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Preface
The  fast growth of worldwide energy utilization has moved various research 
activities toward the development of clean and sustainable power sources (e.g., solar, 
wind, water splitting) during the most recent decade. As these energy systems are 
intermittent (e.g., solar and wind) or regionally constrained (e.g., water), there is a 
need to create advanced energy storage systems, for example, supercapacitors, for 
the productive storage of electrical energy. Supercapacitors have attracted significant 
attention during the last few decades because of their high specific power density, 
long cycle life, and capacity to connect the power/energy gap between customary 
capacitors and batteries/fuel cells. Even though the effectiveness of energy storage 
devices relies upon a variety of variables, their overall performance strongly depends 
on the structure and properties of the part materials. The current advancements in 
nanotechnology have opened up new frontiers by making new materials for effective 
energy storage, for example, fullerenes, carbon nanotubes, quantum dabs, graphene, 
carbon onions, hexagonal carbides, carbon curls, and carbonitrides-MXenes, and 
perovskites and structures, for example, multidimensional congregations, bioinspired 
structures, 0D nanoparticles, 1D nanowires, 2D nanosheets, and 3D nanofoams and 
networks, and so on. These nanostructured electrode materials have exhibited unri-
valed electrochemical properties for creating elite supercapacitors.

This book depicts the current progress and advances made in nanostructured super-
capacitor electrode materials of different dimensions ranging from zero to three, 
with microporous to mesoporous nature, and of subatomic to nanoscales. The poten-
tial applications, including customer electronics, wearable gadgets, hybrid electric 
vehicles, and stationary and industrial energy systems, are also highlighted. It also 
explores the impact of nanostructures on the properties of supercapacitors, including 
specific capacitance, cycle stability, and rate capability, which are deemed neces-
sary for the upcoming generation of supercapacitor electrodes. It also discusses the 
recent research progress toward modification of the morphology of energy storage 
materials used in supercapacitor applications. The emphasis is given to provide in-
depth knowledge on supercapacitor materials of various morphologies and structures 
including 0D and 1D carbon nanostructures, inorganic 1D nanomaterials, core–shell 
nanomaterials, hierarchical nanostructures, mesoporous and honeycomb nanostruc-
tures, 1D polymers, and metal–metal oxide systems. This book is a unique reference 
guide for postgraduates, researchers, and academicians of chemistry, physics, nano-
technology, advanced materials science, and other interdisciplinary fields of science 
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and technology, more specially electrochemistry. This  book is planned to provide 
the readers with a clear thought regarding the execution of materials of different 
morphologies and structures as an electrode in electrochemical supercapacitors.

Inamuddin
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 Chinese Academy of Sciences (CAS)

National Center for Nanoscience and Technology
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1 Zero-Dimensional 
Carbon Nanostructures 
for Supercapacitors

Praveen Mishra and Badekai Ramachandra Bhat

1.1  INTRODUCTION

The dependence of civilization on energy is rapidly increasing as the decades pass 
by. The world is now striving to find new sources to harness energy to meet this 
ever-increasing demand. This demand prompts research on energy generation and, 
more importantly, on energy storage devices. The latter has a high demand owing 
to the boom in the use of personal and portable electronic devices. Batteries have 
been catering to this requirement for quite some time now. Supercapacitors are the 
upcoming energy storing devices that can replace batteries due to their higher power 
output and fast recharge (Winter and Brodd 2004). A supercapacitor or an electro-
chemical capacitor is a simple device that can store charge at the interface of an 
electrode and an electrolyte (Kötz and Carlen 2000, Frackowiak and Béguin 2001). 
They are considered to be advantageous over batteries due to their very high specific 
capacitance, high power density, maintenance-free operations, no memory effect, 
and tapping into the massive void between the power-energy difference between 
capacitors and batteries (Winter and Brodd 2004, Poonam et al. 2019). A simplistic 
representation of this may be seen from a Ragone plot (Figure 1.1). As evident from 
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the figure, the supercapacitors fill the gap between capacitors and batteries in terms 
of power density (Pd) and energy density (Ed).

The history of the development of capacitors finds its roots in the development of 
the Leyden Jar in the year 1745–1746, which was essentially a glass vessel being the 
dielectric medium with metal foils acting as electrodes. The first electrolytic capaci-
tor was reported in the 1920s. However, for supercapacitors, the first instance of the 
documented report surfaces in 1957, which is the electrostatic double-layer capaci-
tor (EDLC) patented by General Electric and developed using activated charcoal, a 
form of highly porous carbon as plates. The supercapacitors made of carbonaceous 
materials usually result in an EDLC. EDLCs reflect their characteristic rectangular 
cyclic voltammetry curves and symmetrical galvanostatic charge-discharge profile. 
A typical EDLC is based on the principle of non-Faradaic charge transfer, in which 
the separation of charges is achieved by the formation of a few angstrom lengths, 
thick Helmholtz double layer between the surface of the conductive electrodes and 
the electrolyte (Figure 1.2). The reasons underlying the higher specific capacitance 
of the supercapacitor are as follows:

	 1.	The  capacitance is inversely proportional to the distance between the 
charged surfaces, which is very small for supercapacitor.

	 2.	The  specific charge per unit area, which is directly proportional to the 
capacitance, is a consequence of very high specific surface area of carbon 
electrodes, and the use of easily ionizable electrolyte results in the large 
deposit of electrostatic charge per unit surface area of the electrode.

Carbon materials are preferred for such applications due to their versatile existence, 
low cost, and environmental-friendly nature (Frackowiak 2007). Early carbon mate-
rials used to fabricate electrodes for supercapacitors have been amorphous carbons 

FIGURE 1.1  A Ragone plot depicting the relative positions of various electrochemical sys-
tems with respect to the energy density (Ed) and power density (Pd).
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(Pandolfo and Hollenkamp 2006). Carbon is available in various allotropic forms 
such as diamond, fullerenes, and graphite, which is a large family of nanostruc-
tures (0 to 3D) with microtextures (of varying orderedness) due to the degree of 
graphitization and polymorphism (e.g., aerogels, powders, fibers, foams, fabrics, and 
composites). The  diversity in the structural morphology of carbonaceous materi-
als makes them a promising material for an array of electrochemical applications 
with the storage of energy being an important one (Frackowiak and Béguin 2001, 
Georgakilas et  al. 2015). The  carbon-based electrodes can be easily polarized. 
The electrical conductivity of a carbon electrode is strictly dependent on the param-
eters such as thermal treatment, surface morphology, hybridization, and the nature 
of heteroatoms present in it. The  amphoteric characteristic of carbon allows it to 
exhibit a wide range of electrochemical properties from its donor to acceptor state. 
Carbon nanomaterial, on the other hand, is further suitable as an electrode material 
due to their exceptionally high specific surface area. The extent of electrical conduc-
tivity of carbon nanomaterials is large enough and exceeds that of metals in some 
instances. The chemical and electrochemical stability and ability to synthesize in 
bulk economy are additional advantages of carbon nanomaterials. The shape, pres-
ence of surface defects, morphology, and surface functionality also affect the elec-
trochemical performance of carbon nanomaterials (Frackowiak and Béguin 2001, 
Raymundo-Piñero et al. 2006, Poonam et al. 2019).

Despite the high specific capacitance of supercapacitors, the key challenge for 
them to be used as an energy storage device is to overcome its small Ed. The Ed of 
a capacitor is directly proportional to its capacitance and to the square of the volt-
age (V). Therefore, to obtain a higher Ed, one or both parameters need to be improved.

One common way to achieve this goal is by using electrodes with high spe-
cific capacitance and electrolytes, which are stable in large potential windows. 

FIGURE 1.2  Types of supercapacitors.
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The optimization of the integrity of the system is another means to further improve 
it. The fabrication of the components of supercapacitor such as electrolyte and mate-
rials for the electrode is rather facile; however, making them work in harmony to 
achieve desired performance becomes a delicate balancing act between the optimi-
zation of surface morphology with the ionic size of electrolyte ions. Electrolytes are 
responsible for the Pd yield, operable temperature window, and the ionic conductivity 
of the supercapacitor. Apart from being able to operate in the wider potential win-
dow, the electrolyte should also possess a high ionic concentration, electrochemi-
cal stability, low equivalent circuit resistance, low volatility, viscosity, and toxicity 
(Wang, Zhang, and Zhang 2012).

