surface MnO2 nanosheets; hierarchical 
MnO2 nanosheets, increase the exposure of active spots and speed up OH-movements as 
well as forming a structure consisting of 1D multichannel carbon nanofibers, which makes 
it possible to transport ions over shorter distances. It is interesting to note that flexible 
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composite films could be used as electrode materials for supercapacitors even if they 
stand independently. Because of this, CoMCNFs@MnO2-2.50 displays a Sc = 265.0 Fg−1 at 
0.50 A g−1, which is more than the capacitances displayed by their counterparts (135.0 and 
143.0 F g−1 at 0.50 A g−1 for MCNFs@MnO2 and CoMCNFs, respectively). And after 10,000 
cycles, the CoMCNFs@MnO2-2.50 specific capacitance was still 98.70 %. Importantly, the 
electrospinning carbon nanofibers (CNFs) and CoMCNFs@MnO2-2.50 form an asymmet-
ric supercapacitor (ASC) with a high Ed = 19.270 Wh kg−1 and a Pd = 0.21751 kW kg−1 at 
0.30 A g−1 and a remarkable cycle ability of capacitance retention of 94.90% after 10000 
cycles. As a result, their work presents a promising method for creating high-performance 
flexible electrode materials for application in future generations of wearable energy storage 
gadgets [30]. Figure 15.3 presents XRD patterns, cyclic voltammetry curves, galvanostatic 
discharge curves, and specific capacitances of the fabricated electrodes. Figure 15.4 shows 
the asymmetric supercapacitors performance.

15.3 Preparation of CNFs

Biomass-based CNFs can be synthesized using chemical vapour deposition, electrospin-
ning, pyrolysis, and hydrothermal techniques.
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Figure 15.3 (a) XRD patterns, (b) cyclic voltammetry curves at a scan rate of 50.0 mV s–1, (c) curves 
of the galvanostatic discharge at a given current density ( j  = 0.50 A g–1), (d) specific capacitance 
(Sc) at different current densities. Reproduced with permission [30]. Copyright 2019, American Chemical 
Society.
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15.3.1 Chemical Vapour Deposition

The chemical vapour deposition (CVD) method is effective for manufacturing high-quality 
carbon nanofiber with complete control over its thickness and uniformity [31]. This 
method uses a quartz tube reactor, quartz boat, metal catalyst, and N2, He, H2 or Ar, etc., as 
carrier gas and stabilizer [31–33]. Along with biomass-derived activated carbon, low 
molecular hydrocarbons (acetone, ethylene etc.) are also carbon precursors for CVD [31]. 
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Figure 15.4 (a) The asymmetric supercapacitors based on CoMCNFs@MnO2-2.5 and CNFs are 
depicted schematically above. (b) CoMCNFs@MnO2-2.5 and CNFs cyclic voltammetry curves scan 
at 50.0 mV s−1. (c) Asymmetric supercapacitors cyclic voltammetry curves measured at a scan rate of 
50.0 mV s−1 over a potential range of 1.0 to 1.45 V, (d) from 1.0 to 1.45 V at 0.30 A g−1, GCD curves of 
the ASCs, (e) ASCs cyclic voltammetry curves at scan rates between 20 and 100 mV s−1, and  
(f) asymmetric supercapacitors galvanostatic charge-discharge curves for current densities between 
0.30 and 5 A g−1. Reproduced with permission [30]. Copyright 2019, American Chemical Society.
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A high temperature (500–700 °C) is maintained during the CNFs formation, where CNFs 
start forming over a metal catalyst placed in a quartz boat. The metal catalyst governs the 
shape of the CNFs. Figure 15.5A shows the CVD simple instrumentation. Sari et al. [34] 
prepared CNFs using activated carbon (AC) derived from banana peel and acetylene as a 
carbon source and Ni as a metal catalyst. Figure 15.5B, D show SEM images of CNFs made 
from banana peel using the CVD technique at temperatures of 600 °C and 700 °C, respec-
tively. Chen et al. also synthesized CNFs/AC composite through the CVD method [32]. 
They made AC from palm kernel shell (AC-P), wheat straw (AC-W) and coconut (AC-C) 
and placed them in a vertical fixed bed microreactor, and a mixture of ethylene and hydro-
gen (the ratio 1:1) was introduced into the reactor where a high temperature of 700 °C was 
maintained for two hours to prepare the CNFs composite.

15.3.2 Electrospinning

Electrospinning is an effective and versatile technique to prepare ultrathin fiber [36–42]. 
This method is extensively used to prepare CNFs with very low diameters (< 100 nm) [43]. 
The basic setup of electrospinning includes a syringe pump, a high-voltage power supply 
(AC or DC current), a spinneret (usually a hypodermic needle with a blunt tip), and a con-
ductive collector [44]. Synthesis of CNFs from biomass by electrospinning can be divided 
into four steps; i) pretreatment of biomass; ii) prepare a polymeric solution; iii) nanofibers 
(also called precursor fibers) formation through electrospinning; and iv) stabilization and 
carbonization. The schematic representation for the basic setup of the electrospinning pro-
cess is shown in Figure 15.6.

This process mainly involves an electrohydrodynamic process in which a melt solution 
or liquid is electrified to produce a jet that is then stretched and elongated to generate 
fibers. During electrospinning, polymeric solution or melt of biomass precursor is poured 
into the reservoir and connected with a high voltage power supply [45]. Surface tension 
causes the melt to be extruded from the spinneret during the electrospinning process, 
which results in the generation of a pendant droplet. In the presence of an electric field, 
the droplet is forced into the shape of a Taylor cone by the repulsive interaction between 
surface charges with the same sign. This results in the emission of a charged jet [46]. 
Finally, the charged jet is directed towards a grounded target where the jet is collected as 

Figure 15.5 (A) Schematic diagram of experimental apparatus used in CVD. Reproduced with 
permission [35]. Copyright 2018, Elsevier. (B, C) SEM image and XRD pattern of CNF produced at 
temperature 600 °C; (D, E) SEM image and XRD pattern of CNF produced at temperature 700 °C. 
Reproduced with permission [34]. Copyright 2019, Elsevier.
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Figure 15.6 Schematic representation of the basic setup of the electrospinning process. 
Reproduced with permission [38]. Copyright 2020, Springer.

a nonwoven interconnected web of small, thin and long nanofiber fiber. During this time, 
solvent elongation, instability and evaporation occur as the jet reaches the collector [47]. 
The collected web was then dried to stabilize and carbonized (with or without activation) 
to prepare CNFs from biomass. Several working parameters, such as solution flow rate, 
applied voltage and distance between nozzle and collector, influence the diameter of the 
CNFs. Polymers such as polyvinyl alcohol are frequently utilized to elevate the viscosity 
of fiber precursor solutions and enhance their capacity to spin [23]. Dai et al. [23] used 
lignin (corn stalk residues) to prepare N, and S co-doped graphene (GN) modified lignin/
PAN-based carbon nanofiber (ACNFs) by employing electrospinning followed by carboni-
zation and activation. Systematic synthesis of the CNFs from corn stalk residues is shown 
in Figure 15.7.

15.3.3 Pyrolysis

Pyrolysis treatment is a simple process usually carried out at high temperatures [48–51]. 
This method consists of carbonization and activation of the biomass precursors. Activation 
is carried out either physically or chemically (using chemical activating agents such as 
KOH, and NaOH). In the case of physical activation, carbonization and activation are car-
ried out simultaneously. Alkaline compounds as activating agents facilitate the conversion 
of lignocellulose of biomass into carbon fiber. Residence time and temperature have sig-
nificant effects on the electrochemical property of the carbonized material. Pyrolysis under 
an inert argon environment at 700 °C temperature has produced CNFs from bacterial cel-
lulose with a diameter as low as 20 nm and a density of 4 mg cm−3 [52]. Such a study dem-
onstrates pyrolysis is an effective method to prepare high-performance CNFs for use in 
supercapacitors. Zhang et al. reported microwave pyrolysis of pine nut shells with micro-
wave irradiation to prepare hollow CNFs with a diameter of about 400 nm and 1400–
5000 nm length [53].
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Figure 15.7 Schematic representation of the preparation GNs-N-S co-doped activated lignin-
based CNFs for supercapacitor by electrospinning method. Reproduced with permission [23]. 
Copyright 2019, Elsevier.

15.3.4 Hydrothermal Treatment

In the hydrothermal method, biomass conversion is done thermochemically at high pres-
sure (2 MPa–10 MPa) in an autoclave [54–56]. Water is a commonly used solvent in this 
treatment. Water turns into a supercritical form at a temperature above boiling point and 
1.0 MPa pressure. The comparatively lower temperature within the range of 180–300 °C is 
applied during the hydrothermal method [54]. However, this process requires a low heat-
ing temperature but take a long time and uses more electrical energy than pyrolysis and 
electrospinning methods. Golmohammadi and Amiri [57] synthesized CNFs by hydrother-
mal treatment of Typha domingensis biomass at 200 °C for 2 h. During the heating treat-
ment precursor of Ni and Co was used to prepare a composite of nanofiber, which showed 
extremely high specific capacitance of 1770 F g−1 at 1.0 Ag−1. Hydrothermal treatment of 
bacterial cellulose for 12 h at 180 °C provided a lower diameter (10 – 20 nm) containing 
three-dimensional interconnected nanofiber. It ensured homogenous incorporation of het-
eroatom (i.e., N) on the bacteria cellulose-derived CNFs [27]. Therefore, hydrothermal-
treated CNFs showed better charge storage performance than pyrolysis-treated CNFs.

15.4 Biomass-derived CNFs in Symmetric Supercapacitors

Symmetric supercapacitors contain the same material in their positive and negative elec-
trodes. Consequently, to get a high energy density, it is necessary to make an appropriate 
choice of electrode material [2, 51, 58–61]. Biomass-derived CNFs have potential use to fab-
ricate electrode material for high-energy-density supercapacitors. A simple modification of 
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precursors or change in composition can significantly change charge storage performance. 
Lemongrass leaf waste showed a potential raw material for preparing interconnected 
porous activated CNFs for high-performance symmetric supercapacitors [62]. At first, acti-
vated carbon was prepared from lemongrass leave using ZnCl2 as an activator, and lastly, 
the porous activated CNFs were prepared by carbonization (600 °C in N2 gas) and physi-
cal activation at 800 °C in CO2. Optimization of ZnCl2 concentration was done based on 
the electrochemical performance and morphological study of the porous activated CNFs. 
The activated porous CNFs in optimum condition (0.7M ZnCl2) showed the appearance 
of hierarchical pores and nanofiber pores, which resulted in a high specific surface area of 
1694 m2 g−1. Hence high charge storage performance was observed in the symmetric cell 
with a Pd = 0.1283 kW kg−1 and Ed = 35.6 Wh kg−1. Cao et al. reported high-performance 
electrode material with poplar lignin and cellulose acetate-derived CNFs, which achieved 
a high Ed = 30.20 Wh kg−1 when keeping a Pd = 0.40 kW kg−1 in a symmetric system [63].
Here the phosphating process was carried out to modify lignin and cellulose acetate to pre-
pare the fiber precursors. Zhu et al. [64] introduced an effective process using lignin with 
high molecular weight and lower heterogeneity which is conducive to reducing the carbon 
weight loss of precursor fibers. Modifying lignin extracted from cornstalk by refining with 
isophorone diisocyanate and fractionation increased lignin’s molecular weight and resulted 
in high-performed CNFs.Such modification and fractionation maintained the morphology 
of nanofiber and significantly enlarged the surface area (2042.86 m2 g−1) and charge stor-
age capacity (442.2 Fg−1). A supercapacitor that was made by using modified lignin-based 
CNFs demonstrated a high Ed = 37.10 Wh kg−1 while having a Pd = 0.40 kWkg−1. Chen et al. 
used bacterial cellulose-derived self-doped CNFs (N-CNFs) as electrodes to achieve high-
performance symmetric supercapacitors [65]. N-doped CNFs showed high (Sc = 224 Fg−1 
at a current rate of 0.5 A g−1) as the heteroatom introduced pseudocapacitance property. 
More than one heteroatom in CNFs also enhances the active electrolyte ions’ active sites, 
thereby improving the charge storage capacity. N and S co-doped CNFs with graphene 
nanosheet (GN) showed ultra-high Sc = 267.32 Fg−1, and energy density of the symmet-
ric supercapacitor increases by four to 9.28 Wh kg−1 after graphene addition [23]. Figure 
15.8 shows the voltammetric performance of activated N, S-doped GN-CNFs (ACNF) in 
6 mol L−1 KOH. At low frequencies, the Nyquist plot displays a slope of approximately 80⁰ 
for all ACNF supercapacitors. This indicates that electrolyte ions diffuse quickly.

15.5 Biomass-derived CNFs in Asymmetric Supercapacitors

An asymmetric supercapacitor contains two electrodes made of different compounds, and 
in which the anode of a capacitor-type electrode serves as the power source. In contrast, 
the cathode of a battery-type Faradaic electrode serves as the energy source [2, 55, 66–68]. 
In the case of a symmetric supercapacitor, the operating voltage is often limited to less than 
1.0 voltage in an aqueous electrolyte because of the thermodynamic breakdown potential of 
water molecules. The asymmetric arrangement can extend the potential working window 
since dissimilar electrodes can combine their operating voltage [69]. As a result, various 
potential windows of dissimilar electrodes can be exploited in asymmetric supercapacitors, 
resulting in a high energy density and specific capacitance. This is how asymmetric super-
capacitors obtain greater energy density than symmetric supercapacitors. In asymmetric 
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supercapacitors, the positive electrode material is often metal oxide or conducting poly-
mer. These capacitors demonstrate a pseudocapacitive charge storage mechanism [70]. On 
the other hand, carbon-based material shows a double-layer charge storage mechanism 
or electrochemical double-layer capacitance and can be used as a negative electrode. The 
surface tuning property of CNFs makes it a promising material to be used in asymmetric 
supercapacitors [71, 72]. Metal or metal oxide and polymer incorporation in CNFs alters 
charge storage mechanisms and are effectively used as positive electrodes to enhance 
energy density. Bacterial cellulose is a widely used biomass precursor to prepare CNFs 
web. Lai et al. [73] synthesized N-doped CNFs (CBC-N) through carbonization polyaniline 
and bacterial cellulose and used the result as negative electrodes. Further modification of 
CBC-N with ultrathin nickel-cobalt layered double hydroxide (Ni-Co LDH) nanosheets 
resulted in CBC-N@LDH composite electrode, which demonstrated high Sc = 1949.5 F g−1 
at 1.0 A g−1 in three electrode systems. The elevated property of the composite CBC-N@
LDH made it suitable to use it as a positive electrode.

Huang et al. [74] fabricated MnO2 nanosheets using a polycarbonate (PTCE) membrane as 
the template for the one-pot hydrothermal process that was used to construct the porous 
nanotubes composed of MnO2 nanosheets. The one-of-a-kind mesopore materials (having 
diameter of 2–50 nm) in nanotubular structure allowed for fast ion transport, and the 
ultrathin MnO2 nanosheet shortened the paths that ions took as they diffused through the 

Figure 15.8 (a) CV curves of all electrodes of various supercapacitors at 5.0 mV s−1. (b) GCD curves 
of all electrodes of various supercapacitors measured at a j  = 1.0 A g−1. (c–d) Nyquist plots of all 
electrodes as well as their cycle stability. Reproduced with permission [23]. Copyright 2019, Elsevier.
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material, providing a high level of material utilization. Figure 15.9a shows the schematic 
representation of asymmetric supercapacitors. The operating voltage of the asymmetric 
charge storage device increased up to 2V, as shown in Figure 15.9b,c, and the GCD curve 
preserved a nearly symmetric nature even at high voltage (Figure 15.9d). Table 15.1 shows 

Figure 15.9 (a) An illustration of the ASC setup in the form of a schematic. (b) CV curves of 
manganese dioxide (MnO2) nanosheets-built nanotubes/AG ASC recorded at various potential 
windows at a scan rate of 50.0 mV s−1. (c) The ASC’s CV curves were measured at different scan 
rates between 0 and 1.8.0 V. (d) GCD curves with varied current densities. (e) Ed  vs. Pd  of the MnO2 
nanotubes//AG ASCs in a Ragone plot for conventional batteries, fuel cells, ultracapacitors and 
conventional capacitors. (f) A digital representation of a red light-emitting diode (LED), which was 
illuminated by a MnO2 nanotubes/AG device. Reproduced with permission [74]. Reproduced under the 
terms of the CC BY-NC-ND 3.0 license. Copyright 2014, Huang et al., Springer.
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the use of biomass-derived CNFs as positive and negative electrodes to prepare high-energy 
density asymmetric supercapacitors. Nanotubes can alter their diameter and thickness by 
adjusting the membrane’s pore size and chemical composition. As an electrode material for 
the supercapacitor, porous MnO2 nanotubes were utilized. In a system with three electrodes, 
the specific capacitance was measured to be 365.0 F g−1 at a current density of 0.250 A g−1, 
and the capacitance retained 90.40% of its initial value after 3000 cycles. An asymmetric 
superconductor that utilized porous manganese dioxide (MO2) nanotubes and activated gra-
phene acted as a positive (+) electrode for MnO2 and as a negative (-) electrode for graphene 
respectively produced an Ed = 22.50 Wh kg−1 and a maximum value of Pd = 146.20 kW kg−1. 
These values were higher than those that were reported for another MnO2 nanostructures. 
Figure 15.9d displays the GCD curves for various current densities. The time required to 
charge or discharge the capacitor is roughly reflected in the potentials of the charge-dis-
charge lines, according to a fast I–V response, excellent capacitive characteristics and a mini-
mal equivalent series resistance (ESR). At a current density of j = 0.250 Ag−1, the discharge 
curve slope showed that the asymmetric supercapacitor had A gravimetric capacitance (Ct) 
of 50.0 F g−1 based on the total mass of active materials in the two electrodes system.

Based on the entire weight of the electrodes (i.e., the mass of MnO2 + activated gra-
phene (AG)), a maximum gravimetric Ed = 22.50 Wh kg−1and had a maximum gravimetric 
value of Pd = 146.20 kW kg−1 were obtained, as shown in Figure 15.9e. To achieve an even 
more significant improvement in the energy density of the supercapacitors based on MnO2 
nanotubes, an intelligent hybrid architecture can be designed based on mesoporous MnO2 
nanotubes with conductive supports or other metal oxides/hydroxides. Based on the total 
electrode density (i.e., a mass of MnO2 + AG + Ni foam), the asymmetric supercapacitor 
device was able to attain a volumetric value of Ed = 7.20 Wh L−1 and Pd = 46.80 kW L−1. The 
efficiency of the asymmetric cell after it had been completely packaged was also calculated. 
There was a maximum practicable gravimetric Ed = 1.20 Whkg−1 (Pd = 7.50 kWkg−1) and 
volumetric energy density = 5.0 Wh L−1 for the compact device (highest Pd = 31.50 kWL−1). 
They were able to successfully light up a red LED using a prototype device (Figure 15.9f). In 
addition, after being charged for 27.0 s at 1.80 V, the LED stayed on for almost 120.0 seconds. 
It was clear from these findings that our MnO2 nanotubes/AG asymmetric supercapacitor 

Table 15.1 Biomass-derived CNFs electrode in asymmetric supercapacitor.

Source
Negative 
electrode

Positive 
electrode

Energy density 
( Ed(W h kg−1)

Power density 
( Pd  (W kg−1) Ref.

Bacterial 
cellulose

p-BC/N p -BC@MnO2 32.91 284.63 × 103 [27]

Bacterial 
pellicles

a-CBP c-BP/MnO2 63 227 [28]

Bacterial 
cellulose

CNFs Ni3S2/CNFs 25.8 425 [29]

Typha 
domingensis

Vulcan XC-72R 
(VC)

NFKP/Ni-Co 101 25.6 × 103 [57]

Bacterial 
cellulose

CBC-N CBC-N@LDH 36.3 800.2 [73]
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technology has potential in real-world settings. According to the findings, the mesoporous 
MnO2 nanotubes have an excellent prospect for developing electrochemically stable super-
capacitors for practical applications. These one-of-a-kind MnO2 nanotubes constructed 
from nanosheets may also find use in a wide variety of disciplines, such as gas sensors and 
the treatment of dye wastewater. In addition, the suggested synthetic process would make 
it possible to explore new avenues for developing high-performance supercapacitors utiliz-
ing transition metal oxides [74].

15.6 Conclusions

Nowadays, due to their renewability, flexibility and abundant resource biomass precursors 
have become a popular choice in the fabrication of electrode material. Though many stud-
ies have been conducted on the application of supercapacitors information about biomass-
based CNFs in a supercapacitor is limited. CNFs with unique surface morphology, 
freestanding 3D structure, and high mechanical strength make it possible to prepare a flex-
ible supercapacitor. But biomass-derived CNFs suffer from proper analysis and investiga-
tion. Different biomass-derived CNFs have different charge storage properties, and 
variation in the structural component of the biomass precursors is observed. Therefore, to 
get effective CNFs from biomass resources, the biology of the biomass precursors should be 
well understood. In addition, every part of biomass doesn’t contribute to CNFs structure 
formation. To get carbon-containing CNFs, carbon precursor needs to isolate from the bio-
mass. However, the densification of CNFs can enhance the carbon content, reducing the 
porosity inside the CNFs. As a result, the specific surface area can be drastically reduced, 
creating a barrier for the diffusion of ions. Flexibility in modifying surface morphology and 
surface chemistry of biomass-derived CNFs makes them desirable candidates for high-
performing supercapacitors. Change in surface chemistry of CNFs with appropriate com-
ponents gives a facile opportunity to prepare different electrodes for high energy density 
supercapacitors. In addition, the three-dimensional matrix of CNFs act as the anchor to an 
additional component. Modification on the surface morphology of CNFs also enlarges the 
active sites for charge storage and thereby enhances the specific capacitance of EDLC.
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16.1 Introduction

Graphene is an ultrathin two-dimensional (2D) sheet structure of graphite composed of 
carbon atoms (atomic crystal) that possess excellent thermal conductivity, optical transpar-
ency, and chemical, mechanical, electrochemical, and electrical properties. Due to these 
properties, graphene can be used in various fields, e.g., nanoelectronics and energy-storage 
devices [1, 2]. Graphene is composed of multiple benzene rings connected in a two-dimen-
sional arrangement. Like benzene, the carbon atoms in the structure of graphene are sp2 
hybridized, and their 2pz electrons are involved in π bonding. Thus, one could expect the 
same reactive behavior from graphene as is seen with benzene, e.g., free radical [3, 4] and 
cycloaddition [5, 6] involving various –C=C– double bond reactions. However, the π elec-
tron conjugation differs in both cases because graphene is a semimetal with a zero band-
gap, whereas benzene possesses a large HOMO-LUMO gap. The π electron cloud in the 
graphene is immensely delocalized in the plane, making the graphene unable to react 
chemically, i.e., totally inert [7, 8]. To make the graphene chemically active (so all its car-
bon atoms are accessible) [9], several methods can be used, e.g., sp2 hybridized carbon 
atoms can be turned into sp3 hybridization in new 2D material by using the covalent chem-
istry approach. Through a same approach, creating a new 2D superlattice and modification 
of the energy band structure of graphene is possible to make it suitable for energy conver-
sion and storage devices [8]. Moreover, graphene-metal nanoparticles (NPs) composites 
can be developed to be applied in next-generation conversion and storage devices. This 
approach practically enables the electronic-level study of the interaction between graphene 
and other materials used in nanocomposites. Alternatively, defects can be introduced in 
graphene structures to tune their physicochemical properties. Also, based on the source, 
high-quality graphene can be achieved. Naturally occurring biomass is the most attractive 
source for producing graphene and its oxide forms. The biomass-derived carbon materials 
usually have a high surface area and improved electrochemical charge storage characteris-
tics [10–12]. Lastly, the conversion of 2D structure graphene into partially 
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three-dimensional (3D) graphene-based macrostructures can induce electrochemical 
robustness and improved electro-kinetics [13–15].

16.2 The Properties and Background of Graphene

The technique through which graphene was synthesized for the first time from a 3D graph-
ite crystal is named the “Scotch tape” method (micromechanical cleavage) (Figure 16.1a). 
Adhesive tape was applied on the top layer of graphite, which removed the layer with 

Figure 16.1 (a) Scotch tape method to produce graphene: (Top) adhesive tape is used to cleave 
the first few layers of graphite from a bulk crystal of the material. (Bottom) left: the tape with 
graphitic flakes is passed against the substrate of choice. Right: some flakes stay on the substrate 
even when removing the tape. (b) Arrangement of carbon atoms in the crystal structure of 
graphene (honeycomb lattice). (c) Blue: chemical modifications of graphene by adding hydrogen 
(top) and fluorine (bottom) to sp2 hybridized carbon atom. (Carbon atoms, red: hydrogen atoms, 
and green: fluorine atoms). Reproduced with permission [24]. Copyright 2021, American Physical 
Society. (d) SEM image of thermally expanded and reduced graphite oxide leading to conductive 
graphene sheets in wrinkled morphology. Reproduced with permission [29]. Copyright 2009, Wiley. 
(e) Modification of graphite to graphene oxide and reduced graphene oxide. Reproduced with 
permission [21]. Copyright 2012, Elsevier.
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graphite crystallites. That layer was pressed against a substrate (of choice). Due to the 
stronger bottom graphene layer/substrate adhesion, the graphene layer was transferred to 
the substrate, producing extremely high-quality crystallites. This simple method can be 
applied to any surface with appropriate adhesion to graphene. The fabricated graphene 
was a 2D sheet of the flat crystalline form of carbon atoms with sp2 hybridization with a 
hexagonal lattice structure, as shown in Figure 16.1b. The sp2 hybridization also counts for 
their facile chemical modification, e.g., fluorination in Figure 16.1c. Physically, the bond 
length of C–C in graphene structure is about 0.142 nm with an atomic thickness of 0.345 
nm. It is stronger than steel, with a strength of ∼0.4 GPa. Young’s modulus of 500 GPa sug-
gests its elasticity is more than rubber [16]. Another aspect that gives makes graphene 
unique is its mechanical characteristics. Graphene is considered the thinnest fabric as it 
can be deformed mechanically, stretched, compressed, folded, rippled, and even torn into 
pieces [17, 18]. These mechanical properties give rise to excellent robustness in the elec-
tronic structure of graphene. Graphene is exceedingly stiff, with zero effective mass and 
high thermal conductivity. It shows excellent mobility for charge carriers and is imperme-
able to gases. Optical transparency is another interesting aspect of graphene [19, 20]. 
Morphologically, graphene exists in thin sheets, as shown in Figure 16.1d. The thin layer is 
expected to create wrinkles, further enhancing the surface area of graphene and its electro-
chemical and adsorption characteristics. Chemically, the sp2 hybridization of carbon atoms 
in graphene allows it to form three strong sigma bonds and a single pi bond. Therefore, 
graphene is a semimetal with zero overlaps and a good conductor of electricity compared 
to diamond, which has an sp3 hybridized carbon atom making it an insulator. The vulner-
able nature of the sp2 hybridized carbon atom helps explore new ideas to create 2D crystals 
of graphene derivative with variable hybridization, i.e., sp3 most commonly, by attaching a 
new group or species to the carbon atoms in graphene structure. This led to the fabrication 
of new materials like graphene oxide, reduced graphene oxide, graphene nanocomposites, 
etc. Figure 16.1e shows graphite modification to graphene oxide and reduced graphene 
oxide [21].

Crystallographically ordered modifications that have been achieved chemically include 
graphene (structural modification of graphene where a hydrogen atom is bonded to each of 
the sp2 hybridized carbon atoms) [22] and fluorographene, as shown in Figure 16.1c. [23] 
Unlike graphene, both modification products exhibit a large electronic bandgap which 
does not allow the electrons to jump from valence to the conduction band. That is why both 
derivatives of graphene are insulators. Even then, they are high crystallographic products 
and much more stable at ambient temperature. This makes graphene a good conductor of 
electricity with zero band gaps.

In contrast, graphene (chemical modification of graphene) is an insulator with a large 
bandgap, making it an exciting prospect for scientists to explore the other derivatives to 
fill the gap of electrical conduction between graphene and graphene layers by tunning the 
bandgap range [24]. Edge and surface modification of graphene via patterning strategy 
can also enhance their physicochemical properties. However, these modifications are not 
easy to achieve because of the high energy barriers arising due to the van der Waals forces 
and interlayer conjugation between single graphene layers in the multilayer model. 
Unlike traditional 2D crystals, graphene is more exposed to form arched edges, which 
show folding [25]. The functionalization of this arched structure is more complicated 
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than layered geometry. Apart from these tricky aspects, graphene’s covalent functionali-
zation and transparency are crucial for smart windows and touchscreen applications. The 
surface chemistry of graphene is particularly important in controlling the adhesion prop-
erties of graphene as it directly influences the adhesion of graphene films to polymer or 
glass surfaces. Also, surface chemistry decides the cyclic lifetime and capacitance of 
supercapacitor electrodes. Functional groups bonded on the surface of graphene can con-
trol the cytotoxicity and biocompatibility of graphene. The mechanical and thermal prop-
erties of graphene (nanocomposite) can be maximized by covalently bonding it to the 
polymer matrix [26].

Graphene can also impart various modifications when combined with other materials. 
For example, when mixed with a non-conductive polymer matrix, it reduces the electrical 
resistivity of the host polymer by integrating its conductivity [27]. Therefore, the conduc-
tive graphene sheets play the role of the conductive bridge within electrically resistive poly-
mers. When graphite oxide was expanded thermally at 1000 oC under a reduced graphene 
oxide, the functionalization of graphene occurred along with the reduction of single-layer 
graphene oxide (SLGO) to single-layer graphene (SLG) [28]. This reduction caused the 
aromatic nature of bonding to be restored by removing oxygen, improving the electrical 
conductivity due to the π-electrons delocalization across the surface of the 2D graphene 
sheet. These two operations, i.e., thermal expansion and reduction of graphite oxide, led to 
the wrinkled morphology of conductive graphene sheets, as shown in Figure 16.1d. The 
wrinkled morphology of graphene is found to be exceptionally good for charge storage 
applications. When these wrinkled graphene sheets were hybridized with polyvinylidene 
fluoride (a non-conductive polymer), the latter turned conductive due to the conductive 
pathways that are provided by wrinkled graphene [29].

When forces of different magnitudes are applied to the surface of graphene in various 
diverse ways, the surface is affected by the processing conditions and chemistry of gra-
phene-based reactions resulting in the deformation and stabilization of both 2D and 3D 
graphene sheets. Graphene can be folded on receiving external stimuli, e.g., thermal induc-
tion [30], stress on the edges of the graphene sheet, external load across the whole sheet 
[31, 32], evaporation of solvent from the surface of graphene [33], and freeze drying [34]. In 
the case of thermal induction, numerous factors play their role in folding the graphene 
sheet. These factors include size, functionality, aspect ratio of the graphene system, and the 
external environment in which the graphene system lies. By increasing the aspect ratio, the 
greater will be the deformation of the graphene structure away from planar geometry. As 
an example, stress applied on the edges of graphene nanoribbons can result in scrolling 
[31]. These demonstrations suggest that graphene can be effectively tuned for various elec-
trochemical applications.

16.3 Biomass-derived Synthesis of Graphene

Biomass is a naturally occurring source of carbon-based materials with low-cost, natu-
ral abundance, and environmentally friendly characteristics. The biomass is composed 
mainly of lignin, hemicelluloses, and cellulose [35, 36]. The carbon can be extracted 
from biomass in various ways, such as simple pyrolysis and pyrolysis with chemical and 
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physical treatments. The biomass-derived precursors usually produce carbon products 
cheaply. Pyrolysis (an inert thermal decomposition of biomass at 450–650 °C) and high-
temperature carbonization (thermal decomposition of biomass in the presence of water) 
are the two well-known processes that produce novel carbon-based materials from bio-
mass (Figure 16.2) [37]. Besides these, gasification and liquefaction are other methods 
that can be used to obtain various carbon products. The main carbon products include 
char, charcoal, carbon black, and graphite. Once carbon precursors are extracted from 
biomass, they can be selectively transformed into graphene and derivatives. The pri-
mary biomass sources include fungi, plant remains, naturally occurring polymers/plas-
tics, food wastes, etc. For example, the jute plant is one of the best carbon precursors 
that can be carbonized to carbon and graphitic sources. Nanaji et al. crushed the jute 
stick and activated it with KOH at high carbonizing temperatures to achieve the black 
jute carbon [38]. After further chemical treatment, the carbon black is converted into a 
highly porous graphene sheet that can be used for various electrochemical applications 
(Figure 16.2).

The scheme in Figure 16.3a, shows various top-down and bottom-up techniques to pro-
cess the carbon precursors into graphene-based materials [40]. In general, these synthesis 
methods can be classified into top-down and bottom-up approaches (Figure 16.3b). In the 
top-down approach, the graphene is synthesized from graphite by breaking the stacked 
layers of graphite into single, bi, and few layers of graphene, while in the bottom-up 
approach, the graphene is synthesized from the atomic-sized carbon-containing precur-
sors. Even though some of the top-down approaches are scalable and produce high-qual-
ity products, defective graphene sheets cannot be avoided due to the separation of the 
source layers. For the bottom-up approaches, the produced graphene sheets are almost 
defect-free with a high surface area, but the production cost in some methods is often 
high. Synthesis approaches such as microchemical cleavage (exfoliation) [41], chemical 
reduction of graphite oxide [42], pulsed laser deposition [43], and ion sputtering [44] are 
examples of graphene synthesis by top-down approaches. The bottom-up approaches 
include epitaxial growth [21], chemical vapor deposition [45], pyrolysis [46], and ion 
implantation [47].

Figure 16.2 Schematic illustration of graphene-based material synthesis from biomass and their 
properties and application. Reproduced with permissions [37–39]. Copyright, Elsevier 2018, American 
Chemical Society 2018, and Elsevier 2014.
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Figure 16.3 (a) Schematic representation of the pyrolysis process and benefits of the biochar 
obtained, (b) synthesis methods of graphene, (c) TEM images with ultrasonic oscillation (left) 
graphene comprising a few layers, (middle) edge of graphene sheet with clear grain boundaries, 
and (right) Raman spectroscopy spectrum. (d) Synthesis of graphene from graphite by Hummer’s 
method. Reproduced with permission [48]. Reproduced under the terms of the CC BY 2.0 license. 
Copyright 2011, Jayasena et al.
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16.3.1 Top-down Methods

16.3.1.1 Mechanical Cleaving (Exfoliation)
The mechanical exfoliation technique involves repeated cleaving of graphite by adhesive 
tape to obtain different graphene layers (mono, bi, and few-layers), which can be identified 
by Raman spectroscopy or atomic force microscopy. K. S. Novosolev first used this tech-
nique in 2004. In 2011, B. Jayasena et al. employed advanced machinery with an ultra-
sharp single-crystal diamond wedge assisted by ultrasonic oscillations for fabricating a few 
graphene layers from graphite [48]. The results showed that a few graphene layers were 
obtained with ultrasonic oscillations, as shown in Figure 16.3c. As can be seen, the obtained 
graphene sheets are crumpled, and the grain boundaries are clearly observed. Moreover, 
the Raman microscopy study confirmed that graphene sheets were obtained, and the 
defects in the sheets obtained with oscillations have fewer defects than those obtained 
without oscillations. In addition to the reduced defects in the obtained graphene, this tech-
nique saves time and labor costs. Nevertheless, mechanical exfoliation techniques need 
further improvement to obtain high-purity, defect-free, and scalable graphene for feasible 
commercial applications.

16.3.1.2 Chemical Reduction of Graphite Oxide
Chemical reduction methods are widely used for graphene synthesis because they are 
time-saving, scalable in production, and adaptable to various applications [42]. These 
methods involve the oxidation of graphite using concentrated acids and strong oxidants. 
Among these methods, Hummer’s method is the most popular technique for large-scale 
synthesis (Figure 16.3d). The method involves the oxidation of graphite to obtain graphene 
oxide within a few hours by dissolving NaNO3 and KMnO4 in concentrated H2SO4. Then, 
the obtained graphene oxide is dispersed by sonication, and finally, it is reduced to gra-
phene upon treatment with hydrazine or hydrate, as schematically shown in Figure 16.3d. 
Such a method is easy and time-saving, but it has some drawbacks, including the low pro-
duction yield, residual nitrate, and the toxicity of the generated NO2 and N2O4 gases. 
Therefore, various strategies have been developed to overcome such drawbacks, including 
i) eliminating NaNO3 from the synthesis method, ii) increasing the amount of KMnO4 
rather than NaNO3, and iii) using K2FeO4 instead of KMnO4 while NaNO3 is removed [49]. 
In 2010, Marcano et al. [50] succeeded in modifying Hummer’s method to obtain a high 
production yield with a controlled temperature by increasing the amount of KMnO4 and 
H2SO4 rather than NaNO3. Another strategy for modifying Hummer’s method was pro-
posed by Peng et al. [51] in 2015. In such a strategy, the authors employed K2FeO4 as an 
oxidizing agent instead of KMnO4 and successfully obtained single-layer graphene oxide at 
room temperature.

16.3.1.3 Pulsed Laser Deposition
The working principle of the pulsed laser deposition (PLD) technique can be summarized 
as follows. In a vacuum chamber, a laser beam is directed at the desired target (for gra-
phene synthesis, carbon-based material such as graphite). As the laser beam strikes the 
target, an energetic plasma containing ions and atoms is created and then deposited on the 
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substrate mounted in front of the target. The quality of the deposited material depends on 
several experimental parameters such as substrate temperature and crystallinity, target-to-
substrate distance nature and pressure of the environment, and laser parameters such as 
pulse duration, wavelength, and repetition time. The kinetic energy of the ablated species 
has up to a few KeV, enabling deposition of thin layers at relatively low temperatures com-
pared to other techniques.

The first study on graphene synthesis by the PLD technique was reported by Cappelli 
et al. in 2005 [52]. In their study, Nd:YAG laser operating in the near IR with the follow-
ing parameters: pulse width t = 7 ns, repetition rate ν = 10 Hz, λ = 532 nm, fluence φ ~7 J 
cm-2, and deposition time = 15 minwas used. The target was 99 % pure graphite, and the 
deposition was performed on Si <100> substrates at room temperature to 900 °C. Since 
then, many studies have reported graphene synthesis by the PLD. In 2017, Dong et al. [53] 
reported synthesizing large-area, few-layer graphene sheets by femtosecond PLD with low 
defects and good electrical properties. The product was obtained at a relative temperature 
of 500 °C and showed good electrical properties. The authors attributed the obtained prod-
uct’s quality to the double-layer Ni catalyst.

16.3.1.4 Ion Sputtering
In a sputtering system, argon is ionized employing electromagnetic excitation or direct 
current, resulting in the creation of Ar+ ions plasma, which is then accelerated and 
directed toward a solid target (carbon material anode in this case). As the Ar+ ions strike 
the target, target atoms are ejected and deposited on a substrate (the cathode), forming a 
coating. In a recent study [44], graphene was successfully synthesized on Si (100) by cop-
per cathode target using high-power impulse reactive magnetron sputtering. The number 
of graphene layers can be tuned with the separation distance between the precursor and 
magnetron and the synthesis temperature. The defects density in the obtained product 
decreased, while the graphene crystallite size increased with the synthesis temperature. 
Moreover, the product’s morphology, shape, and size can be determined by the distance 
between the substrate and the magnetron cathode target surface, synthesis time, and grid 
bias voltage.

16.3.2 Bottom-up Methods

16.3.2.1 Epitaxial Growth
Epitaxial growth grows a thin crystalline film in a particular orientation. The underlying 
crystal determines the orientation of the grown crystalline layers. Many studies reported 
graphene synthesis by the epitaxial growth method [21, 54, 55]. As depicted in Figure 16.4a, 
graphene can be synthesized by the thermal decomposition of hexagonal silicon carbide 
(SiC) substrate in a vacuum or inert environment [21]. Upon annealing silicon (Si) to sub-
limate (Si melting point = 1100 °C), it evaporates and leaves excessive C atoms on the sur-
face, which aggregate to form a graphitic layer [54]. Such a process is known as the epitaxial 
growth of graphene on SiC. Nevertheless, it was noticed that graphene obtained by this 
method lacks homogeneity. Moreover, the method is expensive because of the energy-
intensive process [56, 57].
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16.3.2.2 Chemical Vapor Deposition
In the chemical vapour deposition (CVD) method, different hydrocarbon gases such as 
ethylene, methane, hexane, and biomass materials are decomposed to grow graphene lay-
ers on a metallic substrate such as nickel or copper film in temperatures 650–1000 oC 
[45, 58]. The carbon precursor dissociates into free carbon and hydrogen atoms as it touches 
the hot surface of the metal substrate. Subsequently, the carbon atoms diffuse through the 
metal substrate surface, forming a graphene sheet upon reaching the carbon solubility [59, 
60]. It has been reported that CVD can obtain high-quality graphene with low defects and 
a large surface area. Nevertheless, CVD has some drawbacks, such as high production cost, 
further processing to remove residue catalyst and transfer of the product to other substrates 
[56]. Therefore, researchers have attempted to overcome such drawbacks by optimizing the 
synthesis temperatures and ambient pressures [61]. Kalita et al. successfully synthesized 
graphene at 450 °C using surface wave plasma-enhanced CVD (PECVD) as an example  
of these attempts. Such a strategy lowered the synthesis temperature and deposition time 
(< 5 min) and subsequently enhanced the process’s overall synthesis and scalability [62].

Figure 16.4 (a) Growth on SiC. Gold and grey spheres represent Si and C atoms, respectively. At 
elevated temperature, Si atoms evaporate (arrows), leaving a carbon-rich surface that forms graphene 
sheets. Reproduced with permission [21]. Copyright 2012, Elsevier. (b) A schematic of spray pyrolysis setup. 
Reproduced with permission [63]. Copyright 2019, Elsevier. (c) Schematic diagram of the crumpled reduced 
graphene oxide formation with TEM image. Reprodued with permission [65]. Copyright 2018, Elsevier.
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16.3.2.3 Spray Pyrolysis
Spray pyrolysis is a process in which a thin film can be deposited by spraying a solution 
containing a precursor onto a hot substrate, where the precursor decomposes to form the 
desired material. A typical spray pyrolysis setup is shown in Figure 16.4b. Compared with 
other techniques for the deposition of thin films, this method has several advantages. Such 
as its open atmosphere process, adjustability during the deposition, accessibility for observ-
ing the deposition procedure, and the capability to prepare favorable multilayer films for 
fabricating functionally graded layers [63]. One of the spray pyrolysis strategies is the nebu-
lized spray pyrolysis technique, which was first used by Illakkiya et al. [64] to obtain thin 
graphene layers. The nebulization produced uniform and fine droplets of the sprayed gra-
phene dispersion. The design of the nebulizer employed a baffle for producing homogene-
ous and fine droplets of the sprayed graphene solution and so thin homogeneous films. 
Ultrasonic spray pyrolysis (USP) is another technique characterized by cost-effectivity and 
adaptability based on an aerosol process for depositing nanostructured thin films. In the 
USP technique, the dispersion of the precursor into droplets is induced by ultrasonic waves 
[63]. Gao et al. [65] employed USP to obtain crumpled graphene nanostructures for photo-
detection applications. The formation of the crumpled graphene nanostructures compris-
ing ethanol evaporation, thermal reduction of graphene oxide aerosol droplets, and film 
evolution on any substrates placed five cm away from the furnace, is shown in Figure 16.4c.

16.3.2.4 Ion Implantation
Ion implantation is a technique by which ions of the desired material can be implanted into 
another solid material to a depth of several microns. One of the advantages of this tech-
nique is that the thickness of the implanted material can be controlled by the energy of the 
ions, implanted dose, and annealing temperature. This technique has demonstrated the 
synthesis of graphene with controlled layer-by-layer thickness. [47, 66] A precise carbon 
dose was implanted into polycrystalline Ni film, and subsequent heat treatment was con-
ducted to enable graphene growth on the Ni film [66]. The effect of annealing and quench-
ing on the thickness of the graphene layers implanted in Ni film was investigated. The 
results showed that the graphene out-diffusion from the Ni film decreases with annealing 
followed by quenching. Annealing up to 900 oC led to the dissolving of all the implanted 
carbon dose (∼16 × 1015 cm−2 corresponding to ∼ four graphene layers) in the Ni film. 
However, a slight decrease in temperature to 750 oC evolves carbon solubility in Ni film 
from (16 × 1015 cm−2 to 8 × 1015 cm−2), which corresponds to ∼ two graphene layers. 
Furthermore, rapid quenching from 750 oC resulted in trapping the residual carbon inside 
the Ni. Consequently, even though such a technique enables controlling the amount of the 
precipitated carbon at a high annealing temperature, the details of the kinetics of carbon 
out-diffusion from Ni at moderate to low temperatures are not well known.

16.4 Biomass-derived Graphene-based Supercapacitors

As mentioned earlier, graphene is a demanding material to use in electrochemical appli-
cations due to its exceptional characteristics. The tuned sp2-sp3 hybridized carbon mono- 
and multi-layered graphene provide much scope for charge storage and generation 
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applications, respectively. The biomass-derived graphene possesses unique characteristics 
such as large surface area, electrochemically enhanced, and mechanical robustness. 
Biomass-derived graphene-based supercapacitors have been explored widely, and a few 
case studies are provided below.

The morphology of the electrode always influences the electrochemical outcome of 
charge storage devices. Biomass-derived graphene predominantly exists in a sheet form. 
However, those sheets can be wrinkled or coiled to increase the surface area and other 
physicochemical characteristics that influence the overall device capacitance. With a large 
surface area, three-dimensional (3D) graphene was produced by sequential transforming 
glucose-based polymers via carbonization (Figure 16.5a, b). The product possessed 
macroporous carbons with thin graphene-based carbon walls. The physicochemical activa-
tion of this product led to micro- and mesoporous structures, selectively with a Brunauer-
Emmett-Teller (BET) surface area of 3,657 m2 g−1. This product held a high specific 
capacitance of 175 F g−1 in ionic liquid electrolytes due to its enormous surface area, hier-
archical pore structure, and elevated graphitization degree. The hierarchical 3D 

Figure 16.5 (a) Extraction of graphene-based carbon from glucose-based polymer. (b-d) SEM 
images of activated biomass-derived graphene-based carbons at different magnifications. 
Reproduced with permission [67]. Reproduced under the terms of the CC BY 4.0 license. Copyright 2018, 
Jung et al. (e) Schematic illustration of biomass-derived graphene-based carbons embedded with 
onion-like carbons. Reproduced with permission [68]. Copyright 2022, IOPscience.
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graphene-based supercapacitor yielded energy and power densities of 74 Wh kg−1 and 
408 kW kg−1, respectively [67]. The results were highly comparable with relevant biomass-
derived supercapacitors, as provided in Figure 16.6a.

In a related study by the same group, hierarchically porous graphene embedded with 
onion-shaped carbons is efficient for superior supercapacitance. The precursor for this 
large surface product consisted of a mixture of glucose, ammonium chloride, and thiourea. 
At 64 A g−1, this carbon demonstrated a high specific capacitance of 140 F g−1 due to high 
surface area, interconnected carbon networks (embedded within onion-like carbons), and 
hierarchical pore distribution. The highly interconnected carbon channels and pore struc-
tures facilitated transport of ions. Hence, charge carriers produce an exceptionally high-
power density of 1,737 kW kg−1. Moreover, the capacitance ability is intact for a more 
extended period of time with minimal capacitive loss [68].

Activating biomass-derived graphene is essential in enhancing the device’s capacitance. 
KOH, KOH-CO2, FeCl3, HAc-H2O2, NaCl-KCl, etc., have been used for activation purposes. 
The selection of activating agents is usually influenced by the nature of biomass sources 
from which carbon material is derived and the morphology of the final product [69]. For 
instance, the eggplant-derived graphene sheets obtained via freeze-drying followed by acti-
vation with KOH and carbonization (700–1100 °C) exhibited excellent capacitance activity. 
It is revealed in this study that the carbonization temperature helps control the overall 
porosity of the sheets and, ultimately, the capacitance activity. When these materials were 
tested in a three-electrode system having 1 M H2SO4 electrolyte, the CV retained their rec-
tangular shape within a potential window of 0.0 to 1.0 V at different scan rates. It was found 
that mesoporous graphene sheets obtained at 800 oC showed superior EDLC behaviour 
with 390 F g−1 capacitance at 1 A g−1 current density due to facile ion accessibility [70].

Combining graphene with selective capacitance materials enhanced capacitive abilities 
within charge storage devices. The biomass-derived graphene is excellent in this case as it 
can provide a large surface area for hybrid material, hence making the combining reaction 

Figure 16.6 Comparative Ragone plots and comparison of power densities with available 
literature of (a) activated biomass-derived graphene-based carbons supercapacitor. Reproduced 
with permission [67]. Reproduced under the terms of the CC BY 4.0 license. Copyright 2018, Jung et al. 
(b) Graphene-based embedded in onion-like carbon. Reproduced with permission [68]. Copyright 
2022, IOPscience.
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more facile. Different biomass-derived graphene-based heterostructures and nanocompos-
ites have been tested to achieve improved capacitive performance. For example, flower-like 
biomass-derived silver-decorated graphene electrodes were prepared by the CVD method. 
It was revealed that 800 °C is a suitable temperature to achieve a product with a large num-
ber of active sites and showed a maximum capacitance of 93.5 F g−1 [71]. Similarly, high-
performance biomass (extracted from Typha domingensis from Kermanshah, Iran,) derived 
3D-graphene/nickel-aluminium LDH composite was manufactured (Figure 16.7A,B). This 
material was utilized as a cathode in a supercapacitor. A specific capacitance of 1390 F g−1 
is achieved at 1 A g−1, with excellent cycling stability (92% capacitance retention after 5000 
cycles). In the asymmetric setup against a Vulcan XC-72R (negative electrode), maximum 
energy and power density of 173 Wh kg−1 and 28.8 kW kg−1 were recovered. The excep-
tional performance of composite electrodes can be attributed to the combining characteris-
tics of biomass-derived graphene’s surface area and the electro-kinetics of LDH [72].

Similarly, high-energy storage supercapacitors can be fabricated by compositing porous 
biomass-derived material with graphene. For example, a porous carbon derived from 
Typha domingensis was combined with graphene to produce a hierarchical porous carbon 
graphene composite with high porosity and capacitance. When testing the fabricated car-
bon composite as an electrode in a two-electrode cell against a Vulcan XC-72R as the 

Figure 16.7 Synthesis schemes of (A) bare KP-GO and (B) NiAl-LDH@KP-GO composite. 
Reproduced with permission [72]. Copyright 2020, Elsevier [72].
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negative electrode, in 6 M KOH as an electrolyte, the fabricated electrode showed a specific 
capacitance of 277.5 F g−1 with more than 94% of the initial specific capacitance after 5000 
cycles of successive charge/discharge. Such results illustrate that the graphene/biomass-
derived porous carbon materials composite is a promising material for electrochemical 
energy storage devices [73].

The properties and performance of biomass-derived graphene-based supercapacitors 
were also found to be improved by optimizing the activation temperature. For example, 
amorphous carbon synthesized from jute stick-based biowaste was converted into a stable 
graphene-like network with a high specific surface area of 2396 m2 g−1 and highly ordered 
graphitic sp2 carbon at activation temperature in the range of 800–1000 oC. It can be seen in 
Figure 16.8 that the carbonizing temperature offered significant morphological changes, 
which led to their electrochemical performance control. For the supercapacitor applica-
tions, the activated jute stick carbon performance showed a high specific capacitance of 
282 F g−1 with good capacitance retention of 70% at high current rates compared to the 
non-activated jute stick carbon [38].

Figure 16.8 Morphologies of carbonized jute stick-derived nanoporous carbon; (A) cross section 
of jute, (B, C) not activated, (D, E) activated at 800 oC (F, G) activated at 900 oC, and (H, I) activated at 
1000 oC. Reproduced with permission [38]. Copyright 2018, American Chemical Society.
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In a similar study, graphene-like activated carbon nanostructures synthesized from jute 
exhibited higher specific capacitance than the non-activated carbons [74]. Galvanostatic 
charge-discharge cycles showed a time decrease with the current density increase. It was 
found that maximum charge/discharge is obtained at 0.2 A g−1 in the case of activated car-
bon from jute. Additionally, the calculated specific capacitance at 0.2 A g−1 was 476 F g−1, 
which can be attributed to the larger surface area and porosity of jute-derived carbon com-
pared with other biomass products.

Extracting carbon sources from biomass and their conversion to graphene involves mul-
tiple reaction steps (usually high-temperature processes). Therefore, structural defects 
(intrinsic) are inevitable, influencing the electrical, structural, mechanical, and thermal 
properties. The π-bonds in derived graphene are responsible for capacitance properties, 
which are influenced by the defects as they cause bond ordering or may add extra energy 
states with dangling bonds. These variables could act as charge accumulation centers and 
improve the overall capacitance. Another kind of defect is extrinsic, in which some foreign 
impurity is added to the structure of graphene. The heteroatom insertion within biomass-
derived graphene is an alternative to using expensive composite materials for enhanced 
performance. Heteroatom doping can endow graphene with improved physicochemical, 
optical, electromagnetic, and structural properties [75]. High-capacitance electrochemical 
supercapacitors were fabricated from biomass-derived few-layer graphene nanosheets from 
the ginger root. Suitable heteroatom contents of potassium (1.14%), magnesium (0.34%), 
and phosphorous (0.34%) enhanced the specific capacitance of the device. In a three-elec-
trode cell configuration, the fabricated capacitors demonstrated good EDLC behavior. It can 
be concluded from CV profiling that the capacitance is maintained up to a high scan rate, 
i.e., 200 mV s−1. Perfect isosceles triangle shapes in the GCD curves determined that a neg-
ligible resistance existed at different current densities, which increased the capacitance 
behavior of biomass-derived few-layers graphene capacitors. The capacitance reached 70 F 
g−1 at 0.1 A g−1. The fabricated electrodes demonstrated excellent stability up to 3500 cycles 
(acquired at 2 A g−1) with 93.3% capacitance retention. Finally, a Ragone plot exhibited a 
reasonable energy density of 9.67 W h kg−1 with a power density of 200 W kg−1 [76]. These 
measurements emulate the excellent efficiency of ginger-derived capacitors at a larger scale.

Further electrochemical capacitance can be enhanced by doping with heteroatoms such 
as H, N, B, P, F, and S. Moreover, doping can also change the surface wettability, change the 
electrical conductivity, accelerate the charge transfer, introduce pseudocapacitance, and 
facilitate the electrode‒electrolyte interface reactions [77]. Taking oxygen doping as a rep-
resentative example, it is found that oxygen enrichment can enhance the surface wettabil-
ity and ions accessibility, thus establishing extra pseudocapacitance. The graphene derived 
from elm seeds has an oxygen-rich porous structure (oxygen content = 32.95 %) [78]. 
Similarly, carbon-based precursors from Camellia oleifera have oxygen-rich functional 
groups (C/O = 1.66) after microwave-assisted carbonization and KOH activation [79]. 
These materials demonstrated exceptional super capacitance activities and can be consid-
ered suitable precursors for oxygen-doped graphene synthesis.

On the other hand, nitrogen doping improves electrical features by increasing the elec-
troactive sites. It also polarizes the structure by disturbing the valence electron of carbon 
within bio-derived graphene. Graphene derived from nitrogen-rich biomass sources such 
as pine pollen, pine needle, spirulina platensis, Juncus, coronarium, chitosan, bamboo fun-
gus, and porcine bladders tends to be self-doped with nitrogen easily. Nonetheless, it needs 
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further treatments to improve the device’s nitrogen contents and overall capacitance [77]. 
Table 16.1 has provided a few representative examples of biomass-derived supercapacitors 
with operating conditions and efficiencies in terms of capacitance.

16.5 Conclusions

The examples presented reveal that biomass-derived carbon materials, especially gra-
phene, can be emphasized due to their superior charge-discharge characteristics, commer-
cial and economic values, and abundant availability of biomass sources. Future research 
should emphasize new biomass sources, including alternative species of plants, animals, 
and microbes. Much progress has been made on the plant-derived biomass for carbon 
extractions. The cheaper biomass sources, such as jute plant-derived carbons [35, 86], 
could offer good alternatives to assemble highly stable and more powerful energy devices. 
However, this trend needs to be more directed toward the plant’s derived carbon materials 
to explore the unfolding characteristics of those products. However, more work is required 
to make a comparative assessment of plant-derived and animal-derived graphene-based 
supercapacitors. Another aspect for the future is using advanced carbonizing machinery 
that could control the thermodynamical parameters to advance the yield and purity of car-
bon materials for more efficient performance. Lastly, the impact on the environmentshould 
be considered as converting biomass materials into various carbon-based products usually 
requires high temperature burning that can lead to CO2 emission.

Table 16.1 Capacitance performance of biomass-derived graphene electrodes for supercapacitors.

Biomass materials
Temperature 
(oC)

Activation 
agents Electrolyte

Specific 
capacitance  
(F g−1)

Current 
density 
(A g−1)

Bamboo bagasse [80] 800 KOH-iron 6M KOH 173.2 1

Corn stalk [81] 1100 K4[Fe(CN)6] 6M KOH 213 1

Sugarcane bagasse [82] 800 KOH 1M H2SO4 280 1

Ginger [76] 800 No activation 1M H2SO4 390 1

Cellulose [83] 1100 No activation 6 KOH 132 1

Camellia oleifera shell 
[79]

800 KOH 6M KOH 251 0.5

Elm seeds [78] 500 KOH solution 6M KOH 501 0.5

Onion peels [71] 600 to 800 – 1M H2SO4 93.5 1

Ginger roots [76] 600 to 900 Self-activated 1M H2SO4 390 1

Glucose-based  
polymers [67]

1100 CO2, KOH Ionic liquid 
(EMIM-TFSI/AN)

175 1

Orange-peel [84] 800 KOH 6M KOH 425 0.5

Tobacco stalk [85] 850 KOH 6M KOH 281.3 1
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17.1 Introduction

The synthesis of carbon-based materials from non-renewable fossil feedstock resources 
like coal and oil generally requires harsh reaction conditions [1–3] and is considered an 
environmentally unfriendly and economically unviable method [4, 5]. Therefore, develop-
ing environment-friendly, sustainable, and cost-effective methods for synthesizing various 
carbon materials is considered a crucial topic in different research fields [6, 7]. The manu-
facturing of functional carbon-based porous materials, including heteroatoms-doped 
porous carbons and value-added fuels from a naturally abundant source of biomass, is a 
robust alternative to fossil feedstocks because of its environment-friendly and renewable 
nature [8–10]. The preparation of a variety of N-doped porous carbons (NPCs) with differ-
ent morphologies and nanostructures from the biomass has shown better benefits and suit-
ability, which established itself as the best, most benign, and environment-friendly method 
[11, 12].

There is a lot of interest in using carbon materials obtained from biomass as electrodes 
for energy storage devices (Figure 17.1) due to their versatility as raw materials, low envi-
ronmental impact, and high commercial value [13]. Naturally, the most abundant source of 
biomass is lignocellulose. Hemicellulose, cellulose, and lignin are the main components of 
the lignocellulose biomass. The significant source of lignocellulose biomass is agricultural 
wastes, e.g., rice husk, wheat straw, cotton stalk, bamboo shoots, and bagasse [14–16]. The 
synthesis of porous carbons by pyrolysis of agricultural crop wastes is the best and most 
efficient utilization of raw biomass and can reduce air pollution [17–19]. The other impor-
tant agricultural sources are algae, soybean residue, chitosan, and shrimp shells, which 
are studied extensively to synthesize NPCs because of the high abundance of carbon and 
nitrogen. The porous carbons are mostly synthesized from biomass by the methods such 
as hydrothermal carbonization (HTC), activation, and pyrolysis. Some of the advantages 
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of synthesizing the porous carbons are a high ther-
mally, chemically stable, large Brunauer-Emmett-
Teller (BET) specific surface area (500–3000 m2g⁻1), 
and cost-effective availability. However, the porous 
carbons suffer from poor electrical conductiv-
ity due to having a lower degree of graphitization 
[20]. Therefore, the incorporation of heteroatoms, 
including nitrogen (N), oxygen (O), phosphorous 
(P), and boron (B) in the carbon framework con-
siderably increases the capacitance compared with 
pristine carbon due to the significant increase in 
electrical conductivity and electroactive sites. The 
presence of the heteroatoms can change carbon’s 
crystalline and electronic structure by improving 
the electron donor properties, which increase the 
pseudocapacitive behaviors [19, 21]. The incorpo-
ration of N enhances the number of active sites 

for ion adsorption, improving electrocatalytic activity. The doping carbon with N could 
facilitate the electron transfer abilities in the carbon backbone, leading to high selectivity 
in alcohol oxidation to aldehyde. There are lots of opportunities to tune NPC’s pore size, 
doping content, and specific surface easily, which could affect the electron transfer activ-
ity or electroactive sites for the performance of electrochemical devices, suggesting that its 
synthetic method would be a very significant study area due to its variable characteristics 
and wide range of uses [22–29]. N-doping is a great way to enhance porous carbons’ phys-
icochemical characteristics and energy storage capacities. NPCs also have a distinct surface 
area and a variable pore size. Because of its customizable characteristics and wide range 
of uses, the N content could easily be adjusted, indicating that the synthesis of NPCs is an 
interesting research area. N-doping is a great method for enhancing the physicochemical 
characteristics and energy-storage capacities of porous carbons [30, 31].

Incorporating N-dopants into a carbon framework is simple since carbon and nitrogen 
atoms have nearly identical radii of 0.77 and 0.74 angstroms, respectively [32–34]. However, 
nitrogen has a higher electronegativity (3.04) than carbon does (2.55), which causes a shift in 
the electrical makeup of the carbon network. N-doping contributes extra electrons, leading 
to surface basicity, which boosts catalytic activity in the electrochemical process. N exists in 
several forms, including pyridine-N-oxide (N-x), pyrrolic (N-5), pyridinic (N-6), and quater-
nary N/graphitic N (N-Q). Compared to the high price of Pt/C catalysts, NPCs are a far more 
economical choice. Therefore, a lot of effort was put into synthesizing nitrogen-doped car-
bon (NC) with different amounts of N and different N functions for electrochemical energy 
storage applications. Additionally serving as lithium-ion batteries and supercapacitors (SCs) 
electrode materials, the NCs are beneficial as catalysts for the generation of the hydrogen 
evolution process (HER) and oxygen reduction reaction (ORR) [35, 36].

When N-doping is present in a supercapacitor, Faradaic interactions between the ions in 
the electrolyte increase capacitance via a pseudocapacitive effect [37–39]. Using NPC has 
many benefits over porous carbon. To give just one example, consider adding elements like 
N, which improves wettability and hydrophilicity. The introduction of reductive N entities on 
the surface of porous carbon, generated by the doping procedure, allows energy to be stored 

Figure 17.1 Biomass-derived carbon 
is used as an electrode material for 
energy storage devices. Reproduced 
with permission [13]. Copyright 2017, 
Royal Society of Chemistry.



17.2 Synthesis Methods for N-doped Porous Carbons 291

in the form of pseudocapacitance or electrocatalytic sites. N-doping significantly increases 
the capacitive performance by (a) disturbing the carbon surface’s electric neutrality, which 
causes delocalization of the adjacent carbon atoms’ electrons and increases the amount of 
adsorption on the surface, so enhancing the electrocatalytic activity, (b) increasing electrocat-
alytic activity, sp2 carbon’s electrical structure is altered through the introduction of defects, 
and (c) by boosting the energy storage catalyst’s conductivity [33, 40, 41]. Changing the N 
precursors or constituents allowed for fine-tuning of the N-functionalities, with the strongest 
activity coming from N functional groups located near the graphitic layer edges. In addi-
tion, PCNs that have N doped into them are more affordable, last longer, and are better for 
the planet. Recent research has shown that heteroatom self-doping, which does not require 
the addition of any extra N-precursors, greatly aids in enhancing a material’s surface proper-
ties, electrical properties, and pseudo-capacitive properties. The pyrolysis of the N-precursor 
leads to the homogenous allocation of heteroatoms in the bulk carbon, which influences the 
structures and morphologies of PCNs. Therefore, the microporosity and surface characteris-
tics of porous C can be easily controlled by selecting the appropriate containing N-precursor 
and the weight ratio of C to N-precursor [42, 43].

17.2 Synthesis Methods for N-doped Porous Carbons

To produce NPCs, numerous effective ways have been investigated. Corrosive NH3 was 
reported as the N source at high temperatures in many NPCs synthesis processes. To get 
over this problem, biomass was used as a source of renewable carbon and N precursors in 
NC synthesis [44]. It is challenging to regulate the physicochemical features (porous struc-
ture, N-type, and N-content) of NCs made from low-cost materials like biomass. Carbon 
and nitrogen precursors generated from biomass are carbohydrates with amino-functional 
groups like glucosamine and chitosan. Additionally, N-containing compounds like amino 
acids or proteins are used. Despite their widespread use in the production of NCs, biomass 
was favored as a source of N and carbon precursors due to its status as a renewable, sustain-
able resource and abundance. The following is a comprehensive breakdown of the several 
NC synthesis techniques available.

17.2.1 Hydrothermal Carbonization

For decades, scientists have relied on hydrothermal carbonization (HTC) as a reliable 
technique for creating carbon-based compounds. Using peat as the carbon source in the 
HTC initially produced a lot of carbon monoxide [17]. In this way, a carbonaceous resi-
due is produced that is similar to coal. At the turn of the 21st century, the HTC technique 
was rediscovered and used to produce carbon microspheres from monosaccharides. By 
heating biomass as a carbon feedstock in a closed system with water at low temperatures 
(180–250 °C) a solid product is produced rather than gases. In light of this, further study 
with diverse carbon sources is required to investigate the true applicability of the HTC 
method at a big scale (lignin, cellulose, glucose, and chitin). A thorough characterization is 
required to tackle the underlying chemistry of this complicated process. High-temperature 
HTC, and low-temperature HTC, are two examples of how the HTC technique can be bro-
ken down into subcategories. While the high-temperature HTC process often happened 
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at temperatures over 250 °C [45], the low-temperature HTC process typically ensued at 
temperatures below 250 °C. In recent years, the high-temperature HTC approach has been 
widely used for NC synthesis [46].

Chitosan and glucosamine generated from biomass were mostly employed for NC synthe-
sis because of their high N content. According to Zhao et al. NCs can be synthesized using 
a green, sustainable approach under mild reaction circumstances [47]. Hydrothermal treat-
ment at 180 °C was used to produce chitosan and D(+)-glucosamine hydrochloride from bio-
mass. Both carbohydrates are rich in nitrogen and carbon. These materials were calcined at 
750 °C in an N2 environment to obtain N-containing carbon from chitosan and glucosamine. 
According to the results of the elemental analysis, chitosan-derived NC has more carbon 
(59 wt%) and nitrogen (9 wt%) than pure chitosan (32.8 wt%). However, the sample of NC 
produced from glucosamine and glucose contains around 6.8 wt% nitrogen and 65 wt% car-
bon. In contrast to the unchanged N concentration, the increasing carbon content during 
HTC suggests that hydrogen and oxygen were lost during the dehydration of carbohydrates. 
Hydrothermal treatment at 180 °C (12 h) was initially done on splits of flowers from Typha 
orientalis to create carbonaceous hydrogel, which was then used to manufacture this NC 
nanosheet (Figure 17.2). To wash away any remaining soluble contaminants, the produced 
carbonaceous hydrogel was submerged in water on multiple occasions. The NC nanosheet 
was formed after the material was freeze dried for 24 hours, then annealed with NH3 at 800 °C 
for 2 h at a heating and cooling rate of 5 °C per minute. Additionally, it increased total pore 
volume from 0.36 to 0.52 cm3/g while decreasing micropore volume from 0.27 to 0.16 cm3/g 
[48, 49]. The hydrothermal method has been used to synthesize carbon nanomaterials using 
amino acids as precursors [50–53]. The precursor greatly influences the N content of the 

Figure 17.2 Schematic for the hydrothermal synthesis of biomass-derived NPC materials. 
Reproduced with permission [48]. Copyright 2014, Royal Society of Chemistry.
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synthesized carbon materials. By using 5-aminotetrazole as a precursor in a hydrothermal 
way, very high N-content carbon nanomaterials have been synthesized [54].

17.2.2 Pyrolysis

Since the combustion of 1,6-hexanediol results in the formation of hazardous oxides of 
N, which are corrosive to metals and tissue, it is essential to make use of environmentally 
acceptable precursors in the NC preparation. Lee et al. described versatile synthesis tech-
niques for hierarchically porous carbon (HPCs) derived from bioethanol lignin and Kraft 
alkaline lignin [55]. Both potassium hydroxide and sodium hydroxide were required to 
extract the HPC from bioethanol lignin. Only micropores emerged when KOH was added, 
and nothing else. Based on the results of this research, using KOH in conjunction with 
NaOH to create pores results in a eutectic mixture of NaOH and KOH. The existence of 
inherent NaOH in Kraft alkaline lignin allows for preparing HPC even with just KOH addi-
tion. It follows that N-containing biomass can be used in conjunction with the addition of 
NaOH or KOH to create N-doped HPC. Using pyrolysis of Kraft lignin, Liu et al. demon-
strated the production of O, N, and S co-doped hierarchical porous carbon (ONS-HPCs) 
(Figure 17.3) [56]. Under an N2 environment, the Kraft lignin was pyrolyzed directly at 
400 °C for one hour. The temperature was then raised to 600 °C or more for another hour. 
To remove any remaining inorganic contaminants from the black solid that was formed 
after pyrolysis, it was washed in an HCl solution. Interestingly, the impurities in Kraft 
lignin (Na2CO3 Na2SO4, NaCl, and KCl) are essential to creating proes in hierarchical car-
bons. They demonstrated that Na2SO4 reacts with carbon during carbonization to yield 
Na2CO3, which then acts as an activating agent for hierarchical pores. Samples pyrolyzed at 
600 °C had a smaller BET-specific surface area (338 m2g⁻1), while those pyrolyzed at 800 °C 
had a much larger BET-specific surface area, 1307 m2g⁻1. When subjected to SC application 

Figure 17.3 Pyrolytic conversion of Kraft lignin to porous carbon. Reproduced with permission [56]. 
Copyright 2019, Elsevier.
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at 0.2 A g⁻1 in 6 M KOH, the ONS-HPC electrode displayed a superior specific capacitance 
(244.5 F g⁻1). These findings demonstrated the successful use of lignin in synthesizing het-
eroatom-doped HPCs with good characteristics, including greater specific surface area, 3D 
framework, and heteroatom doping of diverse types. Further research is needed to inves-
tigate the feasibility of large-scale electrode manufacture for energy storage devices and 
catalytic applications, even if lignin may be transformed into an extremely active electrode 
material utilizing a easy method.

Wei et al. showed how to synthesize N-doped hierarchical porous carbon (N-HPC) from 
wheat straw [57]. N-HPC is synthesized by combining 1.5 grams of dried wheat straw, 1.5 
grams of melamine, and 1.5 grams of CaCl2 in 25 mL of ethylene glycol while stirring the 
mixture at 90 °C (2 h). To obtain a solid combination, the solution was cooked in a vacuum 
oven at 110 °C. The resulting solid was further calcined for two hours at 600–800°C in a 
nitrogen environment. The material was cleaned with 1.5 M HCl and Millipore water 
before being dried at 70 °C for 24 hours in a vacuum to extract N-HPC.

17.2.3 Template Directed Synthesis

Since the porosity and N content of NC tend to decrease after pyrolysis, it has been pro-
posed that different techniques be used to create them, like sol-gel, chemical/physical acti-
vation, and templating synthesis. The ability to generate ordered porous NCs via the 
template-directed synthesis process has led to its widespread implementation utilizing bio-
mass as the starting material. Well-ordered pore NCs with appropriate physicochemical 
properties were synthesized utilizing a template-directed approach. During carbonization, 
the template aids in the formation of pores and promotes structural ordering. The tem-
plate-directed HTC technique was recently employed to synthesize NC nanofiber aerogels 
(Figure 17.4) [58]. To create NC aerogel with enhanced electrical conductivity, tellurium 
nanowires were used as templates, and the N supply was a carbohydrate-containing N, i.e., 
glucosamine. This type of synthesis has the benefit of electrospinning in that fiber diame-
ters can be adjusted during the synthesis process. Tellurium nanofibers, which are utilized 
to guide the formation of carbon nanofibers, are more expensive than alternative methods. 
To overcome this problem, you can use a template made of cheap materials like cellulose 
nanofiber or inorganic nanowires. High porosity and conductivity were achieved by acti-
vating with CO2 at elevated temperatures. This NC nanofiber displayed promising electro-
catalytic activity in SCs and other contexts. Liu et al. described the production of 3D-NPC 

Figure 17.4 Template-directed hydrothermal carbonization method for the preparation of carbon 
materials. Reproduced with permission [58]. Copyright 2016, Elsevier.
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exploiting carbon nanodots extracted from shrimp shells for energy conversion reactions 
[59]. 3D-NPCs were made with HTC and template-assisted pyrolysis. Shrimp-shell gener-
ated N-doped nanoparticles are tiny (1.5–5 nm in size) and rich in functional groups of N 
and O. The Stöber technique was used to create a mold out of silica spheres (200 nm in 
diameter). N-CNs@SiO2 is a composite material that combines N-CNs with silica spheres 
and evaporates the mixture. Additionally, 3D-NPC is formed when the acquired N-CNs@
SiO2 was pyrolyzed, then acid etched. The 3D-NPC created through pyrolysis treatment at 
800 °C was equivalent to the Pt/C catalyst in terms of catalytic activity and durability for 
oxygen reduction (ORR). High methanol tolerance in alkaline media was observed with 
the 3D-NPC electrocatalyst, which was better than that of standard Pt/C electrocatalyst.

17.2.4 Activation

NCs can be produced from biomass through chemical, physical, or combined activation 
processes (Figure 17.5) [4]. A physical activating agent such as CO2, air, or steam is neces-
sary for a more tangible activation. NaOH, KOH, ZnCl2, KHCO3, K2CO3, H3PO4, and AlCl3 
are only some of the chemical activation agents that can be used in the chemical activa-
tion process [60–62]. The exothermic interaction of carbon with the O existing in the air 
is problematic for physical activation because it makes it harder to control the reaction, 
which in turn causes burning and reduces the carbon output. Due to oxygen’s higher activ-
ity and lower activation energy compared to CO2 and steam, using air makes the process 
cost-effective. Several different chemicals, including KOH, H3PO4, and ZnCl2, are utilized 
in chemical activation. While H3PO4 and ZnCl2 carry out the dehydration reaction, KOH 
serves as the oxidizing agent. Chemical activation often involves heating carbon precur-
sors with activating chemicals at temperatures between 400 and 900 °C. The activation 
agent enhances the surface area and porosity due to the compound’s multifaceted actions 
and synergistic effects, such as the expansion of the carbon lattice and chemical activation 

Chemical activation

Physicochemical activation NPCBiomass + N source/
N-contaning biomass

Physical activation

KOH, ZnCl2, NaOH, K2CO3,
KHCO3, H3PO4 and AlCl3

Air, Steam, CO2, and O2

Figure 17.5 Schematic showing the activation of NPCs through different methods. Reproduced 
with permission [4]. Copyright 2021, Royal Society of Chemistry.
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caused by metallic intercalation [63]. Since ZnCl2 micropores are uniform in size due to 
the presence of its hydrates or a smaller size, it is preferable to H3PO4 activation agents, 
which induce heterogeneity in the micro-porosity [64]. KOH is an oxidizing chemical that 
converts carbon to carbonate (6KOH + 2C→2K + 3H2 + 2K2CO3), which in turn etches 
the carbon structure to create pores. Decomposing K2CO3 into CO2 through gasification at 
temperatures above 700 oC also creates porosity [65, 66].

When the temperature is raised above the optimum range, the material’s porosity decreases 
due to the structure collapsing or the material shrinking [67–70]. When compared to other 
activating agents, KOH activation provides a greater pore volume and larger surface area 
[71–73]. As a bonus, the activating agent KOH offers a fine pore size distribution that may 
be adjusted by varying activation conditions (time, temperature, and amount of KOH). 
Soybean residue was used by Ferrero et al. to synthesize NC via HTC and KOH activation 
[74]. Protein-rich soybean pulp was defatted for use in HTC treatment and KOH activation. 
The resulting NC demonstrates excellent capacitive function in an aqueous electrolyte and a 
high BET-specific surface area (SBET = 2130 m2g⁻1 for 800 oC). Rana et al. demonstrated the 
creation of soybean-derived NCs through activation with NaOH tracked by pyrolysis for SC, 
ORR, and CO2 capture applications [75]. This N-doped catalyst made from soybeans has a 
1072 m2g⁻1 SBET and worked admirably in SC applications.

17.2.5 Direct and Post-synthesis

Alternative methods for producing NC include layer separation growth, chemical vapor 
deposition (CVD), and arch discharge. The term “direct synthesis” describes these tech-
niques [76, 77]. However, thermal annealing, bombardment, and solution treatment are all 
examples of post-synthesis techniques [78]. Functionalization of NPCs has received a lot of 
attention lately to enhance their features for use in the real world. Porosity-inducing tem-
peratures vary with carbon precursor and activation agent.

17.3 Supercapacitive Performance of Biomass-derived N-doped 
Carbon Materials Capacitive Performance

Recently, different nanomaterials have been used for supercapacitance performance [79]. 
Among them, nitrogen-doped carbon (NCs) generated from biomass have become popu-
lar electrode materials for SCs [60]. Doping a carbon electrode with different heteroatoms  
(O, N, P, S, and B) increases its specific capacitance without diminishing its long cycle life or 
high rate capacity [80, 81]. The current significant problem with SCs is their inferior energy 
density (10 Wh kg⁻1) in comparison to Li-ion batteries (180 Wh kg⁻1). The development of 
active electrodes and innovative electrolytes that can function across a wide voltage range 
has received a lot of attention in an effort to increase the energy density of SCs. As reported 
by Qian et al., micro/mesoporous carbon extracted from human hair (HMC) was shown to 
have an excellent charge storage capacity, with a specific capacitance of 340 Fg⁻1 at 1 A g⁻1 
current density [82]. A rise in activation temperature from 700 to 800 °C results in a rise in 
surface area and pore volume, dramatically altering the material’s porosity. The increased 
surface area and smaller pore size distribution aid in charge storage. The hysteresis loop 
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from P/Po = 0.4 to 0.8 demonstrated that micropore and mesopore development occurred 
in the HMC-900. The HMC-900 catalyst was quite stable; after 20,000 cycles in 6 M KOH, 
its specific capacitance was still almost 98% as high as when it was first used.

In organic and ionic liquid (IL) electrolytes, Shao et al. used meso- and macroporous 
nitrogen-doped hierarchically porous carbon (NHPCs) produced from cow bone for high-
energy, ultrafast SCs [83]. The generated NHPCs have a superior specific area of 2203 m2g⁻1 
and noticeable meso- and macroporosity as a result of KOH activation and hydroxyapatite in 
the cattle bone. The capacitive performance of these NHPC electrocatalysts, produced from 
bovine bone, was exceptional in a 1.0 M EMIMBF4 IL solution (240 Fg⁻1 at 5 Ag⁻1). When 
used as SCs in an aqueous electrolyte, this N-doped microporous carbon showed impres-
sive capacitive performance in gravimetric volumetric units (Li2SO4 and H2SO4). The voltage 
window was expanded up to 1.7 V in Li2SO4, but it was only 1.1 V in H2SO4, indicating a 
50% increase in the amount of energy that could be saved in Li2SO4 compared to the H2SO4 
electrolyte. The findings indicated that the O and N moieties each contributed to the pseudo-
capacitance event. Greater temperatures (800 °C) made NC better suitable for higher rates, 
whereas lower temperatures (600 °C) made NC better suited for SCs with lower discharge 
rates (5 Ag⁻1). Because of its heteroatoms and porous structure, the NC produced from waste 
shrimp shells performed exceptionally well in Li-ion batteries and SCs.

Hydrothermal synthesis using mild conditions and low temperatures allowed the creation 
of N-doped nanoporous carbon from pyrolyzed bacterial cellulose. The prepared N-doped 
carbon nanoporous exhibited enhanced electrochemical performances in terms of specific 
capacity, energy density, and power. It also demonstrated a 3D network nanostructure with 
co-adjacent nanowires of 10–20 nm and numerous interconnecting pores.

By electrospinning a cellulose acetate solution and then subjecting it to deacetylation 
and pyrolysis, Jie Cai et al. were able to create nitrogen-functionalized carbon nanostruc-
tures [84]. Promising rate capability and non-kinetic restricted performance were observed 
in the resulting electrode, with a specific capacitance of 241.4 Fg⁻1 at 1 Ag⁻1 and capacitance 
retention of 84.1% even at 10 Ag⁻1, making it a good candidate for use in high-power super-
capacitors. Biomass carbons are very structure-, intrinsic-, conformation-, and intermo-
lecular-configuration-dependent in terms of their yield, microstructure, and heteroatom 
doping. Biochar’s qualities can be improved with a deeper understanding of the molecular 
and elemental characteristics of biomass precursors. High oxygen content in biomass leads 
to a poor yield, while a high nitrogen content in biomass leads to NC with superior electro-
chemical characteristics. Plant-based biomass with high N and lignin concentrations and 
low cellulose and O content provides high-performance carbon composites with high yield, 
controllable defects, high graphitization degree, and high conductivity, much like chitin 
biomass with high N content does. The biomass must have the following characteristics to 
produce high-quality porous carbons: (a) a high concentration of thermally stable, cross-
linked, high molecular weight biomacromolecules like lignin; (b) a low concentration of 
low-molecular-weight aliphatic compounds; and (c) low O and high N for N self-doping 
of carbons [85]. Microporosity and nanosheet production during KOH activation can be 
modulated by adjusting the activation temperature, duration, and the activating agent-to-
biomass precursor mass ratio. Understanding the fundamental principles is essential to 
obtaining effective feedstocks for solving future energy and environmental concerns, but 
improving performance is the primary obstacle [86].
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Total pore volume is 0.93 cm3g⁻1 for N-PCNs and 0.92 cm3g⁻1 for N&S-PCNs, demonstrat-
ing their high surface areas [87]. Whereas 4.14 at.% of N can be found in N-PCNs, 4.62 at.% 
of N, and 2.56 at.% of S can be found in N&S-PCN. N&S co-doped PCNs are a useful elec-
trode material for SCs because they have a high specific capacitance of 298 Fg-1 and a mini-
mal capacitance loss after 10,000 cycles. The doping of a single heteroatom (N) typically 
improves just one aspect of a material’s capabilities; the synergistic effect of co-doping  
(S and N) has been demonstrated to boost the performance of carbon materials in general.

The pomelo mesocarp-derived N-PCNs exhibit a porous architecture and a strong 
N-doping (9.12 wt.%) in addition to their huge surface area (974.6 m2g⁻1), total pore volume 
(0.69 cm3g⁻1), average pore size (2.9 nm), and interconnected sheet-like morphology. Using 
CV and GCD, researchers have analyzed the electrochemical characteristics of N-PCNs 
[88]. The GCD curves display isosceles triangle-like shapes and are highly symmetrical at 
different current densities (0.5–20 Ag⁻1), indicating excellent electrochemical reversibility 
of these electrodes, in contrast to the CV curves, which maintain a stable rectangular shape 
at various scan rates, indicating excellent rate capability. The SC displays exceptional rate 
capability, a specific capacitance of 245 Fg⁻1, superior specific energy (14.7 Whkg-1) and 
power density (90 Wkg-1), and excellent cycle stability as the electrode. The excellent elec-
trochemical performance of N-PCNs results from their highly porous interconnected struc-
ture and high N-doping of carbon nanosheets.

17.3.1 Silk

Metal salts (ZnCl2 and FeCl3) were found during the search for renewable carbon sources; 
they regenerate silk fibroin from natural silk and construct NHPC nanosheets (N-PCNs) by 
activating/graphitization of silk. Silk, which has a lamellar multi-layered structure, was 
activated by a metal salt and graphitized to produce N-PCNs. The resultant nanosheet 
shape has a 15–30 nm thickness and a continuous 2D porous network [89]. Due to the 
reduced number of diffusion channels afforded by the nanosheet topology, mass transport 
at the interface is facilitated for charge/discharge reactions, and ion transport is straightfor-
ward. Nanopores serve as ion-active sites, with graphene layers providing a conductive 
channel for fast electron transfer and intercalation sites.

Quaternary-N (73%) and pyridinic-N (27%), both of which increase the electronic con-
ductivity of carbons that are essential for electrodes, are present in large amounts in the 
deconvolved N1s XPS spectrum. N-PCNs have a large enough electrode‒electrolyte inter-
face (2494 m2/g) to allow for the buildup of ions or charge, and they also have a large enough 
number of active sites. N2 adsorption isotherm calculations reveal continuously distributed 
pores between 2 and 100 nm, with a linear fall with pore diameter. Micropores are clus-
tered around 0.59 and 1.29 nm. The average pore size of micro-, meso-, and macropores is 
4.6 nm, which is perfect for high-speed performance and energy storage. The electrocata-
lytic conductivity and activity were improved by the presence of defects in the nanosheets 
and strong N-doping (4.7 wt.%). The partly graphitic PCN structure with electrochemically 
active defects is doped with electron-rich heteroatoms (N), which increases the number 
of accessible active sites. N-PCNs’ strong performance results from several interrelated 
factors working in concert: the nanosheet architecture shortens the distance an ion must 
travel to reach the electrode, the wide surface area offers an efficient transport path, and 
the porous structure increases the flow of electrolytes between the electrode and ions. In 
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addition to their enhanced performance for SCs, these N-PCNs are predicted to exhibit 
strong ORR execution because of their advantageous electrochemical characteristics.

17.3.2 Potato Starch

Potato starch and urea were employed as carbon and N precursors, respectively, and gra-
phene oxide (GO) was used as a structural guiding agent to create 2D N-doped ultrathin 
PCNs. Composites of GO with carbon species derived from biomass have been shown to 
improve electrochemical performance, and GO’s presence in PCNs aids in nanosheet pro-
duction and charge (electrons and electrolyte ions) transmission [90]. Additionally, the 
GO concentration is linked to the pore architectures and N species positions on the surface 
of carbon nanosheets, both of which influence electrochemical performance. To gener-
ate N-PCNs from potato starch, samples with a GO mass ratio of 0 (NC), 1 (NCNS-1), 3 
 (NCNS-3), and 5 (NCNS-5) were made (Figure 17.6) [90]. The NCNS-3 sample, which has 
a nanosheet design with linked pores, was provided a 2D template for the activation of 
biomass by GO. The EDL capacitance of PCNs was increased by the presence of sheet-like 
structures (5 nm thick) and by the abundance of pores in nanosheets. N content at the 
surface was approximately 4–5 %, according to XPS analyses, and the C and O contents are 
also evenly distributed.

The better electrochemical performance was associated with a greater pyridinic-to-pyrrolic-
N ratio, and the relative abundance of various N species is seen in the N 1 s spectrum as bands 
attributable to pyridinic-, pyrrolic-, and graphitic-N. An increase in N content after adding gra-
phene shows that it prevents N loss during chemical activation. A pore size of 0.6 nm and a 
surface area of 600–800 m2/g are ideal for SC electrodes [90]. Galvanostatic charging patterns 
are used to calculate specific capacitance; NCNS-3 has the maximum capacitance at 305 F g⁻1. 
Graphene enhances cycling stability, as evidenced by a rise in capacitance retention from 90 to 
95%. Because of their good cycling stability and improved rate capability, these ultrathin 2D 
PCNs derived from biomass are well-suited for use in energy storage devices.

17.3.3 Sugar Cane Bagasse

As a free and accessible renewable agricultural waste byproduct, sugar cane bagasse 
makes for a useful carbon precursor for synthesizing carbon electrodes for SCs in a way 
that is both straightforward and environmentally friendly. Carbonization, activation, and 
N-doping all occur simultaneously using KOH as the activating agent and urea as the N 

Figure 17.6 Schematic for the preparation of potato starch-derived NPC materials. Reproduced 
with permission [90]. Copyright 2019, Royal Society of Chemistry.
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precursor [91]. The electrochemical performance was improved because urea boosts the 
surface area and pore size and delivers a porous network and extensive layer stacking of 
NC is visible in the morphology. Rich micropores with a partially graphite-like structure, 
ultrathin nanosheets, meso- and macropores, and an increased specific capacitance are all 
features of N-doped PCNs. With a high surface area of 2905.4 m2g⁻1 and a total pore volume 
of 2.05 cm3g⁻1, it also exhibits favorable properties for charge storage and ion diffusions 
in SCs. The N-content was 1.70% (according to XPS), and 2.63% (according to elemental 
analysis), and a higher fraction of nitrogen at the graphite edge improves pseudocapaci-
tance for SCs [91]. Self-doping of nitrogen in PCNs using biomass was evaluated utilizing 
a three-electrode assembly, which revealed a high energy and power density, as well as 
strong cycle stability, as well as a specific capacitance of 301.9 (alkaline), 350.8 (acidic), and 
259.5 Fg⁻1 (neutral) at 1 Ag⁻1.

17.3.4 Peanut Skin

Another biomass waste, peanut skin, which is rich in cellulose fibers, was used to create 
PCNs by graphitizing at 700–900 °C and activating it with ZnCl2, and the sample that 
resulted from this showed to contain N and S [92]. Nanosheet morphology has been 
observed through morphological analyses. The sample that was carbonized at 900 °C has a 
porous nanosheet structure with a high degree of interconnection typical of materials with 
a sheet-like structure. The elemental analysis confirms that the desirable heteroatoms S 
(0.26 wt.%) and N (0.84 wt.%) were also present along with the expected C, H, and O. XPS 
confirms the presence of N in the carbon network as pyridinic-, pyrrolic-, and graphitic-N 
species, suggesting that the high O-content (20.25 wt.%) may be useful for providing pseu-
docapacitance via Faradaic charge-transfer processes. According to the Raman findings, 
the number of fault sites increased from 700 to 900 °C as the graphitization temperature 
was raised. The Type IV isotherm found in N2 adsorption/desorption studies at 77 K is con-
sistent with the pore size distribution, showing the existence of micro- and mesoporosities. 
The quick transit of ions is made possible by the large surface area (859 m2), and small pore 
volume (0.43 cm3) of the sample prepared at 900 °C. The high specific capacitance of 
148 Fg⁻1 in 6.0 M KOH was attributed to the existence of S and N, and the wide surface area 
is responsible for the sample’s long-term durability, as evaluated by electrochemical perfor-
mance with different electrolytes [92]. Further, as a metal-free electrocatalyst, the S and N 
co-doped samples exhibit impressive ORR performance. Another study used the simulta-
neous carbonization and activation technique to create PCNs from peanut skin [93]. The 
nanosheets made have a disordered structure with a micro-, meso- and macroporous net-
work and have dimensions as small as 20 nm in thickness and as large as 2700 m2/g in 
surface area, making them ideal for electrocatalytic uses.

17.3.5 Pigskin

Dried pigskin, is a natural feedstock that contains C (48%), O (28%), N (14%), S (0.16%) and 
H (6%), and was used to make O and N co-doped porous carbon nanosheets (PCNs), which 
were used in SCs with superior energy and power densities [94]. After being cleaned and 
dried, raw pigskin was carbonized at 600 °C under N2 for two hours before being activated 
with KOH at 600 °C to 900 °C under N2 for 3.5 hours. After washing the powder with HCl 
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and DI water, O and N-doped activated carbon was formed by drying it at 80 °C [94]. 
Pigskin collagen fibers provide a macroscopic disordered network structure that changes 
into carbon sheets after being carbonized and activated. These carbon sheets have certain 
macropores that shorten the electrolyte diffusion path to the interior surface [25, 29, 79, 
95–109]. In addition to their excellent electrical conductivity, PCNs also exhibit a porous 
amorphous microstructure. Elemental analysis revealed that there was oxygen and nitro-
gen at concentrations of 3.3 wt.% and 2.9 wt.%, respectively, on the surface of the carbon. 
Samples activated at 800 °C were found to have the highest surface area (3337 m2/g) and 
total pore volume (2.06 cm3/g), while samples activated at 600 °C contained the most 
mesopores and abundant micropores (0.6–0.9 nm), making them the most useful for 
EDLCs and demonstrating that the activation temperature might be used to regulate poros-
ity. Pigskin-derived activated carbon contains N-H and C-N species, and Fourier Transform 
Infrared (FTIR) spectroscopy studies demonstrate that, at increasing temperatures, adsorp-
tion peaks containing heteroatoms (O, N, and H) grow weaker. Deconvolution of the N 1 s 
spectra revealed the presence of four distinct N-species, and XPS measurements show that 
both N and O may be found on the carbon surface at temperatures ranging from 600 to 
900 °C. The three types of N-caused pseudocapacitance found near the margins of the 
graphite plane are pyridinic-N, pyrrolic-N, and pyridine-N. The roughly rectangular shape 
of the CV curves of samples made at various temperatures reveals the predominant EDLC 
nature. At the same time, the pseudocapacitance caused by O and N doping on the carbon 
surface is visible as a broad hump at -0.4 V. Higher temperatures are associated with less N 
and O doping, which causes less of a hump. At 600 °C, the sample has the highest capaci-
tance (547 F g⁻1) because it has the most micropores and the most O and N. The capaci-
tance enhancement depends more on the pore size distribution and O and N content, and 
less on the surface area. Pigskin has thus proven to be a reliable source of nitrogenous 
precursors for producing N self-doped PCNs for SCs.

17.3.6 Eggplant

Eggplant carbonization as a C and N precursor created porous carbon with a sheet-like 
microstructure [110]. A sheet-like porous structure was achieved by carbonizing the egg-
plant for three hours at varying carbonization temperatures (Figure 17.7). As the carboni-
zation temperature determines the resulting microstructure, carbon materials are highly 
amenable to manipulation. Because of its inherent sheet-like structure at the micro-scale, 
dried eggplant was used as a carbon precursor. Since decomposition of organics was com-
plete by 700 °C, no morphological change is seen in porous carbon sheets from 700–1000 °C. 
After being subjected to carbonization, the thick sheets of eggplant turn into loose and thin 
sheets with 100–200 nm thickness, and the TEM picture displays an interlinked network of 
pores ranging in size from 40–60 nm. This mass loss was recognized to the decomposition 
of organic materials between 200 and 400 °C, while carbonization occurs at 700 °C based on 
the size of the exothermic peak at that temperature. At 1100 °C, the partial gasification of 
carbon results in the collapse of micropores, which results in some small pores (1–3 nm) 
becoming larger pores. Samples produced at 900 °C yield the highest SBET (950 m2/g), 
mostly attributable to the presence of micropores. The XPS N1s spectrum, which also 
boosts conductivity and high-rate performance, revealed the N content (0.88 wt.%) as well 
as the presence of pyrrolic-N and quaternary-N. Thus, using eggplant as biomass and a N 
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precursor, one-step carbonization was used to create a thin carbon sheet with N-doping 
and porous structure. The material is gaining popularity as an electrode for SCs because of 
its high conductivity and low specific capacitance (121 F g⁻1). The latter results from the 
shorter path taken by ions as they diffuse through the material.

17.3.7 Clover

Fresh clover stem biomass has been used as a source of carbon and nitrogen, and a single-
step carbonization procedure has been used to synthesize PCNs with a large surface area, 
hierarchical pore structure, and 2.55 wt.% nitrogen for use as electrodes in SCs [111]. 
Clover stems were heated at 80 °C (a) in air, and (b) under N2 flow for three hours at a rate 
of 10 °C/min, then letting it cool naturally to room temperature, washed multiple times 
with HCl and water, and dried for 12 hours at 60 °C. At the same time and under the same 
conditions, a control sample was made without any KCl. When PCNs are made from fresh 
clover stems in the air using a straightforward KCl salt-sealing method, the use of pricey 
inert gas is avoided. The PCN has a large surface area and an interconnected, hierarchically 
porous (micro to macro) structure because of O traces in the molten salt. This provides 
enough active storage sites and routes for quick ion diffusion [111]. The air, molten KCl, 
and water in the clover stem all contribute to the hierarchical structure of the PCN. KCl can 
permeate the substructure of the precursor and mix equally when there is water present 
and the temperature is higher. As biomass was carbonized, its tissues changed from pos-
sessing sp3 C-X (X: C, O, and H) bonds to maintaining aromatic sp2 C-C bonds, thereby 
generating a carbon structural skeleton. Since the molten salt serves as a template for the 
transition from layer to sheet structure, it allows for forming numerous micro- and 
mesopores on the carbon sheets. The formation of 2D carbon sheets with meso- to micro-
sized pores results from the precipitation of KCl after the temperature falls below the melt-
ing point. Though the surface area was drastically reduced when inert N2 was used instead 
of air, no KCl was used, and dried clover stems are utilized in the preparation process [111].

Figure 17.7 Preparation of NPC from eggplant. Reproduced with permission [110]. Copyright 2015, 
Elsevier.
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Clover stems appear to have a multilayer structure, as seen in FESEM pictures, with thin 
walls serving as a prelude to the development of carbon sheets. Micropores and mesopores 
are both present in the 2D carbon sheets. The 2D hierarchical N-doped PCNs possessed large 
surface areas (2244 m2g⁻1), large pore volumes (1.440 cm3g⁻1), a large number of micro/meso 
pores, and many active sites, and straightforward transport pathways for rapid ion transfer. 
Since molten salt was essential for carbonization and pore creation, keeping the temperature 
below the melting point of KCl could prevent the salt from being lost as vapor. The 2.55 wt% 
N doping, which is in turn due to the plentiful N existing in the biomass precursor, is what 
caused the high pseudocapacitance, electrochemical reactivity, and conductivity of the elec-
trode. The reversible oxidation/reduction of the O-comprising group was also credited with 
contributing to the material’s high specific capacitance of 420 F g⁻1. Making N-doped PCNs 
from biomass was a quick, cheap, and efficient process with a better specific capacitance of 
420 Fg⁻1, a higher energy density of 58.4 Wh kg⁻1, good cycling stability, and 99.4% capaci-
tance retention even after 30,000 cycles. The material’s remarkable electrochemical perfor-
mance was attributed to its large surface area, N-doping, porous sheet shape, many pores, 
and reversible oxidation/reduction of O-comprising functionalities.

17.3.8 Potato Waste Residue

To create NPC, Ma et al. used potato waste residue [112]. Porous carbon doped with nitrogen 
can be broken down into different-sized pores. Supercapacitors can be put to practical use if 
they meet two crucial criteria: they have a high capacitance property and are inexpensive. 
To create a low-cost NPC with a high specific capacitance, potato waste residue (PWR) was 
employed as the carbon source, melamine as the N doping agent, and ZnCl2 as the activat-
ing agent. NC produced at 700 °C had a surface area of 1052 m2g⁻1, and it was observed to 
have a specific capacitance of up to 255 Fg⁻1 when utilized as electrode material in 2 M KOH 
electrolyte. The electrode materials are also exceptionally cycleable with a 93.7% coulombic 
efficiency at a current density of 5 A g⁻1 for 5000 cycles. Due to the electrode porosity, the 
impedance spectra exhibit a distorted semicircle at high frequencies and a linear component 
at low frequencies due to the diffusion-controlled doping and undoping of ions resulting 
from Warburg behavior (Figure 17.8b). The high-frequency intercept in the semicircle with 
the real axis is represented by the ohmic resistance derived from the electrolyte and the con-
tact between the current collector and the active material. It is the result of combining the 
contact resistance at the interface between the active material and the current collector, the 
resistance of the electrolyte solution, and the resistance of the carbon material itself. The 
equivalent series resistance (ESR) for the N-PCs-700 was 4.2 X as a consequence, suggesting 
that the carbon sample had low resistance and superb electrical characteristics (Figure 17.8).

17.3.9 Albizia Plant Leaves

Mohamedkhair et al. successfully manufactured NC from Albizia plant leaves with and 
without the activating chemicals (NaHCO3, ZnCl2) [101]. N-doped carbon materials syn-
thesized with water as the activating agent (WANC), NaHCO3 as the activating agent 
(NaNC), and ZnCl2 as the activating agent (ZnNC) were all given specific names. The 
NaNC was discovered to have a surface area that was three times more than non-activated 
carbon. The specific capacitance of both untreated and activated carbon was examined 
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using CV and GCD measurements. Because of its superior surface area, macroporosity, 
nitrogen concentration, and sheet-type morphology, activated carbon NaNC displayed the 
highest specific capacitance among the carbon samples. At an applied current density of 
5 Ag⁻1, NaNC has the most significant specific capacitance of any electrode, measuring 
166.7 Fg⁻1. The activated carbon NaNC also showed exceptional energy and power densi-
ties and extremely great charging-discharging cycle stability (97.3% held after 1000 cycles), 
in addition to its exceptional supercapacitance efficiency (Figure 17.9).

17.3.10 Mung Bean Flour

Zhong et al. prepared NPC from mung bean flour using calcium chloride and urea as 
chemical activators [113]. The surface chemistry, porosity, specific surface area, and gra-
phitization of the NPC were significantly influenced by changing the precursor and prepa-
ration temperatures. The optimal sample was prepared at 800 °C using a mixture of mung 

Figure 17.8 (a) GCD curves of N-PCs-700 at different current densities. (b) EIS plot for N-PCs-700 
electrode. Reproduced with permission [112]. Copyright 2015, Elsevier.

Figure 17.9 (a) CV of WANC, ZnNC, and NaNC at 20 mVs−1 scan rate. (b) GCD curves at a current 
density of 5 Ag−1 of WANC, ZnNC, and NaNC. Reproduced with permission [101]. Copyright 2020, 
Elsevier.



17.3 Supercapacitive Performance of Biomass-derived N-doped Carbon Materials Capacitive Performance 305

bean flour, urea, and CaCl2. It displayed a remarkable specific capacitance of 247.2 Fg⁻1 at 
2 mVs⁻1 and 300.5 Fg⁻1 at 1 Ag⁻1. It also displayed excellent rate performance of 178.6 Fg⁻1 
at 200 and 225 Fg⁻1 at 100 Ag⁻1 and good durability of 93.2 and 97.5% capacitance retention 
after 10000 cyclic voltammetric measurements and 2000 galvanostatic charge/discharge 
cycles, respectively. The structure-performance connections show that the high carbona-
tion, abundant doped-N, and abundant porosities in this sample are what contribute to its 
good specific capacitance.

17.3.11 Orange Peel

Ahmed et al. described research on N-doped activated carbon (NAC) using leftover orange 
peel as a carbon source, KOH as an activating agent, and melamine as a N dopant [114]. The 
produced NAC materials offered a high surface area (1577 m2g⁻1), pore volume (0.87 cm3g⁻1), 
and have porous structure. Such beneficial characteristics of NAC show that it is a good elec-
trode for supercapacitors. Utilizing conventional electrochemical techniques, the NAC mate-
rial’s electrochemical performance in a 6 M KOH solution was assessed. At a current load of 
0.7 Ag-1, the synthesized NAC exhibited high specific capacitance (168 Fg⁻1), specific power 
(2334.3 W kg⁻1), and specific energy (23.3 Wh kg⁻1). The increased surface area and accessibil-
ity of N functionalities in the NAC are likely the causes of its superior electrochemical perfor-
mance. Thus, NAC is a prospective electrode material for supercapacitors due to its porous 
structure and nitrogen-doping properties (Figure 17.10).