Another method to improve the capacitance of a supercapacitor is the creation of 
pseudocapacitors (Figure 1.2). Pseudocapacitors work on the principle of Faradaic 
charge transfer, in which the components of electrode actively undergo redox process 
via intercalation mechanism, thereby generating faradic current (Conway 1991) 
(Figure 1.3). The Faradaic process is also responsible for the higher capacitance and 
Ed of pseudocapacitors than those of EDLCs. The ability of the electrodes to real-
ize pseudocapacitance depends on the chemical affinity of the electrode materials 
toward the ions adsorbed on the electrode surface. The structure and morphology 
of the electrode surface also play a major role in this effect. Conway performed the 
pioneering work on the development of pseudocapacitors (Conway and Gileadi 1962, 
Conway 1991). Transition metal oxides such as IrO2 (Liu et  al. 2008), WO3 (Ren 
et al. 2010), RuO2 (Liu, Pell, and Conway 1997), Fe3O4 (Kulal et al. 2011), MnO2 
(Demarconnay, Raymundo-Piñero, and Béguin 2011), NiO (Kim et al. 2013), V2O5 
(Saravanakumar, Purushothaman, and Muralidharan 2012), and Co3O4 (Meher and 
Rao 2011) exhibit excellent redox activity and are therefore used in pseudocapacitors. 
Transition metal sulfides such as Co3S4 (Patil, Kim, and Lee 2017), CuS (Xu, Liang 
et al. 2016), CdS (Xu, Liu et al. 2016), and Co1.5Ni1.5S4 (Tang et al. 2015) are also 
excellent materials for pseudocapacitors. Additionally, conducting polymers such as 
polyaniline (PANI) (Gupta and Miura 2006, Eftekhari, Li, and Yang 2017), poly-
thiophene (Laforgue et al. 1999), polypyrrole (PPy) (Fan and Maier 2006), polyvi-
nylalcohol (PVA) (Liew, Ramesh, and Arof 2014), poly(3,4-ethylene dioxythiophene) 

FIGURE 1.3  The typical shape of cyclic voltammogram of an EDLC and a pseudocapacitor.
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(PEDOT) (Weng and Wu 2013), poly(4-styrene sulfonate) (Yuan et al. 2009), and 
poly(phenylene-vinylene) (Wee and Hong 2014) have also been reported to be used 
for the fabrication of pseudocapacitors.

Zero-dimensional (0D) nanomaterials are often used to produce a variety of elec-
trochemical devices (Tiwari, Tiwari, and Kim 2012). 0D carbon nanostructure is a 
classification of carbon allotropes or derivatives, which came to light only approxi-
mately a decade ago (Sun, Zhou et al. 2006, Trauzettel et al. 2007). However, the 
oldest member of this family, fullerenes, were predicted to exist as early as 1965 
(Schultz 1965) with its formal discovery made in 1985 (Kroto et al. 1985). These 
materials are highly functional and therefore possess the ability to assist the pseu-
docapacitive behavior in an otherwise conventionally favoring EDLC material. 
The following sections discuss the various methods used to synthesize 0D carbon 
nanostructures and their applications in the fabrication of supercapacitors.

1.2 � SYNTHESIS OF ZERO-DIMENSIONAL CARBON 
NANOSTRUCTURES

0D carbon nanostructures are broadly classified as fullerenes, carbon dots (CD), and 
nanodiamonds (ND) (Figure 1.4). Fullerenes are principally a family of the molecule 
of carbon, which resembles a cage, with varying number of carbon atoms with C60 
being the most commonly used among them (Kroto et al. 1985, Georgakilas et al. 
2015). CD, on the other hand, are highly fluorescent materials that show excitonic 

FIGURE 1.4  Types of zero-dimensional nanoparticles.
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entrapment phenomenon in all the three spatial directions (Sun, Zhou et al. 2006). 
Hence, for this reason, they are called carbon quantum dots. A subclassification of 
CD is the graphene quantum dots (GQD), which are the fragments of graphene sheet 
with size so small that it affects the excitonic entrapment in all the three spatial 
dimensions. ND are 0D carbon nanomaterials with diamond core and amorphous 
carbon shell.

1.2.1  Synthesis of Fullerenes

Fullerenes are generally made from graphite by means of arc/plasma discharges 
(Krätschmer et al. 1990, Hare, Kroto, and Taylor 1991, Parker et al. 1991, Scrivens 
and Tour 1992) or laser irradiation (Kroto et al. 1985, Kroto 1988). Alternatively, 
naphthalene pyrolysis (Taylor et al. 1993) and combustion of hydrocarbons (Howard 
et  al. 1991, Homann 1998) are also common methods for preparing fullerene. 
The  large-scale production of fullerene is often realized by the combustion of 
hydrocarbons and therefore, is of commercial importance (Murayama et al. 2005). 
The product thus obtained contains a small fraction of fullerenes, among which C60 
is the most commonly formed. Isolation of fullerene is achieved by solvent extraction 
in nonpolar solvents such as benzene or toluene. The separation of the various types 
of fullerenes present in the organic phase is performed by column or liquid chroma-
tography (Lieber and Chen 1994). Despite using abundant precursor-like graphene 
and hydrocarbons, the preparation of fullerenes suffers from major limitations in 
terms of their low yield and requirement of sophisticated methods to isolate pure 
product, which greatly affects the overall cost of the materials (Anctil et al. 2011, 
Mojica, Alonso, and Méndez 2013).

Several models have been proposed for the formation of fullerenes (Mojica, 
Alonso, and Méndez 2013). The icospiral particle nucleation assumes that initially, 
corannulene-like C20 is formed with a pentagon surrounded by five hexagons. 
This  intermediate being highly reactive forms an open spiral shell that resembles 
the Nautilus, by the aggregation of smaller fragments of carbon adsorbed on the 
surface of these shells. The closing of the shell occurs entirely on a statistical basis 
as an appropriate number of pentagons are integrated into the structure (Zhang et al. 
1986, Kroto 1988, Mojica, Alonso, and Méndez 2013). A four-step mechanism for 
the formation of fullerenes has also been described (Mojica, Alonso, and Méndez 
2013, Georgakilas et al. 2015). In this mechanism, the vaporized carbon atoms form 
a chain of up to 10 atoms, which progressively grows into a monocyclic ring with 
~20 carbon atoms. This ring further grows into a 3D carbon network followed by the 
shell closing mechanism, resulting in the formation of a fullerene cage. Ring stack-
ing model is another way of explaining the formation of C60 and C70 (Wakabayashi 
and Achiba 1992). Here, C10 ring is deemed to be the starting state, which deforms 
to form a structure comprising two hexagons of carbon atoms with eight free bonds. 
This  structure is further stacked with a C18 structure to eliminate the preexisting 
dangling bonds while forming the new ones with reduced numbers. Similarly, the 
sequential stacking of C18, C12, and C2 molecules results in the creation of the C60 
molecule. The sequential stacking is in the order C10, C18, C20, C16, and 3C2 molecules 
to form C70. The carbon clusters that are inclusive of chains and rings, bicyclic or 
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tricyclic structures of 34–60 carbon atoms, or large random clusters may be annealed 
to produce fullerene according to the annealing model (Hunter, Fye, and Jarrold 
1993, Mojica, Alonso, and Méndez 2013). The annealing of carbon clusters is often 
supplemented by the production of smaller clusters. Another model called the quan-
tum chemical molecular dynamics is based on the shrinking hot gain road mecha-
nism for the formation of fullerenes (Irle et al. 2006, Mojica, Alonso, and Méndez 
2013, Georgakilas et al. 2015). This mechanism is a two-step process, in which the 
giant fullerenes are formed as hot vapors of carbon condense followed by C60 or C70 
formation as giant fullerene shrinks irreversibly eliminating C2 molecules. This irre-
versible elimination is caused due to the vibrational excitement in the giant fullerene 
because of the highly irregular and defective nature of its cage (Irle et al. 2006).