17.3.12 Eucalyptus Tree Leaves

Mondal et al. prepared NPC nanosheets by simply mixing the Eucalyptus leaves powder 
with KHCO3 and subsequent carbonization [115]. NPC nanosheets were produced and 
used as electrode materials for supercapacitors and lithium-ion batteries, with a superior 
specific surface area of 2133 m2/g. The NPC nanosheet electrode demonstrated excellent 

Figure 17.10 (a) GCD plots of prepared electrodes of current load at a constant potential.  
(b) Ragone plot for the prepared electrode. Reproduced with permission [114]. Reproduced under the 
term CC-BY 3.0. Copyright 2018, Ahmed et al.
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cycling stability over 15000 cycles and a supercapacitance of 372 Fg⁻1 at 500 mA g⁻1 current 
density in aqueous electrolyte for supercapacitor applications. The nanosheet electrode 
exhibited sustained cycling performance and a specific capacitance of 71 F g⁻1 in organic 
electrolytes. The prepared NPC nanosheets showed a high specific capacity, good rate 
capability, and stable cycling performance when employed as the anode material for lith-
ium-ion batteries. The enormous specific surface area, N doping effects, and porous 
nanosheet structure are responsible for the astonishing electrochemical performances in 
lithium-ion batteries and supercapacitors. The method offers a new way to use biomass-
derived materials for affordable energy storage systems.

17.3.13 Waste Shrimp Shells

Mondal et al. describe NPC from waste shrimp shells and its use in two different energy 
storage systems [116]. It is an auspicious material for both supercapacitors and lithium-ion 
batteries due to its distinctive porosity structure and the existence of heteroatoms (N, O). The 
manufactured porous carbon-based supercapacitors have a specific capacitance of 239 F g⁻1 
at 0.5 A g⁻1 current density in a 6 M KOH electrolyte. Despite 5000 charge-discharge cycles, 
the specific capacitance retention remains 99.4%, indicating exceptional cycling stability. The 
high specific surface area, porous structure, and N doping impact could be responsible for the 
improved electrochemical performances for energy storage (Figure 17.11).

17.3.14 Waste Particleboard

By chemically activating waste particleboard with KOH in a variable ratio, Shang et al. 
were able to create NAC from waste particleboard [117]. The weight ratio of KOH/car-
bonization considerably impacts the NAC’s porosity and N content. The specific surface 
area rises from 1498 to 1826 m2g-1 when the weight ratio of KOH/carbonization goes 
from two to five, although the N concentration falls from 2.86 to 1.32 wt.%. This NAC 

Figure 17.11 (a) Plots of the GCD at various current densities for the prepared electrode. (b) Cycle 
life at 1 A g−1 current density; inset, GCD for the first 10 cycles at 2 A g−1 current density. Reproduced 
with permission [116]. Copyright 2017, Elsevier.
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was evaluated as an electrode material in a two-electrode symmetric supercapacitor device 
with a 7 M KOH electrolyte. They were shown to have superior specific capacitance, great 
retention, and long-term functioning at high current densities. The NAC with the greatest 
specific capacitance, 263 F g⁻1 at 0.05 A g⁻1, was discovered to have been produced with a 
modest KOH/carbonization weight ratio of three. Double-layer capacitance and pseudoca-
pacitance both contributed to the specific capacitance of this carbon. The nitrogen concen-
tration (2.38 wt.%) and specific surface area (1758 m2 g⁻1) of this carbon are both balanced. 
It also showed outstanding rate capability (228 F g⁻1 at 10 A g⁻1) and cycling stability (over 
95% capacitance retention over 3000 cycles). This made it a favorable electrode material for 
supercapacitors.

17.3.15 Broussonetia papyrifera

Wei et al. synthesized NPC materials utilizing the stem bark of Broussonetia papyrifera (BP) 
as the biomass precursor via a facile approach [118]. First, a KOH solution based on the 
water was used to treat the BP stem bark hydrothermally. The hydrothermal product was 
dried and filtered, then immediately exposed to simultaneous pyrolysis and activation, pro-
ducing NPC materials. The obtained NPC exhibited a superior surface area of 1212 m2 g⁻1 
and an average pore size of 3.8 nm. Due to the synergistic impact of O, N-doped species, this 
porous carbon exhibits exceptional capacitance performance (320 Fg⁻1 at 0.5 Ag⁻1), decent 
rate capacitive performance, and superb cycling stability, suggesting a great potential for 
supercapacitors (Figure 17.12).

17.3.16 Almond

The protein-rich bitter almond can serve as a source for in-situ N-doping due to its 5% amyg-
dalin component that contains nitrogen [119]. Almonds are natural products. The almonds 
were soaked in water overnight, and the next day the milk was made by combining ground 
almonds with polymethyl methacrylate (PMMA) and KOH and heating the mixture to 80 °C 
while stirring. The samples contain a 100 nm thick-walled macroporous structure resembling 
a 3D honeycomb. The honeycomb was pro-
duced from a carbon sheet with a curled edge. 
The synergistic impact between KOH and 
PMMA was vital to morphological develop-
ment. In-situ KOH activation may contribute 
to the high surface area (1877.8 m2), pore vol-
ume (0.67), and mean pore size (0.5–2.0 nm) 
of the sample prepared at 800 °C, which con-
tains 80% micropores. The N is derived from 
the protein in almonds, and the 1% N in the 
sample was predominantly made up of pyri-
dinic-N (44.7%), pyrrolic-N (23.7%), and gra-
phitic-N (12.7%) species. Pseudocapacitance 
comes from pyridinic-N and pyrrolic-N, 
while higher electrical conductivity comes 

Figure 17.12 The GC curves of the electrode 
created from Broussonetia papyrifera at 
0.5–20 A g−1. Reproduced with permission [118]. 
Copyright 2015, Elsevier.
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from graphitic-N. Having a good specific capacitance of 228 Fg⁻1 and outstanding rate execu-
tion, carbon benefits from oxygen groups at its surface that increase its wettability. Numerous 
other biomass sources have also been used to create carbon nanosheets, such as amaranth 
[120], soybean milk [121], corn stalk [122], silkworm [123], starch [124], pistachio nutshells 
[125], gelatin [126], dried elm samara [127], okara [128], and pine nutshells [129].

17.4 Conclusion

We discussed the most recent research on the synthesis of NPCs resulting from various biomass 
materials, as well as their N-doping via traditional (using NH3 and urea as N-precursors) and 
green (consuming the same biomass as C and N-precursors) approaches for energy technolo-
gies, particularly as electrodes in supercapacitors. Environmentally unfriendly practices are 
used for synthesizing NPCs, including the use of harsh chemicals and a template. An emerging 
green technique that is being used for the synthesis of NPCs is the usage of biomass (waste/
residue/byproduct) as a C precursor and an N precursor. Because of their high surface area, 
layered structure, large aspect ratio, and good stability, two-dimensional (2D) porous carbon 
nanomaterials (PCN) are advantageous for electrochemical applications, as is their 2D geom-
etry, which is compatible with the design of ultrathin electrodes for use in miniature energy 
devices. Since the shape, pore size distribution, porosity, and chemical composition of 2D 
N-doped PCNs determine their attributes, the porosity may be easily regulated during synthe-
sis to achieve the maximum electrocatalytic activity. Pore size distribution and surface area 
may also be improved during carbonization and activation. To conclude, with the right kind 
of biomass and an easy synthesis procedure, PCNs with the desired porosity might be created. 
While other heteroatoms are useful, N is by far the most prevalent and widely used and modu-
lating the electrochemical characteristics of PCNs for use in a broad range of energy applica-
tions frequently involves the introduction of heteroatoms into the carbon matrix, where they 
play an essential role. The self-doped green technique is an environmentally preferable method 
of N-doping since it uses the same biomass for both the C and N (or heteroatom) precursors. 
Therefore, the energy crisis, environmental pollution, and global warming could all be helped 
by synthesizing NPCs using a green approach for energy applications.
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18.1 Introduction

With an increasing population and a fast-growing economy, global energy consumption 
has reached an alarming level, threatening the sustainability of living standards. This is 
due to the rapid depletion of fossil fuels (coal, oil, and gas) and also causing smog and haze, 
severe environmental pollution, and global warming, which in turn affects the health of 
everyone [1–4]. In response to these problems, tremendous efforts have been devoted to 
reducing fossil fuel consumption and providing a clean and sustainable energy supply with 
a convenient energy storage system worldwide [5, 6]. The widely accepted energy stor-
age system, such as batteries, can not fulfill the demand of both high power and energy 
density application. However, supercapacitors offer the virtues of wide functional temper-
ature ranges, more energy per unit mass/volume, remarkable power density, fast charg-
ing and discharging rate, extended service life, and minimal pollution compared to other 
energy storage technologies [7–9]. Mostly, the cost of the electrode materials decides the 
ultimate cost of a supercapacitor; hence, developing cost-effective and high-performance 
electrode materials is critical [10–12]. Because of its low cost, tunable surface features, 
high Coulombic efficiency, broad working temperature, porous design, and outstanding 
mechanical strength, carbon-based electrode material has been dubbed “the most used 
electrode materials for supercapacitors” in the literature [13–16].

Biomass is one of the most renewable carbon sources on the planet, with greater advan-
tages compared to other materials, such as low cost, unique structure, environmental friend-
liness, and compatibility. It is widely used in supercapacitor electrode materials and sensors, 
water treatment, dye-sensitized solar cells, and other applications [6, 17–19]. Supercapacitors 
constructed of carbon material typically use the electrical chemical double-layer (ECDL) 
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capacitance approach. As a result, there is a loss in specific capacitance, a lack of energy den-
sity, and a constrained power supply [20, 21]. To achieve great capacitive performance, the 
pure carbon material should be changed to boost the energy density. Enlarging the working 
potential window or raising the specific capacitance value can both help to enhance energy 
density [22, 23]. One of the most recent areas of focus has been the development of pseudoca-
pacitive electrode materials. Heteroatom doping is one of the most successful techniques for 
increasing the specific capacitance of the electrode material, which is based on the principle 
of fast-redox reactions at electrode surface areas or inside nanodomains, [12, 23]. Different 
heteroatoms such as oxygen (O), nitrogen (N), fluorine (F), silicon (Si), chlorine (Cl), boron, 
and others can be doped into carbon matrix, which results in high specific capacitance [23, 
24]. Sulphur (S) doping technology has become an efficient method to boost the performance 
of carbon-based electrode material due to its easily polarizable nature, wider bandgap and 
unpaired electron of S, n-type character, and most importantly, pseudocapacitive behavior 
of S-containing groups in the electrode materials [25–27]. S doping also forms an electron 
dense area on the carbon surface, altering the chemical characteristics of carbon-based elec-
trode materials, resulting in increased capacitance, wettability, and electrical conductivity 
[23, 24, 28]. In this chapter, we will look at how to make several types of S-doped carbon as 
electrode materials and their applicability in supercapacitors.

18.2 Synthetic Pathway of S-doped Carbon

The preparation of electrode materials is crucial in respect of obtaining efficient and mar-
ketable supercapacitor systems. Various methods have been used in the literature to manu-
facture biomass-based S-doped carbon. In this section, we will go through various S-doped 
carbon production methods. Along with other meaningful preparation methods, namely 
solvothermal, sol-gel, electrochemical, microwave-assisted synthesis, the classic S-doped 
carbon material production technique comprises the carbonization and activation of a 
combination of carbon source precursor and S source precursor. [28] In general, the carbon 
source precursor and sulfur source precursor are combined and carbonized at high tem-
peratures before being activated to produce S-doped carbon in this two-step process (the 
carbonization and activation processes can be executed either way round, i.e., first carboni-
zation then activation or first activation then carbonization). [29] Various types of biomass 
have been used as carbon sources in the literature, including egg yolk, [30] oak nutshells, 
[31] Borassus flabellifer flower, [32] glucose, [33] a solid residue contained in olive mill 
wastewater (OMW) that is primarily composed of the seed, mesocarp, exocarp, and small 
parts of olive stones, [34] and so on. The S-containing sources including sublimed sulfur, 
[33] Na2SO3, [35] sulfur, [36] thiourea, [32] and Mohr’s salt (Fe(NH4)2(SO4)2•6H2O), [37] 
etc. are reported in the literature. To manufacture S-doped activated carbon, Raj et al. [32] 
employed Borassus flabellifer (palm male flower) as a carbon source and thiourea as a S 
source (Figure 18.1A). They began by washing, drying, and grinding black-colored char-
coal particles made from raw palm male flowers. The obtained black-colored charcoal was 
then impregnated with an activating agent (KOH at 20 and 30 wt.%) and combined with 
a doping agent (thiourea) before carbonization for one hour at various temperatures (400, 
500, and 600 °C) to produce S-doped activated carbon. Their sample exhibited a BET sur-
face area ranging from 13.263 (20 wt.% KOH) to 474.99 m2g⁻1 (30 wt.% KOH) of type I/IV 
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mixed adsorption/desorption isotherms (Figure 18.1B, 18.1C). The sheet-like porous mor-
phology was evidenced by elemental mapping analysis.

Elmouwahidi and colleagues [34] first created activated carbon (AC) from OMW by car-
bonizing it at 450 °C, then activating it with KOH at 60 °C for 12 hours, and then 840°C for 
two hours. The produced activated carbon was then heat treated with thioglycolic acid 
(temperature up to 120 °C for 24 hours) to produce S-doped activated carbon. After drying 
the obtained material was termed original activated carbon (AOW). Sulfur content on the 
external surface by x-ray photoemission spectroscopy (XPS). XP spectra were obtained 
with an ESCA 5701 (Physical Electronics) device. Survey and multi-region spectra were 
recorded at C1s, O1s, and S2p photoelectron peak. Characteristic XPS survey data and elec-
trochemical investigations are shown in Figure 18.2. In addition, the manufacture of 
S-doped carbon in a single-step procedure via carbonization and activation has been 
described in the literature. In this procedure, carbon-based material is obtained from coffee 
grinds, KOH as an activating agent, and MgSO4 as an S source. To create S-doped carbon, a 
4:4:1 mass ratio combination of these three precursors followed the calcination process at 
800 °C for 1 hour in the furnace under an argon environment, followed by hydrochloric 
acid washing, filtering, and subsequent drying. In the study, S-doped carbon was shown to 
have superior hydrophilic properties to undoped carbon. Later on new hydrophilic groups 
(C-SOx-C) on the surface and bulk phase of S-doped carbon were ascribed. [38] The carbon 
precursor and the activating agent should have a high mass ratio in these typical carboniza-
tion and activation processes. There is a lack of consistent pore size distribution, % of het-
eroatom, and mesopore in the produced product. As a result, new synthetic strategies must 
be developed in order to manage pore size, increase the number of heteroatoms, and, most 
significantly, boost capacitance. [39] In this case, as a carbon source, pine needles were 
used. In contrast, potassium thioacetate as an activating agent, and S source were com-
bined in a 2:1 ratio and pyrolyzed for 1 hour at 700, 800, and 900 °C under Ar protection. 
The pyrolyzed sample was acid-washed and dried for 12 hours at 80 °C to get S-doped 3D 
porous carbon. FESEM images confirmed abundant holes and fragments on the surface of 
these 3D particles. Furthermore, the XRD pattern revealed amorphous carbon for the (002) 
and (101) planes at 21° and 45°, respectively, with more significant defect at 900 °C. The 
disorders were also confirmed by Raman analysis. [39]

Figure 18.1 (A) Schematic illustration of synthetic pathways for preparing a highly porous 
S-doped carbon with Borassus flabellifer flower as starting materials. (B) Nitrogen adsorption-
desorption isotherm and (C) pore-size distributions of the doped activated carbon. Reproduced with 
permission [32]. Copyright 2019, Elsevier.
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Carbonization of calcined magnesium sulfate whiskers with sucrose under Ar flow for one 
hour at 600 °C yielded a high S content. [40] The S in the fiber-like S-doped mesoporous carbons 
(SMCs) framework is mostly coupled via a C-S-C bond, as shown by XPS. A cyclic voltammetry 
(CV) study was employed to assess the electrochemical performance of the synthesized S-doped 
carbon material (Figure 18.3). For all electrode materials, an approximately rectangular shape 
with no prominent redox peak was found, indicating a pseudo-constant rate throughout the 
potential window and increasing capacitance with the rise of S %.

S-doped carbon-based hybrid (CSiO2) was created in another study by hydrothermal car-
bonization of bamboo leaves, followed by thioglycolic acid mixing and controlled solvo-
thermal treatment. The hydrothermal carbonization process begins with impurity removal 
from water at 210 °C for 12 hours, and then treating acid washing at 600 °C with a heating 
rate of 2 °C min⁻1 under N2 pressure, and finally carbonization of the acid-washed dry prod-
uct was performed. A controlled solvothermal treatment of carbonized product and thio-
glycolic acid solution in ethanol solvent for 24 hours at 120 °C yielded the desired result. As 
validated by SEM, TEM, and SAED patterns, the obtained S-doped carbon has a 3D porous 
structure with a non-crystalline condition. [41]

Because of its environmental friendliness, simplicity, and great stability, the direct laser 
writing procedure was also employed to manufacture S-doped carbon for an effective high-
performance all-solid-state graphene-based microsupercapacitor (MSC) (Figure 18.4). In 
this synthesis, lignin and polyethersulfone were utilized as carbon and S sources, respec-
tively, and the different power of an epilog CO2 laser (10.6 m) was used. During prep-
aration, they first created a lignin-polyethersulfone (L-P) film by combining lignin and 
polyethersulfone in dimethylformamide (DMF) solution and drying it overnight at 80 °C. 
The resulting lignin-polyethersulfone film was then scribed at different laser power lev-
els with an epilog CO2 laser to produce S-doped porous three-dimensional (3D) graphene 
materials (LIG). According to Raman analysis, the ratio of D and G bands is lower for the 
obtained S-doped porous 3D graphene when the intensity of laser light is 15% of its original 
value, suggesting high-quality graphene with the largest crystallite size was formed. [42]
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Figure 18.2 Deconvolution of C1s (a) O1s (b) and S2p (c) high-resolution XPS survey data. 
Cyclic voltammograms at 20.0 mV s–1 for samples AOW, AOW5, AOW9: (d) H2SO4 1 M and (e) KOH 
6 M. GCDS in (f) H2SO4 1 M at 3 A g−1 and (g) KOH 6 M 1 A g−1 for samples AOW, AOW5, AOW9. 
Reproduced with permission [34]. Copyright 2018, Elsevier.
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Figure 18.3 (A) XPS survey spectra of mesoporous carbon (MC) and SMCs. (B) S2p spectra of SMCs. 
(C) CV curves of the porous carbons at a scan rate of 50 mVs−1. (D) Specific capacitances of MC and 
SMCs at different scan rates. Reproduced with permission [40]. Copyright 2014, Elsevier.

Figure 18.4 Schematic illustration of the synthesis procedure of L-P LIG MSC. Reproduced with 
permission [42]. Copyright 2021, Elsevier.
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In another study, S-doped carbon nanoparticles were created using cow margarine, sulfur 
powder, and carbon disulfide as a precursor using flame pyrolysis. This manufactured sam-
ple contains 6.27% S, according to EDX analysis. [43] Due to the use of a hazardous chemical 
as an S source, the manufacture of S-doped carbon by combining carbon and S source is not 
ecologically friendly. As a result, preparing S-doped carbon from a single source rather than 
two is more important for the environment. Sulfonated lignin, [44] sodium lignosulfonate, 
[45, 46] calcium lignosulfonate, [47] red algae-produced carrageenan-Fe hydrogel, [48] and 
other carbon and sulfur precursors have been employed. Tian et al. [46] for example, gener-
ated a self-doped three-dimensional (3D) interconnected S-doped porous carbon (S-PC) from 
biowaste sodium lignosulfonate by employing a carbonization and activation process. In con-
trast, a carbon and a sulfur precursor, sodium lignosulfonate were used.

First, they made a solution of sodium lignosulfonate and KOH activating agent and dried it 
for 10 hours in a porcelain boat at 110 °C to evaporate deionized water. To get S-doped porous 
carbon, they washed and then dried at 80 °C for 24 hours in an oven; the dried product was 
carbonized under N2 atmosphere at 900 °C for three hours at a heating rate of 5 °C min⁻1. The 
interconnected porous structure of their synthesized S-doped porous carbon was verified by 
TEM examination. Raman and XRD analysis were performed to confirm the presence of 
disordered carbon (Figure 18.5). The same group produced S-doped porous carbon using 

Figure 18.5 (a) XRD patterns, (b) Raman spectra of the S-PC samples, (c) the total XPS spectra, and 
(d) higher-resolution S2p spectra of all the S-PC samples. Reproduced with permission [46]. Copyright 
2017, Elsevier.
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sodium lignosulfonate as a carbon and sulfur sources and using easy template method. They 
made a homogenous solution by combining tetraethyl orthosilicate, sodium lignosulfonate, 
and sulfuric acid then dried it for 48 hours at 40 °C and pre-carbonized it for six hours at 100 
and 160 °C. Carbonizing the above-mentioned dried product at 700–900 °C in the presence of 
N2 atmosphere for three hours and then carrying out etching with excess HF and drying at 
105 °C overnight yielded S-doped porous carbon. The ratio of G band to D band at 900 °C 
carbonization temperature was 1.11, indicating the synthesis of graphitic sp2 carbon at high 
carbonization temperature. [45] In another paper, Ji and colleagues [49] synthesized a single 
precursor source by combining glucose, SnCl4.5H2O, and thiourea using a microwave-hydro-
thermal method. They then calcined the precursor to obtain porous S-doped carbon. The 
microwave-hydrothermal approach resulted in the formation of SnS and doped S in the car-
bon matrix. The calcination-induced evaporation of SnS resulted in porous S-doped carbon.

18.3 Super-capacitive Mechanism of S-doped Carbon

Pure biomass-based carbon or pristine carbon shows a lack of energy density and exhibits 
lower specific capacitance. Therefore, enhancing energy density and specific capacitance is 
a challenging issue. A doping strategy can be followed to enhance the capacitive perfor-
mance to solve this problem. Liu et al. [50] conducted density functional theory and found 
that doping improves the affinity and ionic adsorption of carbon surfaces. Sulfur, similar to 
the heteroatom’s oxygen, nitrogen, and phosphorus, has an affinity to enhance carbon 
material’s specific capacitance. This can be attributed to the slight difference in the elec-
tronegativity (EN) of S (2.58) and carbon (C) (2.55). Consequently, charge transfer in the 
C-S bond occurs, which is effective for supercapacitor performance. It changes the electron 
density of the carbon surface. Furthermore, by upsetting the electron density balance and 
giving varied bond angles and lengths, biomass-based carbon material’s electronic struc-
ture may be changed by adding S-containing groups to form active redox sites. [51] The S 
doping also improves carbon wettability and polarity (sulfur shifts the charge on surround-
ing carbon atoms to a more positive charge), all of which are critical for charge transfer and 
EDLC charge storage efficiency. [52] Deng et al. [44] generated self-doped multi-porous 
lignin-based biocarbon from lignin biomass using a simple sulfonation-aided sacrificial 
template approach. They used various analytical techniques to characterize their sample. 
They discovered that the produced carbon contains sulfonate groups responsible for the 
carbon matrix’s fault structure. XPS research verified the existence of thiophene S, which 
signifies C-S-C groups, and C-S-O, oxygenated C-S functionalities. They discovered a 
3149 m2g⁻1 BET surface area. The produced electrode material had strong reversibility and 
an excellent specific capacitance of 213 Fg⁻1 in 6 M KOH electrolyte when the current den-
sity was 0.5 Ag⁻1, whereas the undoped carbon capacitance was 132 Fg⁻1 at the same cur-
rent density. They hypothesized a possible mechanism based on this characterization data. 
The large levels of oxygenated C-S-C functional groups increased the pseudocapacitance of 
carbon material owing to Faradaic redox processes. They improved the material’s stability 
by inhibiting further oxidation across a wide potential range. In addition, the electron-rich 
C-S-C moieties produced a substantial shift of the Fermi level to the valence band, which 
leads to in a more polarized surface and better wettability of the carbon surface, as well as 
improved electrolyte transfer into the carbon material’s well-connected pores. As a result, 
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the capacitance was higher than the undoped one due to the oxygen containing S dopant. 
Therefore, due to having a difference in electronegativity between S and C, S-doped carbon 
materials caused enhanced charge storage capability at the electrode‒electrolyte interface 
compared with undoped carbon, through the acceleration of electron transfer from highest 
occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) of 
respective species.

18.4 Application of S-doped Carbon

S doping can be achieved in two ways: external and self-doping, and each technique has a 
specific effect on super capacitive application. There have been some reports based on 
external doping. To create sulfonated porous carbon nanosheets, Gopalakrishnan et al. [31] 
employed acid hydrothermal carbonization and a KOH activation technique. They used 
two and three-electrode systems to evaluate the capacitance performance of the produced 
sulfonated porous carbon nanosheets. The produced material demonstrated a remarkable 
specific capacitance of 398 Fg⁻1 at 0.4 Ag⁻1 in a three-electrode system, with 98.5% capaci-
tance retention for 10000 charge-discharge cycles at a current density of 3 Ag⁻1 in a two-
electrode system. Li and colleagues [30] generated S-doped carbon from KOH-pretreated 
egg yolks, followed by carbonization at 700, 800, and 900 °C. They discovered the maxi-
mum specific capacitance of 287.66 Fg⁻1 at a current density of 0.5 Ag⁻1 in a 6M KOH at 
800 °C. At a current density of 20 Ag⁻1, the electrode material kept its specific capacitance 
of 220.37 Fg⁻1. Yaglikci et al. [29] used discarded tea to make S-doped activated carbon by 
microwave pretreatment with H3PO4 followed by chemical activation in another study. 
Compared to undoped carbon, their developed S-doped carbon as an electrode material for 
supercapacitor application showed a 62% increase in specific capacitance in KOH and a 
38% increase in the H2SO4 electrolyte solution. These findings suggested that KOH has a 
higher penetrating ability than H2SO4. Wang and his colleagues [37] used Mohr’s salt as a 
template, S source, and co-activator to produce S-doped hierarchical carbon frameworks 
with spruce bark powder as carbon source simply termed as S-HPCFs-x (x refers the 
amount of KOH). They refined the amount of KOH used in electrode material fabrication 
and discovered that 3g of KOH served as a good activating agent for supercapacitive perfor-
mance of S-HPCFs-3. They measured capacitance in both aqueous (KOH) and ionic liquid 
(1-ethyl-3-methylimidazolium tetrafluoroborate, EMImBF4) electrolytes and found that 
the results were consistent. The developed electrode material was able to power the LED 
light for seven minutes at a current density of 1 Ag⁻1 (Figure 18.6).

Another study compared the supercapacitive performance of S-doped electrode materi-
als in both aqueous and organic electrolytes. [33] As a symmetric capacitor, the S-doped 
nanoporous carbon (S-NCS) sphere produced from sublimed S and glucose displayed good 
capacitive performance in KOH, Na2SO4, and LiPF6 electrolyte medium. The specific 
energy of the prepared doped carbon was 53.5 Whkg⁻1 at 74.2 W kg⁻1 in 1.0 M LiPF6 EC/
DEC and 24.0 Wh kg⁻1 at 45.0 W kg⁻1 in 1.0 M Na2SO4 (Figure 18.7). Desa and colleagues 
[35] used durian peels and Na2SO4 to create S-doped carbon material, then tuned the acti-
vation temperature to get super capacitive performance. They discovered that their manu-
factured doped carbon had the maximum capacitance value of 183 Fg⁻1 at 700 °C at 5 mV s⁻1 
scan rate. Chen et al. [36] synthesized S-doped activated carbon from banana peel and 
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compared its capacitance to that of undoped activated carbon and porous banana peel car-
bon. The capacitance in the three-electrode system was 146.1 Fg⁻1, while the scan rate was 
5 mVs⁻1 (Figure 18.7). They discovered that the specific capacitance value of activated car-
bon was 162.5 Fg⁻1, with an energy density of 90.7 Wh kg⁻1 and a power density of 1.3 
kW kg⁻1 in 6 M KOH at a current density of 0.5 Ag⁻1 due to S doping.

To build a solid-state supercapacitor, another research group used H2SO4/PVA gel as an 
electrolyte and S-doped laser-generated graphene as an electrode material. The results 
showed both enhanced areal capacitance (22 mF cm⁻2) and areal energy density of 
1.53 mWh cm⁻1 at an area power density of 25.4 mW cm⁻2 for the produced electrode mate-
rial has exceptional electrochemical performances (at 15% laser power), namely. After 9000 
cycles, the produced S-doped carbon material likewise displayed outstanding capacitance 
retention of 89.8%. [42] Self-doped S on carbon matrix is superior due to the omission of 
additional chemicals and is also documented in the literature for supercapacitor devices. 
At a pyrolysis temperature of 400 °C, the 3 Dl hierarchical porous sulfur-doped carbon 
aerogel from carrageenan-Fe aerogel displayed high capacitance in both aqueous and 
organic electrolytes with values of 335 and 217 Fg⁻1 (1 Ag⁻1). [48] Deng et al. [44] made 

Figure 18.6 (a) CV curves for S-HPCFs-3 in EMImBF4 electrolytes at different scan rates,  
(b) corresponding GCD curves at various current densities, (c) Ragone curves for both KOH and 
EMImBF4 electrolytes, and (d) digital photograph of LED lamps. Reproduced with permission [37]. 
Copyright 2021, Elsevier.
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S-doped carbon from lignin biomass and measured specific capacitance in H2SO4 and KOH 
electrolytes. The electrode material had an outstanding specific capacitance of 297 Fg⁻1 in 
2 M H2SO4 and 213 Fg⁻1 in 6 M KOH (0.5 Ag⁻1). They also made two solid-state supercapaci-
tor devices with PVA-H2SO4 and PVA-KOH gels as solid electrolytes and separators and 
discovered that both electrolytes had an outstanding capacitance of 140 Fg⁻1 at 0.5 Ag⁻1.

18.5 Conclusions

Supercapacitors possess different properties, including high energy density typically 
at high power density, fast charging and discharging rate, long cycle life, and high spe-
cific capacitance, and are used as promising and dominating energy storage devices in 
commercial applications. Biomass-based carbon is widely used as electrode materials 
in supercapacitors due to its cheapness, unique structure, availability, and environmen-
tal friendliness. The limitation of using pure carbon arises due to lacking energy density 
and specific capacitance. Heteroatom doping is a possible methodology to minimize these 
drawbacks. Heteroatoms on carbon surface enhance the prepared electrode material’s spe-
cific capacitance and energy density via fast redox reaction known as pseudocapacitive 
behavior. Due to its easily polarizable nature, wider bandgap, and unpaired electron of S, 
S-doped biomass-based carbon gains a tremendous application in the supercapacitor field. 
However, in the literature, the typical synthesis processes are activation and the carboniza-
tion of precursor material. A few have reported synthesizing S-doped carbon without an 
extra activation process. Hence, one-step synthesis without an extra activation procedure 
to get high-density S-doped carbon or composite materials would be helpful in the sense 
of commercial scale for the compact design of high-power energy sources. In addition, 
using S as an external dopant is not environmentally friendly as an additional chemical is 

(a)

(b) (c)

(d) (e)

(g)(f)

(h)

S-NCS

Figure 18.7 (a) Schematic illustration of the preparation of S-NCS, (b) shows two supercapacitors 
in series after charging can light up LED indicators; (c) different stage of blue LED, (d−g) SEM 
images of (d) CS-20, (e) S-CS-4, (f) NCS and (g) S-NCS-4. (h) SEM elemental-mapping of S-CS-4 to 
build a solid-state supercapacitor. Reproduced with permission [33]. Copyright 2017, Elsevier.
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used in this process. Although in some literature, a single precursor is used as carbon and 
S source, more and more focus should be given to this protocol. The study discussed in this 
chapter demonstrates the production of S-doped carbon with high interest and their use 
in supercapacitors. Although significant progress has been achieved in recent years, more 
work is needed to create scalable, cost-effective, and long-term synthetic approaches for 
S-doped carbon. Furthermore, we feel that the information presented here about S-doped 
carbon will be useful for every energy storage and conversion sector, including superca-
pacitor technology, battery, metal-ion capacitors, fuel cells, sensors, catalysis, and a variety 
of other applications.
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19.1 Introduction

A supercapacitor is a promising electrochemical energy storage device widely used  
in electronic devices and electric vehicles. The supercapacitor possesses numerous desir-
able characteristics of energy storage systems, such as, environmental friendliness, fast 
charging time, and long cycle life [1, 2]. The rapid improvement of electrochemical effi-
ciency of supercapacitors with high rate capability and long cycling stability in this energy 
storage system has drawn interest from more and more researchers. Recent advances in 
material science engineering have opened up new opportunities for supercapacitors by 
designing efficient electrode materials for their practical applications [3–6]. An ion-per-
meable separator is used to separate the two electrodes of a supercapacitor to facilitate the 
transport of ions between them. The electrode material used in a supercapacitor is the 
most important component since it determines the final performance of the produced 
supercapacitor. As a result, extensive research exploring novel electrode materials is 
being conducted to increase the supercapacitor performance. Supercapacitors are divided 
into three categories based on the charge storage mechanisms: 1. The charge is stored 
electrostatically via adsorption of ions on the electrode surface in electric double-layer 
capacitors (EDLC) (uses carbon electrodes). 2. Pseudocapacitor (uses metal oxide elec-
trodes), that stores energy electrochemically via rapid surface-controlled redox processes. 



19 Biomass-derived Carbon and Metal Oxides Composites for Supercapacitors330

3. Hybrid supercapacitor combines capacitive type nature with Faradaic type and the elec-
trostatic capacitance of EDLC. Because of combining the synergistic effects of carbona-
ceous materials and metal oxides, hybrid supercapacitors with better energy and power 
densities could be developed. The hybrid supercapacitor can be an asymmetrical superca-
pacitor, despite the fact that the electrodes utilized are identical to those of an asymmetri-
cal supercapacitor [7].

Carbon materials are widely applied as efficient electrode materials in supercapacitors 
with unique structures, high surface area, and good mechanical and electric properties 
compared to metal oxides/sulfides/phosphides [8–11]. The electrochemical properties of 
carbon based materials have been improved in many ways [12–14]. Unfortunately, carbon 
materials as electrode materials suffer from high production costs, toxic chemical treat-
ments, and difficulties in synthesis/fabrication processes such as when producing carbon 
nanotubes (CNTs) and graphene. Given that, biomass-derived carbon materials have gained 
attention of industries and academia due to the advantages of them being a natural source, 
hierarchical structure (porous material synthesis), low cost, and sustainability for wide 
applications. They also undergo similar processing procedures, such as carbonization, acti-
vation, and purification [15]. Different chemicals, such as metallic compounds, may be 
added to the conversion process, endowing biomass-derived carbon materials with even 
more capacitive capabilities. Natural porous and heteroatomic structures with a high sur-
face area and defective nature of biomass-derived carbon materials can provide abundant 
electroactive sites for energy storage and supply ion transport pathways by enhancing elec-
trolyte penetration [16].

Further, biomass-derived carbons with transition metal oxides composites can combine 
their respective advantages. Biomass-derived carbon can offer high surface area for depos-
iting transition metal oxides to provide maximum electroactive areas. An excellent conduc-
tivity of transition metal oxides can effectively promote charge transfer and thus enhance 
redox reaction kinetics, leading to the supercapacitor’s high electrochemical performance 
[17–19]. Further, robust architectures of biomass-derived carbons can buffer the mechani-
cal stress induced by Faradaic reactions from metallic species during a repeated charging/
discharging process, significantly elongating the cycling life of supercapacitors. Therefore, 
biomass-derived carbon and transition metal oxides composites demonstrate enhanced 
capacitance, rate performance, energy density, power density, and cyclic life. Beyond that, 
asymmetric supercapacitors using biomass-derived carbon (as negative electrodes) and 
transition metal oxides or corresponding composites (as positive electrodes) manifest 
excellent electrochemical properties [20]. The final production of inherited biomass-
derived carbons with a high carbon yield and interconnected 3D nanoporous structure 
depends on the biomass precursors used. High-performance supercapacitor applications 
need heteroatom-doped activated carbons with hierarchically linked meso/microporous 
structures.

This chapter focuses on a comprehensive summary of significant research advances in 
biomass-derived carbon and transition metal oxides composites with discussions and eval-
uation of their application as electrode materials for supercapacitors. Various biomass-
derived carbon and transition metal oxides composites are summarized categorically. 
Then, their electrochemical performances are discussed.
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19.2 Composites of Biomass-derived Carbon and Metal Oxides

19.2.1 Biomass-derived Carbon and Manganese Oxide Composites

Manganese oxides are widely explored for their active electrochemical properties, such as 
their redox nature (Mn3+ and Mn4+) and wide potential window. MnO2 exhibits pseudoca-
pacitive behavior with a high theoretical specific capacitance of 1370 F g−1. The facile synthe-
sis of different phases and morphologies of the manganese oxides and their composite has 
added advantages as electrodes in a supercapacitor. The problems with manganese oxides-
based electrodes are low intrinsic conductivity and low-capacity retention, which can be 
overcome by compositing it with conducting network of carbon. Such a strategy can also 
improve the mechanical and chemical stability of the electrodes. Among the nanocompos-
ites, the manganese oxide composites with biomass-derived carbon are sustainable, and 
cost-effective to collect for use in electrodes. Biomass-derived carbon can be provided with a 
conductive path for the enhanced electrochemical properties of manganese oxides.

Many researchers have tried various ways to investigate the electrochemical perfor-
mance of the manganese oxides with biomass-derived carbon nanocomposite as an elec-
trode for supercapacitor applications. Rambutan peels-derived carbon was combined with 
MnO2 to produce 3D-porous MnO2@carbon nanosheets [21]. It was used as a positive elec-
trode and the biomass-derived carbon as a negative electrode which delivered a specific 
capacity of 25.8 F g−1 with high energy and power density of 9.2 Wh kg−1 and 1283.7 W kg−1, 
respectively. The device showed stability of 82% even after 5000 cycles. Biomass-derived 
carbon using radish as raw material synthesized and incorporated MnO2 by a suitable 
impregnation method. The prepared composite delivered a high gravimetric capacitance of 
557 F g−1, while the fabricated two-electrode device delivered a high gravimetric capaci-
tance of 447 F g−1 with energy and power density 248.23 Wh kg−1 and 4786.44 W kg−1, 
respectively [22]. MnO2 with watermelon soft tissue-derived carbon aerogel (MnO2@CA) 
composite synthesized as electrode materials for supercapacitors by a simple and facile 
hydrothermal approach [23], is illustrated in Figure 19.1. After hydrothermal carboniza-
tion and a freeze-drying process, porous carbonaceous aerogels were obtained from water-
melon. Further functionalization on the carbonaceous aerogels with precursors of MnO2 
was adopted to achieve high-performance electrode materials. Two reaction systems, (1) 
KMnO4 + Na2S2O3 · 5H2O system and (2) MnSO4·H2O + (NH4)2S2O8 system, were employed 
to obtain the MnO2@CA composite. Their results showed a reasonable specific capacitance 
of 123.5 F g−1, while carbon derived from hemp stem and composite deposited on MnO2 
nanowires showed a high specific capacitance of 340 F g−1 [23, 24].

Faidherbia albida fruit shell-derived carbon and MnO2 were utilized to fabricate the elec-
trodes for a solid-state supercapacitor with a wide potential window greater than 1.6 V. The 
supercapacitor achieved energy and power densities of 32 Wh kg−1 and 400 W kg−1, respec-
tively [25]. Similarly, MnO2 nanosheets with bamboo leaf-derived carbon or conodium-derived 
hollow carbon spheres composites were used as electrodes for supercapacitors [26, 27]. Even 
rice husk-derived carbon with MnO2 nanocomposite delivered a specific capacitance of 
210.3 F g−1 with a good capacity retention rate of 80.2% after 5000 cycles. Thus, the synergistic 
effect of manganese oxides and biomass-derived carbon is a potential candidate for superca-
pacitor applications [28].
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19.2.2 Biomass-derived Carbon and Cobalt Oxide Composites

Due to dynamic electrochemical and redox properties, cobalt is highly exploited for 
energy storage or catalytic applications [29–32]. Apart from the high theoretical capacity 
(3560 F g−1), the cobalt oxides electrodes can sustain mechanical and chemical stability 
in various electrolytes. Usually, the cobalt oxides are incorporated into carbon matrix of 
different types to generate more surface area, porosity, and high conductivity. Both 
cobalt oxides and carbon play a vital role in enhancing a supercapacitor’s charge storage 
ability [33, 34]. Many researchers report that the biomass-derived carbon nanocomposite 
with cobalt oxides can be an efficacious electrode with long-term cycling stability and 
high capacity.

Co3O4@biomass-derived carbon fiber@Co3O4 composite was fabricated, which showed 
excellent electrochemical performance of 892 F g−1 at a current density of 0.5 A g−1 with 
high capacitance retention of 88% of initial capacitance after 6000 cycles. The fabricated 
asymmetric supercapacitor exhibited a high energy density of 33.6 Wh kg−1 at a power 
density of 1500 W kg−1 [35]. A 3D-hollow nanocomposite of aloe juice-derived carbon 
aerogel with Co3O4 displayed a high capacity of 1345.2 F g−1 at 1 A g−1. It retained 92.7% of 
capacity after 10000 cycles, and the asymmetric supercapacitor device delivered a high 
energy density of 68.17 Wh kg−1 at a power density of 549 W kg−1 [36]. Interestingly, 
Bauhinia vahlii dry fruits-derived activated carbon composited with Co3O4 showed a high 
specific capacitance of 653 F g−1 at 1 A g−1 and good capacitance retention of 91% even 
after 8000 cycles [37].

Co3O4 was anchored on the surface of agricultural waste-derived carbon; the porous struc-
ture enhanced the stability and facilitated the diffusion of electrolyte ions. The material was 
fabricated for an aqueous and solid-state supercapacitor, and the aqueous supercapacitor 
displayed a high energy density of 42.5 Wh kg−1 at a power density of 746 W kg−1. However, 
the solid-state supercapacitor showed a high energy density with a good retention rate of 
87.1% after 3000 cycles [38]. The functionalized carbon also played a vital role in improving 

Figure 19.1 Illustration of the strategy and further application for the functional carbonaceous 
materials that come from watermelon. Reproduced with permission [23]. Copyright 2014, American 
Chemical Society.
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supercapacitor performance, for example, N-doped porous carbon from waste carbon shell 
composited with Co3O4, which exhibited a high specific surface area of 2430 m2 g−1 with 
excellent stability of 95% after 10000 cycles [39]. A porous alkali-treated activated carbon 
was derived from wheat flour and supported with Co3O4 and achieved remarkable specific 
capacitance of 232.9 F g−1 and excellent capacitance retention capability (80.35%) after 1000 
cycles [40].

19.2.3 Biomass-derived Carbon and Copper Oxide Composites

Biomass-derived carbon has been developed to support the copper oxides from structural 
degradation during electrochemical performance and prevent the agglomeration of copper 
oxide [41]. The biomass-derived carbon provides a conductive pathway and elongates the 
cycling stability. Different biomass-derived carbons in composites perform differently as 
electrodes in supercapacitors according to their morphology, porosity, surface area, and 
active sites. The interconnected nanostructure provides high diffusion rates for composite 
electrodes.

Biomass-derived activated carbon incorporated with CuO composite prepared as electrode 
material for supercapacitors [41]. Peanut shells were used as carbon precursors to prepare 
the porous carbon using KOH as the activator via a simple two-step process followed by 
immersion in an aqueous solution of Cu(CO2CH3)2 as the Cu precursor and NH4OH for six 
hours. The resultant mix solution was dried at 105 °C to obtain an intermediate product 
which was then heated at 310 °C under air for two hours to achieve CuO nanoparticle deco-
rated on porous carbon matrix (CuO-AC) electrode material, as shown in Figure 19.2a. CuO 
nanoparticles were dispersed homogeneously in the carbon matrix with particle size in the 
range of 10 to 20 nm and lattice distance was 0.25 and 0.23 nm, corresponding to the (–111) 
and (111) crystal planes of CuO, respectively, as depicted in Figure 19.2b-d. Also, the homog-
enous distribution of C, O, and Cu elements was observed on the surface of the carbon matrix, 
confirming the successful incorporation of CuO in CuO-AC composite, having a high surface 
area of 2640.55 m2 g−1. The CuO compositing AC increased the gravimetric capacitance of 
530 F g−1 with excellent stability of 92.5% even after 10000 cycles. The device exhibited high 
energy and power densities of 11.7 Wh kg−1 and 628.73 W kg−1, respectively.

Bamboo leaf-derived porous carbon was used to fabricate hybrid composite with cop-
per and cuprous oxide as electrode materials for supercapacitors [42]. Moreover, aniso-
tropic carbon stabilized polyaminate copper oxide as the cathode for hybrid supercapacitor 
was reported as showing high specific capacitance of 694.8 F g−1, and the hybrid device 
showed high cyclic stability of 91.2% retention after 5000 cycles and high energy and 
power densities of 13.6 Wh kg−1 and 350.3 W kg−1 reported, respectively [43]. Cu doped 
carbon aerogels derived from sodium alginate through a green and facile method with a 
high surface area of 230.4 m2 g−1 and showed a specific capacitance of 414.4 F g−1 for 
supercapacitor application [44].

19.2.4 Biomass-derived Carbon and Nickel Oxide Composites

Nickel materials have been extensively explored in catalysis and energy conversion 
[45, 46]. This is due to the tuned morphology of nickel oxides by facile synthesis 
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methods. These properties enable them to be efficient electrode materials for superca-
pacitors. Their swift redox nature facilitates them to achieve remarkable electrochemi-
cal performance. But experimentally, the theoretical capacitance has not yet been 
achieved due to limitations such as loss of capacity, low stability, and conductivity. 
These drawbacks can be overcome by preparing composite material using nickel oxides 
and carbon materials, having versatile and favorable structural properties for superca-
pacitor applications [47]. Among all composites, nickel oxide with biomass-derived car-
bon composites has been proved relevant for electrochemical devices and widely 
investigated for supercapacitor applications.

Carbon aerogel by pyrolysis of sodium carboxymethyl cellulose aerogel and composited 
with NiO possessed a surface area of 175.05 m2 g−1 and a specific capacity of 81.67 mAh g−1 
with a retention rate of 94.5% after 5000 cycles [48]. Due to the high surface area, the highly 
porous carbon electrodes developed from biomass contribute to better electrochemical per-
formances. Lignin-derived mesoporous carbon combined with NiO had a surface area of 
852 m2 g−1 and delivered a high specific capacitance of 508 F g−1 [49]. Banana peel waste-
derived porous carbon with NiO composite was observed at a high specific capacitance of 
811 F g−1 at a current density of 1 A g−1, with a high retention rate of 84.55% after 1000 
cycles [50]. Carbonized kapok fiber/NiO composite had a microtubular structure designed 
to obtain high specific capacitance. The fabricated asymmetric device with activated car-
bon of wide cell voltage (1.6 V) showed energy and power densities of 7.5 Wh kg−1 and 
64.6 W kg−1, respectively [51].

Figure 19.2 (a) Schematic diagram of the synthesis route of CuO-AC, (b) and (c) TEM images of 
CuO-AC at different magnifications, (d) HR-TEM of CuO-AC, (e) element mapping images of CuO-AC. 
Reproduced with permission [41]. Copyright 2021, Elsevier.
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Lignin-derived mesoporous carbon embedded with NiO composite as electrode material 
showed a high surface area of 802 m2 g−1 with a uniform pore size of 3.7 nm. The electrode 
material exhibited a high specific capacitance of 880.2 F g−1 and a good retention rate of 
90.9% after 1000 cycles [52]. NiO nanosheets anchored honeycomb amorphous porous car-
bon (NiO@PC) composite and successfully enhanced the capacitance up to 500 F g−1 at a 
high current density of 10 A g−1 [53]. N doped chitosan nanofibers-derived porous carbon 
nanosheets-Ni composite formed a layered honeycomb structure with a high specific sur-
face area of 1847.4 m2 g−1 with an N content of 5.16%. The effect of high surface area and 
nitrogen doping was observed in electrochemical performance, such as a high specific 
capacitance of 614.6 F g−1

, with the energy density of 20.3 Wh kg−1 at a power density of 
240.9 W kg−1 and stability of 85.6% even after 10000 cycles [54].

19.2.5 Biomass-derived Carbon and Iron Oxide Composites

Iron oxides have received significant attention owing to their abundant natural availability, 
rich energy storage ability, low cost, and environmental friendliness for their applications 
in electrochemical energy storage devices. Iron oxides exhibit high theoretical capacity 
(926 mAh g−1), multiple valence states such as Fe2+ and Fe3+, and rich redox pairs, which 
make them promising electrode materials [55, 56]. However, the inherent problems related 
to iron oxides for supercapacitor applications are their low specific capacitance in aqueous 
electrolytes due to poor electrical conductivity and poor recycling stability [57]. Numerous 
attempts have been made to prepare hybrid nanostructured composites by incorporating 
iron oxides with biomass-derived carbon materials to overcome these issues.

2D-crumpled porous carbon sheet (2D-CCS) has been developed using waste garlic husk 
to synthesize Fe3O4NAs@2D-CCS composite [58]. The composite reveals an excellent spe-
cific capacitance of 820 F g−1 at 0.5 A g−1, 3–5 times higher than bare Fe3O4 NPs, with a 
remarkable energy density (115.5–65.9 Wh kg−1) and power density (3500–8000 W kg−1) in 
a pseudocapacitor application. Iron-carbon-based functional material (Fe3O4/Fe3C@C) 
prepared for supercapacitor electrode by iron oxide/carbide, and sustainable bagasse-
derived carbon (Saccharum officinarum), displayed excellent electrochemical performance 
due to the synergistic effect of iron oxide/carbide and graphitic layers [59]. Fe3O4/Fe3C@C 
composite revealed a specific capacitance of 211.6 F g−1 at 0.4 A g−1 in the 2-electrode sys-
tem and 878 F g−1 at 5 A g−1 in the 3-electrode system with excellent cyclic stability. The 
energy density of 29.4 Wh kg−1 and the power density of 807 W kg−1 were observed. Biochar 
with an interconnected 3D pore network structure was prepared using activation treat-
ment on Cladophora glomerata followed by a slow pyrolysis process. Subsequently, Fe 
composite biochar was obtained by functionalizing the biochar with H2SO4 and HNO3 for 
extending the formation of iron oxide via the hydrothermal method. The composite dem-
onstrated remarkable electrochemical performance as a supercapacitor electrode in terms 
of high specific capacitance, excellent rate capability, and incredible cycle stability [60]. 
The asymmetric supercapacitor revealed an energy density of 41.5 Wh kg–1 at a power den-
sity of 900 W kg–1 with stable cycling performance.

Biocarbon (KWB) derived from direct pyrolysis of sugarcane bagasse was used to obtain 
Fe3O4/biocarbon composite (KBFe) via a chemical co-precipitation method [61]. A series 
of KBFe composite were prepared and denoted as KBFe-1, KBFe-2, KBFe-3, KBFe-4, and 
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KBFe-5 with the theoretical value of the mass ratio of Fe3O4 to KWB being 0.25:1, 0.5:1, 
0.75:1, 1:1, 1.5:1, respectively. The surface area and chemical composition of KBFe com-
posite profoundly affected their electrochemical performance. CV curves of KBFe compos-
ite revealed the redox peaks indicating the existence of pseudocapacitive function of Fe3O4 
and the redox reaction of Fe ions (Figure 19.3a). Additionally, the pseudocapacitance reac-
tion of Fe3O4 in the KOH electrolyte was accompanied by intercalation of OH− balance the 
extra charge with the Fe3O4 layers. GCD curves of KBFe were nearly symmetrical to their 
corresponding discharge curves, indicating that the capacitance was caused by the blend 
of EDLC and pseudocapacitance (Figure 19.3b). Furthermore, a much larger current 
response and longer discharge time of KBFe-4 was observed than that of other composites, 
demonstrating that the KBFe-4 possessed excellent capacitive performance. The specific 
capacitance of KBFe-4 reached 342 F g−1 at 1 A g−1. EIS curves suggested that KBFe-4 
revealed the shortest 45 ° diagonal line at the medium frequency region and the most sig-
nificant slope of a straight line at the low-frequency region, indicating that KBFe-4 had the 
lowest diffusion resistance than others (c). The specific capacitance of KBFe composite 
decreased with the increase in the current density, as shown in Figure 19.3d. The specific 
capacitance of KBFe-4 could reach 171 F g−1 at the current density of 10 A g−1 which 

Figure 19.3 (a) CV curves (scan rate of 0.01 V s−1), (b) GCD curves (current density of 1 A g−1), (c) 
EIS curves, and (d) specific capacitance versus current density of KBFe composite. Reproduced with 
permission [61]. Copyright 2017, Elsevier.
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suggested that the KBFe-4 has the most excellent fast charge/discharge performance 
among all the KBFe composite.

3D kenaf stem-derived macroporous carbon (KSPC) was used as support for Fe3O4 
doped porous carbon nanorods (Fe3O4-DCN) to prepare KSPC/Fe3O4-DCN nanocompos-
ite via pyrolyzing MIL-88A (iron-based MOFs) and KSPC. The KSPC/Fe3O4-DCN nano-
composite possessed a 3D interconnected configuration with combined advantages of 
Fe3O4-DCN having enriched electroactive sites and KSPC owning hierarchical pores, high 
surface area, and good conductivity [62]. The nanocomposites were employed as superca-
pacitors and delivered a remarkable specific capacitance of 285.4 F g−1 at 1 A g−1 with 
77.2% capacitance retention after 5000 cycles. Watermelon-derived sponge-like 3D carbo-
naceous gels (CGs) are used to fabricate Fe3O4/CGs composite by incorporating Fe3O4 
nanoparticles into the networks of CGs, followed by calcination to transform them into 
magnetite carbon aerogels (MCAs). The porous structure of MCAs facilitated the stable 
transport of both electrons and electrolyte ions to the electrode surface during the electro-
chemical process. The MCAs displayed an excellent specific capacitance of 333.1 F g−1 at 1 
A g−1 and remarkable cycling stability with 96% specific capacitance maintenance after 
1000 cycles [63]. Persimmon fruit-derived carbon possessed a very porous structure and 
high surface area for growing yolk-shell structure Fe3O4 nanoparticles under hydrother-
mal conditions, carbonization, and in the microwave-assisted step. The resultant compos-
ite with a surface area of 251.36 m2 g−1 offered sufficient active sites for chemical 
transformation during oxidation and reduction. It achieved remarkable areal capacitance 
and specific capacitance [64].

19.2.6 Biomass-derived Carbon and Ruthenium Oxide Composites

Ruthenium oxide (RuO2) is a suitable electrode material for electrochemical energy storage 
devices because of its high chemical and thermal stability, abundance, and rapid charge/
discharge behavior. Due to its fast Faraday redox reaction, good electrical conductivity, 
high rate capability, large potential window, and high theoretical capacitance (2000 F g−1), 
ruthenium oxide has been regarded as a promising supercapacitor electrode material [65]. 
However, its toxic nature, high cost, poor cycling stability, severe agglomeration, and low 
porosity are tough challenges and limit its electrode applications [66]. Attempts have been 
made to synthesize composite electrode materials to reduce ruthenium’s cost and combine 
the advantages of ruthenium oxide and the high porosity and cycling stability of biomass-
derived carbon materials.

Moringa oleifera fruit shell-derived porous activated carbon (MOC) was used to obtain 
Ru/MOC composite by dispersing Ru nanoparticles on MOC under continuous ultrasoni-
cation, followed by pyrolysis for supercapacitor applications. The Ru/MOC composite 
revealed desirable textural features and remarkable electrochemical and capacitive prop-
erties [67]. A high specific capacitance (291 F g−1 at 1 A g−1) with outstanding cycling sta-
bility (>90% of capacitance retention after 2000 cycles at 4 A g−1) was achieved. The 
assembled symmetric supercapacitor provided an energy density of 6.3 Wh kg−1 at a power 
density of 250 W kg−1. Charcoal-derived activated carbon (CAC) was obtained by CO2 acti-
vation to fabricate 3D hetero-RuO2/CAC composite by the hydrothermal method as a 
supercapacitor electrode. High conductivity of RuO2/CAC composite is attributed to 
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abundant active sites for charge storage and efficient electron transfer that resulted in 
improved supercapacitor performance [68]. The composite hybrid electrodes displayed a 
high specific capacitance of 510 F g−1 at 1 A g−1 along with 87.05% capacitance retention at 
1 A g−1 for 3000 cycles. Kapok fiber-derived carbon aerogel (CA) was obtained by NaClO2 
pretreatment of kapok fiber and carbonization of kapok fiber aerogel. Then, the CA was 
used to prepare 3D microtubular CA/RuO2 composite electrode material, which pos-
sessed an integrated tubular structure and moderate pore size distribution [69]. The com-
posite showed a remarkable specific capacitance (433 F g−1 at 1 A g−1) with good cycle 
stability (91.5% capacitance retention after 2000 cycles) in a three-electrode system. The 
CA/RuO2 composite as electrode in an asymmetric device displayed an energy density of 
8.92 Wh kg−1 at a power density of 558.12 W kg−1.

Biomass-derived carbon was used to achieve RuO2-biomass carbon (RuO2-BC) compos-
ite by combining octyl ammonium salicylate ionic liquid with Ru3+ ions, followed by coco-
nut meat and microwave thermal treatment in sequence. Homogenous dispersion of RuO2 
nanoparticles on BC provided an excellent synergetic effect between RuO2 nanoparticles 
and BC, and RuO2-BC composite displayed higher specific capacitance (907.7 F g−1) than 
that of RuO2 (548.7 F g−1) and BC (150.6 F g−1) electrodes [70]. The mechanical flexibility 
and electrochemical durability of the RuO2-BC supercapacitor were investigated by design-
ing typical hand movements. Figure 19.4 shows that the glove with a supercapacitor can 
complete various operation conversions. The capacitance retention rate was close to 100% 
when the glove remained flat for five cycles because the supercapacitor had no folding 

Figure 19.4 Digital photos of the supercapacitor and its specific capacitances at the current 
density of 20 A g−1 for 5-cycle. Reproduced with permission [70]. Copyright 2022, Elsevier.
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or twisting. The capacitance remained almost unchanged for folding angles of 15 ° and 
twisting angles of 15 °. The capacitance decreased with an increase in folding angle from 
30 ° to 45 °. Like holding, a relatively big twisting angle bought a rather significant change 
in capacitance. However, the capacitance remained at 98.2% when the folding angle was 
45 °. These findings confirmed that the supercapacitor exhibited excellent flexibility and 
stability that is attributed to the unique structure of RuO2-BC. The fabricated symmet-
ric supercapacitor exhibited excellent electrochemical performance and energy density of 
378.7 Wh kg−1 at a power density of 5199.2 W kg−1.

Corncob-derived activated carbon with high surface area (3.145 m2 g−1) and high per-
centage of micropores (87%) was prepared by thermal treatment and impregnated with 
RuO2 to get activated carbon-RuO2 composite for electrode material in a supercapacitor. 
The physicochemical properties of activated carbon-RuO2 composite confirmed the 
homogenous and high distribution of crystalline RuO2 particles on the surface of activated 
carbon, which enhanced their electrochemical properties. The resultant composite showed 
the specific capacitance of 360 F g−1 and electric conductivity of 408 S m−1 [71].

19.2.7 Biomass-derived Carbon and Molybdenum Oxide Composites

Molybdenum oxide (MoO3) has attracted significant interest as an active electrode for 
electrochemical energy storage devices due to its low resistivity, metallic conductivity, 
cost-effectiveness, and environmental benignity. Molybdenum oxide is a promising elec-
trode material for supercapacitors, as it possesses several oxidation states (+2 to +6), high 
theoretical specific capacity (1111 mAh g−1), excellent redox reaction capability, and good 
electrochemical activity [72]. However, its practical applications are hampered by poor 
cycling stability due to the lack of efficient electronic/ionic transport pathways [73]. Thus, 
incorporating molybdenum oxide into porous, sustainable, and low-cost carbon, i.e., bio-
mass-derived carbon, may provide more electroactive sites that effectively enhance the 
electrochemical properties.

The oxygen-rich and meso/macroporous network of loofa sponge-derived activated car-
bon was employed to encapsulate MoO3 nanoflowers by hydrothermal treatment to synthe-
size a highly capacitive and cost-effective AC-MoO3 composite. The MoO3 structure with 
flower-like morphology provided a high electrochemical assessable surface area for abun-
dant charge storage and reduced the volume stress generated during cycling and distance 
for electron transport [74]. The composite revealed good electrochemical performance with 
a specific capacitance of 413 F g−1 and an excellent rate capability of 76.93%. Moreover, the 
asymmetric supercapacitor delivered a remarkable energy density (52.87 Wh kg−1) at a 
power density of 3800 W kg−1.

Goat hair-derived activated carbon used as a cathode and MoO2@rGO as anode materials 
were synthesized and applied as a hybrid supercapacitor. Uniform distribution of the nano-
structure of MoO2 on the surface of rGO enhanced the electrical conductivity during cycling 
in the anode, and porous activated carbon with a high surface area of 2042 m2 g−1 provided 
a pathway for the adsorption and desorption of ions, which improved the electrochemical 
performance of the cathode [73]. Both electrodes revealed excellent electrochemical perfor-
mance as well as good cycling stability. The hybrid supercapacitor fabricated by these elec-
trodes displayed an energy density of 79 Wh kg−1 and a power density of 95 W kg−1. Peanut 
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shell-derived porous activated carbon (AC) was used to embed the nanostructures of MoO2 
and Mo2C for fabrication of (AC/MoO2/Mo2C) composite by a facile in-situ pyrolysis route. 
The resultant composite was used as the electrode for the symmetric supercapacitor. It dis-
played an excellent electrochemical performance attributed to the synergistic effect of metal 
oxide and metal carbide species with the interconnected porous carbon providing favorable 
properties [75]. The composite manifested an outstanding specific capacitance (115 F g−1) 
with impressive rate capability (58% at 20 A g−1) and remarkable cycling performance (99.8% 
Coulombic efficiency after 25,000 cycles). Moreover, an energy density of 51.8 Wh kg−1 with 
a power density of 900 W kg−1 was noted for the symmetric supercapacitor.

19.2.8 Biomass-derived Carbon and Mixed Oxide Composites

Mixed metal oxides have been widely studied as electrode materials for electrochemical 
storage devices due to their excellent electrical conductivity, low electronegativity, 
small bandgap with highly active sites, environmental friendliness, and low cost. Mixed 
metal oxides reveal remarkable electrochemical performance compared to their single 
metal oxide for supercapacitor applications because of low diffusion resistance, effec-
tive electron transport, easy electrolyte penetration, low cost, and high theoretical 
capacitance [76]. However, the significant drawbacks that limit their supercapacitor 
applications are the intrinsic rapid capacitance degradation, poor cyclic stability, and 
low rate capability of mixed oxides as electrode material. Incorporating mixed metal 
oxides in biomass-derived porous carbon material is a practical approach to solving 
these problems.

Poplar catkins-derived porous carbon (PC) micro sheets with a thickness of 150–200 nm 
were modified with polydopamine (PD) and further deposited with ultrathin nickel cobal-
tite nanosheets (NiCo2O4 NSs) to form a NiCo2O4 shell-carbon core sandwich composite 
(NiCo2O4 NSs@PD-PC). A pair of redox peaks were observed in all CV curve of the samples, 
which indicated the typical Faradaic behavior associated with the reversible redox reactions 
in NiCo2O4 (Figure 19.5a). The unchanged shape of CV curves of NiCo2O4 NSs@PD-PC at 
different scan rates demonstrated excellent electrochemical reversibility and high-rate per-
formance, which was associated with the low resistance of the electrodes (Figure 19.5b). 
GCD curves of all samples displayed two visible potential plateaus arising from Faradaic 
redox reactions and lower internal resistance of NiCo2O4 NSs@PD-PC attributed to the 
tight coupling effect of PDA and quickly charge transportation (Figure 19.5c). Also, the 
NiCo2O4 NSs@PD-PC revealed excellent specific capacity (256.2 mAh g−1 at 1 A g−1), a 
smaller value of equivalent series resistance (ESR), and good cycling stability (91.36% capac-
ity retention after 5000 cycles) [77]. The NiCo2O4 NSs@PD-PC//PD-PC hybrid supercapaci-
tor revealed outstanding performance with an energy density of 39.1 Wh kg−1 at the power 
density of 799.9 W kg−1 with 95.5% capacitance retention after 5000 cycles.

3D gelatin-derived carbon-nickel foam (GCNF) was used to grow nanoflower-like 
NiCo2O4 by a facile hydrothermal treatment to synthesize binder-free NiCo2O4/GCNF com-
posite for a high-performance supercapacitor. The resulting composite provided rapid trans-
fer of ions and electrons by enhancing the electroactive surface area due to the nanoflower-like 
morphology of NiCo2O4 and improved the skeleton’s electrical conductivity owing to the 
homogenous coating of porous carbon on the surface of the nickel foam [78]. The NiCo2O4/
GCNF composite displayed a specific capacitance of 1416 F g−1 at 1 A g−1 and remarkable 
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Figure 19.5 CV curves of NiCo2O4, NiCo2O4 NSs@PC, and NiCo2O4 NSs@PD-PC at 30  mV s−1. 
(b) CV curves of NiCo2O4 NSs@PD-PC at different scan rates within the potential range of -0.2 to 
0.6 V. (c) GCD curves of three electrodes at 1 A g−1. (d) The specific capacity as a function of current 
density for three electrodes. (e) EIS spectra of three electrodes, inset is the magnified image. 
(f) Cyclic stability analysis of NiCo2O4 NSs@PD-PC (up to 5000 cycles) at 10 A g−1, the inset shows 
the EIS spectra of the electrode materials before and after 5000 cycles. Reproduced with permission 
[77]. Copyright 2019, Elsevier.

cycling performance. The NiCo2O4/GCNF//activated carbon asymmetric supercapacitor 
delivered an energy density of 48.6 Wh kg−1 at a power density of 749.3 W kg−1 with 88.5% 
capacitance retention after 10000 cycles.

Jackfruit peel-derived activated carbon obtained by chemical activation and 3D micro-
structure NiCo2O4@Co3O4 composite synthesized via a facile two-step hydrothermal 
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process was employed to fabricate high energy asymmetric supercapacitor [79]. The out-
standing electrochemical performance of the asymmetric supercapacitor was attributed to 
the building blocks of the porous electrodes. The asymmetric supercapacitor delivered a 
specific capacitance of 119 F g−1 and an energy density of 42.5 Wh kg−1 at a power density 
of 80 W kg−1 with excellent cyclability (97% of capacitance retention after 7000 cycles).

Ricinus communis seed-derived honeycomb porous N-doped activated carbon and 
NiCo2O4@ZnCo2O4 nanocomposite material were employed as electrode materials for 
supercapacitor applications [80]. Urchin-like NiCo2O4 displayed superior specific capac-
ity of 150.83 mAh g−1 at 1 A g−1 among the other different morphologies of NiCo2O4 
(spherical, rod, and granular). The NiCo2O4 hybridized with ZnCo2O4 nanosheets to 
achieve NiCo2O4@ZnCo2O4 nanocomposite and revealed a significant increase in specific 
capacitance (1029 F g−1 at 1 A g−1). Moreover, the NiCo2O4@ZnCo2O4//N-doped activated 
carbon hybrid supercapacitor displayed a specific capacity of 62.78 mAh g−1 with a maxi-
mum energy density of 101.6 Wh kg−1 at 15500 W kg−1 and 78.5% capacitance retention 
after 12000 cycles.

Using loofah biomass as carbon and dicyandiamide as nitrogen sources synthesized 3D 
N doped porous graphene materials (3D-NPG). Subsequently, NiMn2O4 nanoparticles 
were homogeneously dispersed on the 3D-NPG surface using a facile hydrothermal 
method to form NiMn2O4/3D-NPG nanocomposite. The NiMn2O4/3D-NPG nanocompos-
ite revealed unique architecture with a conductive network that facilitated easy interac-
tion between electrolyte ions and NiMn2O4 nanoparticles and provided a beneficial path 
for electron transport in the electrochemical reaction [81]. The NiMn2O4/3D-NPG elec-
trode demonstrated a remarkable specific capacitance (1308.2 F g−1 at 1 A g−1) with out-
standing rate capability (77.9% at 15 A g−1) and good cyclic stability (91.6% capacitance 
retention after 10000 cycles). The assembled NiMn2O4/3D-NPG//3D-NPG asymmetric 
supercapacitor displayed an energy density of 45.25 Wh kg−1 at 11380 W kg−1 with impres-
sive cyclic stability.

19.3 Conclusion

This chapter summarizes recently reported literature on the utilization of biomass-derived 
carbon and transition metal oxides composites as electrode materials for high-performance 
supercapacitor applications, and focused on the recent development of biomass-derived 
carbon and transition metal oxides composites as electrode materials for supercapacitors. 
Biomass-derived carbons possess different sizes, morphologies, pore distributions, inter-
connected structures, and crystallinities that improve supercapacitors’ energy density 
without affecting their power density and cyclic stability. However, the development of 
biomass-derived carbon materials is confronted with several challenges such as the dif-
ferent growing environments, harvest time, and nutrition resources of plants at various 
locations that may cause a huge variety in the size, structure, morphology, and surface 
properties of biomass-derived carbon. Therefore, considerable research attention is going 
in to exploring methods to control the biomass-derived carbon properties. The combination 
of biomass-derived carbons and transition metal oxides facilitates fast redox reaction kinet-
ics and effective charge transfer resulting in high capacitance, rate capability, and cycling 
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stability of supercapacitors. To obtain desirable physicochemical properties of composites 
with controllable structures and morphologies, synthesis methods can be reasonably com-
bined so that the intrinsically diverse textures and structures of composite materials can 
easily be derived.
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20.1 Introduction

Energy storage devices have become an essential topic in energy research due to their criti-
cal role in sustainable alternative energy usage and storage [1, 2]. A supercapacitor (SC) is 
considered one of the essential energy storage tools because of its unique properties [3]. 
SCs generally consist of two electrodes separated by a separator saturated with an electro-
lyte [4]. Every electrode consists of a current collector covered with an electrode material 
[2, 4]. There are three types of SC: electrochemical double-layer SC (EDLC), pseudocapaci-
tor, and hybrid [5–7]. The difference between these types is the SC energy storage mecha-
nism. In the case of EDLC, the energy storage mechanism is a double-layer mechanism 
where the electrode material adsorbs the ions from the electrolyte electrostatically in the 
charging phase and releases these ions in the discharging phase [8]. In pseudocapacitors, 
the electrode material contains an active redox material that stores and releases the energy 
due to its redox reactions [9]. Finally, the hybrid SC used the both previous mechanisms for 
its charging and discharging phases [10]. As a result, the SC electrode material plays a criti-
cal role in the mechanism and performance of SCs [6]. Generally, carbon materials are 
used to fabricate EDLCs [6, 8], while transition metals oxides, hydroxides, and conductive 
polymers (CPs) are used to manufacture pseudocapacitors [9].

CPs are organic polymers that can conduct electricity and have unique advantages, 
including high conductivity, flexibility, low cost, and simplicity of synthesis [11]. Due to 
these properties, CPs have been used in different electrochemical applications, including 
sensors [12], corrosion protection [13], water splitting [14], hydrogen generating [15], bat-
teries [16], and SCs [17]. Due to their active redox behavior [18], CPs represent an ideal 
material for fabrication of SCs, especially pseudocapacitors [18, 19]. For SC fabrication, 
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using the combination of carbon and CPs has many advantages, including enhancing the 
active surface of electrode material, improving the SC performance, capacitance, and sta-
bility, and decreasing the fabrication cost [19]. Biomass-derived carbon (BDC) is one of the 
carbon types used successfully and commonly in SC fabrication [20]. Combining biomass 
carbon with CPs offers many advantages and ways to improve BDC’s performance, includ-
ing increasing the active surface area and wettability, enriching the supercapacitor with 
pseudocapacitance behavior, and improving the total performance toward capacitance, 
energy density, and power density [21–23].

BDC syntheses and applications are considered promising fields of science [24–27].BDC 
studies were triggered by the nanotechnology revolution and inspired by the important 
discovery of graphene [28–33]. Scientists started searching for new sources of active carbon 
materials with the nanomaterial’s effects and structure. Remarkably, biomass materials 
have become a rich source for synthesizing different types of active carbon in different sizes 
and shapes [34, 35]. As a result of the BDC novelty, the BDC-CP-based SC studies are still 
relatively modest in number. Most BDC-CP-based SC works used the typical PCs of poly-
aniline (PANI) and polypyrrole (PPy). PANI is considered the most studied CP for its 
advantages and applications [11, 36]. In addition, PPy is a typical CP used frequently in 
different research fields [37]. It was predictable that the initial biomass-CP-based SC stud-
ies focused on these two precious CPs.

Due to its importance in the biomass-supercapacitor, the combination of BDC and CPs 
will be discussed in detail. This chapter will cover the basic scientific facts behind the CPs 
in general and PANI and PPy in particular. Furthermore, the chapter will investigate most 
of the biomass-CP-based SC studies in detail and predict the future direction of biomass-
CP-based SC research.

20.2 BDC-PANI-based SCs

PANI is an organic polymer synthesized from aniline monomer and prepared chemically 
and electrochemically. PANI is considered one of the oldest conductive polymers, as it was 
discovered in the nineteenth century by Ferdinand Runge Carl Fritzsche, John Lightfoot, 
and Henry Letheby [38]. Furthermore, PANI was used in the dye fabric industry at the 
beginning of the twentieth century. PANI has gotten much attention since 1980, when it 
was used in different research areas and became the most studied and reported conductive 
polymer [11]. The polymer characteristics include good temperature resistance, high sta-
bility, and electrical conductivity. One of the great advantages of PANI is its ability to form 
stable and effective composites with a variety of compounds. The BDC-PANI is one of these 
composites that has been used successfully in the field of SCs . To investigate the synthesis 
and properties of the composite of BDC-PANI, we have evaluated PANI synthesis and for-
mula from published papers and report synthesis methods of BDC-PANI and the ways to 
use it as a SC device.

20.2.1 PANI Synthesis Mechanism and Structure

PANI is prepared by oxidative polymerization in an acidic medium. To some extent, 
the polymerization mechanism is similar in both chemical and electrochemical ways. 
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The aniline is initiated by an oxidant initiator in the chemical method and by the 
applied potential in the electrochemical method (Figure 20.1) [21, 39–42].

The initiation process forms the radical cation of anilinium cation, forming the dimer. 
Then the oxidation of the dimer and bonding to another anilinium cation leads to the 
propagation of PANI. The final synthesized PANI structure contains two types of rings 
which are quinoid and benzenoid ringsas shown below (redraw from Ref [39].).

The N atom of PANI is fully oxidized in the benzenoid ring, while it is in a fully reduced 
state in the quinoid ring. Consequently, the value of X in the above formula, which deter-
mines the ratio of the quinoid and benzenoid rings, also determines the type of PANI. We 
can identify four PANI types: leucoemeraldine, emeraldine base, emeraldine salt, and 
pernigraniline (Table 20.1) [43–45]. The doped PANI of emeraldine salt is the conductive 
form of PANI which is formed through biomass carbon-PANI composite synthesis. In 
general, the PANI emeraldine form is partially oxidized and reduced into the other oxida-
tion states throughout the SC’s charging and discharging steps. Consequently, the PANI-
based SC is characterized as a pseudocapacitor. Similarly, the BDC-PANI composite-based 
SC has pseudocapacitance behavior due to PANI and double-layer capacitance behavior 
due to the BDC.

20.2.2 Synthesis of BDC-PANI Composite

The BDC-PANI composite synthesis depends on the method used to add the PANI to the 
surface of the BDC. We can identify three primary methods used to synthesize the biomass 
carbon-PANI composite: (i) in-situ PANI chemical deposition, (ii) ex-situ PANI chemical 
deposition, and (iii) in-situ PANI electrochemical deposition.

Figure 20.1 PANI electrochemical synthesis mechanism. Redraw from Ref [39].
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20.2.2.1 In-situ PANI Chemical Deposition
In-situ chemical deposition of PANI has become the most common method to synthesize 
the BDC-PANI composite. This method is based on the deposition of PANI on BDC during 
the formation of PANI. This, in turn, gives the opportunity to form a threaded structure, 
leading to a stable chemical composite. In general, the monomer of aniline and the initiator 
are prepared separately in an acidic solution. Then, the BDC is added to one of the solu-
tions. The polymerization of PANI starts by mixing the monomer and the initiator. The 
PANI is formed throughout and on the surface of the biomass carbon structure. Then the 
composite is cleaned and prepared for use as an electrode material. In a study by Lyu et al. 
they modified yeast-derived N-doped microsphere carbon with PANI through an in-situ 
chemical polymerization to synthesize a BDC-PANI composite [46]. PANI’s chemical 
polymerization occurs directly on the surface of the BDC (Figure 20.2). 20 mg of yeast-
derived N-doped microsphere carbon (YC) was mixed with 10 ml of 1 M HCl and 5 ml of 
ethanol to avoid freezing, which could happen through the low temperature of the PANI 
polymerization. The aniline was added to the yeast carbon solution and mixed well for two 
hours at -10 oC. Ammonium persulfate (APS) in a solution of 1 M HCl was used as an initia-
tor at -10 oC and added to the yeast carbon and monomer solution. The polymerization 
reaction was kept for 24 hours leading to the synthesis of a dark green product. The product 
was rinsed with ethanol and deionized and kept for freeze drying.

The final dry resultant of yeast carbon (YC)/PANI composite was used to fabricate a sym-
metrical PANI/YC/aluminum foil/carbon/-based SC. YC/PANI composite was dispersed in 
deionized water, then dispersed on a glass carbon electrode (GCE) to check the  performance 
of the material in the three-electrode system. The three-electrode system used Ag/AgCl as 
a reference electrode, a bare Pt wire as a counter electrode, and GCE/yeast carbon/PANI as 
a working electrode. The experiment was run in a solution of 1 M H2SO4 within a potential 
window of 0–0.8 V. The specific capacitance was 500 F g−1 at a current density of 1 A g−1. To 
fabricate a symmetrical two-electrode system, YC/PANI with a ratio of 80 wt.% was mixed 
with 10 wt% acetylene black and 10 wt.% polyvinylidene fluoride using an organic solution. 
The resulting slurry was coated on a pellet of titanium foil and dried in an oven with a final 

Figure 20.2 Synthesis of YC microsphere-polyaniline composite. Reproduced with permission [46]. 
Copyright 2018, Elsevier.
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loaded material of 1.5 mg/cm2. Two symmetrical pellets were put in a 1 M H2SO4 solution 
overnight for a complete soaking. Then the final SC was fabricated using two symmetrical 
pieces with a filter paper separator saturated with the electrolyte. The SC was tested within 
a potential window of 0–1.1 V. The specific capacitance of the fabricated SC was 100 F g−1 
at a current density of 1 A g−1. The SC achieved an energy density of 16.9 Wh kg−1 at a 
power density of 550 W kg−1. Whereas the stability test shows around 95.4% of the initial 
capacitance after 5000 cycles.

20.2.2.2 Ex-situ Chemical Polymerization:
In the ex-situ method of chemical deposition of PANI, PANI is prepared chemically by mix-
ing the monomer of aniline and the initiator in an acidic medium. Then, the formed PANI 
is mixed with the BDC. The product is prepared for use as an electrode material. Ajay et al. 
used this method to synthesize orange peel-derived activated carbon (OPAC) and PANI 
nanocomposite for SC fabrication [47]. To prepare the electrode material, OPAC was mixed 
with prepared PANI of 50 wt.% and mixed well by using mortar and pestle for 30 min. The 
OPAC-PANI (85%) was mixed with polyvinylidene difluoride (PVDF) (5%) and Ketjan 
black (10 W%). The mixture was dissolved in N-methyl-2-pyrrolidone (NMP) solvent to 
prepare a slurry which was coated on a 1 cm x 1 cm Toray carbon paper. The performance 
of the OPAC-PANI electrode was investigated in a three-electrode system using 1 M KOH 
(aq.) electrolyte. In a potential window from -1.5 to 0.5 V. The Csp of the OPAC-PANI elec-
trode was 427 F g−1 at a scan rate of 2.5 mV s−1 with an energy density of 13.44 Wh kg−1 at a 
power density of 19.33 W kg−1. Furthermore, the stability test of the OPAC-PANI electrode 
was around 70% of the initial capacitance after 5000 cycles. Whereas the OPAC electrode’s 
Csp was only 144 F g−1 at scan rate of 2.5 mV s−1 with an energy density of 5.27 Wh kg−1 at a 
power density of 17.59 W kg−1.

20.2.2.3 In-situ Electrochemical Polymerization
In contrast to the previous two methods, here PANI is prepared electrochemically on an 
electrode surface prepared from the synthesized BDC in an acidic medium. Du et al. elec-
tro-deposited PANI on BDC from Enteromorpha prolifera [48]. Enteromorpha prolifera car-
bon (EPC) was ground with vinylidene fluoride (PVDF) and immobilized on a Pt sheet. 
The EPC electrode was modified with PANI by in-situ electro-polymerization using a three 
electrode system. The three electrodes were immersed in 0.3 M aniline solution prepared 
in 1 M HCl. The PANI was deposited by using the potential of 0.75 V for a specific time. The 
resulted EPC/PANI was cleaned using deionized water and dried at 60 oC. The EPC/PANI 
electrode was tested in three-electrode system using 1 M H2SO4 as an electrolyte. The spe-
cific EPC/PANI electrode capacitance was 622 F g−1 at the current density of 1 A g−1. while 
the specific capacitance of EPC electrode was only 180 F g−1. Whereas the stability test of 
the EPC/PANI electrode shows around 87% of the initial capacitance after 2000 cycles.

20.2.3 Factors Influencing Biomass Carbon-PANI Composite Synthesis

20.2.3.1 Effect of Monomer Concentration
Zhang et al. synthesized a porous carbon spheres (PCS) composite derived from 
γ-cyclodextrin and in-situ chemically-prepared PANI [49]. Their work also studied the 
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effect of the monomer concentration on the morphological and electrochemical perfor-
mance of the final fabricated electrode. PCS were prepared as a dispersed solution in a 
mixture of 1 M HCl and ethanol and mixed with mono-aniline. A solution of ammonium 
persulfate (APS) in 1 M HCl was added as an initiator. The ratio of APS: monomer used was 
1: 1 M. The resultant was dispersed in deionized water to prepare 1 mg ml−1 solution, and 
10 microL was dispersed on a glassy carbon electrode (GCE). The GCE modified with 
 APS-PANI was used as a working electrode, and its capacitance performance was evalu-
ated by GCD techniques using a three-electrode system in 1 M H2SO4 electrolyte and apply-
ing a potential window from -0.2 to 0.8.

The work tested the effect of the concentration of aniline monomer on the electrochemi-
cal performance of the PCS-PANI. Different solutions of aniline concentration, including 5, 
10, 20, 30, and 40 mM, were tested. The morphological study of scanning electron micros-
copy (SEM) illustrates that the surface and pores are covered with PANI when a low con-
centration of aniline is used, like the concentrations of 5, 10, and 20 mM. On the other 
hand, using the high concentrations of aniline of 30 and 40 mM shows an expanding 
growth of PANI on the pores and the surface. Thus, the study recommended the concentra-
tion of 20 mM based on the mapping image result, which shows an orderly distribution of 
C and N atoms on the surface. The electrochemical performance supported the morpho-
logical study. The specific capacitance of PCS-PANI electrodes prepared with aniline con-
centrations of 5, 10, 20, 30, and 40 mM was calculated depending on the GCD measurement. 
The specific capacitance increases with the increase in the concentration of aniline to 
reach the highest value of 339.2 F g−1 at an aniline concentration of 20 mM. Then, the spe-
cific capacitance decreases gradually for 30 and 40 mM concentrations, respectively. The 
specific capacitance of the PCS-PANI electrode was 339.2 F g−1 at the current density of 
1 A g−1. Where the specific capacitance of PCS electrode was 110 F g−1, and the specific 
capacitance of PANI electrode without any biomass adding was 187.1 F g−1 at the same cur-
rent density. The energy density of the PCS-PANI electrode was 24.4 Wh kg−1 at a power 
density of 7.9 KW kg−1. Whereas the stability test shows around 98% of the initial capaci-
tance after 3000 cycles.

20.2.3.2 Effect of Biomass Carbon Composition on the PANI Deposition
Shah et al. provided a study on an indium tin oxide electrode (ITO) modified with carbon 
nanosheets (CNS) derived from Pithophora polymorpha and supported with elec-
trodeposited PANI. This study provided a good example of the effect of biomass carbon 
composition on the PANI deposition and consequently on the fabricated SC performance 
[21]. In the study, PANI was electrodeposited from a solution of 0.5M aniline in 1M 
H2SO4 using an electrode of ITO modified with CNS derived from Pithophora polymor-
pha. The amperometry technique was used for the PANI electrodeposition at ITO modi-
fied with CNS derived from Pithophora polymorpha at a potential of 0.75V for 120s. The 
work used four types of SC that were fabricated from four different electrodes. The four 
types of electrodes are ITO modified with electrodeposited PANI (PANI/ITO), ITO modi-
fied with Pithophora polymorpha-derived carbon (C/ITO), C/ITO modified with elec-
trodeposited PANI (PANI/C/ITO), and ITO modified with another type of biomass 
activated carbon from jute sticks and supported with PANI electrodeposition (PANI/JC/
ITO). The same PANI electrodeposition parameters were used in the electrodes modified 
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with PANI. C/ITO and PANI/ITO-based SCs were tested in order to compare the final 
performance of the final SCs performancewhereas, PANI/JC/ITO-based SC was used as 
a comparative material to investigate the effect of biomass carbon type on the PANI elec-
trodeposition. At a current density of 1 mA cm2, the specific capacitance of the C/ITO, 
PANI/ITO, PANI/C/ITO, and PANI/JC/ITO-based SCs were 37, 77, 176, and 7 mF cm2, 
respectively. The specific capacitance values show that the capacitance of C/ITO-based 
SC is improved dramatically by PANI electrodeposition from 37 to 176 mF cm2. 
Furthermore, the specific capacitance values showed that the capacitance of PANI/ITO-
based SC is enhanced from 77 to 176 mF cm2 by using the biomass carbon of Pithophora 
polymorpha as a substrate for PANI electrodeposition. This indicates that the biomass 
carbon of Pithophora polymorpha provides a bigger surface and better structure for PANI 
electrodeposition. It was clear from the capacitance results that carbon nanosheets 
(CNS) derived from Pithophora polymorpha created a suitable environment for PANI 
electrodeposition, in contrast to jute stick-derived activated carbon. The main reason for 
the difference between the two carbon effects on PANI electrodeposition is the differ-
ence in their structures. Thus, the characterization study of the CNS derived from 
Pithophora polymorpha illustrated heteroatoms (Mg, Si, P, S, Cl, Ca, Fe, and N)-enriched 
hierarchical porous carbon.

20.2.4 Properties and Characterization of BDC-PANI SC

As with other BDC-based SC works, the BDC-PANI composite-based SC studies required 
typical morphological and structural characterization and the electrochemical perfor-
mance investigation, for example, scanning electron microscope (SEM), x-ray photoelec-
tron spectroscopy (XPS), cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), 
and stability test for good correlation. In the following section we will examine a set of 
studies done on BDC-PANI composite based SCs focusing on the method of preparation 
and fabrication of SC and the specific capacitance performance.

Sahu et al. [22] synthesized PANI-modified mustard oil-derived carbon aerogel (CA) 
for SC application. The electrode material was prepared based on in-situ chemical polym-
erization. Initially, mustard oil-derived carbon aerogel was added to a solution of mono-
aniline in H2SO4. Then, the ammonium persulfate solution, an initiator, was added to the 
mixture through stirring. The resultant was dispersed onto polished graphite sheets in a 
solution of isopropyl alcohol to obtain the SC electrode of CA-PANI. An H2SO4-PVA gel 
membrane was used as a separator. The study used the CA-PANI to fabricate an asym-
metrical SC of CA/CA-PANI. Where CA was used as a cathode, and CA-PANI was used as 
an anode. SEM images show the biomass carbon morphological surface before and after 
deposition with PANI (Figure 20.3). Figure 20.3a-c show the biomass carbon surface of 
CA in different magnitudes. After the deposition process, CA surface was covered with 
PANI (Figure 20.3d-f). The specific capacitance of CA/CA-PANI-based SC was 64.5 F g−1 
at the current density of 2.8 A g−1. The SC’s energy density was 24.4 Wh kg−1 at a power 
density of 7.9 KW kg−1. Whereas the stability test shows around 98% of the initial capaci-
tance after 3000 cycles.

XPS is commonly employed as a powerful tool to investigate the chemical composition 
and presence of functional groups and valency of the elements present in materials, 
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including BDC-PANI. The study of Pithophora polymorpha-PANI-based SC by Shah et al. 
[21] provided an excellent example of chemical characterization based on XPS (Figure 20.4). 
The XPS data illustrate the different components of PANI/CNS/ITO electrode material, 
including C and N, due to the PANI and other elements from the biomass carbon and the 
substrate material (Figure 20.4a). While (Figure 20.4b-d) displays the high-resolution spec-
tra of the C1s, O1s, and N1s.

CV and GCD measurements mainly evaluate the electrochemical performance of the 
SC, including BDC-PANI-based SC. This includes determining the mechanism of SC’s 
charging and discharging phases and investigating its pseudocapacitance behavior. 
According to the study of Enteromorpha prolifera carbon (EPC)-PANI-based SC by Du 
et al. [48] the CV measurement illustrates clearly the change in the mechanism of the SC 
after modification with PANI (Figure 20.5). According to Figure 20.5, the cyclic voltam-
mogram of EPC illustrates a typical double-layer supercapacitor mechanism. On the other 
hand, the CV of EPC-PANI shows a clear pseudocapacitance behavior due to the two 
redox peaks corresponding to PANI. Likewise, the GCD of EPC shows a clear shape of an 
isosceles triangle, indicating the carbon double-layer supercapacitor mechanism 
(Figure 20.6). In contrast, the GCD of EPC-PANI shows a shape of significant pseudoca-
pacitance behavior.

In the stability test of SC, the biomass carbon-PANI composite shows significant stability 
throughout the charging/discharging cycles. For example, the aforementioned YC-PANI-
based SC offers capacitance retention of 95.4% from the initial capacitance after 5000 cycles 
(Figure 20.7) [46]. The stability test of YC-PANI illustrates a similar level of stability of YC. 
The stability test shows low stability for PANI in the same condition.

Figure 20.3 SEM images of (a-c) CA and (d-f) CA-PANI. Reproduced with permission [22]. Copyright 
2017, Elsevier.
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Figure 20.4 XPS of PANI/CNS/ITO (a) and the corresponding spectra of (b) C1s, (c) O1s, and (d) 
N1s. Reproduced with permission [21]. Copyright 2020, Elsevier.

Figure 20.5 CVs of EPC, EPC-PANI, and PANI. Reproduced with permission [48]. Copyright 2017, 
Elsevier.
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20.2.5 Fabrication of BDC-PANI-based SCs

Gao et al. synthesized a composite of chitin-derived hierarchically porous carbon micro-
spheres (HCMs) derived from chitin supported with PANI [50]. Firstly, nanofibrous chi-
tin/chitosan microspheres (CCMs) were prepared by dissolving the chitin/chitosan 
mixture in a solution of (LiOH/KOH/urea/H2O). Then the biomass was stirred in a solu-
tion that contained isooctane and Span 85. The biomass was boiled to obtain the CCMs. 
An acetic acid solution was used to remove the chitosan fiber from the CCMs, and the 
resultant was marked as CCM-A. The resultant CCM-A was pyrolyzed at 800 °C in the Ar 
atmosphere to obtain the carbon microsphere (HCM). The PANI was synthesized on the 
HCM surface by in-situ chemical polymerization of aniline using an APS initiator in 
HClO4 solution

Figure 20.6 GCDs of EPC, EPC-PANI, and PANI. Reproduced with permission [48]. Copyright 2017, 
Elsevier.

Figure 20.7 Capacitance retention of specific capacitance of the YC/PANI composite. Reproduced 
with permission [46]. Copyright 2018, Elsevier.
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The HCM-PANI was mixed with acetylene black and tetrafluoroethylene polymer to fab-
ricate the HCM-PANI film electrode. The HCM-PANI film electrodes were used to fabri-
cate a symmetrical SC using 1 M H2SO4 as an electrolyte. The SC was tested in a potential 
window of 0 to 1 V using the two-electrode system. The energy density of the HCM -PANI 
SC was 8.9 Wh kg−1 at a power density of 1644 W kg−1. Whereas the stability test was used 
CV measurement at a scan rate of 50 mV s−1 showing around 90.6% of the initial capaci-
tance after 10000 cycles.

Hu et al. synthesized a biomass carbon derived from chitosan (CS) and modified it with 
PANI by in-situ chemical polymerization of aniline [51]. After the product was dried, the 
percentage weight of PANI was calculated by measuring the weight of the sample before 
and after polymerization. Three samples of CS-PANI were prepared with a different ratio 
of PANI of 16%, 33%, and 64% of the total mass. The further electrochemical performance 
showed that the CS-PANI with 33% of PANI gave the best performance and was selected as 
the optimum value for preparation. The CS-PANI with 33% of PANI was applied to tita-
nium meshes to fabricate a symmetrical SC, with filter paper saturated with 1 M H2SO4 as 
a separator. For a two-electrode system measurement, the specific capacitance of CS-PANI-
based SC was 285 F g−1 at the current density of 0.5 A g−1. The SC energy density was 
22.2 Wh kg−1 at a power density of 713 W kg−1. Whereas the stability test shows around 80% 
of the initial capacitance after 5000 cycles.

Yu et al. prepared nitrogen-doped porous carbon derived from wood (NKWC) and then 
modified the resultant carbon with PANI by in-situ chemical method. The NKWC-PANI 
was mixed with acetylene black as an electrical conductor and polytertrafluorene-ethylene 
as a binder. Deionized water was added to the mixture to form a paste. The paste was trans-
ferred to stainless steel mesh which was used as a current collector. The dried electrode of 
NKWC-PANI was used as a working electrode, and its electrochemical performance was 
tested using the three-electrode system in a solution of 1 M H2SO4 in a potential window 
from -0.1 to 0.9 V. A Pt electrode and an Ag/AgCl electrode were used as counter electrode 
and reference electrode, respectively. The specific capacitance of the NKWC-PANI elec-
trode was 347 F g−1 at the current density of 2 A g−1. The SC energy density was 44.4 Wh kg−1 
at a power density of 922 W kg−1.

Tan et al. [52] synthesized a biomass-PANI composite based on porous carbon derived 
from the dulse plant (DDPC). The DDPC was modified with PANI using aniline as a mon-
omer, and APS as an initiator in an aqueous solution with H2SO4 as solvent. Initially, they 
dissolved DDPC in 1 M H2SO4 solution and successively added mono-aniline and the APS 
to the reaction mass. The resultant of DDPC-PANI was mixed with a graphite material, 
acetylene black, and polytetrafluoroethylene to form a paste. The resulting paste was used 
as an electrode material for the stainless steel strip. The DDPC-PANI electrode electro-
chemical performance was evaluated by using a three-electrode system. The specific 
capacitance of the DDPC-PANI electrode was 458 F g−1at the current density of 0.5 A g−1. 
In comparison, the specific capacitance of the electrode was higher than the specific 
capacitance of the DDPC electrode of 218 F g−1, and the specific capacitance of the PANI 
electrode of 318 F g−1 at the same current density. Whereas the stability test shows around 
66% of the initial capacitance after 5000 cycles. To calculate the energy density and power 
density, the SC device was fabricated using a DDPC-PANI electrode as an anode and an 
active carbon electrode as a cathode. It showed an energy density of 9.02 Wh kg−1 at a 
power density of 4.42 KW kg−1.
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Wang et al. [53] synthesized the composite of biomass-carbon/PANI from chestnut shell-
based activated carbon (CAC) and used it for asymmetrical SC. Then the mono-aniline 
solution was added to the mixture. To fabricate the SC electrode, initially, the CAC-PANI 
was mixed with polyvinylidene fluoride (PVDF) N-methyl-2-pyrrolidone to obtain a slurry. 
Then, the slurry CAC-PANI and polyvinylidene fluoride (PVDF) N-methyl-2-pyrrolidone 
binder was coated on to a net of stainless-steel and dried. The SC was fabricated using the 
CAC-PANI electrode as an anode, a tungsten trioxide nanowires electrode as a cathode, a 
polypropylene film as a separator, and 1 M H2SO4 as an electrolyte. The SC electro-perfor-
mance was tested in a potential window of 0 to 1.5 V, and the obtained specific capacitance 
of the SC was 274.3 F g−1 at the current density of 1 A g−1. The energy density of The SC was 
15.4 Wh kg−1 at a power density of 252 W kg−1. We tabulated the performances of the devel-
oped various BDC-PANI-Based SC performances in Table 20.2 for proper comparison.

20.3 BDC-PPy-based SCs

PPy is identified as a conductive organic polymer synthesized from pyrrole monomer. Like 
PANI, PPy can be synthesized chemically and electrochemically. Furthermore, PPy has 
been extensively studied. Due to its properties and stability, PPy is suitable for many elec-
trochemical applications, including SCs.

20.3.1 PPy Synthesis Mechanism and Structure

Pyrrole can be polymerized in a natural aqueous solution and in many organic solvents. The 
general mechanism of polymerization of pyrrole is like the PANI mechanism polymeriza-
tion, where the polymerization procedure starts with forming the radical cation of the pyr-
role monomer (Figure 20.8) [39]. The initiation process can occur via an oxidative chemical 
initiator in the case of chemical polymerization or by the applied potential in the case of 
electrochemical polymerization. The initiation step is followed by forming a dimer from cou-
pling two radical cations. Then, the formed dimer is oxidized to form a radical cation which 
binds to another cation. This leads to growing the chain of the polymer and forming PPy.

PPy consists of heteroatoms and π-conjugated carbon chains, which is inadequate to 
achieve high conductivity. However, PPy can gain a high conductivity by the doping 
process [55].The equation below shows the doping and doping reaction of PPy, redraw 
from ref [56].

20.3.2 Fabrication of BDC-PPy SCs

Yu et al. synthesized PPy-anchored cattail biomass-derived carbon aerogels starting from 
raw cattail fibers for supercapacitor application [57]. The entire preparation method of 
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PPy-anchored cattail biomass-derived carbon is schematically described in (Figure 20.9). 
The PPy-carbon product was cut into 1 × 1 cm2 pieces and used as a working electrode in 
the three-electrode system using 1 M H2SO4 as an electrolyte. The CFCA/PPy electrode 
capacitance was 419 mF cm2 at a current density of 1 mA cm2. The CFCA/PPy electrode 
shows good stability with capacitance retention of 86.4% after 3000 cycles.

Zhuo et al. [58] synthesized a cellulose carbon aerogel supported with PPy and used 
the composite successfully in a SC application. To prepare the cellulose carbon, cellulose 
powder was dissolved in a solution of urea/NaOH/H2O (Figure 20.10). To obtain the cel-
lulose gel, the cellulose solution was temperature-treated for 72 hours at 50 oC. The 
resulting gel was freeze-dried to create the aerogel. To modify the product cellulose 

Figure 20.8 Mechanism of PPy synthesis. Redraw from Ref [39].
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Figure 20.9 PPy-anchored cattail biomass-derived carbon synthesis. Reproduced with permission 
[57]. Copyright 2018, Elsevier.

Figure 20.10 Porous cellulose carbon aerogel/PPy composite synthesis. Reproduced with 
permission [58]. Copyright 2019, Elsevier.
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carbon aerogel with PPy, it was drenched into a pyrrole solution in 0.5 M HCl. Then, an 
oxidant solution of FeCl3ˑ6H2O in 0.5 M HCl was added gradually throughout for 30 min. 
The resultant cellulose carbon aerogel/PPy was cut into slices to prepare a working elec-
trode and clamped between two titanium strip meshes. The cellulose carbon aerogel/
PPy performance was tested in the three-system electrode in a potential window from 
0.1 to 0.8 V in 1.0 M H2SO4. A Pt wire and Ag/AgCl electrodes were used as counter and 
reference electrodes, respectively. The specific capacitance of the fabricated superca-
pacitor was 387.6 F g−1 at a current density of 0.5 A g−1 with a capacitance retention of 
92.6% after 10000 cycles.

dos Reis et al. fabricated a symmetrical SC based on the spruce bark-activated carbon/
polypyrrole using in-situ chemical polymerization [59]. The spruce bark was mixed with 
KOH, with H2O added, to obtain a homogeneous paste. The paste was dried and pyrolyzed 
at 900 oC in an inert atmosphere. The resulting carbon was dispersed into a solution of 
ethyl alcohol and sonicated. Then, prepared internal eggshell membranes was added to the 
solution and mixed well. The resulting internal eggshell membrane modified with biomass 
carbon was dried, cleaned, and used as an electrode. The final carbon/internal eggshell 
membrane electrode was drenched into a solution of FeCl3 which was added later to the 
monomer solution of pyrrole to form the carbon/PPy composite. To fabricate the SC, two 
symmetrical electrodes were prepared as a sandwich with a separator of PVA-H3PO4 mem-
brane. The areal capacitance was 172.5 mF cm2 calculated by CV at scan rate of 10 mV s−1, 
the calculated energy density was 4.73 Wh kg−1 at a power density of 320.8 W kg−1, and the 
capacitance retention was 60% after 1000 cycles.

Liu et al. [60] used N-doped carbon derived from mesophase pitch and PPy for SC fabri-
cation. Initially, mono-pyrrole was dissolved in a mixture of H2SO4 and ethanol and mixed 
in a silica MCM-48 template to move the PPy oligomer into the template pores. Then, 
N-methyl pyrrolidone (NMP) was added to dissolve the oligomers and mixed with meso-
phase pitch (MP). The mixture was pre-oxidized to obtain the PPy and followed with car-
bonization to obtain the silica template with N-doped carbon. The silica template was 
removed using HF and the product was cleaned. The resultant was used to fabricate the SC 
electrodes by mixing with acetylene black and polytetrafluoroethylene in ethanol. The 
material was dispersed on a stainless-steel strip and dried. The final SC was fabricated by 
applying two symmetrical electrodes as a sandwich with a filter paper separator saturated 
in 6 M KOH. The potential window of -1 to 0 V was used to test the SC performance. In two 
system-electrode systems, the specific capacitance was 110.6 F g−1 at a current density of 
0.2 A g−1. Energy density was 15.30 Wh kg−1 at a power density of 399.9 W kg−1. The capaci-
tance retention was 89.8% after 5000 cycles. We tabulated the performances of the devel-
oped various BDC-PANI-based SC performances in Table 20.3 for proper comparison.

20.4 Conclusions

This chapter summarizes in detail the composites derived from BDC and CPs as elec-
trode materials for supercapacitors. BDC-CPs-based supercapacitors as energy storage 
devices have the advantage of combining the properties of both BDC and CPs. Also, due 
to its pseudocapacitance properties, the CP supports the electrode material with a high 
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Table 20.3 Performance of BDC-PPy based supercapacitors.