Fullerenes are also prepared with the bottom-up approach using various poly-
cyclic hydrocarbon molecules (Georgakilas et al. 2015). Corannulene, which is the 
smallest unit of C60, is considered to be a suitable precursor as it has a curved π 
surface (Scott 2004, Mojica, Alonso, and Méndez 2013). Hydrocarbons such as deca-
cyclene, tribenzodecacyclene, and trinaphtodecacyclene are also good precursors to 
synthesize fullerene by the bottom-up approach (Mojica, Alonso, and Méndez 2013). 
The disadvantage of using these precursors is the highly complex, time-consuming 
multistep organic methodology that results in very small yield and therefore is 
not very practical (Scott 2004, Mojica, Alonso, and Méndez 2013). The ab initio cal-
culations based on Density functional theory (DFT) supports the formation of fuller-
ene from simple hydrocarbons (Viñes and Görling 2011). Metallic nanoparticles are 
used in such cases, both as a template and a catalyst. However, the procedure may be 
applicable only on strictly following the three conditions (Viñes and Görling 2011):

	 1.	Complete dehydrogenation of the precursor, which is catalyzed by the 
metallic nanoparticles

	 2.	Strong bonding of carbon to the surface of nanoparticles
	 3.	The enthalpy of fullerene formation should be lower than that of the forma-

tion of other carbon nanoallotropes for a given set of reaction parameters.

Other miscellaneous routes to synthesize fullerene include the translation of precur-
sors such as acetylene rods and benzene rings or reverse translation of CO2 at high 
pressure and temperature (Chen and Lou 2009). These methods follow the intramo-
lecular multimember ring formation reactions.

Onion-like carbons (OC) can be considered as fullerenes arranged concentrically 
to result in the formation of an onion made up of only carbon atoms. These structures 
are also regarded as multicore fullerene. OC were first prepared by intense irra-
diation of an electron beam on to carbon nanotubes (Ugarte 1992). A much higher 
amount of OC was prepared when carbon soot was heated at 2100°C–2250°C under 
vacuum (de Heer and Ugarte 1993). The OC thus prepared had 2–8 concentric non-
spherical fullerenes with a diameter ranging between 3 and 10 nm. High quality and 
milligram scale synthesis of OC with an average diameter of 25–30 nm may also 
be achieved by producing a high voltage arc discharge in water between two sub-
merged graphite electrodes (Sano et al. 2001, Alexandrou et al. 2004). Spherical OC 
in significant yield and diameters ranging 10–20 nm was successfully produced by 
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embedding carbon ions into the silver matrix with an energy of 120 keV (Cabioc’h 
et al. 1997, 1998). An electron beam under high vacuum and high temperature of 
1000°C–1500°C was used for annealing a highly dispersed diamond powder, which 
resulted in the gram-scale formation of OC (Kuznetsov et al. 1994). Similarly, OC of 
varying shapes and sizes can be produced by modulating the duration and tempera-
ture of annealing (Ugarte 1994, Barnard, Russo, and Snook 2003, Raty et al. 2003).

1.2.2  Synthesis of Carbon Dots

CD were first discovered when the single-walled nanotubes prepared by the arc-
discharge method was being purified by gel electrophoresis (Xu et al. 2004). Since 
then, a wide variety of methods and techniques have been perfected for the preparation 
of CD in the last decade (Li, Kang et al. 2012). As the most common precedence, CD 
are prepared by the top-down approach such as the laser ablation of suitably treated 
blends of cement and graphite. The as-synthesized CD are subsequently treated with 
acids to enrich the surface with reactive oxygen groups. These reactive oxygen sites act 
as centers where desired organic molecules and oligomers may be bound to passivate 
the surface of the CD. CD have a mean diameter of ~5 nm (Sun, Zhou et al. 2006). 
CD can be easily produced electrochemically using graphite electrodes dipped in pure 
water (Ming et al. 2012) or other electrolytes (Zhao et al. 2008, Zheng et al. 2009). 
The CD produced in such a way have a very narrow size distribution and contains both 
amorphous and graphitic components in its structure. Multiwalled nanotubes can also 
be used as a carbon source for the electrochemical synthesis of CD (Zhou et al. 2007).

Other methods of synthesizing CD include the carbonization of organic precursors 
in solvents with high boiling point (Wang, Pang et al. 2010, Dong, Wang et al. 2012, 
Lai et al. 2012, Wang et al. 2012), “water in oil” emulsions (Kwon, Do, and Rhee 
2012, Kwon et  al. 2014), or powders (Bourlinos, Stassinopoulos, Anglos, Zboril, 
Karakassides et al. 2008b, Bourlinos, Stassinopoulos, Anglos, Zboril, Georgakilas 
et al. 2008a, Wang, Pang et al. 2010, Deng et al. 2013, Xu et al. 2013, Jiang et al. 
2014); pyrolysis of polymer-silica nanocomposites (Liu et al. 2009); ultrasonic car-
bonization (Li et al. 2011, Ma et al. 2012); and hydrothermal (Hsu and Chang 2012, 
Zhou, He, and Huang 2013, Hu et al. 2014, Liu et al. 2014, Yang et al. 2014), solvo-
thermal (Zhang, Ma et al. 2012, Zhou et al. 2013), or microwave treatment (Chandra 
et al. 2011, Mitra et al. 2012, Puvvada et al. 2012, Niu et al. 2013) of a wide range 
of organic precursors. These hydrocarbon-based precursors may range from poly-
mers, carbohydrates, organic macromolecules, and organosilanes to natural prod-
ucts. Among these methods of synthesis, the hydrothermal and microwave methods 
to synthesize CD are most prevalent (Yang, Li et al. 2013).

Like fullerene and OC, CD have been isolated from the carbon soot of combus-
tion of candles or natural gases (Liu, Ye, and Mao 2007, Ray et al. 2009, Tian et al. 
2009). The highly photoluminescent CD may be prepared by heating nitrogen- and 
oxygen-rich organic molecules such as cadaverine, ethylenediaminetetraacetic acid, 
glycine, and tris(hydroxymethyl)aminomethane in an autoclave at 300°C (Hsu and 
Chang 2012). CD obtained by this method are usually spherical, well dispersed, and 
2.6−7.9 nm in diameter and are highly hydrophilic. X-ray diffraction patterns of CD 
have demonstrated them to be mostly amorphous with partly graphitic characteristic.
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CD are often synthesized with atoms such as nitrogen as a dopant in a one-step 
method. A highly photoluminescent N-doped CD was reportedly made from carbon 
tetrachloride and NaNH2 (used as N source) in an autoclave (Zhang, Ma et al. 2012). 
Similarly, a single-step thermal decomposition of substituted ammonium citrate salts 
also yielded N-doped CD with desired dispersibility (Bourlinos, Stassinopoulos, 
Anglos, Zboril, Karakassides et  al. 2008b). In  another instance, octadecylammo-
nium citrate was used to obtain organophilic N-doped CD. A strongly hydrophilic 
N-doped CD was prepared by the decomposition of diethylene glycol ammonium 
citrate.

One of the most widely used carbon sources for the preparation of CD is citric 
acid because the carbonization of citric acid occurs at a relatively low temperature. 
Citric acid in octadecane carbonizes at 300°C under argon to produce CD (Wang, 
Pang et  al. 2010). Branched poly(ethylenimine) and citric acid dissolved in water 
carbonize under 200°C (Dong, Wang et  al. 2012). Glycerol is another interesting 
organic compound that acts as a precursor and a solvent for the synthesis of CD due 
to its high boiling point. CD are directly synthesized by refluxing glycerol at ~230°C 
(Xu et al. 2013).

The pyrolysis of organic compounds under microwave irradiation is a relatively 
new method to synthesize CD. The aqueous dextrin in the presence of sulfuric acid 
pyrolyzed under microwave irradiation results in highly photoluminescent CD, with 
the emission spectrum covering the entire visible region without the need of surface 
passivation (Puvvada et al. 2012). As-synthesized CD is highly dispersible in water. 
Similarly, the pyrolysis of citric acid in 1,2-ethylenediamine (EDA) under micro-
wave irradiation results in well-dispersed, spherical, and amorphous EDA surface-
passivated CD of 2–3 nm in diameter (Zhai et al. 2012).