Biomass-
derived 
carbon

Current 
collector Electrolyte

Current 
density 
(A g−1)

Potential 
window

Areal 
capaci 
tance 
(F g−1)

Energy 
density 
(Wh kg−1)

Power 
density 
(W kg−1)

Stability 
(%@Cycle) Ref.

Cellulose 
carbon 
aerogel

The same 
material

1 M H2SO4 0.5 -0.1 – 0.8 387.6 - - 92.6@10000 [58]

Mesophase 
pitch

Stainless-
steel

6 M KOH 0.2 -1 – 0 110.6 15.30 399.9 89.8@5000 [60]

CFCA/PPy The same 
material -

1 M H2SO4 1 0 – 0.8 419 - - 86.4@3000 [57]

Spruce 
bark 
activated 
carbon

internal 
eggshell 
membrane

PVA-
H3PO4

- 0 – 0.8 172.5 4.73 320.8 60@1000 [59]

supercapacitance performance. The main drawback associated with CPs is their mechani-
cal degradation. Various methods have been discussed in detail, including coupling them 
with BDC to complement their mechanical properties. Due to the importance of the CPs 
for SCs, it is predictable that more types of CPs will be used to modify the biomass carbon 
SC and enhance its performance.
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21.1 Introduction

An electrode is a discrete and fundamental part of a supercapacitor. The supercapacitor’s 
charge storage mechanism and performance largely depend on the electrode material. 
Thus, the improvement of electrode material and its morphology has become an interest 
of many researchers. Generally, traditional carbon materials (graphene, carbon nano-
tubes, templated carbon) with porous structures and high surface area are the conven-
tional choice for electrode material (primarily for EDLC), as the porous structure can store 
a large amount of charge [1, 2]. Synthesis of these carbon materials is costly and requires 
nonrenewable raw materials [1]. Thereby large-scale production and their application as 
electrode materials are limited. In this regard, synthesizing carbon material with a compa-
rable capacitive performance from a cost-effective, readily available and renewable nature 
source is desirable for electrode material. Biomass (plants, animal residues, and waste) is 
a renewable and abundantly available green source of carbon content [3, 4]. BDCs reduce 
costs and provide porous structured carbon with a tunable opportunity to enhance the 
supercapacitor performance. Biomass material usually contains a large amount of hemi-
cellulose, cellulose and lignin [4–6]. These biomass components can be converted into 
desirable activated carbon materials following the appropriate procedure. However, bio-
mass precursors often contain heteroatoms like N, O, P, and S, and appropriate treatment 
of these biomass precursors results in self-doped activated carbon with improved conduc-
tivity and enhanced electrochemical performance [7–9]. Compared with EDLC (which has 
high power density), pseudocapacitors show high energy density and specific capacitance 
[10, 11]. In this regard, a composite of BDCs with conductive materials, i.e., metal/metal 
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nanoparticle, transition metal sulfide, can introduce the Faradaic charge storage mecha-
nism (pseudocapacitance) in EDLC to enhance the energy density and specific capaci-
tance. Also, composite of BDCs with CNTs and rGO helps to enhance conductivity and 
thereby, high charge storage property is derived [12–15].

21.2 Importance of BDCs Composite with Conductive Materials  
as an Electrode for Supercapacitors

BDCs as the electrode usually show poor energy density and conductivity [16]. Inappropriate 
pore size distribution during the carbonization of biomass precursors results in a poor 
effective surface area for electrolyte ions adsorption and reduces the specific capacitance 
[17]. Theoretical study shows that there is a proportional relationship between specific 

capacitance and energy density E CV=








 1

2
2  [18]. Therefore, an increase in the capaci-

tance property of the BDC electrode will increase the energy density. Developing surface 
morphology by introducing an appropriate porous structure will provide high specific sur-
face area (SSA) and large charge storage capacity [9, 19–21]. But still, there are some limit-
ing points which reduce the electrochemical performance of BDC electrodes. The 
conductivity and wettability of electrode materials have an immense effect on the volta-
metric performance, especially when an aqueous electrolyte is used [22] because intrinsic 
resistance of poor conducting electrode material makes poor contact with electrolyte ions. 
Therefore, the low conductivity of electrode material reduces the charge storage capacity 
and plays a significant role in reducing electrochemical performance. Working on the sur-
face chemistry of BDCs can resolve the issue. Modifying surface chemistry significantly 
affects conductivity, wettability, and capacitance performance [23, 24]. However, activa-
tion and heteroatom doping show great potential to enhance the capacitive performance of 
BDCs [18, 25]. Composite formation with conductive materials is another way to enhance 
the electrochemical performance of BDCs. It can reduce the intrinsic resistance of BDCs 
and thereby shows high charge storage performance. Moreover, the synergistic effect of 
composite material improves electrode performance by enlarging the specific capacitance 
value with a reasonable retention rate at long cycles [26, 27].

21.3 Composite of BDCs with Conductive Materials

21.3.1 Composites with Metal Nanoparticles

Metal nanoparticles in the composite material serve as a bridge to fasten the electron trans-
fer and exhibit high capacitance [28]. High conductivity and surface energy of metal nano-
particles leads to high charge storage capacity for the BDCs. Earlier metal particles or/and 
nanoparticles have been used to prepare BDC composite electrodes, which showed high 
capacitance performance. The incorporation of Au in BDCs significantly enhanced elec-
trode performance [13, 29, 30]. Ma et al. [30] showed that a composite of porous carbon 
derived from phoenix tree leaves (PPTLC) and Au nanoparticles exhibited high specific 
capacitance 440 F g−1. BET analysis also confirmed impregnation of PPTLC with Au 
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enlarged the specific surface area with uniform sizes of micro- and mesopores. Avila-
Brande et al. [29] showed the addition of Au nanoparticles increased the voltammetric 
capacitance of activated carbon from bamboo waste. Ag particles are also used to advance 
the BDCs electrodes for high-performance supercapacitors. The gravimetric capacitance 
value of activated carbon derived from ash was increased by 31% due to the presence of Ag 
in the activated carbon composite material (Ag-BC). Use of BDCs in this study reduced the 
production cost by about 92% [31]. Here, the capacitive performance of the activated car-
bon was accelerated by the irreversible reaction between Ag+ ions in the electrode and the 
electrolyte Li[N(SO2CF3)2], as shown below.

 Ag + Li N SO CF    Ag  N SO CF + Li+
2 3 2 2 3 2

+( )



 → ( )



 ↓

In another study, a hybrid electrode consisting of mainly Ag particles and carbonized 
wood carbon (CWC derived from poplar catkin) exhibited much better capacitive perfor-
mance (in KOH electrolyte) than the singly CWC derived from both poplar catkin and 
poplar fibre [32]. Ru nanoparticle was also incorporated into the BDC to prepare a hybrid 
electrode for the supercapacitor [33].

As shown in Figure 21.1a, a large shape cyclic voltammetry (CV) curve is observed for 
the Ru1.0-MOC-900 electrode where MOC stands for activated carbons obtained from 
Moringa oleifera fruit shells annealed at 900 °C and the subscript denotes the amount of Ru 
added in the composite. CV curve also exhibits excellent pseudocapacitance behaviour 
with EDLC. Figure 21.1d shows the galvanostatic charge-discharge (GCD) curve at differ-
ent current densities for the Ru1.0-MOC-900 electrode. This study also revealed that only 
the optimized amount of metal in the composite could accelerate the electrode perfor-
mance. Lei et al. [34] showed when collagen-derived carbon (containing self-heteroatom 
N) was doped using Mn metal, the conductivity and specific capacitance increased to a 
high value introducing a Faradaic charge storage mechanism. Co and Cu also show similar 
behaviour to enhance the electrochemical performance of BDC electrodes [35].

21.3.2 Composite with Transition Metal Sulfides

As well as transition metal oxides, transition metal sulfides are very effective electro-
active materials for pseudocapacitors [13, 15, 36–39]. Recently electro-active NiS, CuS, 
CoS, and MnS have been explored to fabricate electrode material for the high-performance 
supercapacitor due to their reversible redox process and relatively high theoretical pseu-
docapacitance value [27, 40]. Peng et al. [41] useds nitrogen-doped pomelo mesocarps-
based carbon nanosheet, (N-PMCN) as a positive electrode and NiSe@MoSe2 nanosheet 
arrays as a negative electrode, a novel asymmetric supercapacitor (ASC) was fabricated 
that had a high energy density. Figure 21.2 shows due to the special nanosheet array 
structure of NiSe@MoSe2 and the interconnected sheet-like porous morphology with 
high nitrogen content (9 wt.%) of N-PMCN. NiSe@MoSe2 demonstrated a maximum spe-
cific capacity of 128.20 mAh g−1 and a high specific capacitance of 223.0 F g−1 at a current 
density of 1.0 A g−1. The newly constructed NiSe@MoSe2/N-PMCN asymmetric SC device 
also demonstrated exceptional cycling stability, retaining 91.4% of its capacitance after 
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the 5000 cycles in an aqueous electrolyte and having a high energy density of 32.60 Wh kg−1 
at a power density of 415.0 W kg−1. Its maximum operating voltage is 1.65 V. Wang el at 
[42]. studied the significant effect of ternary metallic sulfide, NiCo2S4, to enrich the capac-
itive performance of the activated carbon prepared from gasified rice husk.

21.3.3 Composite with CNTs

Rational incorporation of CNTs (sp2) into porous structure carbon is desirable to have 
conductive 3D nanostructures material with full compact merit of all material. CNTs are 
highly known for their high conductivity, surface area, high chemical stability, and low 

Figure 21.1 The electrochemical capabilities of several MOC-based electrodes. (a) CV graphs 
were captured at a scanning rate of 10 mV s−1 in an electrolyte of 1.0 M H2SO4 aqueous. (b) 
Corresponding capacitances measured for the different electrodes. (c) CV graphs recorded between 
10 and 500 mV per second. (d) GCD graphs at different current densities, i.e. (1–20 A g−1). (e) change 
in specific capacitance with the current density. (f) Test of the cyclic stability at the constant current 
density of 4.0 A g−1. Reproduced with permission [33]. Reproduced under the terms of the CC BY 4.0 
license. Copyright 2016, Lou et al.
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Figure 21.2 (a) MoSe2, NiSe, and NiSe@MoSe2 CV curves in 2.0 M KOH electrolyte (b) NiSe@
MoSe2 CV curves at various scanning rates. (c) NiSe@MoSe2 at various current densities, GCD 
curves. (d) Different electrodes’ specific capacities at various current densities. (e) Nyquist graphs 
of MoSe2, NiSe, and NiSe@MoSe2 electrodes. (f) MoSe2, NiSe, and NiSe@MoSe2 electrode cycling 
stability at 5.0 A g−1. Reproduced with permission [41]. Copyright 2017, American Chemical Society.

mass density, making them promising materials for energy storage devices [12, 14, 43–45]. 
Therefore, a composite of CNTs and porous BDCs becomes a potential research interest as 
it reduces costs and provides a high-performance supercapacitor. An increase in the CNTs 
amount in the composite material increased the capacitance value of the hybrid super-
capacitor. Farma et al. synthesized graphene monoliths from a mixture of CNTs, KOH, 
and carbon grains obtained from oil palm empty fruit fibres [46]. After activation of the 
mixture of CNTs and carbon grains at 800 °C in CO2 gas for one hour, the activated carbon 
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monoliths (ACMs) were successfully used to prepare a high-performance supercapacitor. 
CNTs were also used to change the chemical property of glucose-derived carbon, and the 
hybrid electrode resulted in a large CV curve in supercapacitor performance [24]. He et al. 
[47]  prepared a three-dimensional (3D) hierarchical porous structure carbon composite 
(CGCM@GNS&CNTs) incorporating 2D graphene nanosheet (GNS) and 1D CNT into 
grounded coffee-derived carbon (CGCM) as shown in Figure 21.3. The composite mate-
rial was used to prepare a symmetric supercapacitor where volumetric capacitance and 
areal capacitance for composite electrode are evaluated to be 90 F cm−3 and 441 mF cm−2, 
which are much larger than CGCM (78 F cm−3 and 290 mF cm−2) at a current density of 
1.0 mA cm−2. Here, CNT and GNS additives reduce the internal resistance, facilitate ions 
transfer inside the composite material and enhance the electrochemical performance. Zhou 
et al. [48] showed charge storage performance of heteroatom N doped BDCs increases with 
CNT addition and the composite contained a cross-linked three-dimensional porous con-
ductive framework which tremendously facilitates adsorption or desorption of electrolyte 
ions during the period of charging and discharging process.

21.3.4 Composite with rGO

To achieve a high energy density, the wettability of the BDCs electrode plays an important 
role. Surface wettability facilitates the adoption of electrolyte ions through the electrode’s 
porous structure, resulting in high charge storage capacity. In addition to BDCs compos-
ite, rGO as an additive can increase the hydrophilicity of BDCs due to oxygen having 
functional groups of rGO [49]. Moreover, rGO also enhances the effective particular sur-
face area of the activated carbon. Generally, rGO has a large theoretical specific surface 
area (SSA), but an aggregation of rGO sheets drastically reduces the practically obtained 
SSA and the conductivity [50]. Wang et al. [51] showed in their study that a composite of 
rGO and biomass-derived activated carbon exhibited a larger surface than individual rGO 
and activated carbon electrodes. This is because the attachment of activated carbon on 
the surface of the rGO nanosheet prevents aggregation, providing large SSA and ensuring 
high conductivity. Guardia et al. also synthesized a BDC composite with rGO that ena-
bled a much higher rate capability and lowered internal resistance of the BDC [52]. Cui 
et al. [50] reported a composite electrode of biomass-derived porous carbon with rGO. 

Figure 21.3 Schematic representation for synthesis of CGCM@GNS&CNTs. Reproduced with 
permission [47]. Copyright 2021, Elsevier.
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The porous carbon was hydrothermally prepared from corn cob lignin which was acti-
vated in air, and the effect of temperature treatment on the porous carbon performance 
was studied. Composite of the related porous carbon and rGO showed the lower value of 
charge transfer resistance even lower than rGO and increased conductivity. Such 
enhanced conductivity indicates the faster ions/charge transfer efficiency between elec-
trode and electrolyte.

21.4 Preparation of BDCs Composite

Composite formation provides the opportunity to combine the electrochemical perfor-
mance and advantageous structure of each component. It also combines the disadvanta-
geous physical and chemical properties but selection of materials, optimization and 
appropriate method to prepare the composite lead to the formation of high-performance 
electrode material. There are a variety of methods to prepare BDCs and the synthesis of 
BDC composites can be categorized into two different classes:(i) direct methods and (ii) 
indirect methods.

21.4.1 Direct Methods

In this method, composites are prepared in a single step. Biomass precursors and addi-
tives are treated together. Either pyrolysis or hydrothermal treatment is carried out to 
form composites of BDCs and conductive materials. In addition to carbonization, heter-
oatom doping, and activation of the carbonized composite are also used to prepare high-
performance electrode material. Rey-Raap at el. studied the effect of multiwall carbon 
nanotubes (MWCNTs) on the charge storage performance of BDCs [24]. They synthe-
sized the composite by hydrothermal treatment of glucose at 200 ºC for 16 hours in the 
presence of MWCNTs. The amount of CNT in the composite was optimized to have high 
supercapacitor performance. The hydrothermally treated composite was further pro-
cessed through both physical and chemical activation. The physical activation was per-
formed under the flow of CO2 at a temperature of 900 °C for nine hours. The chemical 
activation was carried out at 700 °C in a nitrogen flow of 50 cm3 min−1 using KOH as 
activating agent.

21.4.2 Indirect Methods

The indirect method to synthesize BDC composites consists of two steps. The first step is 
the carbonization of biomass precursors and the second step is the formation of the com-
posite. Hoang reported a composite made of BDC dot and reduced graphene oxide and 
prepared in a two-step process [53]. In the first step, cauliflower leaves were washed with 
Mili-Q water and the carbon dot (CD) prepared by hydrothermal treatment in an autoclave 
for eight hours at 220 °C. In the second step, a composite of CD and rGO was also synthe-
sized by hydrothermal treatment in an autoclave for 10 hours at 200 °C. The composite 
(RGO/CD) material with a 2:1 mass ratio revealed a high specific capacitance of 278 F g−1 
at the current density of 0.20 A g−1.
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21.5 Charge Storage Mechanism of BDCs Composite Materials

The charge storage mechanism of a supercapacitor involves either physical adsorption or 
accumulation of electrolyte ions across the electrode surface, or a fast interface redox reac-
tion. Hence, supercapacitors can be placed into two different categories based on the charge 
storage mechanism [54, 55]. One is EDLC, where capacitance arises due to the electrostatic 
accumulation of electrolyte ions (non-Faradaic process), and it strongly relies on the acces-
sible surface area provided by the electrode [52, 53]. Carbon materials are generally used as 
electrode material for EDLC [56]. Another category of supercapacitors is a pseudocapacitor 
or redox capacitor, which allows fast and reversible redox reactions between the electrolyte 
and electro-active species to store charges [57]. In a pseudocapacitor, electrode material 
contains redox active material such as metal oxide/sulfide and shows high specific capaci-
tance and energy density [58]. However, it also has lower power density and poor stability 
compared to EDLC [59]. Therefore, it is clear that the elemental composition of the elec-
trode varies the charge storage mechanism and controls the electrochemical performance 
of the electrode. A composite of EDLC and pseudocapacitive materials can combine the 
charge storage mechanisms and result in a hybrid electrode that enhances charge storage 
performance through the Faradaic and non-Faradaic processes. Hence, high electrochemi-
cal performance is observed with composite material-based electrodes. Composite of BDC 
with graphene, rGO and CNTs, follows the same double-layer charge storage mechanism. 
Still, these additives are essential to improving the surface area and conductivity of the 
electrode [47]. In addition, biomass-based carbon contains heteroatoms such as N, O, and 
P, which result in self-doped BDC [35]. These heteroatoms, especially O and N, can incor-
porate Faradaic pseudocapacitance and increase the wettability and conductivity of BDCs 
[60, 61].

21.6 Application of BDCs Composite with Conductive Materials  
as Electrodes for Supercapacitors

A composite material as an electrode effectively improves the electrochemical performance 
of supercapacitor by introducing more charge storage sites and increasing conductivity. 
Fabrication of composite material with BDCs and conductive materials reduces the cost 
and enhances the electrochemical property and shows elevated energy density and power 
density. In addition, there is plenty of available biomass, which can be classified as plant 
biomass [62, 63], animal biomass [64, 65], fruit-based [66, 67], and microorganism-based 
biomass [68, 69]. Fan et al. [70] synthesized a composite electrode made of an N-doped 
carbon framework (NCCF) derived from cotton and chemically produced rGO. The nitro-
gen adsorption-desorption isotherm of NCCF-rGO composite revealed a hierarchical 
porous structure containing mesopores, micropores and macropores, which resulted in a 
large specific surface area of 398.9 m2 g−1. Therefore, for NCCF-rGO, a high CV curve was 
observed in quasi-rectangular form with slight distortion at the edge (Figure 21.4a), which 
is attributed to the pseudocapacitance behaviour of O-containing functional groups in 
rGO. The galvanostatic charge-discharge (GCD) curve (Figure 21.4b) for NCCF-rGO 
showed almost equal charging and discharging time at a current density of 1.0 A g−1, 
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representing double-layer capacitance with no potential drop. Figure 21.4d shows a com-
parative study of the three electrodes where improved energy storage ability up to 305, 225 
and 170 F g−1 at the current densities of 0.10, 1 and 10 A g−1, respectively, was found for the 
composite electrode. The NCCF-rGO composite was then used to fabricate a flexible sym-
metrical supercapacitor, and that supercapacitor showed a high energy density of 
20 Wh kg−1 at a power density of 4000 W kg−1. Figure 21.4e,f shows the practical applicabil-
ity of the flexible supercapacitor to light a red LED light.

Wu et al. [16] also used a graphene network (rGO) to prepare highly conductive 
and high-performance BDC composite electrodes for supercapacitors. Biomass-based acti-
vated carbon (ACs) was extracted from straw through ball milling at 500 rev min−1 for 1 
h, and KOH was used to activate the straw-derived carbon. Finally, the composite was 
prepared by microwave-assisted hydrothermal treatment of ACs and GO. By this process, 
a highly densified carbon electrode was prepared with a hierarchical porous structure. In 
the three-electrode system, a high volumetric capacitance, 775 F cm3 at 0.5 A g−1, remained 
at 74.68% at the current density of 5.0 A g−1. Such enhanced electrochemical performance 
of the composite electrode is attributed to the assembly of double-layer capacitance and 
pseudocapacitance. Here, N-containing groups in the biomass precursors introduced 
pseudocapacitance in the composite material. In the two-electrode system, the high-den-
sity electrode showed gravimetric and voltammetric energy densities of 7.9 W h kg−1 and 
9.7 W h L−1. Hsiao et al. [71] reported composite (rGO/Oyster/Fe2O3) electrode material 
prepared with rGO, oyster shell powder (OSPs), and Fe2O3 by hydrothermal method. Here 
OSPs help prevents the restacking of graphene sheets and ensures fast ion transfer and 

Figure 21.4 The electrochemical performance of the NCCF-rGO all-solid-state supercapacitors 
was investigated in a PVA/KOH gel electrolyte. (a) CV graph at the scan rate of 10 mV s−1. (b) GCD 
graph of the sample at the current density, 1 A g−1. (c) The inset displayed Nyquist plots and a 
close-up of the extensive frequency regime. (d) sample specific capacitance at the different current 
densities. (e, f) Three flexible supercapacitors connected in series to illuminate a red LED light are 
shown in the images. Reproduced with permission [70]. Copyright 2017, Elsevier.
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high surface area for charge storage. The incorporation of Fe2O3 over the rGO supports the 
reversible redox process of the pseudocapacitor material. The composite electrode showed 
excellent specific capacitance of 473.9 F g−1 at 5.0 mV s −1. An asymmetric assembly of the 
composite electrode with AC-MnO2 resulted in a large operating voltage of 2.2 V. In the 
two-electrode system, Na2SO3 electrolyte was used for the composite anode electrode and 
Na2SO4 electrolyte for the AC-MnO2 electrode. The asymmetric supercapacitor achieved 
a power density of 2200 W kg−1 and an energy density of 31.2 W h kg−1. Wang et al. con-
structed a biomass-derived 3D N-doped hierarchical porous carbon (N-HPC) from sodium 
alginate biomass, and a composite (Ni3S2@Co9S8/N-HPC) was formed by adding nickel 
sulfide (Ni3S2) and nanocrystal attached cobalt sulfide (Co9S8) in the hierarchical porous 
carbon [72]. Here, transition metal sulfide species serve high theoretical specific capaci-
tance and N-doped carbon framework insured excellent electrical conductivity with fast 
ion transport. Therefore, the synergistic effect of Ni3S2@Co9S8/N-HPC composite resulted 
in a high specific capacitance of 1970.50 F g−1 at 0.50 A g−1 and good cycling stability with 
89.5% capacitance retention after 5000 cycles at 10.0 A g−1. Asymmetric assemble of Ni3S2@
Co9S8/N-HPC and HPC (Ni3S2@Co9S8/N-HPC//HPC) in 6 M KOH revealed an impressive 
energy density of 77.1 W h kg−1 at 263.3 W kg−1 and the energy density stayed as high as 
36.1 W h kg−1 even at a power density of 25.9 kW kg−1. Nowadays, semiconducting mate-
rials such assilicon carbide (SiC) and titanium nitride, also have been used with porous 
carbon material to prepare highly conductive composite due to their electrical conduc-
tivity and mechanical stability [73, 74]. SiC has the highest potential due to its low band 
gap, high electron mobility, and favourable chemical stability [75, 76]. In addition, bio-
mass precursors serve as both silicon and carbon resource and led to the successful forma-
tion of high-performance BDCs-SiC composite electrodes [76]. Tang et al. [76] reported a 
high-performance electrode material for charge storage made of a composite of hierarchi-
cal porous carbon and SiC (HPC/SiC), where waste villi of bamboo shoot shells (VBSS) 
were used as green carbon and silicon resources. The high conductivity of SiC and porous 
carbon structure in HPC/SiC resulted in a specific capacitance of 234.2 F g−1 at the cur-
rent density of 1 A g−1. The composite showed excellent cycling stability with 90.8% reten-
tion after 10,000 cycles. Symmetric assemble with HPC/SiC also showed a high specific 
capacitance of 224 F g−1 and a good energy density of 25.20 W h kg−1 at a power density of 
181.1 W kg−1. A comparative study of charge storage and the performance of different BDC 
composites electrode is shown in Table 21.1.

21.7 Conclusions

The flexibility to tailor the surface chemistry of biomass-derived activated carbon offers 
new scope to form composite electrodes using conductive materials. Moreover, a compos-
ite of BDCs with conductive material shows high electrochemical performance and pro-
vides large SSA and high specific capacitance. In the composite, carbon material serves as 
the backbone to support the additive material. The synergistic effect within the composite 
material increases the charge/discharge rate. It exhibits good retention values even after a 
long cycle life, which makes the composite of BDCs an excellent choice for supercapaci-
tors. However, the synthesis of composite material faces some challenges. BDAC’s porous 
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structure helps to store electrolyte ions using different dimensional pore sizes. Appropriate 
pore size distribution enlarges the ion’s availability resulting in good charge-discharge 
capability and high retention capability. The incorporation of additives can clog the pore 
structure of the AC and reduce the charge storage space and ion diffusion tunnelling. In 
this case, optimizing the additive amount to modify the surface physiochemical property 
can be a practical step. In addition to the optimization of additive, activation parameters, 
i.e., activation temperature, activation time and optimization of activating agent amount, 
can also be analyzed to get the best result from composite.
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22.1 Introduction

In light of the increasing depletion of fossil fuels and the massive pollution caused by use 
of fossil fuels, electrochemical energy storage (EES) devices have received significant inter-
est. Supercapacitors (SCs) are excellent alternatives among EES devices for resolving future 
energy crises and reducing environmental pollutants. SCs have impressive characteristics, 
such as longer cycle life (>500,000 cycles), higher power density (>10 kW kg−1) with fast 
discharging/charging rate (in seconds), and high energy efficiency (near to 100%) com-
pared with conventional EES devices such as batteries and fuel cells [1–4]. Though the 
overall operating performance of any EES devices depends mostly on both power and 
energy density, as well as other factors, SCs inherently possess lower energy density, which 
limits the ultimate applicability where high power and energy density are required. As a 
result, SCs are being extensively investigated to improve energy density so that these can 
compensate for the shortcomings of fuel cells and batteries. It has been found that power 
density (P) and energy density (E) both show proportional relation to the cell voltage (V) 
built up across the electrode, which is shown in Equations (22.1) and (22.2) [2, 3].

 E CV
=

2

2
 (22.1)

 P E
t

=  (22.2)

Therefore, increasing the working cell voltage can be a useful and practical approach to 
enhance energy and power density. The types of electrolytes, followed by the stability, 
influence cell voltage drastically (when the electrodes are stable within the potential 
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region). For instance, the potential operational window of an aqueous electrolyte is 
 1.0–1.3 V, while ionic liquid and organic electrolytes-based SCs have potential windows of 
3.5–3.4 V and 2.5–2.7 V, respectively [4]. Even liquid electrolytes are quite prominent in SCs 
applications; these are caustic, poisonous, and responsible for potential leakage. Using 
organic polymer electrolytes to replace liquid electrolytes can reduce the possibility of leak-
ing in SCs. However, the polymer matrix containing liquid electrolytes can improve ionic 
conductivity during charge transfer followed by storage at the interface. Synthetic organic 
polymer preparation typically necessitates a large amount of resource consumption and 
raises environmental concerns because they are not biodegradable. As a result, creating 
polymer electrolytes derived from sustainable biomass sources has sparked intense 
 scientific interest. Electrolytes produced from biomass, such as starch, cellulose, chitosan, 
soybean protein, and others, are gaining popularity because of their low cost, renewability, 
excellent mechanical characteristics, and environmental friendliness [3–5].

22.2 Biomass-based Electrolytes

Electrolytes are not only involved in the charge storage mechanism but also help to get 
high cell voltage. Thus, the electrolyte plays an essential role in improving power and 
energy density. An ideal electrolyte needs to have some specific characteristics, including 
enhanced ionic conductivity, wide electrochemical potential window, chemical inertness 
to cell components, high chemical/thermal stability, safe, non-toxic, and be economically 
affordable [1]. Though it is challenging to meet all the prerequisites at once, tremendous 
work has been done to achieve an electrolyte with electrochemical stability in a wide 
potential window and temperature range, and that is non-toxic, cost-effective, and environ-
mentally friendly [6–8]. Meanwhile, biopolymer electrolyte (BPE) derived from biomass 
sources has become a popular choice to study and use as the electrolyte in EES devices due 
to its unique properties, such as it being compatible with various solvents, biodegradable, 
inexpensive, abundant, and with a good film-forming ability [7, 8]. In addition, polymer 
electrolytes possess a solid physique but are amorphous in nature; they have ionic conduc-
tivity comparable to liquid electrolytes [9]. BPEs obtained from the conversion or extrac-
tion of biomass, generally take the form of gel polymer electrolytes (GPE) and solid-state 
polymer electrolytes (SPE) [3]. By dissolving inorganic salts in a polar polymer chain, SPE 
can be obtained, providing necessary anions and cations that make the polymers ionically 
conductive [10]. Ionic migration experiences translational motion into a free space formed 
by the continual redistribution of free spaces in the polymeric material, which is the pro-
cess of SPE [11]. For the high capacitance performance of EES devices, GPEs are more 
attractive since they can trap significant liquid electrolytes and hence possesses higher 
ionic conductivity [12]. GPE generally contains polymeric frameworks, supporting electro-
lytic salts and organic solvents [13]. In traditional GPE, polymeric frameworks are used as 
a host matrix, providing i) a solid matrix that is flexible enough for easy design, ii) accepts 
the added salt in the matrix, iii) the volume changes during the charging/discharging of 
devices, and iv) dissociates the salt and facilitates the ion transport and accommodation 
[9]. Biopolymeric host matrix for GPE prepared from natural polymers such as chitosan, 
dextrin, cellulose, and starch are suitable over synthetic polymers for environmental rea-
sons and have been widely studied but have yet to get desired results as electrolytes for 
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commercial use [10, 14–16]. Hydrogel polymers containing a high amount of water and 
cross-link renewable polymers become a potential replacement for organic solvents (which 
are prone to catch fire) for next-generation SCs [13]. In synthesizing hydrogel electrolytes, 
cross-linking agents are often used to carry out cross-linking bonds in the polymer chain 
and increase the mechanical properties [17]. In case of bio-hydrogel electrolytes, poly (eth-
ylene glycol) diacrylate, formaldehyde, and glutaraldehyde are some common cross-link-
ing agents. In such hydrogel electrolytes ionic conductivity follows the ionic transportation 
mechanism through the porous channel produced by a hydrogen bonded cross-linking 
network [11]. Owing to the unique structure, large potential window and thermal stability 
of ionic liquid (IL), ionogel is getting tremendous interest from the scientific community. 
Biopolymer (from biomass) based ionogel and hydrogel electrolytes have shown good 
response in the preparation of high performance solid-state SCs [4, 18, 19]. Both GPE and 
SPE provide good fixability to design high performance SCs.

22.3 Factors Affecting the Ionic Conductivity of the Biopolymer 
Electrolyte

22.3.1 Polymer Blending

For electrolyte preparation, the use of two or more polymers as hosts is better than using 
a single polymer, as it can enhance thermal stability, mechanical strength, and availabil-
ity of ion hopping sites. Because of this, polymer hybrids or blends are extremely promis-
ing and considered as revolutionary research, as they widen the chain flexibility and 
mobility, therefore leading to an increase in the conduction qualities because of the 
blend’s ability to give more coordinating positions. These blended polymers are mainly 
copolymers made of two polymers linked together by comparatively weak interactions 
like van der Waals forces and H-bonding. Polymers are made up of two parts: crystalline 
and amorphous phases. It is generally understood that the amorphous area is primarily 
responsible for ionic conduction, and polymer blending aids in producing highly amor-
phous regions within the blended polymers. This enhanced amorphous phase is respon-
sible for the movement of the local chain segment, which leads to the movement of ions 
and thus the conductivity of ions can be improved [20, 21]. In addition, the mechanical 
and other physical/chemical characteristics of a single polymer are insufficient to provide 
this wide variety of applications in supercapacitor devices; the primary disadvantages of 
single polymer-based SPEs include low ionic conductivity at ambient temperatures and 
poor electrode-electrolyte interaction as compared to liquid electrolytes. As a result, one 
polymer mixed with other polymers, can function as a host electrolyte, to overcome the 
flaws in the individual polymers [22].

22.3.2 Addition of Dopant

The conductivity of pristine polymer is low, and the problem of low conductivity in a poly-
mer can be solved by salt incorporation. Because of the presence of polar groups in the 
polymer structure, a polymer can act as a host in an electrolyte system. Thus, dissolving 



22 Biomass-based Electrolytes for Supercapacitor Applications388

ionic ions can improve the BPE characteristics. The conduction process of the electrolyte 
can be modified due to the formation of a dative bond between the ions of the dissolved 
salts with the functional groups of the polymers. In a nutshell, salt ions form dative bonds 
with the lone pair electrons of functional groups in polymeric chains, increasing salt dis-
sociation and ionic conductivity. Salt selection is critical in polymer-salt electrolytes. Strong 
inorganic acid-based electrolyte suffers chemical degradation, hence need to solve this 
problem. Li salts are considered the best salts because they have the highest electrochemi-
cal characteristics, but their high cost, scarcity, and flammability have motivated scientists 
to seek alternatives [23–25].

22.3.3 Addition of Plasticizer

Using plasticizers in the BPE manufacturing method enhances the amorphous area of the 
BPE. Plasticization also improves the dissolving characteristics of dopant salts by assisting 
the the degree of dissociation of dopant salts and offering a greater number of conducting 
pathways in which mobile ions can move, resulting in increased electrolyte ionic conduc-
tivity. The choice of plasticizer is based on a high dielectric constant; in the literature, 
glycerol is the most commly-used plasticizer [26].

22.3.4 Addition of Filler

Incorporating a nanofiller into the BPE can be a viable approach to improve ionic conduc-
tivity. Additionally, the mechanical strength and thermal stability of SPEs can be dramati-
cally increased by the addition of nanofillers, resulting in enhanced ionic conductivity. The 
nanofiller with high dielectric constant, strong Lewis acid characteristics and high surface 
area is the best choice for enhancing the ionic conductivity [27].

22.3.5 Addition of Ionic Liquids

Ionic liquids (IL) may decrease transitory coordinative links among polymer molecules in 
the crystalline area, causing polymer chains to become more flexible and polymer com-
plexes to become more amorphous. Adding a significant amount of IL to the BPE system 
provides more free ions and enhances the polymer’s segmental mobility in proportion to 
the enhancement of conductivity. In addition, IL possesses different properties, including 
high ionic conductivity, non-volatile and non-flammable, non-toxic, negligible vapour 
pressure, wide decomposition temperature range, and wide electrochemical potential win-
dow (up to 6V), which makes IL a potential candidate for enhancing the ionic conductivity 
of BPE [28, 29].

22.3.6 Addition of Metal Complexes

Another significant criterion for improving BPEs ionic conductivity is adding metal com-
plexes. Due to the interactions of metal complexes with polymer functional groups, which 
break hydrogen bonding among polymer chains, metal complexes enhance the amorphous 
phase of polymers and provide more accessible paths for ion conduction. Moreover, the 
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inclusion of metal complexes also enhances other conduction parameters such as dyna-
mism which is mainly known as mobility (μ), charge transfer density (n), and diffusion 
coefficient (D) of both cations and anions. In addition, reducing the energy bandgap can be 
accomplished by incorporating metal complexes, which brings tremendous benefits in 
supercapacitor applications [20, 30–32].

22.4 Biomass-based Electrolytes for Supercapacitor

22.4.1 Solid-state Polymer Electrolytes

Typically, solid-state polymer electrolytes (SPE) can be obtained by dissolving metal salts 
in a polymeric matrix and dissociating them into metal cations and counter anions. Because 
these polymers are ionically conductive, they have received a lot of interest because they 
can be used in various electrochemical devices. Different types of SPE, such as cellulose-, 
chitosan- and starch-based SPEs, are presented in the following sections.

22.4.1.1 Cellulose-based SPE
The most common biopolymer found in nature is cellulose, which is insoluble in water. To 
dissolve cellulose into water, it must first be modified. For example, adding methyl chloride 
to cellulose (methylation) turns it into methylcellulose (MC). MC has various properties, 
including excellent film-forming characteristics, thermal and mechanical strength, electri-
cal properties, and biocompatibility. MC contains β-(1,4)-glycosidic bonds attached to 
methyl substituents in linear chains with different functional groups of C–O–C, O–CH3, 
and O–H, which provides a lone pair of electrons for ionic conduction. Another fascinating 
characteristic of MC is its amphiphile nature, which arises from the hydrophobic polysac-
charide and hydrophilic carboxylic functional group [16, 33–35]. In the literature, different 
polymeric hybrid hosts based on MC have been fabricated with other polar functional 
groups containing polymers such as chitosan (CS) [32, 33, 35, 36], poly(vinyl alcohol) 
(PVA) [16, 37], dextran (DX) [38], and potato starch (PS) [39]. Most polymer blends have 
been synthesized by following the solution casting method (SCM). The charge transfer 
ability of the polymer blend electrolyte can be increased by adding salts or inorganic acid. 
The addition of salts as a dopant into the polymeric matrix is superior compared to the 
addition of inorganic acids because of chemical degradation and incompatibility in the 
practical application of the latter. According to the literature, among different salts, ammo-
nium salts (e.g., NH4I, NH4SCN) are used mostly as a dopant in biopolymer matrix over 
sodium and lithium salts because of environmental pollution due to lithium salts, compa-
rable fast dissociation of ions of ammonium salts, and presence of NH4

+ and H+ ions which 
enhance the ionic conductivity (linear sweep voltammetry (LSV) for highest conductivity 
shown in Figure 22.1) and thermal stability [36]. Furthermore, plasticizer incorporation 
(high dielectric constant polar solvents) enhances the dissociation of dopant, thermal prop-
erties of the electrolyte, amorphousness, and ionic conductivity, hence the electrolyte per-
formance in SC applications. For example, infusing ammonium nitrate (NH4NO3) as 
dopant and glycerol as plasticizer from potato starch (PS)-MC mixed SPE, Hamsan et al. 
[39] manufactured a solution cast SPE. The potential window for the electrolyte was found 
as 1.88 V through the evaluation of LSV.
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22.4.1.2 Chitosan-based Electrolyte
One of the most abundant polymers on earth next to cellulose is chitosan (CS), one of chi-
tin’s derivatives. It can be obtained by dissolving N-deacetylated chitin in dilute acidic 
solutions. It has a β-(1→4) 2-amino-2-deoxy-D-glucose-(D-glucosamine) structure in its 
polymeric chain and it has shown excellent mechanical strength, and chemical and ther-
mal stability up to 200 °C. Another noteworthy feature of CS is its capacity to be moulded 
into various shapes, from hydrogels to porous scaffolds to films. Because it has different 
lone pairs containing functional groups, including OH, C–O–C, and NH2 in its polymeric 
chain, ion transportation from one electrode to another becomes feasible. However, the 
conductivity of CS is low; the problem of low conductivity in CS is solved by salt incorpora-
tion and plasticizer addition. Because of the presence of such polar groups in the CS struc-
ture, CS can act as a polymer host in an electrolyte system, dissolving ionic ions and 
exhibiting polymer electrolyte characteristics [40, 41]. In the literature, CS-based BPE is 
reported where LiCOOCH3 [23], NH4NO3 [40], and magnesium acetate (Mg(CH3COO)2) 
[42] have been exploited as effective ion sources, while glycerol is used as plasticizer mate-
rial. Hamsan et al. [43] employed SCM to make a CS-based biopolymer, using CS as the 
polymer host, MgCl2 as an ion source, and glycerol as the plasticizer. At room tempera-
ture, a solution of 1g of CS in 40 mL 1% CH3COOH solution was obtained after three hours. 
Thereafter, 0.66 gram of MgCl2 was added into the solution via magnetic stirring for a 
couple of hours to get a clear solution of polymer salt complexes. Finally, after adding dif-
ferent weight percentages of glycerol, a plasticized polymer was obtained. The highest DC 
ionic conductivity of the CS:MgCl2 electrolyte system was found to be 1.03 × 10−3 S cm−1 
when 40 wt.% glycerol was added. The addition of metal complexes also enhances the con-
ductivity of BPE. Aziz et al. [30] dispersed Ni metal complex into plasticized 
CS-Mg(CH3COO)2-based BPE. Prior to the addition of metal complex, they dispersed 1 g 

Figure 22.1 LSV graph of the highest conducting electrolyte at 0.02 V/s. Reproduced with 
permission [36]. Reproduced under the terms of the CC-BY-4.0 license. Copyright 2021, Aziz et al.
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of CS in 50 mL of 1 wt.% CH3COOH solution then added 40 wt.% of Mg(CH3COO)2 salt and 
magnetically stirred to get homogeneous dispersion followed by addition of 42 wt.% of 
glycerol for plasticization. From ultraviolet-visible (UV-vis) spectroscopy and x-ray diffrac-
tion spectroscopy (XRD) (Figure 22.2), the incorporation of Ni-metal complexes was 
 confirmed. Enhanced cycles (1000) were observed in case of CS-glycerol-Mg(CH3COO)2-Ni, 
while only 400 cycles during charging and discharging for CS-glycerol-Mg(CH3COO)2 was 
found in the EDLC application. Hadi et al. [20] prepared CS-based polymer electrolyte by 
introducing Zn(II)-complex into the mixture of CS and ammonium iodide (NH4I), fol-
lowed by adding glycerol as a plasticizer.

When the polymer electrolyte was 30 wt.% glycerol with CS:NH4I:Zn(II)-complex, a 
smooth and uniform surface morphology without any phase separation was revealed by 
field emission scanning electron microscopy (FESEM), lowering bulk resistance and 
assisting conducting ions to transfer easily, resulting in ion conductivity. The electro-
chemical stability was 1.37 V for the prepared (30 wt.% glycerol with CS:NH4I:Zn(II)-
complex) electrolyte system. In another study, a dilute solution of zinc metal complex 
(10 mL) was added into 40 wt.% glycerol plasticized sample of CS:NH4F electrolyte and 

Figure 22.2 XRD patterns of (a) pure CS and (b) CS:Mg(CH3COO)2:Gly:Ni CS systems. Reproduced 
with permission [30]. Reproduced under the terms of the CC-BY-4.0 license. Copyright 2021, Aziz et al.



22 Biomass-based Electrolytes for Supercapacitor Applications392

exhibited excellent ionic conductivity, which was found as 1.71 × 10−3 S cm−1, while 
without using zinc metal complex (40 wt.% glycerol with CS:NH4F), about 9.52 × 10−4 S 
cm−1 results [31]. The excellent charge storage behaviour was confirmed by cyclic vol-
tammetry shown in Figure 22.3. The blending polymer host is superior to a single 
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polymeric host. To utilize these opportunities, CS was blended with other polymers such 
as PVA [10, 24], poly(ethylene oxide) (PEO) [21, 44], and DX [26], to prepare the poly-
meric host to different salts.

Aziz et al. [44] blended an optimum amount of 70 wt.% CS with 30 wt.% PEO and added 
different amounts of LiClO4 to obtain CS:PEO:LiClO4 electrolytes via SCM. In brief, 70% CS 
and 30% PEO were dissolved separately in 50 mL of 1% acetic acid for 120 minutes at room 
temperature. Then the two solutions were mixed and magnetically stirred to get a homoge-
neous blended polymer solution. Finally, CS:PEO:LiClO4 was obtained by introducing 
LiClO4 into a blended polymer solution. When LiClO4 was 40 wt.%, the synthesized poly-
mer exhibited a maximum DC conductivity of 7.34 × 10−4 S cm−1. The specific capacitance 
of the prepared electrolyte in EDLC application was 6.88 F g−1.

22.4.1.3 Starch-based Electrolytes
Starch is another green polysaccharide polymer consisting of amylase (linear structure) 
and amylopectin (branched structure) and which has a variety of properties, including low 
cost, abundance, superior steel adhesion features, high solubility, good film-forming ability 
along with enhanced recrystallization stability of the amorphous phase, and it is renewable 
raw material with good biocompatibility. The linear portion comprises -(1,4)-linked 
D-glucopyranosyl chains, while the branching portion comprises a junction made up of 
-(1,6)-linked polysaccharide chains. Amylose’s linear shape enables salt contact more than 
amylopectin’s branching structure, which adds a steric barrier to starch-salt interaction. 
However, amylopectin (double helices) reduces the polymer chain mobility due to this 
steric barrier. Since starch with high amylose content is highly amorphous, it is preferable 
to use it as a polymer host in electrolytes [45, 46]. Chauhan et al. [45] selected corn starch 
crosslinked with glutaraldehyde (GA) as polymeric host and NaClO4 salt for starch-salt 
interaction to make flexible electrolyte membranes. A suitable amount of corn starch and 
NaClO4 (starch/salt ratio varied from 1:0.1 to 1:1) were dispersed in methanol separately 
and then mixed together. Then 2 ml of GA was added, and finally, the entire solution was 
agitated at 40 °C for three hours to create a homogenous solution, which was then allowed 
to dry at room temperature. From Nyquist plots, it was observed that the highest conduc-
tivity was found at a 1:0.9 starch/salt ratio. A similar method was performed to prepare 
arrowroot starch-based electrolyte and it was compared with a corn starch-based electro-
lyte system [46]. It has been found that the association of salt with corn starch is high 
compared to arrowroot starch, thus the excess electric field is required to dissociate at the 
electrode. A higher electrochemical stability window was observed and confirmed by using 
LSV for corn starch-based electrolytes. Corn and arrowroot starch-based approaches had 
ambient conductivities of 1.00 × 10–2 S cm−1 and 5.60 × 10–3 S cm−1, respectively. Graphene 
oxide (GO) was employed by Azli and his groups [28] for the chemical modification of the 
starch to improve the film-forming characteristic of the starch by combining both potato 
starch (PS) and GO. They also employed lithium trifluoromethanesulfonate (LiCF3SO3) in 
this SPE research since it contains big and bulky anions that may be delocalized to promote 
salt dissociation and solubility.

However, since LiCF3SO3 has a poor ionic conductivity at ambient temperature, they 
incorporated IL (1-butyl-3-methylimidazolium chloride ([Bmim][Cl])) into a PS/GO/
LiCF3SO3 electrolytic system. Differential scanning calorimetry (DSC) analysis revealed 
that the addition of 30 wt.% [Bmim][Cl] into the PS/GO/LiCF3SO3 electrolytic system 
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caused a decrease in glass transition temperature (Tg) values from 36.5 to 17.5 °C resulting 
higher ionic conductivity. The addition of IL (1-butyl-3- methylimidazolium hexafluoro-
phosphate (BmImPF6)) to corn starch and lithium hexafluorophosphate (LiPF6) (poly-
mer-salt system) via solution casting technique extended the electrochemical potential 
window of polymer electrolytes more than that of ionic liquid–free polymer electrolyte 
[29]. An alternative conduction pathway for ions in the polymer matrix via hydroxyl 
groups on the surface of nanofillers was generated due to the addition of 4 wt.% TiO2 
nanofiller to the starch-LiOAc (lithium acetate) complex. This was confirmed by Fourier 
transform infrared (FTIR) spectra [27]. As well as these examples, other starch-based 
blended polymers have been used as hosts, such as ST-CS, potato starch (PS)-MC, 
ST-poly(styrene sulphonic acid) (PSSA), PS-CS. Lithium perchlorate (LiClO4), NH4Cl, 
NH4NO3, NH4F have been used as dopants, with glycerol as a plasticizer, to fabricate SPE 
via solution casting methods for supercapacitor applications [39, 47–49]. One example of 
electrolyte film is shown in Figure 22.4 [49].

22.4.2 Gel Polymer Electrolyte (GPE)

GPE is a unique substance that combines the flexibility and stability of a solid with the ease 
of liquid dispersion of a liquid. Because of possessing both liquid-like ionic conductivity 
and solid-like structural and mechanical features, GPEs are considered promising candi-
dates for SC applications.

22.4.2.1 Cellulose-based Polymer Gel Electrolyte
Most cellulose-based GPEs use cellulose to confine the liquid electrolyte within the cellu-
lose structure, resulting in significantly more ionic conductivity than SPEs. The linked cel-
lulose chains provide the mechanical stability for supercapacitors to operate in bending 
mode without sacrificing electrochemical performance. However, there have challenges to 

Figure 22.4 Transparent and free-standing starch-chitosan-based film. Reproduced with permission 
[49]. Copyright 2015, Elsevier.
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having a full-cellulose matrix with both solid ionic conductivity and mechanical integrity. 
Different cellulose-based gel polymer electrolytes have been developed to address this 
issue, with the help of different liquid solvent and salts [50]. An example is where cellulose 
was dissolved in a precooled NaOH/urea solution (freeze-thawing method), and hydrogels 
were produced using a low temperature crosslinking method in the presence of the cross-
linking agent epichlorohydrin (EPI) [13]. SEM images confirmed the porous architecture 
of the prepared hydrogel (cellulose/NaOH hydrogels), which was responsible for the ion 
migration in the constructed symmetric supercapacitor system that used N-doped gra-
phene (NG) hydrogels as electrodes. This constructed symmetric capacitor demonstrated 
an enhanced specific capacitance of 98.8 F g−1 at 1 A g−1, superb cyclic stability with a maxi-
mum energy density of 13.5 Wh kg−1 while the power density was 496.4 W kg−1 at the opti-
mized condition of electrolytes. To widen the electrochemical potential window and extend 
the cycle life of the supercapacitor, a gel polymer electrolyte was proposed based on the 
trapping of highly concentrated ZnCl2 into cellulose matrix with Ca2+ ions worked as a 
crosslinking agent for enhancing the strength of hydrogel [12]. The constructed superca-
pacitor exhibited an energy density of 192 Wh kg−1 while the power density was 499 W kg−1 
and 58 Wh kg−1 at an extremely high-power density of 16976 W kg−1 with high retention of 
capacitance (94.7%) after 5000 cycles. In addition, the cellulose-based hydrogel was pre-
pared by dissolving microcrystalline cellulose via stirring at 50 °C for 30 min in IL/DMSO 
(IL = N,N′-dimethyl-N-ethylpiperazinium acetate ([DMEPpz][Ac]) and DMSO = dime-
thyl sulfoxide) mixed solvent followed by immersing that cellulose solution into deionized 
water and then immersing in 2 M lithium acetate (LiAc) aqueous solution to obtain swell 
electrolyte [51]. Pérez-Madrigal et al. [50] investigated the influence of several parameters 
such as the degree of cross-linking, post-washing treatment, cellulose concentration, sup-
porting electrolyte concentration to the gel polymer hydrogel, and the cellulose amount. 
Where NaCl was used as a supporting electrolyte, citric acid solutions were used as a 
crosslinking agent with poly(3,4-ethylene dioxythiophene) (PEDOT) electrodes. The post-
washing treatment involved re-absorption of supporting electrolytic salt with or without 
lyophilization, 10 or 20 wt.% of carboxymethyl cellulose sodium salt (NaCMC) was 
employed as a polymer matrix. The overall schematic diagram is shown in Figure 22.5.

Among numerous gel electrolytes, ionogels have three-dimensional (3D) polymer or 
inorganic networks containing ionic liquids (ILs). The ILs serve as both carrier ions and 
solvents to provide excellent ionic conductivity, a broad electrochemical window, strong 
chemical and thermal stability, as well as non-flammability. On the other hand, the solid 
networks serve as a structured matrix to give mechanical strength. Ionogels are inherently 
more stable than other gels using volatile solvents because ILs are nonvolatile and have a 
low vapour pressure [52]. To optimize the effect of ionogels, a large amount of IL is needed 
to add into a 3D polymer matrix, which adversely affects the mechanical properties and 
makes electrolytes brittle.

To overcome this limitation, Rana and his group [52] used facile solution chemis-
try to design dual networking of renewable, highly conducting, and very durable 
cellulose-based ionogels. To create dual networked ionogels, they chose 1-butyl-3-meth-
ylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI]) IL and 1,3-dimethyl-
imidazolium methyl phosphite ([DMIM][(MeO)(H)PO3]) mixture to dissolve pristine 
cellulose, and then 2-hydroxyethyl methacrylate (HEMA) monomer was polymerized 
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in the presence of the first cellulose network. The cellulose-based ionogel electrolyte 
(excellent ionic conductivity and electrochemical stability, see Figure 22.6) between 
two activated carbon electrodes delivers high specific capacitance and rate capability 
of 174 F g−1 and 88% at 120 °C at a cell voltage of 2.5 V. In addition regenerated cellu-
lose nanoparticle (RCN) were used as a regulator to prepare cellulose based ionogels 
[53], manganese dioxide (MnO2) and reduced graphene oxide (RGO) nanosheet-piled 
hydrogel films and novel bacterial cellulose (BC)-filled polyacrylic acid sodium salt-
Na2SO4 (BC/PAAS-Na2SO4) neutral gel electrolyte [54] and Ag and polyaniline (PANI) 
nanoparticles coated on cellulose nanofibrils (CNF) aerogel [55], have been reported for 
supercapacitor applications.

22.4.2.2 CS and Starch-based Gel Electrolyte
To create safe devices e.g. thin-film or stacked cells, energy storage systems need to 
meet the flexibility or durability of any solid-state electrolytes. Yamagata et al. [56] pre-
pared CS-based gel polymer electrolyte by mixing 2 wt.% aqueous solutions of CS with a 
crosslinking agent 10 wt.% sodium hydroxide aqueous solution followed by washing with 
distilled water. Thereafter immersing in a significant excess of ethanol for 24 h, then again 
rinsed with ethanol and subsequent immersion in 1-ethyl-3-methylimidazolium tetrafluor-
oborate (EMImBF4). During 5000 cycles, supercapacitor devices showed Coulombic effi-
ciency at more than 99.9% while using activated carbon and the synthesized electrolyte 

Figure 22.5 (a) Pieces obtained after moulding the NaCMC pastes (10 or 20% wt. cellulose) with 
a hydraulic press. The dimensions of the pieces are displayed on the right. (b) NaCMC hydrogels 
cross-linked using citric acid solutions at different concentrations (1.5, 3 or 8 M). (c) Photographs 
displaying the assembly of the different elements of the PEDOT/NaCMC ESCs. A scheme of the 
supercapacitor is displayed on the right. Reproduced with permission [50]. Copyright 2018, Elsevier.
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(Figure 22.7). They also observed the influence of CS above the activated carbon as elec-
trode material in supercapacitor performance with the gel polymer. It was observed that 
the cell voltage drops (∆Vdrop) were reduced by 0.09 V while using Chi + ACFC electrodes 
(∆Vdrop for Chi + ACFC was 0.15 V, and that for ACFC was 0.24 V) [57]. Furthermore, car-
boxylated chitosan-graft-polyacrylamide-lithium sulfate (CYCTS-g-PAM-Li2SO4) as a mod-
ified supramolecular carboxylated chitosan hydrogel electrolyte was prepared by using a 
free radical polymerization of acrylamide monomers in carboxylated chitosan (CYCTS) 
solution with N,Ń-methylene bisacrylamide (MBA).

Special advantages of CYCTS-g-PAM-Li2SO4 (2.25 MPa) were found: higher ionic 
conductivity (1.74 × 10−2 S cm−1), greater electrolyte absorbability (280%), and increased 

Figure 22.6 (a) VTF plot of log (ionic conductivity) vs. inverse temperature, (b) LSV curve of 
CpHEMA/C-p-cellulose ionogels at 30 °C. Reproduced with permission [52]. Copyright 2020, Elsevier.

Figure 22.7 (a) Cell potential drop and (b) differential capacitance estimated using the charge-
discharge profile of the model cell with Chi/EMImBF4 (●) and liquid EMImBF4 (□). Current density: 
10–100 mA cm−2; cell potential: 0–2.5 V. Reproduced with permission [56]. Copyright 2012, Elsevier.
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mechanical qualities [58]. The starch-based electrolyte was prepared using thermoplas-
tic starch (TPS) (from the mixture of corn starch and citric acid) powder, mixing with 
distilled water, followed by corn starch via the ultrasonication method. It was discov-
ered that 10% citric acid containing hydrogel is most suitable gel polymer electrolyte for 
printed batteries or supercapacitors and it reached a specific capacitance of roughly 
35 F g−1 or 279 mF cm−2 without extra electrolyte [59].

22.4.2.3 Lignin-based Polymer Gel Electrolyte
Lignin is an aromatic heteropolymer with many carbonyls, phenolic, or phenolate groups. 
Lignin-based hydrogel electrolytes can be synthesized by chemical crosslinking between 
poly(ethylene glycol) diglycidyl ether (PEGDGE, Mn = 500) and lignin [60]. The phenolic 
groups of lignin function as nucleophiles, while PEGDGE acts as a source of epoxy groups, 
resulting in lignin-based dry gels via ring-opening polymerization. These cross-linked 
lignin hydrogel electrolytes are mechanically robust (523% swelling ratio) and have high 
ionic conductivity (10.35 mS cm−1) owing to having high mechanical/dimensional stability 
and a large amount of water uptake resulting from the unique cross-linking chemistry. A 
simple acid soaking technique was used to transform chemically crosslinked lignin hydro-
gel into high-mechanical hybrid double crosslinked (physical and chemical crosslinking) 
lignin hydrogel (DC lignin hydrogel) through the development of lignin hydrophobic 
aggregation interaction [61]. Moreover, protonation of unreacted phenol and carboxyl 
groups within the lignin structure is produced by acid soaking of the chemically cross-
linked lignin hydrogel, resulting in the development of hydrophobic interactions among 
lignin chains. These synthesized DC lignin hydrogels have a higher ionic conductivity, 
mechanical strength, and cyclic loading-unloading compression performance than chemi-
cally crosslinked lignin hydrogel.

22.4.2.4 Soybean Protein Isolate
Soybean protein isolate (SPI) is used as a matrix material for supercapacitor electrolyte 
preparation due to its environmentally friendly nature [62]. However, SPI’s lower 
mechanical strength, unsatisfactory processability, and poor water stability limit its use 
in supercapacitors. To overcome these drawbacks, a crosslinking agent, ethylene glycol 
diglycidyl ether (EGDE), is used to prepare a series of crosslinked membranes (SPI/
EGDE) with SPI via SCM [62]. Even though the water resistance of the synthetic SPI/
EGDE membrane has been improved, the ionic conductivity of SPI/EGDE is lower than 
pure SPI, resulting in poor electrochemical performance of SC. These issues can be 
addressed by adding a very hydrophilic polymer into the crosslinked structure. For exam-
ple, due to its outstanding hydrophilicity and film-forming ability, hydroxyethyl cellulose 
is mixed with SPI and saturated with 1M Li2SO4 to create GPEs which used in SP. The 
synthesized GPE exhibits enhanced ionic conductivity and capacitive performance with 
water-resistant characteristics [63]. The capacitive performance of SPI-based GPE can 
also be enhanced by introducing redox mediators into the electrolyte [64]. Using SPI as 
the polymer matrix, potassium iodide (KI) as the redox mediator, and Li2SO4 as the neu-
tral electrolyte, Z. Xun et al. [64] created an SPI-based redox GPE. When SPI-
Li2SO4-100 wt.% KI is employed as the electrolyte material, the specific capacitance is 
224.19 F g−1, which is 156% greater than SPI-Li2SO4.
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22.5 Conclusion

BPE materials have piqued researchers’ attention in SCs applications. BPEs reduce the cost 
and environmental risk and provide a wide operating potential window, flexibility, and 
high mechanical property supporting the creration of portable and wireless high-perfor-
mance SCs. In recent years, for preparing BPE cellulose, CS, DX, starch, and SPI have been 
used in SCs providing great stability, strong ionic conductivity, a broad potential window, 
and mechanical robustness. In SCs, biomass-based hydrogel electrolytes have been exten-
sively explored with promising results. Compared with hydrogels, biomass-based ionogels 
are highly stable because the distribution of ILs in 3D polymer networks is nonvolatile with 
minimal vapour pressure. Although significant progress has been seen in BPEs, some chal-
lenges still limit their use in commercial applications. BPEs generally have low ionic con-
ductivity and viscosity thus, a small value of specific capacitance is observed. Hence 
improvement of the ionic conductivity of BPEs is needed. The development of ionic con-
ductivity of BPE via blending with other polymers, incorporation of dopant salts, the addi-
tion of plasticizer, the addition of metal complexes, and the addition of nanofiller and ionic 
liquid are reported in the literature and summarized here briefly. Utilization of this process 
requires optimizing the mechanical strength and ionic conductivity of prepared BPE. 
These novel components are designed to increase SCs performance by performing one or 
more useful functions. These methods provide reference direction for improving BPEs for 
use in SC applications in the future. Research focus will continue toward biomass-based 
quasi-solid-state electrolytes, such as GPE, to meet the needs of new flexible and wearable 
SC energy storage devices.
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23.1 Introduction

With advancements in science and technology, portable and wearable electronic sys-
tems have seen tremendous growth in a variety of applications, including a variety of 
sensors, electronic skin, and other flexible electronic devices (e.g., notebook computers, 
smart glasses, mobile phones, automatic doors, smart watches, intelligent bracelets, 
window locks, hybrid electric vehicles, and so on). As a result, the creation of portable 
and wearable energy storage technologies has become a global goal [1–7]. Among dif-
ferent established energy storage systems, supercapacitors are a promising and environ-
mentally friendly energy conversion/storage solution due to their high electric 
capacitance value, high charge and discharge efficiency, high power density, and high 
capacitive retention over thousands of cycles [8–13]. During the charge storage process, 
supercapacitors typically obey two main mechanisms: electrical double-layer capaci-
tance and pseudocapacitance [14, 15]. Between the electrode and electrolyte interface, 
a double layer is formed where charge storage is caused by a non-Faradaic process that 
is related to its capacitance value in an electrical double-layer capacitor (EDLC). On the 
other hand, pseudocapacitance is caused by the fast-Faradaic reaction that occurs when 
electrons are transferred from the electrode to the electrolyte ions [5, 16]. The perfor-
mance of supercapacitors is determined by their structural components, which include 
two electrodes, an electrolyte (or mixture of different electrolytes such as aqueous and 
organic or aqueous and ionic liquid electrolyte), a separator, and current collectors. 
Two electrodes are separated in supercapacitors by a porous membrane that is sub-
merged in an electrolytic solution (Figure 23.1) [8, 17]. In an effort to increase electro-
chemical performance, much emphasis has been placed on electrode materials and 



23 Biomass-based Separators for Supercapacitor Applications404

architectures rather than electrolytes and sepa-
rators [18]. The transportation of the ions of the 
electrolyte is also a vital issue in determining 
capacitor performance.

It is widely recognized that the separator is 
one of the crucial parts affecting the device’s 
overall performance [19]. When the cathode and 
anode are in direct contact, the separator func-
tions as a physical barrier, preventing a short cir-
cuit and allowing the liquid electrolyte ions to 
move quickly [20]. The separator should be die-
lectric in nature as well as chemically and elec-
trochemically stable in the electrolytic solution 
[21]. During the charging and discharging pro-
cess, the separator must be thin and porous 
enough to facilitate the flow of ions in the elec-
trolyte. Using a separator that can be stretched 
without ripping can considerably improve the 
safety of flexible supercapacitors [6]. The separa-
tor must be chemically inert to the other compo-
nents, notably the electrolyte. It should have low 
internal resistance and avoid introducing any 

additional unwanted elements into the workspace, such as humidity, gases, and espe-
cially air, which are likely to be present in its pores [19, 22]. Traditional energy storage 
systems have used separators made of commercial polyolefin-based membranes. The 
hydrophobic nature of these commercial polyolefins decreases the electron transfer rate 
while applying a high charge/discharge current, which may cause dimensional instability 
due to internal short circuits. In addition, the Nafion membrane has also been used com-
mercially as a supercapacitor separator in the current market. However, the high cost and 
limited raw material limit its application in supercapacitor separators [23, 24].

There are different properties of separators, such as porosity, pore size, chemical stabil-
ity, thermal conductivity, thickness, hydrophilicity, ionic conductivity, cheapness and flex-
ibility which influence supercapacitor performance [10, 19, 23, 25, 26]. As a result, research 
into separator material selection for electrochemical capacitors is crucial in order to achieve 
the best values for these properties.

In recent years biomass has been extensively researched in different fields of applica-
tion, such as supercapacitors, electrochemical sensors, dye-sensitized solar cells, and 
environmental remediations [27–31]. Due to their fantastic mechanical qualities, bio-
compatibility, biodegradability, and low cost, with incredibly strong, extensible, and 
robust features, renewable-source (especially cellulose) derived separators have sparked 
a lot of research interest in the electrochemical energy storage application world [32]. To 
solve the energy crisis, exploring renewable sources to prepare separator materials has 
become more urgent and significant. In this chapter, we summarize the development of 
the production of separators from sustainable biomass sources and their uses in 
supercapacitors.

Figure 23.1  Principle structure of 
supercapacitor with essential elements.
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23.2 Preparation of Biomass-based Separators

Via a thorough overview of the literature, many preparation processes for biomass-based 
separators have been discovered, such as phase-inversion [18, 33–36], simple freeze-thaw-
ing technique [37], TEMPO oxidation method [24], freeze-drying process [38], electrospin-
ning process [39], and activation process [40].

The phase-inversion process generally involves a transformation of one phase to 
another, creating some unique properties such as lower crystallinity, higher thermal sta-
bility, flexibility, higher tensile strength, porous structure, and foldable nature [18, 33, 
34]. The typical manufacturing of hydrogel film as a separator includes a dispersion of 
crystalline cellulose in an organic solvent, gelation, and subsequent replacement of the 
organic solvent with water. During the replacement process, the cellulose chains reor-
ganized, resulting in an enlarged white regenerated cellulose hydrogel. After solidifica-
tion and drying, a freestanding membrane is created [18, 36]. Hu et al. [36] prepared an 
ecofriendly cellulose film for the supercapacitor separator. The sandwich method was 
employed to assemble the supercapacitor device (SCD) (electrode/separator/electrode) 
(Figure 23.2). For instance, to prepare regenerated porous cellulose supercapacitor sepa-
rator film by simply dissolving cellulose into the lithium chloride (LiCl) or dimethyl-
acetamide (DMAc) solvent Teng et al. [34] used a simple phase inversion process. Initially, 
they prepared activated cellulose from the mixture of microcrystalline cellulose and 
DMAc by heating at 120 °C, stirring for three hours, then filtration and subsequent drying 
at 60 °C. Finally, the cellulose film was obtained by dissolving activated cellulose into 
LiCl/DMAc solvent followed by heating at 120 °C, stirring for three hours, cooling for 24 
hours and subsequently washing with distilled water and freeze-drying. No chemical 

Figure 23.2  The preparation of porous cellulose film and the assembly of SCDs. Reproduced with 
permission [36]. Copyright 2020, Elsevier.
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reaction occurred during the phase inversion process to prepare cellulose film from 
microcrystalline cellulose, which was confirmed by the FTIR spectral analysis of micro-
crystalline cellulose and regenerated cellulose film. They found that regenerated cellu-
lose film with a cellulose concentration of ~8% exhibited higher thermal stability, lower 
crystallinity, and high tensile stress, which was obtained from fourier transform infrared 
spectroscopy (FTIR), x-ray diffraction (XRD), thermogravimetric analysis (TGA), deriva-
tive thermogravimetry (DTG), and tensile tester analysis.

Another study used a self-enhancing approach to create a composite hydrogel film by 
inverting the phases of microcrystalline cellulose and bacterial cellulose. In this study, a 
NaOH-urea solution was used to disperse microcrystalline cellulose. Then, bacterial cel-
lulose was added to the solution mentioned above; after the H2SO4 treatment, a compos-
ite hydrogel film was produced. The SEM image exhibited the nanoporous structure of 
the prepared hydrogel surface while the meso- and macroporous structure of the cross-
sectional view of the prepared hydrogel was observed, which indicated a more hydro-
philic nature of the prepared hydrogel film [35]. Lignin sulfonate/SWCNT/holey reduced 
graphene oxide (Lig/SWCNT/HrGO) film showed a high tensile strength of 121.8 MPa. 
Different amounts of bacterial cellulose (BC) were added to microcrystalline cellulose 
(MCC) to prepare self-enhancing cellulose hydrogels. Mechanical performance without 
breaking structure under different deformations assures the flexibility of the fabricated 
system (Figure 23.3) [35]. The addition of polyvinyl alcohol (PVA) solution into the three 
freeze-thawing cycles and stirred homogeneous solution of microcrystalline cellulose, 
urea and NaOH, also produced cellulose/PVA composite gel after freezing for 12 hours 
and followed by removal of residual NaOH and urea using deionized water. The pre-
pared composite gel exhibited excellent toughness with easily elongated behaviour with-
out fracture [37].

In another report, Lima and coworkers [39] designed a flexible and stretchable superca-
pacitor by coating the inner electrode with electrospun cellulose acetate fibres as a separa-
tor and the outer electrode coiled around the separator. To prepare the separator, they used 
cellulose acetate solution in acetone and dimethylacetamide (DMAc) solvent with a 2:1 
(wt.) proportion. Then using a1 mL syringe, they deposited an electrospun cellulose acetate 
membrane onto the inner electrode surface. Torvinen et al. [41] have prepared pigment-
CNF separator-substrates with ~7% dispersions for the printed graphene and carbon nano-
tube supercapacitors systems, where the composite typically contained 80% pigment and 
20% cellulose nanofibrils (CNF). The prepared composite separator exhibited flexibility, 
thermal stability, and sufficient strength properties.

It was also reported that the separator membrane of the supercapacitor was obtained 
via the simple addition of polyvinyl alcohol and chitosan. Briefly, the membrane was 
obtained by mixing and stirring the chitosan solution (in 1% acetic acid solvent), poly-
vinyl alcohol solution (in water solvent and heated at 120 °C), and subsequent solidifi-
cation for two days. The prepared solid membrane was soaked with1 M H2SO4 and used 
as the separator [42]. Hashim and coworkers [23] prepared a separator for supercapaci-
tor applications from the resultant mixture of hybrid polymer electrolyte PVA (70%) 
and phosphoric acid (H3PO4) (30%) submerged in a solution of polymethyl (meth-
acrylate) and lauroyl chitosan (PLC). Furthermore, for supercapacitor purposes, Raja 
et al. [19] introduced a separator created from a blended mixture of chitosan and 
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Figure 23.3  (a) Schematic illustrations of the preparation of Lig/SWCNT/HrGO film and self-
enhancing BC/MCC hydrogel for wearable supercapacitor. (b) The Lig/SWCNT/HrGO film, (c) BC/MCC 
self-enhancing hydrogel and (d) flexible supercapacitor under bending, rolling, twisting and double 
folding situations. Reproduced with permission [35]. Copyright 2020, American Chemical Society.
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chitosan/poly(ethylene glycol)-ran-poly (propylene glycol) [Ch/poly(EG-ran-PG)] in a 
1:1 weight ratio. SEM imaging confirmed the exceptional properties of this fabricated 
membrane, including excellent thermal stability and enhanced tensile strength with a 
layered structure containing pores of 2–7 μm in diameter.

In recent years, eggshells becoming an important biowaste and are composed of a hier-
archical macroporous 3D network and calcified shell with layered assembly. Typically, 
organic eggshell membranes (ESM) contain collagen types I, V, and X, as well as glycosa-
minoglycans, sialoprotein, and several other chemical functional groups, such as amino, 
carboxyl, and hydroxyl groups, which have become of interest for biomass-based superca-
pacitors. Natural eggshell membranes are made up of three distinct layers, the outer shell 
membrane, an inner shell membrane, and the final one is the limiting membrane. This 
limiting membrane surrounds the egg white and the outer shell membrane, which can be 
easily isolated from eggshells and possesses a high decomposition temperature of >220 °C 
and strong mechanical strength, making it a promising contender to replace traditional 
filter-based separators in supercapacitor applications [43–48]. For example, Yu et al. [47] 
prepared eggshell membrane as a separator from biowaste egg shells. Initially, they washed 
the eggshells with deionized water (DI) and manually removed the particular limiting and 
inner shell membranes. Then the remaining eggshell was treated with 1 M HCl acid result-
ing in a CaCO3 free organic membrane. They characterized the prepared sample using 
different analytical techniques. SEM imaging confirmed the presence of a macroporous 
structure with a pore diameter of 1–3 μm. The TGA and tensile stress-strain curve 
(Figure 23.4) confirmed that the prepared membrane was thermally stable and possessed 
such mechanical strength as a potential separator that is required for high performing 
supercapacitor applications.

In addition, low water absorption and minimum degree of swelling of manufactured 
ESM supported its applicability as a supercapacitor separator. In another report, Das et al. 
[43] also used the procedure mentioned above with a slight difference to prepare ESM. 
They initially washed and cleaned the eggshells with cold water to remove white albumin 
attached to the raw eggshell membrane and yolk. They then used a 10% (v/v.) HCl acid 
treatment on the washed eggshell and converted it into an organic eggshell membrane by 
etching away the CaCO3. Then the ESM was rinsed with acetone and 2-propanol then dried 
and used as a separator. In another study, a binary combination of maleic anhydride (MA) 
and polyethylene glycol-lignin (PEG-L) in a glove box under a nitrogen atmosphere with 
varying charge ratios was cast in a mold cavity containing poly(tetrafluoroethylene) (PTFE) 
film, followed by coating with another sheet of (PTFE) film. In this case a hydraulic hot-
press machine was used to melt the mixture in the (PTFE) film mold, while polycondensa-
tion occurred at 200 °C for four hours under a pressure of 5 MPa. After cooling, the resultant 
bipolyester film was scraped from the (PTFE) mold and collected. It was then cleaned with 
acetone and utilized as separator material after removing the solvent by dry filter paper, 
whilst complete drying was done by keeping it over P2O5 in a vacuum oven at 50 °C under 
reduced pressure overnight. The resultant film showed a maximum tensile strength of 
45.6 MPa and a maximum tensile modulus of 2.4 GPa, respectively, at a charged molar ratio 
of 6.6/3.4 [48]. A terpolyester film was prepared using a mixture of NaCl, polyethylene 
glycol (PEG) (500,000), and MA and PEG-L under nitrogen pressure in a glove box. The 
terpolyester film was obtained by maintaining the above conditions; the use of NaCl was 
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responsible for the porous structure of terpolyester film. This terpolyester film possessed 
excessive elongation (94%) of all the films examined and was flexible enough to fold like a 
paper without breakage. Both the bipolyseter and tripolyester film were used as a separa-
tor, where tripolyester film showed enhanced capacitance values [49]. The hot-pressed 
condition was also used in other research to prepare a quaternary-based flexible separator 
film. To prepare 2,2,6,6–tetramethylpiperidine–1–oxyl (TEMPO) oxidized cellulose 
nanofiber (TOCN) lignin-based polyester film (LPF) (TOCN-LPF), a quaternary mixture of 
polyethylene glycol-lignin (PEG-L), polyethylene glycol with a molar mass of 500 kDa 
(PEG500k), maleic anhydride (MA), and TOCN was blended and hot pressed under 5 MPa 
at 200 °C for four hours. Finally, after hot pressing under the specified conditions, a NaCl 
combination with TOCN-LPF generated a porous TOCN-LPF film. The prepared film 
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Figure 23.4  (A) TGA curve of the ESM and (B) tensile stress-strain curves of the ESM and PP. 
Reproduced with permission [47]. Copyright 2012, Elsevier.
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exhibited excellent tensile strength, higher thermal stability, higher viscoelastic moduli, 
and the highest strain energy density for 1%-TOCN-LPF [50]. Similarly, various separator 
films were also prepared using sources of raw biomass such as soybean leaf [38], orange 
peel [51], kelp [52], rice straw [24], wood pulp [53], silk fiber [32], and fish swim bladder 
[54]. Sun et al. [51] used orange peel to assemble a supercapacitor. Orange peel inherently 
contains a natural porous channel structure with a porosity of 74.6%, which is undoubtedly 
high enough to allow the electrolytic ions to pass easily. This porous structure added an 
extra benefit to the separator (Figure 23.5) [51].

Islam et al. [24] used rice straw as a biomass source to prepare cellulose nanofibrils 
(CNF) membranes. The step-by-step synthesis method of this process involved initially 
preparing bleached pulp from dried rice straw by alkali treatment, washing and acid treat-
ment. Then CNF was obtained by TEMPO oxidation of dried, bleached pulp (microcellu-
lose). Finally, the CNF membrane was obtained by casting the CNF solution into a mold of 
12 cm × 12 cm, followed by drying in the oven at 45 °C for 12 hours and maintaining a 
continuous air flow. Different CNF membrane thicknesses were obtained by varying the 
concentration of poured CNF solution. FTIR and XRD analysis indicated the formation of 
the CNF membrane from the TEMPO oxidation method. The higher thermal stability of 
prepared CNF was obtained from TG and DTG analysis.

The TEM picture clearly reveals a well-distributed CNF with a consistent dimension 
of roughly 10 nm in width. This indicates that to generate a more uniform CNF, TEMPO-
mediated oxidation is a suitable approach for defibrillating and separating the 

Figure 23.5  Schematic illustration of utilization of orange peel for fabricating supercapacitors. 
Reproduced with permission [51]. Copyright 2018, Elsevier.
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micro-sized cellulose. In another report, Tan and his colleagues [32] created silk nanofi-
brils (SNFs) directly by liquid-exfoliating genuine silk strands. They first degummed 
silk threads from Mori cocoons by boiling them in a 0.5 wt.% Na2CO3 solution for 30 
minutes. The protein denaturant deep eutectic solvent (PD-DES)-exfoliated silk 
nanofibers were then made by combining PD-DES with degummed Bombyx mori silk 
fibres. The high-yield SNFs were prepared by sonicating the silk/water combination. 
The sonication was conducted for four hours at 40 kHz frequency in a KQ- 400DE ultra-
sonic bath (400 W) and to keep the bath temperature at room temperature during soni-
cation, a water-cooling coil and an ice bath were adjusted and followed by centrifugation. 
Finally, dispersed SNFs were vacuum filtered using nylon filtration membranes having 
a pore size of 0.2 μm and diameter of 5.0 cm to yield SNF membranes for the superca-
pacitor separator. SNF membranes were made up of tightly packed nanofibrils. Again 
the fibrous and linked porous structure with pores ranging from 100 to 200 nanometers 
was confirmed by SEM image. Furthermore, nano-fibrillated cellulose (NFC) and cel-
lulose nanocrystal (CNC) are employed in the supercapacitor as a solution-processed 
separator layer [55].

23.3 Application of Biomass-based Separator in Supercapacitors

As a part of supercapacitor devices, separator film is used to prevent short circuits and 
pass ions from one side to another. A literature survey found that separator film pre-
pared from biomass exhibited excellent super capacitive performance. It also found that 
cellulose film and its derivative from biomass are primarily prepared and used as separa-
tors. In these circumstances, Xu et al. [36] proposed porous cellulose separators for 
supercapacitor application, which also has special properties like transparency and is 
renewable. This was prepared via the phase-inversion method with 1-Allyl-3-
methylimidazolium chloride as a solvent. The supercapacitor constructed with the pre-
pared separator film exhibited excellent capacitive behaviour. They optimize cellulose 
concentration during separator preparation via super capacitive performance. It was 
observed that the cellulose concentration of 7 wt.% exhibited higher charge-discharge 
efficiency of 98.58% at 3 A g−1, lower equivalent series resistance of 0.5 Ω and areal capac-
itance of 1.15 F cm−2 at 5 mV s−1. In another research, Lv and coworkers [56] prepared a 
flexible integral separator for a supercapacitor device based on bacterial cellulose (BC). 
Conductive polyaniline (PANI) was deposited on BC by peeling off one side of multi-
layered PANI/BC and filtering KOH-activated pyrolysis PANI/BC (KPBC). The digital 
structure is shown in Figure 23.6. The bacterial cellulose was employed as the integrated 
electrode-separator matrix to decrease the inner resistance (2.48 solution resistance), 
and increase cycling capabilities (remaining 100% through 2500 charge/discharge 
cycles), which can be attributed to having a linked network structure. Figure 23.6e-h 
shows the entire device’s construction and flexibility.

The areal-specific capacitance (Csa), volumetric capacitance and mass-specific capaci-
tance were found as 43 mF cm−2, 28.3 F cm−3, (Csp) and 54.4 F, respectively at the cur-
rent density of 0.1 A g−1. The tensile strength of the film supercapacitor was also proven 
to be good. Furthermore, lighter, and thinner supercapacitors are readily available, and 
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supercapacitor production is straightforward, low-cost, and convenient. Moreover, to fab-
ricate an asymmetric supercapacitor the eggshell membrane (ESM) was also used as a 
separator material. The AC-300//n-ESM//MnO2/AC-KOH asymmetric supercapacitor was 
cycled reversibly in a voltage region of 0–1.5 V in 1.0 M Na2SO4 electrolyte, which showed 
an energy density of 14 Wh kg−1 and an exceptional power density of 150 W kg−1. In 1.0 M 
Na2SO4, the supercapacitor also exhibited a high specific capacitance of 478.5 F g−1, and the 
natural ESM-based bio separator has an excellent ion conductivity and cycle life [45]. In 
another study, a supercapacitor was built employing ESM as a separator, carbon nanotubes 
(CNT) ink coated ESM as electrodes, and KOH as an electrolyte. At a phase angle of -45°, 
the developed ESM-based capacitor displayed a frequency response as rapid as 4500 Hz. 
The high-frequency capacitor maintained an approximately rectangular form in the cyclic 
voltammogram even at the scan rate of 1 kV s−1 and had outstanding cycling stability of 
98.6% after 200,000 cycles [43]. Wang and his colleagues [51] utilized biomass resources 
in supercapacitor applications to maximize environmental and economic benefits. Their 
study used orange peel (mesocarp) as a separator, while orange peel juice with PVA as 
an electrolyte and orange peel-derived monolithic porous carbon as electrode material. 
The constructed supercapacitor from easily available orange peel resources showed a high 
areal capacitance of 3987 mF cm−2. In another study, Islam and coworkers [24] prepared 
a cellulose nanofibril separator from rice straw biowaste and constructed supercapacitor 
devices. By optimizing the thickness of the prepared cellulose nanofibrils separator dur-
ing characterization, they found that a thickness value of 30 μm had a higher percentage 
of porosity with a uniform pore distribution and the highest percentage of mesopore and 
higher electrolyte uptake ability. The separator film of 30 μm thickness exhibited the high-
est capacitance value of 150.7 F g−1 with a high energy density of 30.2 Wh kg−1 and power 
density of 240.0 W kg−1 at a current density of 0.1 A g−1 in a 1 M Na2SO4 electrolyte solution. 

Figure 23.6  Digital pictures of (a) dried PANI/BC//BC film, (b) different peeled layers from one 
side of PANI/BC film, (c) wet PANI/BC//BC film. (d) Schematic of ions diffusion in the PANI/BC//BC 
film. (e) one side of KPBC/CNT, (f) the other side of PANI/BC, (g) the flexible PANI/BC//KPBC/CNT 
film, (h) the all-solid-state flexible supercapacitor made by PANI/BC//KPBC/CNT film. Reproduced 
with permission [56]. Copyright 2017, Elsevier.
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Furthermore, the biomass-derived separator-based supercapacitor cell showed excellent 
capacitance retention and coulombic efficiency (100%) over 5000 cycles.

23.4 Conclusions

Supercapacitors play an essential role in energy storage/conversion application because of 
their simple principle, pulse power supply, enhanced cyclic stability, and high dynamic of 
charge propagation. Electrode materials, electrolytes, and separators are essential parts of 
supercapacitor design. Separators properties such as porous structure, electrolyte uptake, 
chemical and electrical stability, thickness, flexibility, ionic conductivity, and thermal sta-
bility, play a crucial role in supercapacitor performance. A separator film from biomass 
sources is gaining tremendous attention for supercapacitor devices and can be a potential 
candidate for commercialization. This chapter provides a glimpse of the preparation of 
separator membranes from biomass and their application in supercapacitor devices. 
However, for future research on preparing separator membranes from biomass, we should 
focus more and more on the properties mentioned above. The thickness of the separator 
film should be based on its porous architecture (more porosity with a small pore diameter) 
as lower porosity and bigger pore size have a negative impact on the supercapacitor perfor-
mance. We also should keep in mind that the separator film should be chemically and 
electrochemically inert, especially to the electrolyte during the supercapacitor separator 
film design from biomass.

Flexibility is an essential parameter for portable and wearable electronic devices; hence 
this should also be kept in mind during separator film and corresponding supercapacitor 
device fabrication. Also, facile electrolyte movement and comparable ionic conductivity 
are crucial properties of an ideal separator film. Hence, the separator film prepared from 
the biomass should possess a higher electrolyte uptake property and highly ionic conduc-
tivity. Most of the research focuses on cellulose-based separator membranes, and the future 
direction of protein, starch, chitosan, and lignin-derived separator can be focused exten-
sively. The other biomass sources, such as trees, plants, fungi, algae, and other biowaste 
containing abundant cellulose, protein, and starch, should be included in bringing future 
research into preparing separator films. There is also a lot of potential for future research 
into the extraction process of biomass-based chemical components such as cellulose, 
lignin, and chitosan, which are converted into separator film. Finally, an environmentally 
benign, cost-effective ideal separator film with excellent capacitive behaviour is a prerequi-
site for future research on biomass-based separator film and its application as supercapaci-
tor devices.
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24.1 Introduction

Supercapacitors (SCs) are capacitors with increased capacity and substantially higher 
capacitance than conventional capacitors. Its lower voltage limits essentially bridge the 
chasm between rechargeable and electrolytic capacitors. Compared to electrolytic 
capacitors, SC’s energy storage capacity per unit volume or mass is typically 10 to 100 
times more. Additionally, SCs have a significantly faster charge transfer rate than con-
ventional batteries and can withstand more charge-discharge cycles than rechargeable 
batteries [1].

Various applications, such as uninterruptible power supply, electric vehicles, home and 
communal energy storage, demanded the commercial development of ecofriendly, bio-
mass-derived, and cost-effective electrical energy storage devices [2–8]. Equivalent series 
resistance (ESR) is a predominant factor that commonly determines the potentiality of 
those devices [9, 10], and reduction of ESR of SCs means the output capability of the devices 
reaches its theoretical limits. Finding the mechanism for lowering ESR of SCs and develop-
ing activity is one of the recent focuses of research in this area [10]. The preparation of 
electrodes with minimum internal electrical resistance is a crucial way to decrease ESR. 
Careful selection of additives, conductive materials, and carbon sources for the electrode’s 
active materials (AM) can effectively resolve this issue. These substances are needed for 
pliable electrodes, effective binding materials, and packaging materials.

The performance of SCs is correlated with other key variables, such as the highest spe-
cific power, as well as a comparison with other batteries. It has been found that common 
SCs have a high specific power maximum of about 2–3 kW kg−1, whilst batteries have a 
maximum of about 400 W kg−1. But a drawback of SC is its lower limit of specific power 
(about 4–5 Wh kg−1) compared to batteries (about 35–40 Wh kg−1) [11]. Importantly, SCs 
life cycle (more than ~100000 cycles) is much higher than batteries (~1000 cycles). 
Moreover, the charging and discharging of SCs can be completed quickly. Therefore, both 
SCs and batteries are used in electrical power systems.
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The overall efficiency and safety of the SCs depend on the components of binding mate-
rials. The feature of binding materials can control and the production capability and effi-
ciency using various methods of energy storage devices. The properties of binders, such 
as porosity, pore size and shape, and zeta potentials, should be evaluated carefully to 
improve the lifetime of energy storage devices. Nowadays, the safety issue of energy stor-
age devices and supercapacitors has drawn great attention worldwide. In order to improve 
the safety performance of energy storage devices/supercapacitors, many safety devices 
and actions have been developed, such as pressure release vents, thermal fuses, positive 
temperature coefficient (PTC) shutdown separators, and non-flammable electrolytes, etc 
[12]. Even though these components have greatly improved the safety performance of 
Li-ion batteries, 100% prevention of thermal runaway of energy storage devices/superca-
pacitors has still not yet been realized. Especially after end-of-life (EOL), the spent energy 
storage devices/supercapacitors are in a mixture of different conditions. Their safety 
devices are frequently defective and cannot prevent fire incidents. Depending on precau-
tions and packaging, these devices can go into thermal runaway during transportation 
and storage. The further progression of the incident is heavily dependent on the sur-
rounding conditions, especially the thermal insulation materials, which need to be inves-
tigated scientifically. Thus finding suitable packaging material that can prevent the 
thermal runway is significant.

This chapter demonstrates how improvements in the quality and assembly of the bind-
ing materials and packaging materials can allow commercial SCs to achieve higher specific 
power. To do so, this chapter discusses the binding materials and packaging material’s role, 
types, functions, and futures and, importantly, focuses on preparing binding materials and 
packaging materials from natural sources or biomass to develop SCs.

24.2 Binding Materials/Binders

24.2.1 Principle of Binders

Binding materials sustain a strong link between the electrode and the active material 
particles within the electrode of energy storage devices. These binding materials are usu-
ally inert and play an essential part in developing the energy storage device. The selection 
of binding materials is correlated with the AM of electrodes. Binders have long been 
made by mixing with the powdered active electrode material, which performs two roles. 
First, maintaining the electrode material’s structural integrity and second, improving 
adhesion properties between the active electrode material and current collector. This 
means that the binder should hold all particulate matter in close proximity without 
degrading the porosity and without reducing the ionic conductivity on the working elec-
trode surface [13]. The electrode binder percentage usually differs between 5⁓20 wt.%. 
But in a few cases, a stable electrode requires a higher binder concentration [14, 15]. 
Traditional binders such as poly(vinylidene fluoride) (PVDF) and polytetrafluoroethyl-
ene (PTFE) are usually electrical insulators, therefore using a large amount would 
undoubtedly lower the electrical conductivity of the electrode, ultimately improving ESR 
and decreasing the SC performance. Types of novel binders and production methodolo-
gies have been researched with the aim of reducing the internal electrical resistance of 
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SCs. Typical binders are metal nanoparticles, sulfur for nano-carbon (like nanotubes or 
nanofiber) electrodes [16], a mixture of ionic liquids (acts as a unique plasticizer), and 
polymer like poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) [17], natural 
cellulose [18], and conductive polymers and their derivatives [19]. A few of those con-
ducting polymers, such as traditional PVDF and PTFE, can dissolve only in toxic and 
environmentally dangerous organic solvents. In addition to environmental concerns, it is 
beneficial for the methods used to result in electrodes that consider water-soluble materi-
als as binders as they allow for easy dispersion [20] and wetting when the electrolyte is an 
aqueous solution [21]. Researchers have looked into a wide range of binding materials, 
including polyvinyl alcohol [21], acryl S020 [22], and carboxymethyl cellulose [23], that 
are used in industrial processes for the fabrication of carbon electrodes, but they are sus-
ceptible to bacterial growth [22]. However, sodium carboxymethyl cellulose, lithium car-
boxymethyl cellulose, and xanthan gum are electrically nonconductive cellulose-based 
salts. Additionally, the usage of poly (3,4-ethylene dioxythiophene), a costly binder that 
is electrically conductive, was examined [24]. Also, polyacrylic acid, nafion, polyvinyl 
pyrrolidone, and conductive polymers like polyaniline and polypyrrole have also been 
employed as the binder for SC fabrication [25–28]. Literature suggests that the perfor-
mance of the SCs is considerably affected by the binding material and type of binder used 
[29, 30]. Summarizing the research articles mentioned above and patent applications, it 
can be said that high-performance electrodes for SCs that are capable of stable operation, 
low ESR, and high capacitance are still needed. Also, it is necessary to find cost-effective 
electrode fabrication techniques as well. Biomass-based binding materials can be a suit-
able choice for research or investigation because they can improve the performance of 
SCs and make them environment-friendly.

24.2.2 Importance of Binding Agents in SCs

A literature review has already established that, in contrast to the significant improvement 
of other components for the SCs, the proper selection of binders and binding agents is cru-
cial in improving the cycle efficiency and electrode mechanical properties [31–33]. To pre-
vent active materials from detaching during electrode operation, binders bind conductive 
agents and AMs together and cohere with electrode material substrates. The function of 
the binder should offer sufficient strength during electrode creation and suitable pore 
diameters. However, cohesive or binding chemicals invariably cover some pores or surface 
regions of active materials. Therefore, the electrochemical performances of SCs will be 
directly influenced by the characteristics of binders and their content in the electrodes [34]. 
Thus, to make SCs ecofriendly and cost-effective, selecting an appropriate binding agent 
from biomasses is crucial.

24.2.3 Biomass-derived Binding Agents for SCs

An important aspect of selecting a suitable binder is how to hold all particle debris in close 
vicinity without reducing not only ionic conductivity but also the porosity of the electrode 
[35]. Here, a brief description of the biomass-derived binding agents recently used is dis-
cussed below. From the literature, it was found that biomass-derived binders used are nat-
ural polysaccharides (arabic gum (AG) and xanthan gum (XG)) [36], cellulose fiber (kraft 
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pulp) [37], nanocellulose [38], starch [39], chitosan [40], and PS/GG (potato starch/guar 
gum) mixture [41]. Other biomass-derived polysaccharides with similar properties should 
be investigated as binding materials to improve SCs further.

24.2.3.1 Natural Polysaccharides (AG and XG)
Water-soluble biopolymers made from natural polysaccharides are more affordable and 
environmentally benign than other organic binders. By improving the transportation of 
electrolyte ions, polysaccharide-based binders can boost the capacity of the electrode. [24] 
AG and XG are natural biopolymers that consist of polysaccharides. The molecular for-
mula shown in Figure 24.1 indicates the presence of negatively charged hydroxyl and car-
boxylate groups on these biopolymers. These functionalities are essential components for 
the binders to produce significant flexibility, better adhesive properties, and significant 
electrode-electrolyte contact within the electrodes [42].

Figure 24.2a–2d shows the SEM images of hybrid mixture, MoO3/CNT, and electrodes 
under different states. The TEM of the MoO3/CNT hybrid (Figure 24.2a inset) clearly 
demonstrates the small MoO3 nanoparticles affixed to the CNTs’ exterior surface and 
inside the tube. MoO3/CNT/Ni combined with XG and AG binders represents the Mo/C/
Ni, Mo/C/NiAG, and Mo/C/Ni/XG, respectively. According to the Mo/C/Ni morphology 
(Figure 24.2b), the Ni foam’s pores on the outside and inside have both been sonochemi-
cally coated with a thin layer of MoO3/CNT hybrid. Natural binders were used to coat the 
Ni foam with a more MoO3/CNT hybrid, as seen in Figures 2c and 2d.

The electrochemical behavior of Mo/C/Ni/XG and Mo/C/Ni/AG is shown in Figure 24.3. 
The CV curve of the Mo/C/Ni electrode is shown in the figure alongside two other elec-
trodes (Mo/C/Ni/AG and Mo/C/Ni/XG) made use of natural polysaccharides as binders 
within 0.15 to 0.45 V potential range and 5 mV s-1 scan rate. It can be seen that the peak 
areas of the natural polysaccharides modified electrodes (Mo/C/Ni/AG and Mo/C/Ni/XG) 
are higher than the unmodified electrode (Mo/C/Ni). That means that the addition of 
natural polysaccharides improves supercapacitive performance in the electrodes. The 
unmodified electrode has a lower specific capacitance than the modified electrodes. Due 

Arabic gum (AG) Xanthan gum (XG)

M+=Na+, K+, 1/2Ca2+

Figure 24.1  The forms and molecular formulas of AG and XG.



Figure 24.2  SEM images of a) hybrid mixture MoO3/CNT, b) bare electrode, c) AG, and d) XG 
electrodes. Reproduced with permission [36]. Copyright 2020, Springer.

Figure 24.3  Cyclic voltammograms of the three electrodes: unmodified (Mo/C/Ni), and modified 
(Mo/C/Ni/XG and Mo/C/Ni/AG), respectively, at 5 mV s−1 scan rate. Reproduced with permission [36]. 
Copyright 2020, Springer.
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to the strong ionic conductivity of the charged biopolymers the electrode-electrolyte con-
tact is improved, and capacity is increased.

24.2.3.2 Cellulose Fiber (Kraft Pulp)
Cellulose and its derivatives are widely employed in several applications as binding 
agents and dispersion agents. An environmentally beneficial substitute for oil-based 
polymer binding agents is cellulose-based binders. The electrical resistance of elec-
trodes made of refined fibers or kraft pulp was the smallest. Surprisingly, the specific 
capacitances of all electrical double-layer capacitors (EDLCs) were comparable, with 
the cellulose nanofiber EDLC having a specific capacitance value a little lower [37]. 
Figure 24.4 shows the molecular structure of kraft pulp. Figure 24.5 shows the current 
vs. potential curves from the CV observations of the EDLC. The observations of CV 
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Figure 24.4  The form and molecular formula of kraft pulp, used as cellulose binders.

Figure 24.5  CV of electric double-layer capacitors at 100 mVs−1 with electrodes made of cellulose 
from kraft pulp. Reproduced with permission [37]. Reproduced in accordance with the CC BY-NC-ND 4.0 
license. Copyright 2018, Andres et al., published by Elsevier.
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behavior confirmed the occurrence along with charging and discharging. The used 
CNFs from the highest quality of cellulose were predicted to work best as a binder and 
dispersant. However, given that CNFs show the maximum electrical resistance owing to 
the production of CNF films on the electrode surface, our findings demonstrate that 
CNFs are not the optimum material to utilize for electrodes. Thus, these dispersions 
must be refined and dehydrated directly after their preparation. In conclusion, the use 
of microfibrillated cellulose (MFC), (2,2,6,6-Tetramethylpiperidin-1-oxyl) TEMP oxi-
dized fiber, including TEMP super fine as an electrode binding material for EDLCs is 
preferred since it is cost-effective and has significant dispersion stability as well as the 
best electrical properties [37].

24.2.3.3 Starch
Starch is considered the second most prevalent natural biomaterial: it is ecofriendly 
(because it is renewable and biodegradable), affordable, and generally accessible [43–45]. 
As a result, starch has been employed as a binder and an adhesive in various sectors for 
many years [46]. The molecular formula and functionalities of starch is shown in Figure 24.6 
below.

The electrodes with starch binders were repeatedly charged and discharged within 0.0 
to 0.25V at a current of 25 A g−1 to determine their long-term stability. As shown in 
Figure 24.7, the magnitude of capacitance (solid green curve) after 50,000 cycles (capaci-
tance retention of 95% in comparison with the initial value) and coulombic efficiency of 
98% indicates that starch may be used as a conductive glue and electrode binder in EDLCs 
with extended life spans [39].

24.2.3.4 Chitosan
Chitosan is a naturally derived polymer from chitin that is strongly N-deacetylated. 
Chitosan is a linear polysaccharide that is generated from the exoskeleton of crustaceans, 
and from fungus, and insect carapace chitin deacetylation. It mainly consists of uniformly 
distributed -(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine units [47, 48]. The 
functionalities of the chitosan structure are shown in Figure 24.8. A chitosan binder exhib-
ited higher thermal stability up to 200 °C. Due to its simplicity of manufacture, low cost, 
high surface area, and flexibility, chitosan is a good choice as a binder material [49]. 
Because of chitosan’s superior matrix ion adsorption, non-toxicity, and high retention 
capacity, using it as an electrode binder offers certain benefits to batteries, including solid 
electrochemical performance [50].

Starch Molecular formula
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Figure 24.6  The form and molecular formula of starch as binders.
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Figure 24.7  Starch-based EDLC cells cyclability within 0.0⁓2.5 V range with a current density 
of 25 A g−1 and 1 mol L−1 TEABF4 in an electrolyte of ACN. The solid and dotted lines, are used to 
illustrate capacitance levels and coulombic efficiency, respectively. The electrode material is made 
up of 80 weight % activated carbon (YP 80F), 10 weight % carbon black (Super C65), and 10 weight 
% starch. Reproduced with permission [39]. Reproduced in accordance with the CC-BY-4.0 license. 
Copyright 2019, P. Jeowski et al., published by MDPI.

Figure 24.8  The form and molecular formula of chitosan as binders.

The capacitive value of the graphene-chitosan-based electrodes was investigated at scan 
speeds from 5 to 100 mV s−1, by observing CVs (Figure 24.9) [40]. All of the graphene elec-
trodes with various weight % of chitosan binder also at a higher scan rate (100 mV s−1) 
demonstrated their quasi-rectangular CV behavior, a manner typical of carbon-based 
materials [34]. The CV curve incorporated regions increase with scan rates.

The CV and galvanostatic charge/discharge (GCD) curves were run under various bend-
ing situations (0˚, 90˚, 180˚, and restored state) to show the graphene electrode’s flexibility 
and stability with a 10 wt% chitosan binder (Figure 24.10) [40]. The schematic illustrations 
show how graphene adheres to nickel foam at the bending point. It demonstrates the 
bond’s tensile strength and shows no peeling behavior when being bent (Figures 24.10b 
and 10c). Figure 10d proved a strong connectivity between graphene and Ni foam by the 
chitosan binder, due to similar binder morphology at various bending states from the ini-
tial condition in terms of cracking or peeling effects. Previous studies have suggested that 
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the hydrophilic (-COOH and -OH) functional groups can be hydronated to polycationic 
material in acid conditions, producing the connection between graphene sheets through 
strong bonding [51]. This procedure involved making a slurry of graphene and chitosan in 
acetic acid. As a result, significant bonding and dispersion were observed between gra-
phene and chitosan, making chitosan a fantastic binder for the graphene electrode. The 
bending process barely changes the physical characteristics of the samples. The samples’ 
structure can be completely reversed back to its original form. The electrochemical perfor-
mance is unaffected by the modest differences in the CV curves of 10% electrodes in various 
bending states (Figure 24.10e). All of the conditions resulted in the same shape of the 
curves; however, the current varied slightly. The bending operation does not significantly 
affect the efficiency of the GCD, indicating that the manufactured material has outstanding 
bending performance and may be a great choice for a wearable device (Figure 24.10f).

24.2.3.5 Potato Starch/ Guar Gum (PS/GG) Mixture
Guar gum (GG) is a natural polysaccharide from guar beans. GG varies from starches 
through its backbone composed of (1–4)-bonded D-mannopyranose units that carry short 
side chains as shown in Figure 24.11. Single (1–6)-bonded -D-galactopyranose units make 
up these side chains (Figure 24.11). GG is utilized in various applications, from food addi-
tives to hydraulic fracturing. It is recognized to significantly enhance the viscosity of low 
concentration solutions in which the solvent is water [52]. The main components of potato 
starch (PS) granules are the polysaccharides amylose and amylopectin, which are packed 
closely together. The main linear component is amylose, which makes up 20–30%; never-
theless, some of it is slightly branched.