Ultrasonic mixing of glucose and ammonium hydroxide results in amine-
passivated CD with a diameter of ~10 nm and a lattice spacing of 3.43 Å, which is 
indicative of its graphitic nature (Ma et al. 2012). The solution phase reduction of 
carbon tetrachloride produces a highly photoluminescent CD in the reverse micelles 
of tetraoctylammonium bromide (Linehan and Doyle 2014). Additionally, the syn-
thesis of water-soluble CD via single-step carbonization of ethylene glycol in con-
centrated H2SO4 at 80°C was also reported (Liu, Liu, and Zhang 2013).

CD can be purified by various methods such as column chromatography, dialy-
sis, filtration, gel electrophoresis, ultracentrifugation, or a combination of these 
techniques (Wang, Cao et  al. 2010, Anilkumar et  al. 2011, Jaiswal, Ghosh, and 
Chattopadhyay 2012, Shen, Zhu, Yang, and Li 2012, Gong et al. 2014). The puri-
fication of CD eliminates the possibility of organic by-products formed during the 
synthesis of CD to interfere with the photoluminescence of CD.

Another challenge in the synthesis of CD is the control over size and dispersity of 
CD. A soft-template synthesis method was developed to control the size of the CD 
during the reaction process. Carbonation of a carbon-rich precursor in a water-in-oil 
emulsion at high temperature in one such way to produce size-controlled CD (Kwon 
et al. 2014). Hydrophilic carbon precursors such as citric acid are encapsulated by 
the water dispersed in a mixture of long-chain hydrocarbons such as octadecene and 
oleylamine. Heating this dispersion at 250°C causes the evaporation of water, which 
further leads to the formation of CD via carbonization of the precursor. The amount 
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of oleylamine in the mixture affects the size of the formed CD (Kwon et al. 2014). 
Another template-based synthesis of CD is dependent on a soft−hard-template 
approach to control the size and other characteristics of the CD (Yang, Wu et al. 
2013). Mesoporous silica, when used as a nanoreactor, result in CD with uniform 
size distribution (Zong et al. 2011).

1.2.3  Synthesis of Graphene Quantum Dots

As shown in the case of other two 0D carbon nanomaterials, GQD can be prepared 
on the basis of “top-down” and “bottom-up” approach (Shen, Zhu, Yang, and Li 
2012, Li et al. 2013, Sun, Wu et al. 2013, Bacon, Bradley, and Nann 2014). The gra-
phitic structures are cut from various sources to produce GQD in the “top-down” 
approach. Few precursors from which GQD can be prepared are carbon black 
(Dong, Chen et al. 2012), coal (Li et al. 2013, Ye et al. 2015), carbon fibers (Peng 
et al. 2012, Xie et al. 2013), graphene oxide (Pan et al. 2010, Li, Ji et al. 2012, Shen, 
Zhu, Yang, Zong et al. 2012, Yang et al. 2012), multiwalled nanotubes (Shinde and 
Pillai 2012), single-walled nanotubes (Dong et al. 2013), graphite (Markovic et al. 
2012, Zhang, Bai et al. 2012, Sun, Wang et al. 2013), or graphene (Ponomarenko 
et al. 2008, Ananthanarayanan et al. 2014).

High-resolution electron lithography was one of the first methods for obtaining 
GQD from graphene, albeit with low yield (Ponomarenko et  al. 2008). The most 
common method for preparing GQD is hydrothermal cutting of graphene oxide or 
reduced graphene oxide. GQD thus obtained are water-soluble and emit blue lumi-
nescence with diameters ranging from 5 to 13 nm. The cutting mechanism involves 
the dissociation of a series of epoxides and carbonyls on the surface of graphene 
oxide, thereby dividing them into GQD (Pan et al. 2010). Cutting graphene oxide 
sheets into GQD may also be enabled by an O3 pre-oxidation treatment, enriching 
the graphene oxide surface with oxygen-rich functional groups before the hydrother-
mal treatment (Yang et  al. 2012). The  surface passivation of hydrothermally pro-
duced GQD can be performed in situ using commonly available pre-polymers such 
as polyethylene glycol (Shen, Zhu, Yang, Zong et al. 2012). Pre-polymers such as 
poly(ethylenimine) (PEI) assist in the hydrothermal cutting of graphene oxide by 
acting as a chemical scissor, producing virtually monodispersed GQD. PEI also acts 
as a stabilizing agent to avoid restacking of GQD (Xue et al. 2013).

Carbon black and carbon fibers are more unconventional sources for producing 
GQD. The process, in general, involves subjecting the carbon source to hot concen-
trated acid such as nitric acid to induce oxidative stress, leading to the stripping of 
smaller size GQD (Dong, Chen et al. 2012, Peng et al. 2012). The purification of 
GQD is performed by centrifugation and dialysis using a dialysis bag of desired 
molecular weight cutoff. Coal may also be used with the same methodology to yield 
GQD (Ye et al. 2015).

Electrochemical cutting of graphite is another popular method for the synthesis 
of GQD (Markovic et al. 2012, Zhang, Bai et al. 2012). A graphite rod is used as an 
anode in an alkaline electrolyte in a typical method. GQD produced from electro-
chemical cutting are usually having diameters of 5–10 nm. The method to purify the 
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GQD remains the same, i.e., centrifugation followed by dialysis. The synthesized 
GQD chiefly contains monolayer QD with the fluorescence quantum yield reaching 
14% (Zhang, Bai et  al. 2012). Other materials used for obtaining GQD via elec-
trochemical cutting are multiwalled nanotubes or single-walled nanotubes (Shinde 
et al. 2011, John et al. 2014). Such electrochemical unzipping results in the formation 
of high-quality graphene nanoribbons, which are very similar to GQD. However, 
if the electrochemical unzipping is performed in the presence of an organic solvent, 
GQD are obtained. Electrochemical oxidation of nanotubes has reportedly yielded 
monodispersed GQD of diameters less than 10 nm (Shinde and Pillai 2012).

The broad size distribution of the produced GQD is a primary shortcoming of 
top-down methods. Few attempts have been made to achieve a much narrow size dis-
tribution of GQD from the top-down approach, as these methods are highly advan-
tageous in producing GQD in higher yields. One such attempt was the synthesis 
of GQD by etching away the exposed graphene layer masked with self-assembled 
silica nanodots (Lee et al. 2012). The silica nanodots, having diameters within the 
range of 10–20 nm, were used as a mask for the intended GQD while etching the 
rest of the graphene layer using an oxygen plasma. Mono or bilayer GQD with nar-
row size distributions are obtained as a result of the masking effect. The diameter of 
obtained GQD depends on the dimension of silica nanodots (Lee et al. 2012). Other 
assorted precursors and methods for the preparation of GQD include oxidation of 
carbon nanofibers (Lee, Ryu, and Jang 2013), hydrothermal cutting of single-walled 
nanotubes (Dong et al. 2013), microwave-assisted acidic treatment of graphene oxide 
(Li, Ji et al. 2012), refluxing reduced graphene oxide in various solvents (Štengl et al. 
2013), and acid-induced oxidation (Sun, Wang et al. 2013) or microwave irradiation 
of graphite (Shin et al. 2014); all these methods are summarily similar to the earlier 
discussed top-down methods.

On the other hand, the “bottom-up” approach for the synthesis of GQD involves 
assembling or fusing aromatic molecules to nanoscale using appropriate methods 
(Shen, Zhu, Yang, and Li 2012, Liu et al. 2011). The most prominent advantage of 
this method is greater control over the size distribution of GQD. This is achieved by 
carefully picking suitable precursor and optimizing reaction parameters. One such 
way is pyrolytic graphitization of hexa-peri-hexabenzocoronene (Liu et al. 2011), 
which results in artificial graphite that can undergo oxidative exfoliation like a top-
down method to yield GQD. The  obtained GQD were 60  nm wide and 2–3  nm 
thick. Another method is to synthesize GQD via a multistep organic reaction from 
the simplest of organic molecules such as 3-iodo-4-bromoaniline (Yan, Cui, and 
Li 2010). Similarly, GQD can be produced with yields of up to 63% by connecting 
pyrene derivatives (Wang, Wang et al. 2014). The method involves the pyrene nitra-
tion followed by the hydrothermal treatment of the pyrene derivative under basic 
conditions.

A high yield, large-scale bottom-up approach to synthesize GQD is using a ther-
mal plasma jet of ethylene gas that results in carbon soot containing a large amount 
of GQD (Kim and Suh 2014). This can be simply visualized as a pyrolytic aggrega-
tion of carbon from ethylene into GQD. The procedure reportedly claims to produce 
4 g/h of GQD dispersed in toluene with diameters between 10 and 20 nm.
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GQD can also be synthesized using fullerene by means of cage-opening 
mechanism (Chua et al. 2015). As there is no loss of the number of carbon atoms 
from the precursor to the product, this may be thought of as a side-way method to 
synthesize GQD. Because cage opening is achieved by the oxidative cutting method, 
this process is much closer to the top-down method than to the bottom-up method.

Generally, GQD emit blue to deep blue fluorescence, whereas the oxides of GQD 
emit green fluorescence (Li, Ji et  al. 2012). However, few amine- and hydrazine-
functionalized GQD are reported to emit yellow and cyan fluorescence, respectively 
(Wang, Wang et  al. 2014). Additionally, khaki luminescent nitrogen-doped GQD 
have been reported (Zhu et al. 2014)

1.2.4  Synthesis of Nanodiamonds

ND are possibly the most interesting carbon nanomaterials for research. The struc-
ture of ND consists of a diamond core (i.e., sp3 hybridized carbon core) and amor-
phous carbon layers (sp2 hybridized carbon shell). The physical characteristics of 
ND are determined by methods used for production. The most common method 
to produce ND is the detonation of a carbon-rich explosive blend. The  blend of 
trinitrotoluene and hexogen (1,3,5-trinitro-1,3,5-triazinane) is one such combina-
tion (Dolmatov 2001, Danilenko 2004). Detonation method typically results in soot 
with 75% ND having size distribution between 4 and 5 nm. Aggregation of ND, 
which are nondispersible in solvents, is a disadvantage of this procedure. These 
aggregates are found enclosed within the layers of graphitic material, making it 
even harder to disperse and purify (Krueger 2008). Mechanical milling and ultra-
sonication are few common methods to reduce such aggregates. Additionally, the 
ND become more hydrophilic and are therefore easily dispersible in polar solvents 
(Krüger et al. 2005, Ozawa et al. 2007). Alternatively, salt- or sugar-assisted milling 
to prevent the reaggregation of the ND is also available (Pentecost et al. 2010, Lai 
and Barnard 2011). The products of detonation are purified with ozone oxidation or 
by heating in concentrated acid to remove undesirable byproducts (Osswald et al. 
2006, Shenderova et al. 2011).

ND are also produced at normal pressure and temperature by exposing the 
water-based suspension of carbon black to pulsed laser irradiation (Hu et al. 2009). 
The  resulting products are boiled in perchloric acid to remove undesired carbon 
impurities. ND thus prepared can be easily dispersed in solvents and have a fine 
size distribution. Diamond microcrystals are also used as a precursor to produce 
ND by using a high-energy ball milling procedure (Boudou et al. 2009, Mahfouz 
et al. 2013). The procedure involves jet milling followed by nano-milling to produce 
spherical ND (Boudou et al. 2009).

The microplasma-induced dissociation of ethanol under an inert atmosphere has 
shown to produce high-purity ND (Kumar et  al. 2013). The  other carbonaceous 
byproducts are etched away using hydrogen gas. Pulsed irradiation exposure of 
graphite (Banhart and Ajayan 1996, Yang, Wang, and Liu 1998, Welz, Gogotsi, and 
McNallan 2003, Sun, Hu et  al. 2006, Hu et  al. 2008), electron irradiation of OC 
(Banhart and Ajayan 1996), and carbide chlorination (Welz, Gogotsi, and McNallan 
2003) are few other methods used to produce ND.
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1.3 � ZERO-DIMENSIONAL CARBON NANOMATERIALS 
IN SUPERCAPACITORS

Conversely to the 1D, 2D, 3D, and amorphous carbon materials, the applicability of 
0D carbon materials for supercapacitors has been limited. They are mostly used as a 
composite filler along with a higher-dimensional carbon nanomaterial for fabricating 
the electrodes for supercapacitors.

1.3.1 F ullerene-Based Supercapacitors

Fullerene may be the most used 0D carbon nanostructure to be incorporated in a 
supercapacitor electrode. A KOH-activated C70 microstructure has been reported to 
have a specific capacitance of 362 Fg−1 at the current density of 0.1 Ag−1 with over 
92% capacitance retention even after 5000 deep cycles (Zheng, Ju, and Lu 2015). 
This  is considered as excellent cyclic stability. Fullerene-based structures such as 
graphitic carbon microtubes obtained by high-temperature annealing (2000°C) of 
C70 have a specific capacitance of 212.2 Fg−1 at the current density of 0.5 Ag−1 (Bairi 
et al. 2016). Liquid–liquid interfacial precipitation of C60 results in the formation of 
a quasi 2D mesoporous microbelt of C60. Further heat treatment at an elevated tem-
perature of 900 C results in carbon microbelts. These structures derived from C60 
have a specific capacitance of 360 Fg−1 due to the enhanced surface area and strong 
mesoporous framework (Tang et al. 2017).

Fullerenes may be used as a filler in conjunction with carbonaceous electrode 
for supercapacitors. The  C60-incorporated activated carbon electrode reportedly 
showed a higher performance than its unloaded counterpart (Okajima et al. 2005). 
The capacitance was affected by the amount of C60 in the activated carbon. However, 
a lower amount of C60 is preferred as it gave a better dispersion of fullerene in the 
activated carbon. The capacitance of the C60-incorporated activated carbon electrode 
is also affected by the ultrasonication time. A typical 1 wt% C60 in activated carbon 
can yield a capacitance of 172 Fg−1 at a current density of 50 mA/cm2. Incorporating 
of C60 into activated carbon also improves the cycle performance of supercapacitor 
for deep discharge cycles. Fullerene can also be incorporated into the single-walled 
nanotubes to fabricate electrodes with an exceptionally high specific surface area 
of 2200 m2g−1 (Hiraoka et al. 2010). One such C60-Pd single-walled nanotube com-
posite yielded the highest specific capacitance of 994 Fg−1 (Grądzka et  al. 2013). 
In the same report, the highest specific capacitance obtained for the C60-Pd multi-
walled nanotube composite was reported to be 758 Fg−1. C60-Pd natively has a spe-
cific capacitance of 239 Fg−1. C60 graphene composite electrode for supercapacitor, 
on the other hand, reportedly has a specific capacitance of 135.36 Fg−1 at the current 
density of 1 Ag−1, which is higher than that of graphene of 101.88 Fg−1 (Ma et al. 
2015). This value is still significantly lower than the theoretical capacitance of gra-
phene, which is 550 Fg−1 (Dey, Hjuler, and Chi 2015). This is due to the imperfec-
tion in the fabrication technique, which is still a major challenge in the synthesis of 
graphene. Fullerene-capped Au nanoparticle and graphene composite have shown 
a slight improvement in specific capacitance with 197 Fg−1 (Yong and Hahn 2013). 
However, this comparison is not much useful as there have been some variations in 
the reported capacitance with various methods used to obtain them. Doped fullerene 
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and graphene composite have the potential to be an excellent supercapacitor mate-
rial. N and Fe co-doped C60-incorporated graphene electrode have resulted in a spe-
cific capacitance of 505.4 Fg−1 at a current density of 0.1 Ag−1 (Peng et al. 2019).