The most promising mixing ratio for PS/GG is 3:1, denoted as PS75/GG25. The electro-
chemical properties of the PS75/GG25-based electrodes were investigated and found to 
be satisfactory when used as the electrode [41]. The top curve in Figure 24.12 depicts the 
electrochemical signal for a completely empty Al current collector. In this illustrative test, 
the cyclic voltammograms display an oxidation peak (irreversible) caused by the dissolu-
tion of aluminum and subsequent loss with multiple cycling due to passivation events. 
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Figure 24.9  CV curves of the graphene-chitosan electrode at various scan rates (a) with 5 wt% 
and (b) with 10 wt.% chitosan binder proportions. Reproduced with permission [40]. Reproduced under 
terms of the CC BY-NC-ND 4.0 license. Copyright 2021, Salleh et al., published by Elsevier.
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Figure 24.10  An electrode made of (a) graphene and chitosan (10%), (b) the electrode being 
bent at various angles, (c) a schematic diagram, (d) an SEM image of the electrode, (e) CVs, and (f) 
GCDs of graphene and chitosan (10%) at various bending states. Reproduced with permission [40]. 
Reproduced under terms of the CC BY-NC-ND 4.0 license. Copyright 2021, Salleh et al., published by 
Elsevier.
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Figure 24.11  The forms and molecular formulas of GG and PS used as binders.

Binder-coated Al electrodes also exhibit the same oxidation peak in the voltammograms, 
where the onset is founded at potentials much earlier. Reduced current was recorded dur-
ing multiple cycles, signifying passivation, occuring with binder-coated Al electrodes. At 
last, the binder was found to be unreactive towards any of the employed electrolytes [41].

Electrochemical impedance spectroscopy (EIS) studies on PS75/GG25-based AC electrodes 
were carried out to examine the effects of the binder. A number of electrochemical cells were 
examined using CMC and PS75/GG25 electrodes with active material loadings of 3.5 mg cm−2 
(standard loading) and 7.0 mg cm−2 (high loading). The EIS of the prepared electrodes is shown 
in Figure 24.13. Even though the standard loading system’s overall impedance differs from the 
high loading system, the impedance spectra of the electrodes (Figure 24.13A, 24.13B) may be 
characterized by the same circuit (see Figure 13C). Interestingly, high-loading-type cells exhibit 
two distinct semicircles in the same frequency range (see Figure 13D). This suggests that the 
electrode layer/current collector interface could still be improved, as the EIS results show a 
minor electrode resistance disadvantage for PS75/GG25 against CMC.

The voltage hold trial is shown in Figure 24.14A. The PS75/GG25 electrodes clearly allow 
for capacitance retention performance that is on par with CMC. It is correct for the high-
loading electrodes that exhibit a somewhat elevated equivalent series resistance. Thus, this 
type of high-loaded electrode can significantly enhance the active material/current collec-
tor ratio without affecting performance. The same kind of coin cells were used to test the 
cycling performance of the electrodes, but they were subjected to quick, constant current 
charge/discharge cycles instead. As shown in Figure 24.14B, the findings demonstrate that 
the rate performance of electrodes based on PS75/GG25 is largely equal to those based on 
CMC. At very high currents, the capacitance of all cells is only slightly impacted. The cycle 
data as a whole clearly confirms that PS75/GG25 is the same as CMC, instead permitting a 
two-fold increase in mass loading.
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Figure 24.12  CV recorded for the binder in various electrolytes. Voltammograms, recorded at 5 mV 
S−1, of pristine and binder-coated Al electrodes in various electrolytes. Reproduced with permission 
[41] Reproduced under the term CC BY 4.0 license. Copyright 2020, Ruschhaupt et al., published by Wiley.

In conclusion, it was discovered that the best coating rheology could be produced from 
the 3:1 ratio of PS and GG, allowing for flexible high-mass loading electrodes with high 
solid contents. The bending tests for the survival of PS75/GG25 were up to 7 mg cm−2, dou-
ble that of carboxymethyl cellulose (CMC). SEM microscopy showed less crack formation 
during drying and good dispersion of the conductive additives and the active substance. It 
was demonstrated that PS and GG are stable at the average drying air temperatures, allow-
ing for quick drying. PS75/GG25 electrodes’ rate capabilities were quite comparable to 
those of CMC-based electrodes. Thus, PS/GG-based binders are a possible replacement for 
CMC. So it can be said that functional biomass-derived materials can be studied in detail to 
check their suitability as binding agents of SCs.
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24.3 Packaging Materials

24.3.1 Principle and Importance of Packaging Materials in SCs

When building flexible SC devices, the packaging strategy and materials are also crucial 
considerations because the encapsulation gives the devices mechanical support and shields 
them from the surroundings. Commercial SCs are produced by compacting the electrodes, 
separator, and electrolytes before wrapping them in flexible plastic, like polyethylene tere-
phthalate [53], which is a favoured material for conventional packaging. However, there 
are still a lot of issues that need to be resolved, such as pressure control during compres-
sion, ecofriendly packing materials, cost of packaging, and electrolyte leakage (particularly 
for liquid and gel-state electrolytes) [54]. The pictorial representation of SCs encapsulated 
by packaging material shown by Wang et al. in 2016 helps to realize the position and func-
tion of packaging materials in the SCs [55]. In the next section, we focused on packaging 
materials from biomass to solve most of the above-mentioned problems.

24.3.2 Biomass-derived Packaging Materials for SCs

Encapsulation of SC devices by biomass-derived materials protects the devices from the 
outside environment. It can easily decompose and mix with biological systems and soil 

Figure 24.13  EIS spectra of cells using CMC and PS75/GG25-based electrodes in 1 m TEA BF4 
in PC, UDC=0 V, UAC=5 mV. (A) The CMC-based electrodes’ spectrum with uniform loading. (B) 
The PS75/GG25-based electrodes’ spectrum with uniform loading. Modeling a circuit to fit the 
spectra in (A) and (B) where the semicircles are connected to the RQ element’s model of interfacial 
resistance processes (R2, CPE2). They have been linked to the contact resistance between the 
current collector and the carbon atoms. Higher R2 values can be seen in PS75/GG25. (D) Highly 
loaded PS75/GG25-based electrodes’ spectra. (E) A model of an equivalent circuit that fits the 
spectrum in (D). Reproduced with permission [41] Reproduced under the term CC BY 4.0 license. 
Copyright 2020, Ruschhaupt et al., published by Wiley.
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Figure 24.14  Performance of symmetric cells during cycling. (A) As voltage-hold trials progress, 
capacitance retention and ESR show increasing behavior. At regular mass loading (3.5 mg cm−2), 
PS75/GG25 electrodes displayed the same capacitance as CMC electrodes, and high mass loaded 
(7.0 mg cm−2) electrodes exhibited slightly enhanced ESR but the same capacitance. (B) Electrodes 
rate performance loaded with various binders. Reproduced with permission [41]. Reproduced under 
the term CC BY 4.0 license. Copyright 2020, Ruschhaupt et al., published by Wiley.

within a short time after disposing of the SCs. Thus, it is essential to find biomass-derived 
packaging materials and sources that can be used in the near future. The literature indi-
cates that gelatin from biomass has been mainly used as packaging materials. The gelatin-
based film exhibits excellent mechanical and barrier qualities, low production costs, 
biodegradability, and environmental friendliness [56]. A brief description is given below. 
Understanding this description could help us find other likely packaging materials.
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24.3.2.1 Gelatin
Collagens fromanimals’ bones and skin undergo hydrolysis to produce a gelatin. The 
extraction processes, animal types, age, and collagen types all significantly impact the 
physicochemical properties of the gelatin that is generated [57]. Two categories of gelatin 
can be distinguished based on the pretreatment of the gelatin during the extraction pro-
cess. Acid-treated pretreatment yields type A gelatin, which has an isoionic point of 6 to 9, 
and alkali-treated pretreatment yields type B gelatin, which has an isoionic point of 5. Gel 
tensile and viscosity properties of extracted gelatin are indicators of gelatin quality. The gel 
strength, commonly referred to as the “bloom” value, indicates how rigid and robust the 
gelatin is. It is also a reflection of the gelatin’s molecular weight, which is typically between 
30 and 300 bloom. A higher bloom value indicates greater gelatin strength. The typical col-
lagen sources from which gelatin can be derived are porcine [58], bovine [59], fish [60], 
poultry [61], and insects [62]. Gelatin sheets were employed as the packing materials in 
many food processes and medical capsulations [55]. The gelatin was digested (in situ) at 
room temperature of 25 °C when sheets of it were submerged in a simulated stomach fluid 
and moved in a horizontal direction [55]. A cross-sectional area of 160 µm x 1090 µm is 
observed in a gelatin sheet which expands due to the gastric fluid diffusion into the gela-
tin’s polymeric network, shrinks due to the gelatin’s digestion, and finally becomes identi-
cal to simulated gastric fluid after 2.5 hours. This gelatin sheet is considered to have been 
dissolved since it has no mechanical strength to function as a package. Due to the limita-
tion in the horizontal plane, the maximum strain is only 17% during this phase (swelling 
and shrinking) in the horizontal direction. In comparison, in the thickness direction, ε 
thickness is found to be 261%. This quasi-1D digestion process can be explained by a theo-
retical study considering the chemical reaction, mass diffusion, mechanical deformation, 
etc. Moreover, the above study showed good agreement between the experimental result 
and simulation results for the time evolutions of the strains (ε horizontal and ε thickness). 
Numerous earlier experiments conducted by various teams have demonstrated that 
crosslinking treatment extends the shelf life of gelatin in humid, acidic, and hot settings 
[63–65].

A new sustainable wood fiber-based packaging material called Paptic Tringa has been 
introduced by the recently finished sustainable innovations business Paptic. The manufac-
turer claims that it can be classified as new material as it does not contain paper, non-
woven, or plastic components. Paptic tringa is expecting to convince the consumers, brand 
owners, and merchants that it is the “best choice for sustainable and reusable packaging 
solutions”. Paptic claims that Paptic Tringa has a distinctive appearance and feel and sup-
ports all common printing and converting procedures. The usage of single-use plastic pack-
aging is ultimately reduced throughout the value chain thanks to the sustainable packaging 
material’s sturdy, resilient, and flexible characteristics.

Natural fibers like cotton and jute fiber can be considered as packaging materials. But 
one of the problems of cotton fiber is that its production is not environmentally friendly, 
consumes a huge amount of water, and emits greenhouse gases. Again, jute fiber is com-
monly rougher, uncomfortable, and has much lowering tensile strength than cotton fiber. 
Importantly natural fibers may show minimal conductivity. So additional research needs 
to be done to make it fully non-conducting, cost-effective, and improve its tensile strength. 
Besides this, non-conducting biomass-derived materials can be studied further to find 
other packaging materials.
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24.4 Conclusions

This chapter clearly establishes the importance and suitability of biomass-derived binding 
agents and packaging materials for developing environment-friendly SCs. The biodegrada-
bility, porosity, and cost-effectiveness make biomass-derived functional materials promis-
ing binding agents, and the additional non-conducting properties of biomass materials 
good as packaging materials for SCs. Materials like natural polysaccharides, cellulose fiber, 
nanocellulose, starch, chitosan, and potato starch/ guar gum mixture have been success-
fully utilized as binders. Biomass-derived gelatin having non-conducting properties is used 
successfully as a packaging material. Still, lots of biomaterials are available in nature, hav-
ing the required properties to allow them to be used as binding materials. A lot more 
research is needed to evaluate their suitability in SCs. Many insulating biomass-derived 
materials can be studied further to find more packaging materials. Jute fiber, cotton fiber, 
mucilage, wool, linen, pectin, and natural rubber can be studied in the future to check their 
suitability as binding and packaging materials. The future is highly promising for further 
improvements in the SC sector.
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25.1 Introduction

Due to the smart electronics industry’s ongoing development, there is a tremendous need 
for high-performance supercapacitors that are long-lasting, affordable, and lightweight for 
portable and smart electronic devices. Researchers have recently become more interested 
in designing and creating novel energy storage materials and supercapacitors as a result of 
the rapid growth in improvements in the creation of portable electronic systems. A poten-
tial energy source that could provide a long-term answer to the world’s energy needs is 
solar energy. The low cost, high efficiency, and specialized design of solar cell technology 
have led to its commercialization. Solar cell-based solar energy harvesting has been exten-
sively researched. However, the intermittent nature and variation in solar radiation is the 
main obstacle to the continuous real-time applications of solar cells because of their fluctu-
ating and unstable output power supply to the load. Integrating solar cells with superca-
pacitors can reduce the power output fluctuation, providing a constant and uninterrupted 
power supply to the load. In this regard, a few scientists have evaluated and demonstrated 
a combination of solar cells and supercapacitors as self-powering and energy-storage 
devices [1–3]. There has been much reporting on the electrochemical performance of elec-
tric double-layer capacitors over the past few decades [4–9].

The supercapacitor market is anticipated to reach US$8.3 billion in 2025 with a nearly 
30% compound annual growth rate (CAGR). When international renewable energy appli-
cations first entered the market in 2010, there were noticeable changes in the different 
categories of supercapacitors, as shown in Figure 25.1(a). This growth rate is attributed to 
the increasing demand for these supercapacitors in automotive applications, such as regen-
erative braking and start-stop systems for reducing fuel consumption. In the upcoming 
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years, hybrid supercapacitors are expected to experience exponential expansion [10]. 
Additionally, Figure 25.1(b) shows the distribution of supercapacitor consumption based 
on the type of industry categorized by revenue, which is often grouped into three catego-
ries. Information about the region’s base consumption is shown in Figure 25.1(c). The Asia 
Pacific (APAC) areas show the most significant contribution. The development of startups 
in this area stimulates market expansion. The industrial sectors in North America and 
Europe grew after APAC. Energy storage systems are widely used in Australia, Singapore, 
South Korea, and Japan in renewable energy projects. Government agencies in several 
Asian nations have also hybridized their transport networks, contributing to APAC holding 

Figure 25.1 (a) Global supercapacitor market, (b) consumption of supercapacitors based on the 
types of companies, and (c) consumption of supercapacitors by region. Reproduced with permission 
[10]. Copyright 2020, Elsevier.
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the lion’s share of the supercapacitor market. The principal cost of the material is found to 
be the main barrier to market expansion. Recently, some supercapacitors have incorpo-
rated graphene, a highly conductive substance that is more expensive than activated car-
bon. Despite the reasons impeding the market development for supercapacitors, much 
research is being conducted to reduce overall costs and increase the market’s adoption of 
supercapacitors [10].

Biomass is a naturally renewable and sustainable carbon precursor that could be easily 
converted to highly efficient carbon for supercapacitors. Although a lot of work has been 
done on developing biomass carbonaceous-based materials for supercapacitors, most of 
this carbon has only been tested in coin cells in the lab. Cylindrical or pouch cell devices 
have shown little commercial utility [11]. There are three primary packaging types – cylin-
drical cells, pouch cells, and coin cells – that are frequently used in manufacturing large 
supercapacitors. Electrode sheets and separators are rolled into cylindrical or prismatic 
hard case cells and spiral wound before being placed within the matching metallic cylinder 
or prism. Following electrolyte filling and final sealing, the current collector tabs are next 
soldered to the rolled sheets. These two designs are advantageous because they enclose the 
large-surface-area electrodes in a small casing, which reduces internal cell resistance, and 
because the metallic casing ensures the cell is moisture-free with a straightforward closure. 
The industry and the scientific community have recently focused a lot of attention on the 
prismatic pouch cell design as a potential alternative for supercapacitors. This design 
involves stacking electrodes, sheets, and separators one on top of the other inside a poly-
mer bag. The primary benefit of a pouch cell is its incredibly adaptable construction, which 
enables the stacking of any number of electrodes into the required configuration, provided 
that each soldered current collector tab is correctly connected to the corresponding termi-
nals in the cell. These parts are combined within a polymer bag to allow volume expansion. 
Thus, a high degree of cell capacity customization can be achieved without too many 
issues. The pouch cell design also has the lowest volume at the module level and the high-
est packaging efficiency of all the packaging designs, with a space utilization rate of up to 
95%. These characteristics lead to thinner devices with lower electrochemical series resist-
ance and higher energy and power densities than cylindrical cells in terms of volumetric 
and gravimetric calculations [12].

A supercapacitor’s size, type, and intended purpose must all be considered while packag-
ing it. Mobile electronics, such as phones, cameras, and other devices, use thin prismatic 
supercapacitors. PC-board and other items are stored in coin-type cans. The end plates of a 
supercapacitor must make good contact with its electrodes during packaging to lower elec-
trochemical series resistance. To prevent oxidation processes that could lead to gas evolu-
tion, the packaging must be able to protect the electrochemical system from oxygen and 
water vapor. The employed container must be capable of withstanding the pressure caused 
by the electrochemical breakdown. The container may occasionally have a weak spot built 
in for safety when there is a risk, such as an overcharge. The cell will be able to open softly 
as a result. Preferably, the container’s weight should be one-tenth that of the supercapaci-
tor cell [13]. This chapter discusses the market trends for biomass-based supercapacitors, 
the essential qualities of biomass that can be utilized in supercapacitors, the technology 
readiness level (TRL), as well as information on the characteristics of supercapacitor 
devices and applications made by a variety of researchers.
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25.2 Pre-requisites and Need for Biomass-based 
Supercapacitors for Industrialization

Biomass-based supercapacitors are expected to be part of the ongoing growth of energy 
storage devices for large scale in the near future. To play a part in such a rapidly grow-
ing industry, biomass-based supercapacitors should have long-term stability, high energy 
density, low cost, high power density, low toxicity, worldwide availability of materials, 
compatibility with the electrical device, easy modulation, be safe, and have excellent sus-
tainability. By having such outstanding characteristics, biomass-based supercapacitors can 
attract the market and will be used in various industrial applications. In order to enhance 
the electrochemical capabilities of energy generation and storage systems, carbon-based 
materials are now essential [4–6, 14–16]. As a result, the problem of source depletion for 
synthesizing these materials must be addressed, and researchers must devise imagina-
tive and practical solutions. Recent research indicates that biomass provides a real solu-
tion to address this problem, with a range of benefits. Reliable modifications are required, 
particularly for supercapacitors, and biomass-derived carbon-based materials are critical. 
Following significant research, it was discovered that a long-lasting, low-cost precursor 
is required for biomass to produce extremely porous carbon molecules. At this point, it 
should be emphasized that these technologies contribute to waste recycling in accordance 
with the win-win principle and do not only give a means of producing high-value sup-
plies. According to the studies, biomass materials improve the electrochemical adhesion 
of the ions, increasing the electrode’s specific capacitance and improving the supercapaci-
tor’s cycling performance and stability [7–9, 15–26]. The selection of biomass, the synthesis 
technique, the pretreatment, and the kind of supercapacitor are all critical aspects in man-
ufacturing biomass-based goods. Precursor material and pretreatment are essential factors 
because the precursor content and pretreatment technique heavily influence pore size and 
dispersion. Because heteroatom doping to biomass-derived materials provides exception-
ally high conductivity, composite materials are favored in many supercapacitor applica-
tions. Because a biomass-derived synthesis is a green synthesis technique, rather than 
using excessively risky chemical pretreatments [27, 28], the researchers should choose an 
acceptable precursor biomass material that has these qualities. Overall, biomass is a very 
beneficial resource for building the next generation of low-cost, environmentally friendly 
supercapacitor electrode materials.

25.3 Feasibility of Biomass-based Supercapacitors  
for Industry

Aside from a material aspect, several factors relating to electrode processing conditions and 
a cell assembly, such as electrode thickness/density, cell pressure, and pre-conditioning 
process, can significantly alter the performance of a supercapacitor cell as indicated by 
capacitance and internal resistance. A supercapacitor can be made in a few steps, which 
involve preparing a homogeneous mixture of components, creating an electrode layer on a 
current collector sheet, assembling the cells, and packing. To assess an electrode material 
in a full cell configuration in a laboratory setting, a pair of tiny electrodes with an area of a 
few cm2 or mF capacity are often packed in a coin cell or its derivatives, such as a Swagelok 
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cell. However, a demonstration of a large-capacity cell is required to assess the cell’s perfor-
mance from a practical standpoint and as a first step toward commercialization. A high-
capacity cell must be packaged in a pouch or cylindrical cell. Unfortunately, the published 
research offers little information, and the guidelines for producing a cell in such a con-
tainer are proprietary in the industrial domain. Recently, it has been reported that efforts 
have been made to scale up the size of supercapacitors to coin cells to an even larger for-
mat, notably a pouch cell, highlighting challenges with electrode preparation. The pouch 
cell packing appears to be the preferred format in literature due to its ease of use, low cost 
of processing, industrial compatibility, and minimal footprint design [29].

25.3.1 Coin Cell-based Supercapacitors

Coin cell-based supercapacitors are the easiest to fabricate using biomass-based materials. 
Karaman et al. [30] described a straightforward and affordable method for creating 3D gra-
phene line hierarchical porous carbon structures from agricultural waste materials with a 
finely controlled pore structure, a high specific surface area, and improved electrochemical 
activity (using orange peels). In order to provide comprehensive inspiration for the engi-
neering and design of high-energy, low-cost aqueous supercapacitors based on carbon net-
works made from biomass, this work integrates state-of-the-art advancement. Graphene-like 
porous carbon made from agricultural waste was used to make a coin cell-type symmetrical 
supercapacitor that was tested using both 12 M NaNO3 (water-in-salt) and 1 M Na2SO4 (salt-
in-water) electrolytes. The supercapacitor cell used in the water-in-salt electrolyte had a wide 
operating voltage range of 2.3 V. The measured power and energy density values were com-
parable to those of commercially available, high-performance double-layer electrical capaci-
tors. Developing high-rate electrochemical energy storage systems based on carbonaceous 
materials obtained from biomass will be made possible with the help of such fundamental 
discoveries. Kumar et al. [31] fabricated symmetrical coin cell supercapacitors using carbon 
derived from American poplar fruits. They tested in two different electrolytes, KOH (6 M 
aqueous electrolyte, up to 1.4 V) and 1 M Et4NBF4/AN (organic electrolyte, up to 2.5 V). The 
schematic representation for the fabrication of a coin cell-based supercapacitor (symmetric) 
is illustrated in Figure 25.2(a). The symmetrical coin cell supercapacitor under 6 M KOH 
offered a noteworthy 58.71 F g⁻1 specific capacitance at 1 A g⁻1 current density, 7.99 Wh kg⁻1 
energy density at 372 W kg⁻1 power density and additionally exceptional cyclic durability 
with conserved 80.2% of initial specific capacitance after 10000 GCD cycles. Meanwhile, the 
coin cell-based symmetrical supercapacitor under 1 M Et4NBF4/AN electrolyte exhibited an 
increased specific capacitance of 31.68 F g⁻1 at a current density of 1 A g⁻1, high energy den-
sity (13.75 Wh kg⁻1), and excellent cyclic durability with conserved 60.5% of initial specific 
capacitance after 10000 GCD cycles. The corresponding cyclic voltammograms, GCD curves, 
and cyclic stability of the fabricated coin cell-based supercapacitor in 1 M Et4NBF4/AN and 
6 M KOH electrolyte are given in Figure 25.2(b-e). The reported coin cell-based symmetric 
supercapacitor paper thus advises using waste American poplar fruit as a sustainable car-
bon source for the creation of hierarchical porous carbon for applications in energy storage 
devices. Similarly, in three different aqueous electrolytes, Misnon et al. [32] reported on how 
physically and chemically activated carbon made from oil palm kernel shells stored charges 
electrochemically. Activated carbon electrodes produced from oil palm kernel shells and 
separated by fiberglass separator and electrolyte were used to develop the coin cell (CR2032) 
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based supercapacitors. The respective achievable operating potentials of these devices ranged 
from 1.0 V to 2.0 V for 1 M Na2SO4, 6 M KOH, and 1 M H2SO4. The Na2SO4 electrolyte pro-
duced maximum specific energy of 7.4 Wh kg⁻1 with a specific power of 300 W kg⁻1. The 
supercapacitor stability for 3500 cycles revealed capacitance retention in all the manufac-
tured devices in the 78 to 114% range.

Figure 25.2 (a) Schematic representation for fabricating coin cell supercapacitor using 
carbon derived from American poplar fruits. (b) Cyclic voltammograms at 50 mV/sec in different 
electrolytes. GCD profiles in (c) 6 M KOH and (d) 1 M Et4NBF4/AN electrolytes at different current 
densities. (e) Cyclic performance of the symmetric supercapacitor. Reproduced with permission [31]. 
Copyright 2020, Elsevier.
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A simple method to fabricate a new hierarchical porous carbon using readily available, inex-
pensive jujube fruits as a viable carbon source for making innovative supercapacitors was pro-
posed by Yang et al. [33]. The naturally derived porous carbon from jujube fruits was produced 
by combining carbonization and activation with NaOH processes. In order to create well-
organized micropores with a significant specific surface area of 1134.9 m2 g⁻1, NaOH was used 
as an activating agent with excellent productivity and low cost. Additionally, a symmetrical 
coin-type supercapacitor based on the produced carbon technology offered high specific energy 
of 23.7 Wh kg⁻1 at a specific power of 629 W kg⁻1 and exceptional long-term durability with a 
loss 6% of specific capacitance after 10000 GCD cycles in an organic electrolyte of 1 M Et4NBF4/
AN. In terms of large specific capacitance, excellent rate ability, extraordinarily long cyclic life, 
and excellent energy density, the obtained coil cell-based supercapacitor demonstrated excep-
tional electrochemical performance in a larger operating potential window of (2.5 V). The 
research shows that cheap and sustainable carbon sources can be obtained from readily avail-
able jujube fruits to create high-performance supercapacitors. A coin-type symmetric superca-
pacitor was built using a porous polypropylene separator, two prepared electrodes, and the 
same mass of biomass waste from carbon derived from Camellia oleifera [34]. Due to its high 
specific capacitance of 275 F g⁻1, high energy density of 9.55 Wh kg⁻1 (at a power density of 
478 W kg⁻1), and excellent cyclic stability with 99% capacitance retention after 10000 GCD 
cycles, the obtained coin cell-based symmetric supercapacitor was a promising energy storage 
device for electrochemical energy storage. Gong et al. [35] created a one-step procedure to 
transform bamboo char into three-dimensional porous graphitic biomass carbon, and we 
looked into how well it performed electrochemically as an electrode material for supercapaci-
tors. The manufactured coin cell type-symmetric supercapacitor generated a 20.6 Wh kg⁻1 
energy density at a 12 kW kg⁻1 power density. This method demonstrated significant promise 
for the future low-cost, ecofriendly, and industrial-grade manufacture of carbon compounds 
from renewable biomass for advanced energy storage applications.

The supercapacitor cyclic stability increases and becomes environmentally friendly when a 
PVA/KOH gel electrolyte is used [36]. In practical applications, the built coin-type assembled 
symmetric prototype redox-enhanced supercapacitor in the gel electrolyte (PVA/KOH/ARS) 
demonstrated significant capacitance, cyclic stability for 2000 cycles, and synergistic power-
energy output properties. Utilizing alizarin and carbon derived from lignosulfonate in charge 
storage devices is a step toward making energy storage and conversion technologies green 
and sustainable. In the past ten years, there has been a surge in interest in creating more envi-
ronmentally friendly, simple, and affordable ways to use resources that are abundant and 
renewable in nature. This relieves worries about tainted water supplies and stores renewable 
energy. Because of their availability, simplicity of processing, customizable surface qualities, 
and relative affordability, carbon compounds generated from biomass has attracted much 
attention. Aruchamy et al. [37] showed how Parthenium hysterophorous, a common and haz-
ardous weed, has the potential to be transformed into porosity-enriched ultrahigh surface 
area activated carbon, which has a surface area of 4014 m2/g and a sizable amount of porous 
volume. The supercapacitor device constructed utilizing the carbon material as manufactured 
has a considerable 270 F g⁻1 specific capacitance and outstanding capacitance retention of 
98.5% even after 30000 GCD cycles. The synthesis of Parthenium hysterophorous-derived car-
bon and the corresponding coin cell type supercapacitor fabrication and their electrochemi-
cal performances are shown in Figure 25.3(a). The mesopore-dominated activated carbon 
electrode design has significantly improved the electrolyte breakdown voltage and energy 
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Figure 25.3 (a) Synthetic scheme for producing Parthenium hysterophorous-derived activated carbon 
and coin cell type supercapacitor fabrication. Reproduced with permission [37]. Copyright 2022, Elsevier. 
(b) Fabrication of coin cell-based symmetric supercapacitor from dragon fruit peel-derived nitrogen-
doped carbon. Reproduced with permission [38]. Reproduced under the terms of the CC BY-NC-ND 4.0 
license. Copyright 2021, American Chemical Society, Gandla et al. (c) Schematic illustration of biochar-
based coin cell-based supercapacitor assembly and the corresponding performance with glowing 
LEDs. Reproduced with permission [39]. Reproduced under the terms of the CC BY-NC-ND 4.0 license. 
Copyright 2022, Elsevier, Husain et al.
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density of supercapacitors. Under the synergistic action of KOH as the activating agent and 
melamine as the dopant, N-doped mesoporous-dominated hierarchical activated carbon was 
produced using the dragon fruit peel, a plentiful biomass precursor (Figure 25.3(b)) [38]. The 
electrode with the ideal N-doping content had the highest specific capacitance (427 F g⁻1) 
and the best cyclic stability in aqueous 6 M KOH electrolytes (123% up to 50000 GCD cycles). 
The authors created a 4.0 V symmetric coin cell supercapacitor with tremendous energy and 
power densities of 112 Wh kg⁻1 and 3214 W kg⁻1, respectively, in organic electrolytes. After 
5000 GCD cycles at the working voltage of 3.5 V, the cell has a much longer cycle life than 
commercial YP-50 AC (capacitance retention of 60%). The capacity of mesopores to allow a 
diffuse ion layer with a longer Debye length and the carbon’s polar N-doped species, which 
enhance capacitance and ion transport, both contribute to the higher voltage window. By 
carefully adjusting their pore architectures, the findings offer a novel method for developing 
biomass materials that are sustainable and friendly to the environment into high-capacity 
and high-working voltage coin-based supercapacitors. With the coin cell assembly, superca-
pacitor assembly is simple and repeatable, as shown in Figure 25.3(c).

Similarly, various coin cell-based supercapacitors have been reported which use various 
biomass-derived carbon materials such as bagasse-derived carbon [40], Ganoderma lucidum 
residues-based porous carbon [41], pear-derived graphene aerogels [42], bean dregs derived 
carbon [43], peeled ginger derived heteroatom-doped microporous carbon nanosheets with 
few-layer graphene [44], lotus root derived highly porous carbon [45], N-doped algae-derived 
porous carbons [46], waste tea derived activated carbon [47], bamboo-based hierarchical 
porous carbon [48], bamboo shavings derived petal-like N-O-codoped hierarchical porous 
carbon [49], and garden biomass waste derived mesoporous biochar [39]. The electrochemi-
cal performances of various coin cell-based supercapacitors are tabulated in Table 25.1.

25.3.2 Pouch Cell-based Supercapacitors

Pouch cell-based supercapacitors in high demand in the market due to high energy densi-
ties, larger potential windows, and compatibility with various industrial applications. Inal 
et al. [47] used a chemical approach to manufacture inexpensive activated carbon from bio-
mass. When utilized as the electrode material in the supercapacitor, this activated carbon 
underwent a second heat treatment right away, which greatly enhanced the electrochemi-
cal  performance. Moreover, the pouch cell supercapacitor version of the coin supercapacitor 
device, which was made from activated carbon, was scaled up successfully without sacrific-
ing performance. The heat-treated AC sample was used to make the supercapacitor devices, 
which performed well electrochemically when both aqueous and organic electrolytes were 
present. Kongthong et al. [50] reported composite of MnO2 nanofibers and pineapple leaf-
derived porous N-doped activated carbon (PALF-NAC) as electrode materials for high-per-
formance pouch cells and coin cell supercapacitors. Figure 25.4 displays a schematic for 
producing coin cells and pouch cells-based supercapacitors.

The performance and scaling potential of the prototype pouch cell supercapacitor were 
evaluated. With respective energies and powers of 26.8 Wh kg⁻1 and 120.5 W kg⁻1, the 
supercapacitor demonstrated a significant capacitance of 120 F g⁻1 at a current density of 
10 mA cm2. With 87% capacitance retention after 1000 cycles, such a pouch device also dem-
onstrated excellent stability. Veerasubramani et al. [51] reported a pouch cell with a flexible 
type hybrid supercapacitor based on laboratory waste tissue paper-derived honeycomblike 
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Figure 25.4 Supercapacitors based on coin cells and pouch cells are depicted schematically. 
Reproduced with permission [50]. Reproduced under the terms of the CC BY-NC-ND 4.0 license. Copyright 
2022, Elsevier, Kongthong et al.

porous carbon (LTHAC). The highly flexible, pouch-style hybrid supercapacitor in the liq-
uid electrolyte was built using the cobalt hydroxide-cobalt molybdate (Co(OH)2/CoMoO4) 
core-shell structure (prepared by electrochemical deposition) sandwiched with the pre-
pared porous carbon. The Co(OH)2/CoMoO4 positive electrode and porous LTHAC nega-
tive electrode used in the construction of the pouch-type hybrid supercapacitor displayed 
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an extended working voltage of 1.5 V in 2 M KOH electrolyte and had the capacity to store 
up to 167.5 Wh cm2 of energy. Interestingly, the produced pouch-type supercapacitor 
displayed outstanding flexibility under various bending conditions and incredible cyclic 
stability with >98% capacitance retention even after extended cycles. The device’s func-
tionality was also shown by coupling it with a solar cell to run different kinds of LEDs and 
seven-segment displays for applications that require self-powered devices.

Potphode et al. [52] outlined a promising technique for converting biowaste into porous 
carbon to create a functional electrode for developing long-lasting pouch cell-type super-
capacitors. To create partially graphitic carbon nanosheets linked to the porous carbon, 
Borassus flabellifer fruit skin (BFFS) was carbonized in an inert atmosphere and then 
activated with KOH. Surface chemistry and porosity were modified by altering the car-
bonization and activation temperatures to gain significant control of the investigated 
physiochemical parameters. The resulting BFFS-derived porous carbon exhibits excellent 
energy storage potential due to its distinct shape and specific surface area of 1750 m2 /g⁻1. A 
significant volume portion of the BFFS has micro- and mesoporosity due to the distinctive 
mineral composition, which produced a highly porous architecture. The specific capaci-
tance of pouch cell symmetric supercapacitors made with 1 M H2SO4 and EmimBF4 (ionic 
liquid) as electrolytes attained 202 and 208 F g⁻1, respectively. The supercapacitor’s per-
formance based on carbon electrodes made from biomass was reasonably stable, and the 
cycling stability of up to 94% at a 2 A g⁻1 current density confirms the potential of activated 
carbon produced from BFFS for the development of supercapacitors made from biowaste 
electrodes. Ojha et al. [53] prepared holey graphitic carbon nano-flakes from puffed rice 
(HGCNF) and used them as electrode materials for symmetric pouch cell supercapacitor 
fabrication. Figure 25.5(A) illustrates the fabrication of electrodes from the HGCNF, and 
the corresponding pouch cell assembly is shown in Figure 25.5(B). The fabricated pouch 
cell showed promise for converting the cell design to a commercial level when three series-
connected cells were charged to 3 V, as shown in Figure 25.5(C).

A straightforward, one-step pyrolysis process was used to prepare a ternary doped carbon 
material (with B, N, and P) from hemp fiber biomass [54]. The resultant carbon exhibited 
excellent qualities, including mixed morphologies with square, diamond-like, and cylindri-
cal-shaped morphologies that demonstrate heteroatom doping into the carbon networks, 
which facilitated quick ion transfer, great diffusion rates, and competent electrode/electro-
lyte interfaces, and improved supercapacitive properties. The study thus provided a prom-
ising strategy for increasing the electrochemical energy storage potential by heteroatom 
doping. By combining the synergistic effects of the heteroatoms B, N, and P, the carbon elec-
trode was able to produce a maximum half-cell specific capacitance of 520 F g⁻1 at 1 A g⁻1. 
These heteroatoms increase electrical conductivity, facilitate electrolyte ion migration to the 
active electrode material, and increase fast charge transfer reactions. The most significant 
full-cell specific capacitance for the symmetric pouch-cell supercapacitor was 262.56 F g⁻1 at 
a current density of 1 A g⁻1. The constructed symmetric pouch-cell supercapacitor provided 
a maximum energy density of 118 Wh kg⁻1 and a maximum power density of 5759 W kg⁻1 
with an enlarged potential window of 1.8 V and 99.7% capacitance retention over 10000 
GCD cycles. The outstanding outcome thus points to the potential of this biomass-based 
carbon with a pouch cell assembly, an environmentally friendly and inexpensive method of 
synthesizing biomass-based material as an alternative electrode material for energy storage 
and conversion. For a range of electrochemical energy storage applications, it is crucial to 
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Figure 25.5 (A) Step-wise fabrication of symmetric supercapacitor using the puffed rice-derived 
holey graphitic carbon nano-flakes. (B) A schematic for pouch cell supercapacitor demonstration, 
and (C) the corresponding pouch cell supercapacitor with their electrochemical performances. 
Reproduced with permission [53]. Copyright 2021, Elsevier.

building electrodes with high mass loading while preserving outstanding electrochemical 
characteristics. A hierarchically porous activated carbon electrode was reported by Hung 
et al. [55] with a more significant mass loading (8.5 mg cm⁻2). The propylene carbonate-based 
electrolyte in the pouch-type symmetric device demonstrated high-rate capability and good 
cyclic. On the other hand, a pouch-type symmetric supercapacitor delivered a capacitance of 
32.4 F and capacitance retention of 96% after 30000 GCD cycles. The intriguing characteris-
tics of the pouch cell supercapacitor and the advantageous features of the produced electrode 
are credited with the corresponding electrochemical performances.

A combination of low-cost electrochemically exfoliated graphene and activated carbon 
derived from the waste of the tea industry was used to create scalable, highly stable super-
capacitor electrodes [56]. The stability of the hybrid electrodes was noticeably improved 
at high current densities. Using an aqueous electrolyte, the first electrochemical perfor-
mances of activated carbon and graphene were investigated using button-sized cells. The 
hybrid materials were created by combining activated carbon and graphene at various mass 
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percentage ratios, and under the same testing conditions they were evaluated as superca-
pacitor electrodes. Compared to the original activated carbon, the capacitance stability of 
the electrodes at high currents was enhanced by roughly 45%. This hybrid electrode accom-
plished the maximum gravimetric capacitance (110 F g⁻1). The hybrid electrode was tested 
utilizing an organic electrolyte after being built up to a pouch cell-based supercapacitor 
device. The organic electrolyte was chosen for scaling up because of its greater voltage 
range. The pouch cell performed just as well in the organic electrolyte as the coin cell, with 
a gravimetric capacitance of 85 F g⁻1.

25.3.3 Cylindrical Cell-based Supercapacitors

Cylindrical supercapacitors are the best energy storage options for use in electric vehicle 
applications due to their safety, high power, and capacitance. In this regard, materials con-
taining activated carbon must be developed and used economically in supercapacitors. 
Researchers have paid a lot of attention to the production of carbon-based materials for 
use in supercapacitors. However, laboratory testing on the coin-cell scale is the extent of 
research on and using such materials. Recently, a small number of researchers reported 
cylindrical supercapacitors made of biomass that might be useful for commercial applica-
tions. Nanaji et al. [11] fabricated activated carbon nanosheets from petroleum coke with 
a specific surface area of 2394 m2 g⁻1. They also showed that these activated carbon sheets 
can be used in commercial applications by developing a cylindrical supercapacitor with a 
high potential of 2.7 V and excellent capacitance of 1200 F. The step-wise fabrication of the 
cylindrical supercapacitor is shown in Figure 25.6. The cylindrical supercapacitor displayed 
a high capacitance of 1202 F, 1.22 Wh of stored energy, and a gravimetric energy density of 
20.2 Wh kg⁻1. The electrochemical performances of the fabricated cylindrical supercapacitor 
are shown in Figure 25.6A-F. The built-in supercapacitor showed a lot of promise in terms 
of electrochemical properties that could be used in commercial applications. It was roughly 
compared to a supercapacitor that is currently on the market and was about the same size 
as the native cylindrical device. The investigation also showed that cheap petroleum coke 
with high carbon content was employed to fabricate petroleum coke carbon-based superca-
pacitors, which can be used as a substitute for commercial carbon-based supercapacitors.

Using a self-templating technique along with NaOH activation, waste straw cellulose was 
converted into a three-dimensional hollow tubular porous carbon [57]. Due to its substantial 
specific surface area, high mesoporosity ratio, and low resistance, the prepared carbon dem-
onstrated exceptional electrochemical performance for use in supercapacitors. The carbon 
electrode displayed a high specific capacitance of 312.57 F g⁻1 and superior cyclic stability 
with capacitance retention of 93% after 20000 GCD cycles in 6 M KOH at a current density of 
0.5 A g⁻1. A cylindrical supercapacitor that produced energy densities of 8.67  Wh kg⁻1 at a power 
density of 3.50 kW kg⁻1 in 6 M KOH and 28.56 Wh kg⁻1 at a power density of 14.09 kW kg⁻1 in 
1 M Et4NBF4/PC electrolyte showed that the prepared carbon could be used in this way. This 
study provided an efficient method for using biomass waste and a quick, ecofriendly method 
for producing hierarchical porous carbon for electrochemical energy storage devices. Nanaji et 
al. [58] used jute sticks as a carbon precursor to synthesize nanoporous carbon with a structure 
resembling graphene and examined the electrochemical characteristics of cylindrical superca-
pacitors. The activation temperature controlled the ratio of amorphous carbon to the graphene-
like network that makes up the produced nanoporous carbon. As the activation temperature 
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Figure 25.6 Photographs showing the step-by-step fabrication of a cylindrical supercapacitor 
with the prepared porous carbon from petroleum coke. (A) Comparative CV curves at a scan rate of 
1 mV s−1 for commercial and lab-fabricated cylindrical supercapacitors, (B) CV curves at different 
scan rates for the lab-fabricated cylindrical supercapacitor, (C) comparative GCD profiles at a 
current of 1 A for commercial and lab fabricated cylindrical supercapacitors, (D) GCD profiles at 
various currents for the lab fabricated cylindrical supercapacitor, (E) capacitances at different 
currents, and (F) cyclic stability of the lab fabricated cylindrical supercapacitor. Reproduced with 
permission [11]. Copyright 2022, Elsevier.
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was increased, the amorphous carbon changed into a stable graphene-like network with a high 
specific surface area of 2396 m2 g⁻1, a graphene-like sheet-like shape, and a highly organized 
graphitic sp2 carbon. The nanoporous carbon was examined in both aqueous and organic elec-
trolytes for supercapacitor applications, and the material exhibited outstanding electrochemi-
cal performance in both situations. It showed good rate capability and high specific capacitance 
of 282 F g⁻1 while retaining over 70% of capacitance at high current rates. Benchmark analyses 
showed that the nanoporous carbon was superior to commercially available supercapacitive 
carbon. The constructed symmetric supercapacitor displayed an impressive energy density of 
20.6 Wh kg⁻1 at a high power density of 33600  W kg⁻1. A cylindrical supercapacitor with a 20 F 
capacitance and a 2.7 V voltage was developed and tested for use in practical applications using 
a nanoporous carbon electrode. The electrode material’s high specific surface area and ideal 
pore size distribution, along with the ordered graphene network’s robust electrical conduc-
tivity, are what give the electrode its exceptional electrochemical performance. These results 
demonstrated how straightforward, reasonably priced, and environmentally friendly materials 
could be created for use in commercial energy storage applications. The electrochemical perfor-
mances of various commercially viable supercapacitors are tabulated in Table 25.1.

25.4 Industrial Applications of Biomass-based Supercapacitors

Supercapacitors are electrical energy storage systems that can store a lot of energy and dis-
charge it quickly. Although they cannot currently match the energy content of Li-ion bat-
teries in the industrial market, their capacity is growing yearly. They are already employed 
as accessory components to store braking energy and supply the necessary boost during 
rapid accelerations, thereby improving the industry’s (especially electric vehicles) econ-
omy. In order to prepare for their potential use in industry, should the current trends in 
electrical storage continue, this discussion will briefly elaborate on the state-of-the-art 
materials, technology, and applications while introducing the industrial aspects of bio-
mass-based supercapacitors. The comparison of Li-ion batteries and supercapacitors to be 
used in electric vehicles is shown in Figure 25.7.

Batteries were once considered the primary method of electrical energy storage for off-
grid applications. Batteries will still be utilized for this purpose, but supercapacitors, a more 
contemporary form of electric energy storage device, are expected to replace or significantly 
augment traditional battery storage. Power handling and environmental sustainability are 
the two most crucial areas where supercapacitors are needed. The transition away from fossil 
fuel-burning internal combustion engines has produced a gap between the high power needs 
of these engines and the power that battery technology can deliver. The battery is the most 
expensive component overall, especially in modern electric vehicles, where the size is often 
determined by the highest power handling demand rather than the minimum range that the 
vehicle must be able to go between charges. Furthermore, repetitive high-power charging 
and discharging shortens the lifespan of batteries, reducing them from a few thousand to 
just a few hundred cycles. On the other hand, supercapacitors excel at high-power handling. 
Importantly, they may do so without hurting the device or reducing its longevity, which is 
normally rated at least 500000 cycles for goods now on the market. They can typically handle 
power loads up to 100 times larger than those of Li-ion batteries [59].
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The drawback of modern supercapacitors is 
their energy density, or their inability to provide 
continuous power for long periods of time [9]. 
In order to boost supercapacitor energy den-
sity, a lot of research is being done [9, 18, 24, 60]. 
Supercapacitors can only support other  automotive 
power sources, such as batteries and fuel cells, 
which are unable to meet the power require-
ments of regenerative braking and quick accelera-
tion due to their poor energy density. Despite this 
difference, a direct comparison of the standard 
electrical storage metric of $/kWh is erroneous 
because the size of battery packs is controlled by 
power rather than energy. Supercapacitors can 
cost up to USD$10,000/kWh, whereas Li-ion bat-
teries now cost as little as USD$250/kWh [59]. It is 
clear that there is an optimization issue given the 
metric of $/kW, where Li-ion batteries are at least 
ten times cheaper than supercapacitors. Technical 
factors that increase the  complexity of the prob-
lem include supercapacitors’ increased electri-
cal efficiency, longer longevity, and  batteries’ 
extended lifecycle when their loading is maxi-
mized. Technical and societal issues will strongly 
impact the field, including range expectations, 
autonomous vehicle policy, and infrastructure 

development. The finest electric vehicle- powering solutions, which would entail predictions 
that consider at least all of the previously described factors, are still far from being produced.

Biomass-based materials can be used to lower the overall cost of supercapacitors and offer 
high efficiency to compete at the industrial and commercial level. Using electricity to power 
cars is the transportation sector’s response to the greenhouse gas emissions caused by fossil 
fuels. Biomass-based supercapacitors have thus started to enter the mid-sized vehicle market. 
The automotive industry has adopted widespread commercialization of biobased products, 
albeit in an infant stage. Therefore, it is customary to assess the numerous disadvantages of 
using biobased materials and select the best path for further research and development in 
this field. This article discusses various biobased product applications in supercapacitors and 
ongoing research in this field to replace petroleum and crude oil-based sources with biobased 
sources. Electrodes play a critical role in the overall performance and other crucial compo-
nents of supercapacitors. The typical electrode materials used in supercapacitors are con-
ducting polymers, transition metal oxides, and carbon-based materials such as activated 
carbon, carbon nanotubes, and graphene. Surface area and pore size distribution are crucial 
factors to consider when selecting an electrode material. They are in charge of the ion absorp-
tion capacity of the electrodes, which directly affects the amount of energy that can be stored 
in them. Heteroatoms like oxygen and nitrogen function as electron acceptors and donors in 
the form of functional groups, and they support reversible redox processes. Biomass-based 

Figure 25.7 Supercapacitors: A 
potential new power source for electric 
vehicles. Reproduced with permission [59]. 
Copyright 2019, Elsevier.
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materials make suitable electrodes for supercapacitors due to their adaptable surface and 
morphological characteristics and the presence of various oxygenated functional groups.

The environmentally friendly conversion of biomass waste into a high-performance, cost-
effective electrical energy storage devices has attracted a lot of scientific and technological 
interest [4, 28, 60, 61]. The main challenges for supercapacitor developers are the high manu-
facturing costs and low energy densities of supercapacitors. In order to overcome these diffi-
culties, Vijayakumar et al. [62] reported the fabrication of excellent durable supercapacitor 
electrodes derived from industrial waste cotton used as a sustainable and affordable carbon 
resource, as described in Figure 25.8(a, b). The improved electrodes had a greater energy den-
sity, charged more quickly, and held up better over time. The resulting supercapacitor elec-
trode displayed good volumetric capacitance of 87 F cm3 at a current density of 1 A g⁻1 due to 
the simultaneous attainment of high active mass loading (9 mg cm2) and a maximum voltage 

Figure 25.8 (a) Schematic representation of turning biomass into an energy application via 
supercapacitor. (b) Conceptualization of a large-scale and sustainable process for producing 
activated carbon from waste cotton for a supercapacitor with a high energy density. The practicality 
of supercapacitor cells incorporated into solar panels; (c) direct solar panel connection powers 
LED lighting and (d) energy storage and energy harvesting hybrid LED lights powered by a solar 
supercapacitor. Reproduced with permission [62]. Copyright 2019, American Chemical Society.
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window of 3.2 V. A greater volumetric energy density of 30.94 Wh/L was produced. The 
supercapacitor electrodes also showed exceptional durability up to 15000 GCD cycles, even at 
higher voltages of 3.2 V. One explanation for this is that electrolyte ion transport can be accel-
erated even at high current loads by an interconnected porous network of activated carbon 
fibers with a large electrolyte ion accessible surface area (1893 m2 g⁻1). Strong capacitance 
retention at a high current with a high voltage, which is very interesting, clearly demonstrated 
the presence of the ideal carbon electrode pore size, which can match with the electrolyte ion 
size for a rapid capacitive response. The solar-powered supercapacitor, which also functions 
as a self-powering energy harvest and storage device, was integrated to power the commercial 
solar lantern, as shown in Figure 25.8(c, d). The individual solar panel and supercapacitor cell 
performances were tested independently before they looked into the integrated system. The 
solar panel that was directly attached to a solar lantern (40 LED lights) without a supercapaci-
tor was investigated to determine how well the solar panel performed on its own. Figure 
25.8(c) makes it abundantly evident that the electricity coming from the solar panel is unpre-
dictable and variable and that a solar lantern’s load is simultaneously linked to the fluctuating 
power input. However, a solar-powered device that had two supercapacitor cells connected in 
series was put to the test. The solar panel, which had an open circuit potential of 0–6 V and a 
3 W power output, worked as an energy harvester to charge the supercapacitor when exposed 
to solar light. The supercapacitor cells were connected to the solar panel for charging. A solar 
lantern was utilized as a load to link the supercapacitor terminals. As shown in Figure 25.8(d), 
it was found that in this integrated system, the solar panel functions as the energy source that 
charges the supercapacitor cells, which can then provide steady power to the LED lights in 
the solar lantern without any power fluctuations. The supercapacitor’s extremely quick 
charge-discharge characteristic made it particularly advantageous for various commercial 
applications. The findings demonstrated that a solar panel and supercapacitor device combi-
nation is a desirable and efficient ultrafast next-generation device that simultaneously con-
verts and stores energy. This study provides an easy-to-use synthetic technique for making 
cost-effective, high-performance supercapacitor electrodes for real-time supercapacitor 
applications.

25.5 Technology Readiness Level for Commercialization

Technology readiness level (TRL) is a measure to judge the difference between develop-
ment and deployment. There are various levels of technology readiness from 1 to 9. The 
lower TRL represents the early stage, while the high TRL shows the maturity of the tech-
nology. The definition for various TRLs is given in Table 25.2.