Incorporation of metal oxides into fullerene also opens excellent possibilities to 
improve the capacitance of the electrode material. For example, a multilayer fuller-
ene and MnO2 composite electrode showed specific capacitance as high as 1207 Fg−1 
(Azhagan, Vaishampayan, and Shelke 2014). This capacitance is also significantly 
higher than that of conventional carbonaceous electrodes. An activated fullerene 
carbon soot and graphene-Co3O4 composite push the boundary of specific capaci-
tance to even higher with a value of 1935 Fg−1 (Gao et al. 2018).

Fullerenes are also incorporated with conductive polymers such as PANI. C60 
binds to PANI, resulting in a unique coral-like porous morphology (Xiong et  al. 
2012). The specific capacitance of this system is remarkably high at 776 Fg−1 at the 
current density of 1 mA/cm2. The enhancement of the specific capacitance is due to 
the increased ionic conductivity of the C60-PANI composite caused due to the low 
packing fraction caused by the porous morphology. Incorporation of fullerene also 
increases the electrical conductivity due to its strong electron-withdrawing nature 
when bonded to PANI. Fullerene whiskers with PANI have reportedly shown an 
even higher capacitance of 813 Fg−1 at a current density of 1 Ag−1 (Wang, Yan, and 
Piao 2017).

1.3.2  Carbon Dot-Based Supercapacitors

CD find applications in supercapacitors in various capacities (Li et  al. 2015). 
Natively, CD are not an ideal material for supercapacitor with a specific capacitance 
of 2.2 Fg−1 (Zhao et al. 2017). However, CD obtained from the cage opening of C60 
by KOH activation followed by annealing resulted in a high-density electrode with a 
capacitance of 157.4 F/cm3 (Chen et al. 2016). The annealed electrode with a density 
of 1.23 g/cm3 was highly porous, and therefore, acted as an excellent platform for the 
adsorption of charged ions. A similarly high-porosity 3D CD structure noted as an 
aerogel was assembled in a multichannel arrangement using the sol–gel reaction of 
resorcinol and formaldehyde in the presence of CD, followed by pyrolysis (Lv et al. 
2014). This aerogel had a specific capacitance of 294.7 Fg−1 at a current density of 
0.5 Ag−1. The cyclic stability noted for the electrode was over 1000 deep charge-
discharge cycles.

CD are mostly used as a conductive filler to impart performance enhancement 
to the supercapacitors. CD-decorated RuO2 electrode was possibly the first reported 
CD-based electrode being used in a supercapacitor (Zhu et al. 2013). The electrode 
could attain the specific capacitance of 460 Fg−1 at an exceptionally high current 
density of 50 Ag−1. The CD-decorated electrode was reportedly highly stable even 
after 5000 ultrafast deep charge and discharge cycles with retention of ~97% of its 
capacitance. Similarly, a CD/NiCo2O4 composite electrode with porous spherical 
morphology exhibited specific capacitance of 856 Fg−1 with the current density of 
1 Ag−1 (Zhu et al. 2015). The cyclic stability for this material was impressive with 
10,000 cycles at 98.75% capacitance retention. In another report with a flower-shaped 
CD/NiCO2O4, a specific capacitance as high as 2168 Fg−1 with the current density of 
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1 Ag−1 was achieved (Wei, Ding et al. 2016). The highly graphitized cores and the 
abundant surface groups of CD are advantageous in enabling good wettability and 
low electrochemical impedance in the electrode. The above benefit, along with the 
reversible redox reactions of NiCo2O4 high-surface area of the flower-like morphol-
ogy synergistically, works to obtain high capacitance. CD-NiO nanorods obtained 
by the complexation reaction of Ni2+ and C6H5COO− followed by a thermal treatment 
process are another wonderful material for pseudocapacitors (Xu, Xue et al. 2016). 
CD-NiO nanorods of 800 nm long and 30 nm wide have a specific capacitance of 
1858 Fg−1 at the current density of 1 Ag−1. CD with Ni-Al-layered double hydroxide 
composite also yield sufficiently high specific capacitance of 1794  Fg−1 owing to 
the redox behavior of the hydroxides and the electron transportability of CD (Wei, 
Zhang et al. 2016). CD are also used in conjunction with metal sulfides such as MoS2 
(Wu et  al. 2016) and CuS (De, Balamurugan et  al. 2017) for supercapacitor. CD, 
CuS, and graphene oxide hydrogel composite is another electrode with high specific 
capacitance (920 Fg−1 at the current density of 1 Ag−1) electrode (De, Kuila et al. 
2017). However, this composite-based supercapacitor is of asymmetric architecture 
with CuS@CD—graphene oxide hydrogel being the positive electrode and reduced 
graphene oxide being a negative electrode.

CD can also pair with conducting polymers such as polypyrrole (Jian, Li et al. 
2017, Jian, Yang et al. 2017, Genc et al. 2017) and PANI (Zhao and Xie 2017). CD and 
PANI composite has higher specific capacitance (738 Fg−1) among the two, mostly 
due to the better electrochemical activity of PANI (Zhao and Xie 2017). The specific 
capacitance (576  Fg−1) of CD-polypyrrole system can be improved by forming a 
composite with graphene oxide (Zhang, Wang et al. 2017).

CD also enable the deposition of metal oxides such as MnO2 over graphene due 
to its ability to homogenously disperse over graphene (Unnikrishnan et al. 2016). 
The oxide, therefore, is consistent with its pseudocapacitive behavior, resulting in 
good specific capacitance (~280 Fg−1). However, CD dispersed directly on a reduced 
graphene oxide sheet natively has a high capacitance of 211 Fg−1 (Dang et al. 2016). 
Similarly, a  3D network of reduced graphene oxide with CD exhibits high spe-
cific capacitance of 308 Fg−1 (current density 0.5 Ag−1) with cyclic stability up to 
20,000 cycles (Zhao et al. 2017). CD can also be annealed to produce a highly porous 
3D network of graphene, which itself is a useful material for supercapacitors (Strauss 
et al. 2018).

1.3.3  Graphene Quantum Dot-Based Supercapacitors

GQD is arguably the most investigated form of CD for the supercapacitor, and the 
same is true for other applications as well (Li, Kang et al. 2012, Bacon, Bradley, 
and Nann 2014, Georgakilas et al. 2015, Li et al. 2015, Bak, Kim, and Lee 2016). 
The maximum specific capacitance for GQD is reported to be 481 Fg−1 at a slow 
scan rate and 41 Fg−1 at a fast scan rate (Kumar et al. 2017). This remarkable reduc-
tion in the capacitance of GQD is attributed to the diffusion limits of electrolyte 
ions. As GQD share the properties with those of CD, the way these materials are 
used in supercapacitors is also similar. For example, direct KOH activation of GQD 
resulted in ultra-high specific surface area of 3000 m2g−1 and specific capacitance 
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of 236 Fg−1, which is higher than that of bare GQD (108 Fg−1) (Hassan et al. 2014). 
In another report, GQD have shown to have a native specific capacitance of 296 Fg−1 
(Zhang, Sui et al. 2018). This difference in the observed capacitance is a compound 
result of the difference in the methods of measurement and the subtle variation in 
the synthesis parameters that affect the morphology of the GQD. The coal-derived 
GQD template is used for preparing porous carbon nanosheets to produce very high 
specific surface area electrodes (1332 m2g−1) (Zhang, Zhu et al. 2017). The electrode 
has been reported to have capacitance of 230 Fg−1 at 1 Ag−1 and excellent cyclic sta-
bility. Similarly, a GQD-based symmetrical micro-supercapacitor with comparable 
capacitance was reported elsewhere (Liu, Feng et al. 2013). An asymmetrical micro-
supercapacitor with improved capacitance was also prepared with GQD and MnO2 
as negative and positive electrodes, respectively.

The GQD and MnO2 heterostructure, on the other hand, takes the performance of 
the device in terms of capacitance (1170 Fg−1) even further with active redox behavior 
of MnO2 being emphasized by GQD’s ability to transport electron (Jia et al. 2018). 
The GQD/MnO2-based micro-supercapacitor with ionic liquid electrolyte is another 
such example (Shen et al. 2015). Ionic liquid provides the supercapacitor with the 
ability to operate over a wide potential window. Another example of coupling GQD 
with an oxide is the fabrication of GQD/Fe2O3 halloysite nanotubes that produce 
highly porous electrodes with GQD acting as an anchor to hold iron oxide on the 
nanotube (Ganganboina, Chowdhury, and Doong 2017a). These electrodes yield a 
capacitance of 418 Fg−1 in neutral electrolytes. Halloysite nanotubes are often pre-
ferred in conjunction with GQD for the fabrication of supercapacitors (Ganganboina, 
Dutta Chowdhury, and Doong 2017b).

Speaking of nanotubes, GQD with carbon nanotube hybrid array also formed 
viable supercapacitors (Hu et al. 2013). The water-assisted Chemical vapor deposi-
tion (CVD)-grown super long vertically aligned arrays of carbon nanotubes allow 
GQD to disperse evenly throughout the bulk, thereby enabling stronger retention 
of ions over the electrode surface in an ably formed supercapacitor. Graphene and 
graphene oxides are also the choices of carbon nanostructures to host GQD for 
improving the performance of supercapacitors (Chen et al. 2014, Lee et al. 2016, 
Muthurasu, Dhandapani, and Ganesh 2016). GQD grafted on carbon fiber allow 
the possibility of developing supercapacitor fabric, which could be the future of 
wearable electronics (Islam et al. 2017). The role of GQD in these composites are 
the same as that of carbon nanotubes.

Enriching GQD with suitable heteroatoms is another way to improve the per-
formance of supercapacitors. The amine-functionalized GQD-derived carbon sheets 
can achieve a specific capacitance of 400–595  Fg−1, which is closer to the theo-
retical prediction for pure graphene electrode (Dey, Hjuler, and Chi 2015, Li et al. 
2016). Nitrogen and oxygen co-doped GQD-transformed hierarchal carbon net-
work is another such example of high-performance supercapacitor (Li et al. 2017). 
Conversely, GQD-derived graphene structure enriched with heteroatoms such as 
nitrogen by photochemical method is another way to improve the capacitance of 
the electrode (Xu et al. 2017). Tryptophan-functionalized GQD, in conjunction with 
NiCo2S4, make up an excellent electrode for supercapacitors (1453.1 Fg−1), which 
emphasizes the importance of functionalization of GQD (Wang et al. 2017).



17Zero-Dimensional Carbon Nanostructures for Supercapacitors

As discussed for CD, GQD can be combined with conducting polymers such 
as polypyrrole (Wu et al. 2013), PVA (Syed Zainol Abidin et al. 2018), and PANI 
(Liu, Yan et al. 2013, Dinari, Momeni, and Goudarzirad 2015) to produce excellent 
electrodes for supercapacitors. GQD-PANI nanofibers, among these combinations, 
has been reported to have the highest specific capacitance of 1044 Fg−1 at the cur-
rent density of 1 Ag−1 (Mondal, Rana, and Malik 2015). The electropolymeriza-
tion of PEDOT on the PVA GQD-Co3O4 produces an electrode with the specific 
capacitance of 361.97 Fg−1, low equivalent series resistance (ESR), and good cyclic 
stability (Syed Zainol Abidin et al. 2018).

One interesting use of GQD in supercapacitors was reported by Zhang et  al., 
where they used GQD as an electrolyte for solid-state supercapacitor (Zhang et al. 
2016). It was suggested that the ionic conductivity and ability to donate ions might 
be highly improved by neutralizing the acidic functional group of GQD using KOH, 
which, in turn, highly improves the capacitive performance of supercapacitors. 
This  improvement is made possible due to the complete ionization of the weakly 
acidic oxygen functionality of GQD after the neutralization process.

1.3.4 N anodiamond-Based Supercapacitors

Use of ND to fabricate supercapacitor electrode materials is possibly the least 
studied among the other 0D carbon nanomaterials. This is possibly due to the fact 
that the synthesis of ND requires stringent use of sophisticated instrumentation. 
However, due to exceptional mechanical strength and physicochemical stability, 
they are beneficial for such applications (Zhang, Rhee et al. 2018). The first studies 
exploring the suitability of ND for supercapacitors established that the more regular 
surface of ND allows for a smaller capacitance loss at high current density or higher 
operating frequency (Portet, Yushin, and Gogotsi 2007). It is also understood that 
the ND reduce the ESR of the supercapacitor by twofold due to the increase in 
electrical conductivity. It was also established that the ND-derived OC are a suit-
able filler to be used in composites for supercapacitors. The ND-derived OC are 
best prepared at 1700°C under Ar flow and yield a specific capacitance of 20 Fg−1 
(Zeiger et al. 2015). The higher temperature results in a lower amount of heteroat-
oms in the ND-derived OC composite, which in turns improves its electrochemi-
cal performance. The ND and ND-derived OC composite with PANI have shown 
to be good materials for supercapacitors (Kovalenko, Bucknall, and Yushin 2010). 
The specific capacitance of this system was reported to be 640 Fg−1 with stability 
up to 10,000 cycles.

ND are used directly with reduced graphene oxide yielding a decent average 
specific capacitance of 184  Fg−1 (Wang, Plylahan et  al. 2014). The  ND-coated 
silicon wire prepared by the bottom-up approach has shown to improve the per-
formance of a bare silicon wire in a supercapacitor (Gao et al. 2015). ND-derived 
foam, however, is the only available form of ND directly used as an electrode 
for supercapacitors to the best of our knowledge (Gao, Wolfer, and Nebel 2014). 
The specific capacitance of the foam was reported to be less than that of activated 
carbon. However, it was found to depend on the thickness of the foam and there-
fore, can be improved upon.
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1.4  CONCLUSIONS

The 0D carbon nanostructures are, in various aspects, remarkably different from 
those of 1D or 2D carbon nanomaterials. However, these variations in properties 
make the family of carbon nanoallotropes quite complete in terms of the possibili-
ties in diverse applications. The diverse synthetic methods used to produce these 0D 
nanomaterials have a direct relation to their functionality and morphology. These 
parameters, in turn, highly affect the performance of electrode synthesized using 
these materials. As discussed, there is substantial information available regarding 
how these 0D nanomaterials interact with other components in the composites used 
as electrodes. The careful selection of the material and its synthetic pathway, there-
fore, will result in availing desired device performance. There is still much scope for 
the study of the applicability of 0D carbon nanomaterials for supercapacitor, as the 
research in this field is still in its primary stage.
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2.1  INTRODUCTION

This chapter reports one-dimensional (1D) inorganic nanomaterials for supercapaci-
tors and their performance in terms of capacitive behavior, power density, energy 
density, specific capacitance, retention efficiency, etc. Additionally, improvements in 
design behavior for the huge categories of demands, which include wearable devices, 
stationary supercapacitors, manufacturing-oriented industrial systems, consumer 
electronics, hybrid electric vehicles, etc., are discussed. Here, the role of 1D inor-
ganic nanostructured materials is discussed, which includes the shapes of nanowires 
(NWs), nanotubes, nanosponges, and nanoneedles. These are the most promising 
building blocks for nanoscale devices. A typical supercapacitor is also called as elec-
trochemical capacitor. It comprises three significant elements termed as electrolytes, 
separator, and electrodes. Physical characteristics and chemical attributes of elec-
trolyte solutions and electrode materials determine the overall behavior of superca-
pacitors. The electrode is one of the most essential elements for storing charge and 
delivering the same. It also plays a key role in determining the power density and the 
energy density of supercapacitors (Figure 2.1).

Novel electrodes with excellent physical attributes are required to replace the pres-
ent “activated carbon electrode materials.” Enhanced and newly designed structures 
are highly desirable for supercapacitors, for example, all-solid-state supercapacitors 
and fiber-shaped supercapacitors, which are optically transparent and mechanically 
flexible and stretchable. Nanotechnology enables to use advanced approaches and 
unique techniques to study material efficiency for energy storage. Generally, 1D 
inorganic nanomaterials are used as the electrode for enhancing the performance of 
the supercapacitor (Figure 2.2).