Due to the high demand for efficient and high-power energy storage, supercapacitors 
have gained significant attention in research and development. This increase in research 
has led to the development of supercapacitors that have been applied in several areas, espe-
cially in transportation and renewable energy. Currently, the application of supercapaci-
tors in buses and trains promises its TRL 9 [65–68]. Biomass-based supercapacitors have 
been prepared on a large scale at the industrial level; however, their applications at the 
industrial level are at the developing stage, and efforts are needed to enhance the TRL of 
biomass-based supercapacitors. However, researchers could identify the TRL of the devel-
oped supercapacitor as per the criterion given in Table 25.2.
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25.6 Conclusions

In light of considerable research and problems connected to biomass-based supercapacitors, 
this chapter focuses on numerous essential vital components that define the performance 
and use of biomass-based supercapacitors in the contemporary energy sector worldwide. 
The research that is currently available in the literature can be used to avoid some of the 
challenges in biomass-based supercapacitors, which create hurdles in their industrializa-
tion. The current situation of the global market, as well as the demand for supercapacitor 
use and the number of manufacturing businesses working in the global energy sector, have 
all been provided with relevant data. The number of countries in which energy is produced 
has also been presented. The most recent research on each method discusses the classifica-
tion of biomass-based supercapacitors and the unique parameters of each approach and 
helps differentiate it from the others. These parameters assist in distinguishing each tech-
nique from the others. We have elaborated on the electrode materials and the composites. 
To make headway in the field of biomass-based supercapacitor research, fresh strategies 
that boost the performance of supercapacitors are necessary. Greater capacitances, strong 
cycling stability, and adequate rate capability must all be guaranteed by these techniques. 
We extensively discussed how the carbon materials, conventional electrolytes, newly 
adopted electrolytes, and their ionic conductivity all work together to enhance the elec-
trochemical behavior of biomass-based supercapacitors. Even though some encouraging 
discoveries have been made in the biomass-based supercapacitor field, producing superca-
pacitors capable of meeting the demand for energy at the industrial level is still challeng-
ing. One must possess in-depth knowledge of the mechanisms underlying energy storage at 
the electrode and electrolyte interfaces, optimize the electrode design to create hierarchical 
agglomerated porous structures, and achieve favorable interactions at the electrode and 
electrolyte interfaces to improve the performance of supercapacitors. Then, and only then, 
will it be possible to boost the performance of supercapacitors . Due to the rising demand 
for supercapacitors in various applications, the market is likely to increase rapidly. These 
supercapacitors vary in size, capacitance, energy, power, and voltage and are sometimes 
built for specialized uses. Murata Technology, Eaton, Maxwell, Nippon Chemi-Con, and 

Table 25.2 TRL definition.

TRL Definition

TRL 1 Basic principles observed and reported

TRL 2 Conceptualization of the technology

TRL 3 Experimental and analytical proof of concept

TRL 4 Technology validation in the laboratory

TRL 5 Technology validation in a relevant environment

TRL 6 Technology demonstrated as a prototype in the relevant environment

TRL 7 Prototype a pre-commercial scale

TRL 8 First of a kind of commercial system

TRL 9 Full commercialization application

Modified from published reports [63, 64].
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Nesscap dominate the supercapacitor market. These significant organizations invested 
much in supercapacitor research and development to meet demand and stay ahead of 
competitors. Biomass is essential for supercapacitors’ cost-effectiveness, high-quality car-
bon electrodes, non-toxic electrolytes, and packaging materials. Commercial applications 
utilize biomass-based supercapacitors scaled from experimental to industrial. This chapter 
discussed biomass-based supercapacitors’ market trends, biomass’s essential qualities, and 
researchers’ supercapacitor devices and components. According to the authors of several 
studies, the only way to meet the energy demand is to rely on ongoing research to enhance 
the production of high-performance biomass-based supercapacitors. It is possible to specu-
late that the performance of supercapacitors will soon be improved and that their costs will 
also be optimized at some point in the not-too-distant future. Engineers and researchers 
will benefit from this chapter’s information by adopting the best technique and type of 
biomass-based supercapacitor for industrial applications.
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26.1 Introduction

Future energy production and collection from renewable sources must be efficient and 
environmentally friendly, both in storage, and in use. The latter will utilize environmen-
tally friendly fuel cells, batteries, and supercapacitors, whereas the former will rely on 
sources like solar, wind, or biomass refineries. Biomass is a resource that is particularly 
important for the principles of green engineering because it provides the opportunity to 
create thermochemical energy while also generating a waste product useful for creating 
components with excellent performance for electrochemical energy storage systems [1, 2].

According to their method of storing, pseudocapacitors, hybrid supercapacitors, and 
electrochemical double-layer capacitors (EDLCs) are different types of supercapacitors [3, 
4]. While pseudocapacitors store charges through redox reactions, EDLCs do so via revers-
ible ions adsorption at the electrode‒electrolyte interface. The former uses mostly conduc-
tive polymers and metal oxides, and the latter uses carbonaceous electrode materials such 
as carbon nanofibers, activated carbon, carbon nanotubes, and graphene [5, 6]. Compared 
to EDLC electrodes, pseudocapacitive materials generally have a larger specific capaci-
tance. However, carbon-based materials often offer a better rate and cyclic stability. 
Biomass-derived porous materials have been the main products evaluated in the search to 
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find more sophisticated electrode materials for supercapacitors [3, 4, 7]. To obtain out-
standing performance, reasonable electrode material designs that consider the particular 
surface area, porous shape, and degree of graphitization are important. Because of their 
substantial specific surface area, hierarchically porous frameworks, and high structural sta-
bility, carbon produced by biomass has received considerable attention in the field of mate-
rials used for energy storage [4, 8–10]. Supercapacitors can attain high specific capacitance, 
high charge/discharge rates, and a long lifespan. Researchers have effectively created nano-
structured carbon materials from various biomasses in all three dimensions for superca-
pacitor electrodes. Popular carbon materials with exceptional structure and competitive 
chemical performance include graphene and carbon nanotubes. Despite their effective 
application, energy storage materials still have a lot of issues. For instance, environmental 
degradation and sustainability challenge the chemical vapor deposition technique applied 
to create graphene from fossil fuels. Active carbon made from petroleum coke and graphite 
is nonrenewable and contaminative [11, 12]. Furthermore, under extremely difficult cir-
cumstances, nanostructured carbons are frequently produced from them.

Renewable biomass, like that from plants or animals, can be seen as an advantageous for 
the environment, as they release less pollution into the atmosphere. Among the energy stor-
age materials, biomass with naturally occurring hierarchical structures as a precursor might 
be a viable option. Given that biomass is made from regenerative plants or animals, it is more 
affordable than other types of nanostructured materials. Additionally, there is a lot of research 
being done right now on how to make electrodes out of biomass, which is a very renewable 
resource. Biomass is the most easily accessible carbon precursor from plants, animals, or 
marine life. On the other hand, figures indicate that animal husbandry or living waste might 
cause critical environmental problems. As a result, it is believed that employing biomass in 
the production of activated carbon for supercapacitor electrodes is an effective way to address 
the issues of disposing of agricultural or daily-living biomass. Active electrode materials from 
biomass can naturally acquire specific porosity and layered topologies. Recently, there has 
been a lot of interest in developing activated electrode materials for electrochemical energy 
storage using biomass. Numerous active electrode materials from biomass have been created 
using hydrothermal carbonization, chemical activation, or physical activation [1, 13–17].

Evaluation of the performance of the different active materials when used as electrodes in 
supercapacitor applications and their straightforward comparison is a fairly challenging pro-
cedure because the absolute value of specific capacitance is most frequently used to describe a 
supercapacitor’s performance, depending on several factors. Comparing data from similar sys-
tems, such as an electrode or device capacitance, which pertains to 3- or 2-electrode cells, 
should give one confidence. The electrode capacitance can be calculated from the capacitance 
of a 2-electrode symmetric device, although the calculated value is typically different from that 
obtained from a 3-electrode system [3]. Because it substantially impacts capacitance perfor-
mance, the kind of electrolyte used, such as aqueous, organic, ionic liquid, gel, or even redox 
and hybrid electrolytes, should also be carefully investigated. Last but not least, when compar-
ing capacitance values obtained using different techniques, such as cyclic voltammetry (CV), 
galvanostatic charge-discharge (GCD), or electrochemical impedance spectroscopy (EIS) 
measurements, it is imperative to verify that the data were collected under comparable set-
tings for the supercapacitor charge state and, obviously, at same rates of applied voltages [14].

Batteries, the most common form of electrical energy storage, provide enough power for 
a variety of functions and requirements in daily life. Batteries transmit power slowly, as 
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seen in a Ragone plot in Figure 26.1 while storing 
a huge amount of energy in a comparatively small 
mass and volume. Therefore, they are only useful 
in systems that need much power and speedy stor-
age. However, owing to their higher power den-
sity, superior durability, and rapid GCD cycles, 
electrochemical capacitors, often referred to as 
supercapacitors, have drawn considerable interest 
as an alternative to or in addition to batteries in 
energy storage systems. Creating novel processes 
to convert lignin into sustainable chemicals and 
useful materials is a vital step toward the high-
value use of lignocellulosic biomass. Carbon 
materials made from lignin have a lot of potential 
for use in chemical and energy engineering, catalysis, and environmental cleanup. This 
study gives the state-of-the-art sciences and technologies for the controllable synthesis of 
lignin-derived carbon materials. Additionally, the controlling approaches for crystalline 
engineering, pore structure, and morphology are comprehensively described and critically 
examined. Future developments in the study of materials made of lignin include cost-effec-
tive, accurate carbonization tuning, and green chemical engineering. Future research 
directions have been suggested to develop lignin-derived carbon materials for practical 
uses [18, 19].

The production of porous materials requires natural biomass with interconnected chan-
nels and various microstructures, which affect the specific surface area of carbonized mate-
rials. Therefore, critically evaluating the choice of probable precursors from various biomass 
sources was deemed important. The purpose of this chapter is to showcase recent develop-
ments in synthesizing carbon compounds from various biomass precursors. The classic 
nanostructured electrode materials still have issues, for example, their low production rate, 
high cost, difficulties in heteroatoms doping, and ecologically toxic by-products. The 
detailed discussion of the impact of pore structure, surface characteristics, and graphitic 
degree on electrochemical performance may aid in the rational development of future bio-
mass-derived carbon materials for supercapacitors. We also provide the data science and 
experimentation methods used to draw high-level links between structural features and 
electrochemical characteristics, revealing the most important influences on supercapacitor 
capacitance and power density [7, 9, 20–22]. The advancement of biomass-based superca-
pacitors has also been highlighted, along with its existing difficulties and future prospects.

By considering the various important aspects such as reducing the temperature to get 
excellent carbon for supercapacitors, unifying the methods for membrane preparation 
from biomass, providing enough concentration in developing high-performance electro-
lytes from biomass, developing the simple method for packaging materials, scaling up in an 
easy way with low cost, recycling the generated gas during pyrolysis as fuel, focusing on 
techno-economic analysis, preparing compatible supercapacitors with various instruments 
e.g. heart monitor (the current challenge is to meet up the optimum potential and capaci-
tance), overcome safety concerns (e.g. minimizing the heat generation), and minimizing IR 
drop would bring up the biomass-based supercapacitors to a commercial level. Therefore, 
this systematic study will serve as a resource for other researchers interested in developing 

Figure 26.1 Ragone plot for 
capacitors, supercapacitors, and 
batteries.
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biomass-based supercapacitors as an alternative to conventional supercapacitors and bat-
teries made of biomass materials.

26.2 Biomass-based Supercapacitors and Future Directions

Materials science, nanotechnology, and process engineering advancements progressively 
make it possible for biomass to be used in cutting-edge energy storage technologies. Notably, 
materials generated from biomass that vary from renewable organic biomolecules or biopol-
ymers to inorganic multi-dimensional carbonaceous materials can support “green energy 
storage” systems by acting as sustainable components [15]. This section provides a thorough 
analysis of the production and possible use of biomass and biomass-derived components for 
high-performance supercapacitors. Understanding the associated biomass processing is 
given particular attention. Biomass utilization as electrode supports, active materials, binder 
materials, separators, and solid-state electrolytes in supercapacitors are methodically offered 
and discussed. The results showed that biomass has enormous capabilities for creating high-
performance “green energy storage” systems that, in varying degrees, use environmentally 
friendly and sustainably produced supercapacitor components. In order to speed the indus-
trialization of biomass, special attention should be paid to improving the processing tech-
nologies to optimize biomass use with high efficiency and low cost. Due to their natural 
abundance, exceptional capabilities, and distinctive architectures, biomass-based materials 
have become one of the most promising and sustainable components for various electro-
chemical energy storage and conversion systems. Biomass-based materials have been widely 
used as separators, electrolytes, binders, and substrate supports for various electrochemical 
applications because of their appealing electrochemical properties, which include stability 
throughout a large working voltage and high stability in various solvents [23].

Zea mays (corn) wastes were used in electrochemical energy storage devices by 
Hamidreza et al. [24]. The separator, electrolyte, binder, and electrodes – the four essential 
components of supercapacitors – can all be made from leftover corn. The plentiful and 
inexpensive biomasses considerably enhance the electrochemical characteristics of elec-
trochemical energy storage devices, such as electrochemical durability and high specific 
capacitance, while reducing the environmental pollution. Moreover, due to the plentiful 
availability of raw ingredients, adequate electrochemical effectiveness, high-conductivity, 
and low-cost, carbonaceous materials generated from nanocellulose have also drawn con-
siderable interest in ecofriendly energy storage [23, 25]. Due to the low-cost and environ-
mental friendliness of biomass-derived materials and their derivatives and the simple 
fabrication processes, biomass-based electrochemical techniques are considered capable 
candidates for future “green” and renewable energy systems. Using biomass-derived mate-
rials, particularly carbonaceous materials, in a supercapacitor may help the electronic 
industries grow economically.

26.2.1 Utilization of Biomass-derived Carbonaceous Materials as 
Supercapacitor Electrodes

A variety of electrochemical applications require carbonaceous materials because of their 
variable capacity for charge storage and electron transmission. Carbon nanotubes, 
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graphene, carbon nanofibers, graphite, and activated carbon are a few examples of the 
many allotropic forms of carbon that are extensively employed as fundamental electrode 
materials in contemporary electrochemistry. For electrochemical energy storage applica-
tions, electrochemical sensors, electrochemical water oxidation, and other electrochemical 
processes, carbonaceous materials, for instance, are utilized as electrode materials. When 
used in electrochemical detection, bare electrodes usually have poor repeatability, weak 
electrocatalytic properties, a surface fouling effect, and the inability to discriminate 
between different identities. Thus, adding nanocarbon can considerably enhance the elec-
trochemical performance of bare electrodes, including their sensing efficiency [26–28]. 
Activated carbon electrodes have a wide range of beneficial properties, but there are also a 
number of fascinating and important fundamental properties that need to be studied, such 
as transport phenomena, molecular sieving activity, the relationship between electrochem-
ical performance and surface chemistry, and many more. Mao et al. [29] reported several 
nanocarbons for electrochemical applications, such as sensing, electrocatalysis, and energy 
storage. The performance of electrochemical sensors will be enhanced, and supercapacitor 
devices will be able to deliver more power thanks to the usage of nano-architecture carbon 
in electrode design [30]. Additionally, this indicates a significant future potential for nano-
carbon in electrochemistry. The production of carbon-based active materials has been 
widespread, so it is vital to provide clever and useful tools to aid in and optimize material 
selection for the intended applications. Because of their exceptional electrical conductivity, 
porous topology, large specific surface area, and special stability, electrodes made from 
biomass-derived activated carbon are effective for supercapacitors. In addition to their per-
tinent physicochemical characteristics, carbonaceous materials from biomass may be cre-
ated for very little money and come in various shapes with adaptive porosity, conductivity, 
and surface functioning.

Energy storage systems made from biomass are gaining popularity. Waste biomass can 
be carbonized and used as conductive additives and electrodes for sodium-ion, lithium-ion, 
metal-sulfur, and metal-oxygen batteries. Furthermore, with very little chemical modifica-
tion, numerous biomolecules with redox-active groups can be employed as electrodes [31]. 
A special class of nanostructures for improving electrochemical applications is provided by 
biomass-derived carbon materials with outstanding electrochemical performance, particu-
larly for sustainable electrochemical energy conversion and storage applications. Tao et al. 
[13] prepared carbon nanofibers made from walnut shells (waste biomass) by dissolving 
the biomass, electrospinning, and carbonizing the fibrils. They investigated the effects of 
high-temperature carbonization and thoroughly characterized the structural characteris-
tics, morphology, and specific surface area of walnut shell-derived carbon nanofibers. 
Their electrochemical efficiency as Li-ion battery (LIB) electrode materials was also inves-
tigated. The results showed that the prepared carbon nanofibers anode exhibited high spe-
cific capacities of up to ~272 mAh g−1 at a current density of 30 mA g−1, excellent rate 
capacities, and good cycling performance after 200 GCD cycles. The walnut shells derived 
carbon nanofibers electrodes, their FESEM images, and the corresponding electrochemical 
performances are shown in Figure 26.2. This report showed the enormous potential for 
transforming cheap biomass into high-value carbon for use in energy storage technologies 
such as supercapacitors.

Due to their distinctive and perfect structures and exceptional electrical, thermal, and 
mechanical properties, graphene and carbon nanotubes have received the greatest 
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attention as the most valuable carbon nanomaterials. Creating sustainable, affordable, and 
environmentally benign carbon sources is fueled by previously unheard-of uses and mar-
ket demand for graphene and carbon nanotubes. Materials made from biomass are cheap, 
renewable, and carbon-rich. Recent research reports the developments in producing 

Figure 26.2 (A) Photographs of the carbon nanofibers electrode (a1) before and (a2) after stability 
and (a‒c) FESEM micrographs of the carbon nanofibers electrodes after 200 GCD cycles. (B) Various 
electrochemical analyses of the LIBs. Cyclic voltammograms of the carbon nanofibers (a) 1st cycle 
at a 0.5 mV sec-1 scan rate of and (b) at first five cycles, (c) GCD curves of the carbon nanofibers at 
a 100 mA g-1 current density, (d) discharge capacities of the carbon nanofibers at different current 
rates, and (e) Nyquist plots of the carbon nanofibers. Reproduced with permission [13]. Reproduced 
under the terms of the CC BY 3.0 license. Copyrights 2018, Tao et al.
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high-quality graphene and carbon nanotubes from various dissimilar biomass sources and 
their uses in electrochemistry, photocatalysis, and water purification [32]. The graphene 
and carbon nanotubes from biomass show new pathways for creative, high-performance 
supercapacitors. Recently Shah et al. [33] reported the production of electrochemically 
active and extremely stable jute sticks derived 3D interconnected graphene frameworks 
(3D-JGF) via an easy and effective green synthesis method. 3D amorphous activated car-
bon was initially produced from jute sticks at 850 °C in a nitrogen environment. After being 
heat treated at 2700 °C in an argon environment, the resulting 3D amorphous activated 
carbon converted to 3D-JGF, as shown in Figure 26.3(a). The produced 3D-JGF exhibited 
graphene-like nanosheet-type morphology (Figure 26.3(b–e)), demonstrated a very 
dynamic nature for the electrooxidation of sulfide, and exhibited an extremely stable 
nature in heat and chemical conditions. This research could be seen as making a signifi-
cant contribution to developing an efficient and affordable method for producing 3D-JGF 
from biomass that could be utilized in high-performance supercapacitors.

Due to its cost, natural availability, high heteroatom concentration, and environmental 
friendliness, using carbon materials obtained from biomass is an effective solution to 
address various problems. Biomass-derived carbons differ from conventional nanostruc-
tured electrode materials because they already possess hierarchical structures. The devel-
opment of porous carbon frameworks for supercapacitors has made considerable steps in 
terms of gravimetric performance in the last several years employing biomass wastes or 
residues. The majority of these evaluations, however, did not consider their volumetric 
performance. Notably, studies have demonstrated that using volumetric capacity rather 
than gravimetric performance to assess the GCD capacity of supercapacitors is more trust-
worthy and accurate. Recent studies have mainly focused on supercapacitor electrodes 
made from biomass with exceptional volumetric performance. Specifically, well-defined 
porous structure and morphology offer superior mass transport and many active sites; nat-
urally, abundant heteroatoms offer superior charge transfer kinetics and improve surface 

Figure 26.3 (a) Synthesis and features of jute sticks derived 3D-JGF and (b–e) FESEM micrographs 
at various magnifications. Reproduced with permission [33]. Copyright 2022, Wiley.
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wettability, and trace metal doping results in increased pseudocapacitance due to the quick 
Faradaic reaction of metal redox couples. The fixed dimensions and structures of biomass 
species are cited as the fundamental disadvantage of biomass-derived carbon compounds, 
as they provide fewer design and modification options than traditional carbon materials. 
Low packing density and particular capacitance result in generally poor volumetric perfor-
mance [34].

Energy demand is increasing due to a growing world population and rising living stand-
ards. The rapid growth of portable devices, technological developments, and hybrid electric 
vehicles have contributed to the urgent and expanding need for high-power, clean, sustain-
able energy sources. Currently, most of the energy we use is provided by fossil fuels. Global 
warming and the discharge of hazardous compounds are two environmental problems 
caused by using fossil fuels as an energy source. Developing high-power and high-energy 
density alternative energy storage and conversion technologies is crucial for resolving this 
problem. As a result, significant effort is being made to create sustainable and renewable 
energy sources.

26.2.2 Utilization of Biomass-derived Materials as Solid Electrolytes for 
Supercapacitors

The engineering of solid-state ionic conductors having efficient mechanical, optical, and 
electrical properties specifically created for practical use is one of the most recent advance-
ments in electrochemistry. Additionally, there is a noticeable interest in low-cost, environ-
mentally-friendly materials that support sustainability and recycling [35–37]. Solid-state 
electrolytes were created from regenerated biomass that addresses these issues and satis-
fied the requirements for electrochemical applications [36–38]. Solid electrolytes are inter-
esting possibilities for advanced electrochemical applications because of their flexibility, 
viscoelasticity, and ionic conductivity. Solid electrolytes are employed in electrochemical 
devices, such as supercapacitors, fuel cells, and electrochromic devices, in addition to LIBs 
[39]. Solid polymer electrolytes have several benefits over liquid electrolytes, involving the 
absence of electrolyte leakage, the absence of internal shorting, and the creation of fire-
proof reaction products at the surface of electrodes. They can be used as an ion-conducting 
electrolyte by chemically modifying biomass-based cellulose to conduct ions at ambient 
temperature. This is possible because cellulose’s unique linear chain molecular structure 
consists of continuous glucose units with several surface hydroxyl groups [40, 41].

Similarly, developing solid electrolytes for electrochemical applications depends on 
lignin and hemicellulose. Green natural lignocellulose was used to create a high-perfor-
mance gel polymer electrolyte for LIBs [42]. Natural lignin was employed as a matrix to 
make gel polymer electrolytes to investigate an ecologically friendly and green gel polymer 
electrolyte. Lignin, liquid electrolytes, and water can be used to make the fabrication pro-
cess quick and simple [43]. A biodegradable composite polymer membrane was created by 
creating polyvinylpyrrolidone (PVP) on a lignin matrix. Next, the necessary gel polymer 
electrolyte was created by absorbing the liquid electrolyte [44]. LIBs and supercapacitors 
now use liquid electrolytes; however, solid polymer electrolytes have the advantages of 
being flexible, non-flammable, and non-leaking. Biomass-based nanocellulose was used by 
Hengfei et al. [45] to develop solid electrolytes., as demonstrated in Figure 26.4. The 
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increased surface charge density of the nanocellulose-based solid electrolytes causes an 
improvement in ionic conductivity. With its great electrochemical stability at high tem-
peratures, the newly created solid electrolyte is promising to replace liquid electrolytes in 
supercapacitors. Various biomasses can be used as effective and environmentally friendly 
sources in creating solid electrolytes by considering the uses of nanocellulose, hemicellu-
lose, cellulose, and lignin.

26.2.3 Utilization of Biomass-derived Materials as Electrodes for 
Supercapacitors with other Conducting Materials

Biomass-based materials hold great potential for developing electrochemical energy stor-
age technologies [46]. The rapid expansion of modern society has made the problem of 
meeting the ever-increasing need for energy a significant one, and this problem will only 
worsen in the years to come. There has been a significant amount of focus placed on the 
research and development of energy storage systems that are affordable, sustainable, and 
kind to the environment. Batteries and supercapacitors have shown enormous promise as 
prospective power sources for portable gadgets, hybrid electric vehicles, and large-scale 
energy storage systems [46, 47]. In addition to improving performance and safety, the most 
difficult concerns for energy storage system development are lowering overall costs, real-
izing environmentally friendly processes, utilizing abundant and environmentally friendly 
raw materials, and creating systems that are as simple as possible.

In addition to a wide range of potential possibilities, materials generated from biomass 
have garnered increasing interest as desirable components of a wide variety of electro-
chemical energy storage systems [48–50]. Carbonized nanocellulose fibers, which have 
many surface functions, can combine with activated carbon to form a strongly linked com-
posite. This composite is then utilized to improve the performance of electrodes, which are 
utilized in supercapacitors [51, 52]. Even today, topics such as energy storage from renew-
able sources while protecting the environment are very important. Converting energy, 

Figure 26.4 Biomass-derived solid electrolyte for LIBs. Reproduced with permission [45]. Copyright 
2020, Elsevier.
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storing it, and providing enough of it are the three most significant obstacles humanity 
must overcome in this century to properly protect the environment. With its unique struc-
ture and extraordinary qualities, nanocellulose has emerged as a viable and sustainable 
nanomaterial in this context. These properties include great stability in most solvents, nat-
ural abundance, high specific modulus, and low toxicity. Nanocellulose is a good contender 
for the construction of green renewable energy storage devices due to its low cost, easy 
availability, and simple synthesis procedures. Because of its low cost and ecofriendly 
nature, it is easily accessible [53].

Electrodes are essential components in producing high-performance supercapacitors, a 
process that requires outstanding electrochemical performance and adaptability [12, 20, 
54, 55]. Both nanocellulose and graphene are excellent choices for electrode materials in 
supercapacitors. Due to its high chemical reactivity, excellent mechanical flexibility, and 
biodegrading capacity, nanocellulose is frequently used as a substrate material for electri-
cal devices. Xing et al. [56] examined the layout, composition, and construction of the 
nanocellulose and graphene composites used for supercapacitors. Figure 26.5 provides a 
diagrammatic illustration of supercapacitors based on nanocellulose and graphene.

Lithium-ion batteries have established themselves as the primary power source for port-
able electronic gadgets due to their high output voltage, significant lifespan, and high 
energy density [46]. Three primary parts make up a LIB: the electrodes, the electrolytes, 
and the separators. The materials that make up the electrodes are the most important fac-
tor to consider when analyzing the performance of batteries. Nanocellulose has the poten-
tial to be used with other conductive materials to accelerate the development of more 
effective electrodes for LIBs.

Due to the inherent characteristics and structures of nanocellulose, one of its many 
potential applications that has garnered increasing attention is for energy storage. The tre-
mendous application opportunities of nanocellulose-based materials in energy storage 

Figure 26.5 A schematic design of supercapacitors based on biomass-based nanocellulose and 
graphene. Reproduced with permission [56]. Copyright 2019, Elsevier.
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applications will become clear once fundamental knowledge has been attained. This inves-
tigation showed that nanocellulose possesses both an application potential and an amazing 
value as a support nanomaterial for energy storage. Biomass-derived nanocellulose may 
soon become substantial and powerful multifunctional nanomaterials thanks to the devel-
opment of more improved procedures for preparation, processing, and characterizations. 
These nanomaterials have a enormous potential for applications involving electrochemical 
energy storage, especially in supercapacitors.

Since there is a requirement for producing carbon materials of outstanding quality for 
usage in various applications, biomass consisting of lignocellulose can also be turned into 
carbon materials through pyrolysis. The thermal degradation of biomass cellulosic materi-
als into carbonaceous materials under an inert atmosphere is referred to as biomass pyroly-
sis. This decomposition often takes place at temperatures more than 400 °C. The 
characteristics of processed carbon materials are extremely dependent on the types of bio-
mass used and the techniques used to prepare them [25]. The primary processes involved 
in preparing novel carbon materials include pyrolysis, activation, and the pre-treatment of 
raw materials [20, 25]. Because the compositions and characteristics of the various biomass 
resources are so highly diverse, the characterization of the biomass feedstock is particularly 
crucial in determining whether or not it is suitable for conversion into carbon compounds. 
Various agricultural byproducts, include date palm leaves [57], Syzygium cumini leaves 
[58], Albizia procera leaves [59–61], banana leaves [54], tal palm leaves [26], nettle fiber 
clone [9], Pithophora polymorpha filaments [55], and jute sticks/fibers [7, 19, 25, 28, 33, 
62–64], sources that have been used in the production of carbon products at a minimal cost. 
However, a great deal of research has been done to transform jute into innovative carbona-
ceous materials, comprising nanocarbon, for useful applicationssuch as energy storage, 
sensors, and waste-water treatment, due to its environmental friendliness, high carbon 
content, biodegradable nature, and low ash content [7, 25, 26, 28, 54, 55, 58, 59, 61].

Jute-derived carbon has been the subject of extensive research over the past few years, 
including the production of nanocarbon via direct pyrolysis to adjust the properties of car-
bon materials, such as surface functionality, pore characteristics, morphology, and surface 
area, to increase its suitability for real-world applications [7, 19, 25, 28, 33, 62–65]. Similar 
to this, activation – the process by which biomass is transformed into activated carbon – is 
crucial for creating high-quality carbon products. Physical activation and chemical activa-
tion are additional categories for the activation process. Our research group has reported 
the full specifics of the activation procedure [25]. A few of the preparations of the nanocar-
bon that is generated from biomass are also briefly explained [19, 25].

At a temperature of 800 °C, Aziz et al. [66] generated jute-derived activated carbon 
nanosheets by activating the carbon with sodium bicarbonate. Figure 26.6 presents a sim-
plified diagrammatic representation of the jute-derived activated carbon nanosheets prepa-
ration procedure. In addition to this, they utilized a straightforward acid treatment to 
accomplish carboxylic acid functionalization of the jute-derived activated carbon 
nanosheets. The carboxylated jute-derived activated carbon nanosheets demonstrated a 
significantly greater surface area in comparison to other types of nanocarbon, such as car-
boxylated CNTs [66]. When it came to the removal of the heavy metal Pb2+ from water, the 
carboxylated jute-derived activated carbon nanosheets demonstrated outstanding effec-
tiveness. For the synthesis of porous jute-derived carbon with a graphene-like structure, 
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Nanaji et al. [67] utilized a straightforward activation technique as well. In another inves-
tigation, the same group found that jute sticks could be the source of jute-derived carbon 
with graphitic porous nanosheet-type morphology [68]. The produced jute-derived carbon 
was utilized in two distinct applications: one as electrode material for an ultrafast superca-
pacitor [67] and the other as an electrode material for a LIB [68]. Recently, Shaheen et al. 
[7] created extremely effective porous hierarchical jute-derived activated carbon nanosheets 
by pyrolyzing jute sticks using a straightforward pyrolysis method. The electrochemical 
energy storage performance of two different types of activated carbon, one commercially 
available and the other produced by jute-derived activated carbon nanosheets, were exam-
ined and compared. These activated carbons were utilized as electrode materials. Activated 
carbons were utilized in conjunction with a bioelectrolyte based on glycerol to create elec-
trochemical double-layer supercapacitor devices. The jute-derived activated carbon 
nanosheets-based supercapacitor generated a maximum specific capacitance of 150 F g−1 at 
a 10 mV sec−1 scan rate. This specific capacitance is significantly higher than the specific 
capacitance of commercially available activated carbon-based supercapacitors, which is 
only 29 F g−1 at 10 mV sec−1. The supercapacitor based on jute-derived activated carbon 
nanosheets demonstrated a specific energy density of 20 Wh kg−1 at a specific power den-
sity of 500 W kg−1 with outstanding performance even after being subjected to 10000 GCD 
cycles. The scientists conducted a study in which they evaluated the performance of com-
mercially available activated carbon to that of the jute-derived activated carbon nanosheets 
not including conductive additives for use in supercapacitor applications. They found that 
the treated jute-derived activated carbon nanosheets showed potential as a candidate for 
use in energy storage materials.

Raziyeh et al. [69] have developed various biomass-derived nanoporous activated car-
bons with varying pyrolysis temperatures and activation agent (KOH) to carbon ratios. The 
prepared activated carbon had a morphology that was primarily nanofibers, and it demon-
strated a large surface area (up to 2580 m2 g−1). The activated carbon was utilized as a nano-
adsorbent to assess its applicability concerning the adsorption of H2S and CO2. Figure 26.7 
displays the FESEM micrographs of the biomass-derived activated carbon obtained under 
various experimental settings. To create activated carbon from jute sticks, Asadullah et al. 
[70] used a combination of physical and chemical activation techniques. To produce acti-
vated carbon, several activating agents were necessary for the physical and chemical 

Figure 26.6 Schematic representation for jute-derived activated carbon nanosheets preparation. 
Reproduced with permission [66]. Copyright 2019, Springer-Verlag GmbH Germany, part of Springer 
Nature.
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activations of jute (fibers and sticks). These activating agents included NaHCO3 [7, 66], 
CuCl2 [16], KOH [17, 67, 68, 71, 72], H3PO4 [73–78], CO2 [77, 79], steam [70, 79–81], and 
ZnCl2 [28, 70, 79, 81]. Because its pores or actual particle sizes are in the nano ranges, bio-
mass-derived carbon materials, in their entirety, can generally be considered to be a form 
of nanocarbon. Biomass-derived carbon has been utilized in the fields of water treatment 
[70, 75, 79, 82], electrochemical sensors [28, 66], and energy storage [7, 67, 68, 83].

Recently, it has been revealed that natural jute fiber can be used in ecofriendly energy 
systems, including supercapacitors and sensors [84]. In order to demonstrate an appealing 
environmental solution in numerous industrial applications, they created supercapacitor-
powered fabricated sensors utilizing biocompatible and sustainable jute fibers. Food pack-
aging is an essential component of the food industry and aids in maintaining food and 
drink storage hygienically to maintain food safety. Toxins harmful to human health can be 
released from many packing materials, including plastic, polyethylene, and other 

Figure 26.7 FESEM images of the jute-derived activated carbon synthesized at different 
experimental conditions. Reproduced with permission [69]. Copyright 2021, Elsevier.
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materials. Nanocellulose paper will be a great resource for packaging in the food safety 
industry. Given the rigorous standards for food safety and environmental awareness, cel-
lulose nanofibers are an excellent choice for biodegradable food packaging. Agricultural 
food packaging has made use of them [85]. Nanocellulose has been utilized in the food 
sector as hydrophobic coatings, packaging films, and reinforcing agents for hydrophobic 
polymers in nanocomposites [86]. One of the remarkable developments of nanotechnology 
is the development of nanocellulose-based bio-composites, which can be used in packaging 
applications to replace traditional petroleum-based plastics that are not biodegradable. A 
study showed that nanocellulose-based bio-composites could be a viable alternative to con-
ventional packaging materials with improved characteristics. Jute fibers could be treated in 
an industrial setting in a natural, clever, and inexpensive way to encourage the reinforce-
ment’s attachment to the matrix in jute fiber-reinforced composite parts. Plant genetic 
material could be preserved using hydrophobic polymers by cryopreservation. Additionally, 
nanocellulose was employed to create thermoelectric paper and an ultrafiltration mem-
brane [87–89].

Despite being abundant in nature, using lignin and cellulose nanofibers for energy stor-
age is still a work in progress. This could be caused, among other things, by the carbon 
production of heat-treated lignin and cellulose nanofibers. After carbonization, the carbon 
production of cellulose and lignin is decreased to 40% and 10–30%, respectively. Another 
significant obstacle is the poor electrochemical performance of electrospun lignin/cellu-
lose nanofibers in supercapacitors. Compared to PAN and other carbon compounds made 
from petroleum, lignin/cellulose nanofiber electrodes perform noticeably poorer. The elec-
trospinning technique can create fine nanofibers if the fiber shape is controlled. However, 
several factors can impact how nanofibers form. It is still difficult to adjust all of these fac-
tors at once and how it affects the resulting nanofiber. This is because improving every 
parameter at once needs multiple trials runs. Such tests are ineffective and time-consum-
ing. Aqueous electrolyte use restricts the cell voltage of supercapacitors to around 1.0 V to 
prevent supercapacitor rupture caused by hydrogen gas development on the negative elec-
trode and oxygen gas evolution on the positive electrode at higher potentials. Manufacture 
of high-performance supercapacitors based on lignin or cellulose precursors usually 
employ aqueous electrolytes [90].

26.2.4 Application of Computational Methodologies in Biomass-based 
Supercapacitors

It is challenging to directly measure equilibrium properties and non-equilibrium ion trans-
port at the nanoscale in experiments because they differ significantly from bulk systems. 
Understanding the mechanisms and properties of various transport processes in the elec-
trolytes, porous electrodes, and at the interface of the electrodes and electrolytes at the 
nanoscale is essential for enhancing the performance of supercapacitors through computa-
tional and theoretical research methods. Numerous computational and theoretical meth-
ods, including density functional theory (DFT) [2, 91], molecular dynamics simulation 
(MD) [92, 93], Grand Canonical Monte Carlo (GCMC) [94, 95], mean-field theory (MFT) 
[96], and machine learning (ML) [97–99], have been extensively utilized in the study of 
ionic transport and charging dynamics, electrical double layer capacitance, quantum 
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capacitance, and pseudocapacitance. Within the scope of DFT, MD, GCMC, MFT, and ML 
approaches, equilibrium thermodynamic-based simulations can be done to analyze the 
electrical double layer (EDL) structures and capacitances in various electrode pore geom-
etries and electrolyte components. By minimizing the grand potential, we may derive the 
density profiles of the solution species, including anions, cations, and solvent molecules, 
within the pore [100]. The differential capacitance of electric double layers in ionic liquids 
and its association with the surface charge density, ion size, and concentration has been 
established using classical DFT [101]. Based on the electronic structure of the electrode 
material, which can be estimated using electronic DFT, quantum capacitance also signifi-
cantly influences the supercapacitor’s overall capacitance [2]. By computationally integrat-
ing the equations of motion for individual atoms, MD simulation tries to predict the EDL 
structural and specific capacitance of thermodynamic systems. The MD simulation out-
comes depend on the force fields employed for electrode/electrolyte interactions. Kiyohara 
et al. [94, 95] proposed constant voltage GCMC as a viable method for solving thermody-
namic equilibrium problems at the electrode‒electrolyte interface for a two-electrode sys-
tem with planar electrodes and the hard-sphere ion model.

Dynamic DFT has enormous potential as an alternative multiscale technique for study-
ing non-equilibrium ion transport in porous electrodes and optimizing materials and pro-
cesses. The Poisson-Nernst-Planck equations omit ionic steric effects and electrostatic 
correlations, whereas dynamic DFT provides a thorough and effective method for describ-
ing them [102–104]. Using approximations to represent steric effects and electrostatic 
interactions, a MFT can be utilized to capture the “bell” or “camel” shaped differential 
capacitance curves that are frequently studied in experiments [96]. Moreover, the pub-
lished experimental data has been utilized for training ML models to study the capacitance 
of carbon-based supercapacitors [97–99]. The data-driven method can be used as an alter-
nate method to build useful correlations between the material’s properties and their perfor-
mance without invoking physical details.

26.3 Biomass-based Supercapacitors and Challenges

The usage of biomasses as one of the primary precursors for the electrode materials used in 
supercapacitors is on the rise. First, it is a readily available and inexpensive resource, which 
motivates researchers and entrepreneurs. Supercapacitors made from biomass have a 
power density of 1 to 10 kW kg−1, which is very promising compared to batteries. This is 
because batteries charge and discharge more slowly than supercapacitors. Carbon-based 
electrodes made from biomass have a very long shelf life, allowing supercapacitors to use 
these electrodes to store charges for a very long time. Supercapacitors are also suitable for 
military applications since they can maintain their capacitance after millions of cycles at 
temperatures between 40 and 70 °C because of their minimal heat losses. Researchers have 
produced and used activated carbon obtained from biomass for various purposes over the 
years, depending on their structural and chemical compositions. However, the most recent 
research makes a lot of noise regarding producing activated carbon using biomass because 
of its simple synthesis technique, high specific surface area, powerful conductivity, and 
hierarchical pore size distribution. The pre-carbonization procedure and the activation 
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step are two essential processes in the current trends to manufacture activated carbon from 
biomass. Although little progress has been made in this area, pre-carbonization is an 
important step in creating very porous carbon. To produce sheets of highly conductive and 
nanoporous activated carbon, it has been shown that the acid treatment approach employed 
in pressurized Teflon bombs is more effective than low-temperature heating. These results 
highlight the pre-carbonization process’s significance in influencing the final activated car-
bon’s high conductivity, heteroatom doping, and porosity. Additionally, for biomass-
derived carbon to work effectively with EDLC, an ideal balance of pore size, specific surface 
area, and high conductivity is needed. Thus, after pre-carbonization, the porosity and spe-
cific surface area of activated carbon can be modified using contemporary synthesis meth-
ods such as chemical, physical, chemical, or microwave-assisted activation methods. 
Chemical activation techniques are more expensive and complicated than physical pro-
cesses, which produce high-quality products but call for handling and employing danger-
ous substances. Despite being superior in terms of saving time, money, special 
circumstances, and high-temperature equipment, microwave activation and synthesis 
techniques in industrial settings are still in their infancy. However, due to their superior 
scalable method, simple synthesis, and improved carbonization and activation procedures, 
ongoing efforts are required to manufacture highly porous and activated carbon from bio-
mass [105]. In addition to the many benefits of biomass-based supercapacitors, there are 
several significant challenges, as indicated in Figure 26.8. It is challenging to fully embrace 
lignin or cellulose nanofiber electrode materials despite the vast array of benefits they offer 
in energy storage due to a number of serious drawbacks. The various barriers to the wide-
spread use of lignin/cellulose-based electrode materials are discussed in this section.

One of the most crucial elements is the biocompatibility of biomasses, which may be evalu-
ated primarily through ecotoxicity, life cycle evaluation, and leaching behavior studies. 
Studies on ecotoxicity are mostly used to determine whether a biomass product poses a threat 
to the environment. A chemical-specific technique and a toxicity-based approach are com-
monly used for an ecotoxicity test. However, a combination of both methods using biomass 
source materials and their aqueous/gaseous extracts is the most effective method for carrying 
out ecotoxicity testing. If at least one pollutant concentration surpasses the predefined thresh-
old values or if at least one biological test is successful, the biomass materials are considered 
economically viable in this test. The chemical activation of biomass materials is a common 
process that increases specific surface area while also leaving behind various toxic chemicals 

that are difficult to remove. Additionally, it is often still 
uncertain how mobile leftover pollutants are. Also, the 
preparation of carbon from biomass require high tem-
peratures, which is a challenging process. The industri-
alization standard and the environment are major 
obstacles to the widespread use of biomass-based 
supercapacitors. For different applications, specialized 
standards should be established; these specifications 
relate to the current collector’s electrolyte, porosity, 
and biomass slurry coating. The other challenge is scal-
ing up research for laboratory-level materials with 
approved procedures that may be used on a bigger 

Figure 26.8 Various challenges in 
biomass-based supercapacitors.
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scale. The primary issue in processing biomass-based supercapacitors on a big scale is the 
reduced activated carbon yield. This problem can be resolved by correctly combining the pre-
cursor with the carbonization and activation processes in one tank. The graphitic structure 
can also be created by incorporating catalysts and organic chemicals in the precursors to 
include more carbon. Due to their EDLC phenomenon, carbon-based supercapacitors made 
from biomass have a significantly lower energy density. To get around this, the energy density 
of the biomass precursors can be increased by doping them with heteroatom dopant atoms 
before or after carbonization. Nevertheless, the potential operating window can be increased 
by using organic, ionic liquid, redox, and polymer gel electrolytes. The specific capacitance 
and potential window are concurrently increased when both requirements are met, consider-
ably increasing the energy density. Engineering has little control over the processes that lead 
to the carbonization and graphitization of biomass precursors. This results in the random 
distribution of micro-, meso-, and macropores over the carbonized biomass, which reduces 
the effectiveness of ion and charge transfer. To regulate the graphitized carbon’s pore size 
distribution and orientation, various engineering techniques can be applied to precursors cre-
ated from biowaste. To achieve this, alternative activators or activation processes, such as 
hydrothermal and air activation, could be utilized in place of the currently employed activa-
tion agents, resulting in biomass-derived carbon with higher nitrogen levels and self-support-
ing qualities. Additionally, nothing is known about the precise addition of surface chemistry 
and pore size distribution on the electrochemical performance of biomass-based supercapaci-
tors. As a result, scientists are always examining how specific porosity variables affect the 
performance of electrochemical systems. Quantifying sustainability in using risky chemicals, 
difficult processing techniques, harmful gas emissions, etc., is a big problem for materials 
made from biomass. Therefore, reducing these negative impacts is preferable as is choosing 
extremely sustainable processing methods. Researchers recently suggested creating hybrid 
supercapacitors, which combine batteries-based and biomass-based supercapacitors, to 
increase performance. This method results in quick acceleration, reliable starting in cold 
weather, extended battery life, and braking energy recovery. Numerous uses are advanced, 
especially in hybrid electric vehicles. In addition to these uses, supercapacitors are also cur-
rently used to start internal combustion engines instead of conventional lead acid batteries, 
for high-speed localized energy delivery, to start electric motors in industrial installations, 
and for voltage stabilization along electric railway lines, which eliminates the need for extra 
supply wires by storing and delivering energy to trains when they accelerate.

Biomasses as precursors play a crucial role in developing a greener and more sustainable 
carbon synthesis techniques for creating activated carbon for energy storage applications 
due to their widespread availability and quantity. It is still uncertain how to choose the best 
biomass resources and tie these features to electrochemical performances to generate suit-
able micro and nanostructures (in terms of pore shapes and sizes) by activating carbon 
preparation processes. The high surface area of EDLC candidates can be combined with 
the pseudocapacitive action of a second component in the resulting structures by nitrogen 
doping. It is necessary to examine and optimize several aspects of this approach, including 
which N-dopant to employ and in what proportion. Such data are missing from current 
investigations. It is challenging to maintain doping concentration and ratio during pyroly-
sis and activation. An additional understanding of the electrochemical pathways is required 
to examine the impacts of heteroatom doping on biomass-based activated carbon in terms 
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of rate capability, chemical stability, cycling performance, and capacitive retention. The 
notion that all green devices with the required energy and power density to compete with 
conventional batteries and capacitors may be manufactured affordably and easily is sup-
ported by a single-step effort to produce N-doped carbon derivatives. Building viable car-
bon electrodes for supercapacitors will require more work to scale up the production of 
activated carbon electrodes made from biomass. To advance the industry must provide 
ecofriendly, high-performance materials and long-range hybrid vehicles. Building environ-
mentally acceptable batteries that use biomass wastes as carbon sources rather than poten-
tially harmful materials is essential [106].

Since the morphologies of biomass are often irregular, it can be difficult to precisely con-
trol pore properties like shape and structure, which affect rate performance and power 
density. Additionally, it is unknown how pore size, surface area, and surface chemistry 
affect the electrochemical performance of supercapacitors made from biomass for energy 
storage. Researchers still struggle with understanding the ion diffusion process in the hier-
archical pore structure. It is possible to use biomass to make flexible electrodes. A new field 
of study will result from this. With continuous research on this topic, there may be excel-
lent opportunities to achieve practical usage of biochar materials in renewable energy con-
version and storage [98]. While lignin and cellulose nanofiber electrode materials provide 
many benefits for energy storage, several significant drawbacks make it challenging to 
employ these materials effectively. The various barriers to the widespread use of lignin and 
cellulose-based electrode materials will be described in this section.

A composite filament made of lignin and cellulose nanofibres (CNFs) was recently cre-
ated by Geng et al. [107] using a microfluidic spinning process and in situ interfacial com-
plexation procedures. The carbonization and stabilization of the hierarchical assembly of 
well-ordered lignin/CNFs crosslinked with biomass chitosan led to the creation of bio-
mass-based CFs with fine graphitic microcrystals. The CF tensile strength may reach 1648 
MPa when the lignin content was 75 weight percent, exceeding most values noted in the 
literature. From plant protein-lignin precursors, Yang et al. [108] created self-standing 
nitrogen-doped CF networks. In preparing them it was difficult to keep the fiber structure 
throughout the carbonization process. The results demonstrated that electrospun fibers 
with protein-to-lignin ratios ranging from 50:50 to 20:80 might retain their fibrous struc-
ture after carbonization. This discovery has the potential to increase the value of plant 
proteins and lignin as waste products from agricultural processing. However, cellulose’s 
poor carbon yields severely restrict its use as a precursor for carbon fibers. Biomass prod-
ucts from agriculture and forestry have a lot of potential as starting points for the produc-
tion of sustainable activated carbons used in supercapacitor applications. Although 
significant efforts have been made to design supercapacitors up to this point, there are still 
a number of difficulties that need to be resolved in order to further enhance the electro-
chemical performance of materials in supercapacitor applications.

26.4 Conclusions

In conclusion, it is sustainable and affordable to use abundant biomass to create biomass-
based materials with outstanding electrochemical characteristics for supercapacitors. The 
chemical makeup, pore structure, and experimental settings all significantly impact the 
electrochemical performance. To produce a high-quality biomass-based product, good 
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design must be used in selecting the source material and the suitable pyrolysis or activation 
procedure. Given the variety of biomass resources, a thorough investigation of the electro-
capacitive characteristics of biomass species and organs has been conducted for this chap-
ter. Analysis of the precursor in terms of plant, microbial, and animal remnants is a useful 
practice, and distinct potential qualities should be summarized to maximize biomass-based 
active carbon’s electrochemical properties. The preparation of 0D–3D interconnected 
porous frameworks, heteroatom doping, and the degree of graphitization, which can 
increase the energy and power densities, are examples of how they differ from structure 
and compositional design. The successful conversion of biomass to nanostructured carbon 
creates a new method for utilizing naturally occurring frameworks. Several significant 
obstacles and opportunities are highlighted in developing biomass-based carbon in super-
capacitors, even though advanced research on the material has demonstrated comparably 
high electrochemical performance, high-rate capability, and cycling ability. A broad guide-
line for the development of next-generation energy storage devices may be found in this 
chapter. It is a potential area for developing renewable and biomass-derived materials. 
Thus, the research should focus on free-standing supercapacitors, excellent electrochemi-
cal performance, and favorable mechanical qualities. Highly conductive and flexible car-
bon electrode materials are produced using the two main techniques for producing 
free-standing carbon materials: simple one-step carbonization and activation preparation 
processes and the deposition or embedding of carbon nanotubes onto stretchable or flexi-
ble substrates. These supercapacitors have dramatically increased energy density without 
compromising their power capacity. Additionally, biomass-based binder-free supercapaci-
tors will advance this promising area of electrical energy storage and work to find ways to 
use it practically in the near future. This progress report presents a comprehensive sum-
mary of recent advances in the rational design and fabrication of innovative supercapacitor 
materials produced from biomass. Additionally, it methodically explores the key elements 
– from fundamental chemistry to operational assembly – that significantly impact the volu-
metric performance of materials obtained from biomass. By considering the various impor-
tant aspects such as reducing the temperature to get excellent carbon for supercapacitors, 
unifying the methods for membrane preparation from biomass, providing enough concen-
tration in developing high-performance electrolytes from biomass, developing the simple 
method for packaging materials, scaling up in an easy way with low cost, recycling the 
generated gas during pyrolysis as fuel, focusing on techno-economic analysis, preparing 
compatible supercapacitors with various instruments, overcome safety concerns, and min-
imizing IR drop would brought up the biomass-based supercapacitors to a commercial 
level. Therefore, this systematic study will serve as a resource for other researchers inter-
ested in developing biomass-based supercapacitors as an alternative to conventional super-
capacitors and batteries made of biomass materials. We hope our timely study will provide 
future supercapacitor device designers with a beneficial overarching framework.
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