Various carbon materials are used in the fabrication of electrodes. Activated 
carbon, carbon fiber-cloth, carbide-derived carbon, carbon aerogel, graphitec (gra-
phene), and carbon nanotubes (CNTs) are some of the major reported carbon mate-
rials used in the field of nanostructured electrode materials for supercapacitors. 
Carbon NWs, carbon nanorods (NRs), carbon nanosponges, hexagonal carbides, 
and carbonitrides—MXenes, and perovskites are some of these novel materials. 
Structures such as zero-dimensional (0D) nanoparticles, 1D NWs, two-dimensional 
(2D) nanosheets, and three-dimensional (3D) nanofoams are developed to enhance 
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FIGURE 2.1  Types of supercapacitors based on materials.

FIGURE 2.2  Schematic representation of (a) Electrode Double layer Capacitor (EDLC), 
(b) Pseudocapacitor (PC), and (c) Hybrid supercapacitor (HSC). (From Chen, X. et  al., 
Natl. Sci. Rev., 4, 37, 2017.)
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and enrich the quality of the energy storage system. Double-layer supercapacitors 
and pseudocapacitors (redox supercapacitors) are the two major individual types of 
supercapacitors. Double-layer supercapacitors are prepared from carbon powders 
with large surface area. The charge separation in the assemblage of solid electrode/
electrolyte provides the capacitance.

Charge is mainly stored in electrostatic nature  [2]. Pseudocapacitors are fabri-
cated using metal oxides or conducting polymers, also known as redox supercapaci-
tors. Reversible and rapid Faradaic charge transfer occurs at the region of electrode/
electrolyte assemblage in metal oxides and conducting polymers. Polymers deliver 
higher specific capacitance in the conducting polymers due to the participation of 
whole bulk polymers. Hence, when comparing with noble metal oxides, conducting 
polymers are cheaper [3].

2.2  INORGANIC NANOMATERIALS FOR SUPERCAPACITORS

2.2.1  Graphene

Supercapacitor is a promising energy storage system, which is also referred to as 
electrochemical double-layer capacitor. Attributes such as high conductivity and 
large surface area and the potential use of CNT-based supercapacitors make this 
energy storage system a highly exciting one. A suitable data collection mechanism 
is required for the energy storage systems; batteries, supercapacitors, flywheels, and 
fuel cells are a few of such energy storage systems (Figure 2.3).

The  study on the conductivity of superconductor-graphene-superconductor 
(SGS) junctions by using nonequilibrium techniques of green’s function revealed 
that the SGS junction plays a significant role in the measurement of supercurrent 
(Ic). The on-site potential (U) in the center zigzag graphene nanoribbon at the SGS 
junction is suddenly transformed to an “ON” state from an “OFF” state, when 
the effective Fermi energy (μeff) shifts from negative to positive. Supercurrent 
(Ic) will continue to increase when the Fermi energy (μeff) further increases  [5]. 
This increase is contributed by the ON/OFF action of the SGS junction. Lithium-
ion battery stores approximately twenty times that of the energy stored in the 
supercapacitors for a given origination [6] with the support of the zigzag graphite 
nanoribbon valley-isospin valve. In addition, densities at different stages possess 
an impact on the repression of the supercurrent (Ic).

2.2.2  Graphene-Based Photonic Crystals

Band theory describes the electromagnetic wave propagation of equally doped gra-
phene monolayers in a periodic arrangement. It has been found the enrichment of 
the photonic response in this arrangement, while the level of doping is consecutively 
modulated acquiring harmonic profiles, quasi-periodic besides the super-lattice axis. 
It  is due to the dielectric environment in the backdrop, which assists the homoge-
neous layers of graphene. The graphene layers are superimposed by the doping mod-
ulation, which generates a specific photonic band structure. Fixed partitions between 
the layers produce a predominant and consistent structural bandgap, and it can be 
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tuned by gating. In addition, the calculations for this experiment indicate that the 
doping levels between 0.2 and 1.2 eV of μ correspond to chemical potentials  [7]. 
Under the low-temperature limit, the model of graphene conductivity is an effective 
one in the THz spectrum.

2.2.3  1D Nanoribbons in Supercapacitors

Graphene is considered as the primary element of the graphitic materials in all 
measurable extents. Graphene is a 2D monolayer of carbon atoms in carbon nano-
structures firmly packed into a 2D honeycomb lattice [8]. In 2004, an experimental 
analysis of graphene showed that these materials could exist on noncrystalline sub-
strates and in liquid suspensions as well [9]. Among graphene-based carbon nano-
structures, graphene nanoribbons (GNRs) have shown a great promise in terms of 
width in nanometers, which can be achieved by altering the dimensions of the band-
gap (Figure 2.4).

GNRs are known as the elongated stripes of graphene. By slitting the graphene 
sheet in a particular direction, GNRs can be obtained. Zigzag edge and armchair 
edge are the two types of GNRs, which are obtained by cutting the graphene honey-
comb structure with two different edge shapes. Here, the 2D structure is refined to 

FIGURE 2.3  The father of all graphitic structures. Graphene is a basic 2D unit from which 
alternative dimensionalities can be developed. 0D bulky balls can be availed by wrapping it 
up, 1D nanotubes by rolling it, and 3D graphite sheets by stacking it. (From Novoselov, K.S. 
and Geim, A.K., Nat. Mat., 6, 6, 2007.)
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1D by reducing size of any one of the layers during thermal activation series of small 
waves of a honeycomb lattice of graphene. Strongest corrugations are rendered by 
the narrow nanoribbons rather than the square graphene sheets, which results in the 
reduction of 2D to 1D as reported by Costamagna et al. [12]. It causes a high impact 
on the electron transport properties of freestanding graphene systems. Barone and 
Scuseria prepared carbon nanoribbons by unrolling infinite periodic CNTs and 
slitting/elongating them into the required width and removing dangling bonds 
through hydrogenation. Figure 2.5 shows two types of CNTs, which are unfolded 
and slit to obtain carbon nanoribbons. Moreover, their crystallographic direction and 
width are also a significant factor in deciding the electronic properties of them [13].

2.2.4  1D Carbon Nanotubes in Supercapacitors

When discussing 1D materials for supercapacitors, it becomes necessary to study 
CNTs with a different combination of electrode materials. Supercapacitors have 
been investigated and used in many fields as energy-storing devices, in which high 

FIGURE  2.4  Illustration of a novel structure of a supercapacitor. (a) Schematic dia-
gram of fabrication stages of an Single-walled carbon nanotube (SWNT) macrofilm on 
polydimethylsiloxane (PDMS) substrate. (From Dai, L. and Chen, T., Mat. Today, 16, 9, 
2013.) (b) Schematic illustration of a fiber-based supercapacitor. (c) Scanning electron micros-
copy (SEM) image of arrays of nanosized plastic wires. (From Bae, J. et al., Angew. Chem. 
Int. Ed., 50, 7, 2011.)
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capacitance, low resistance, and stability are the three major fundamental require-
ments to be satisfied by the electrode material of the supercapacitor. CNT-based 
electrode materials include CNTs, CNT/oxide composite, and CNT/polymer com-
posite. These materials have been broadly studied in recent decades and received 
interest for their application in supercapacitor because they fulfill the requirement.

As an electric double-layer capacitor, the behavior of CNT-based supercapacitor 
is nearly related to the physical properties of CNTs, such as specific surface area and 
electrochemical conductivity. The behavior depends on the post-treatment methods 
and synthesis of CNTs [15]. It is obvious that the specific surface area is not only 
the dominant factor related to the behavior. The capacitance of CNTs is affected by 
different factors, including pore size, specific surface area, distribution of pore size, 
and electrical conductance. Only by optimizing these factors, the behavior can be 
enhanced. Different methods have been suggested for the synthesis of CNTs, such 
as doping, functionalization, and oxidization. In addition, it can provide high capaci-
tance by the enhancement in conductivity, addition of pseudocapacitance, and quick 
ion diffusivity.

Other methods have also been proposed to change/incorporate the structure 
of CNTs, such as tubes-in-tube CNTs and densely packed and ordered CNTs. 
They result in the enhancement of the conductivity and capacitance without intro-
ducing any functional groups. These modifications lead to the achievement of higher 
stability. The capacitance of CNT-based supercapacitor is still lower, even though 
the capacitance of the pure CNTs was improved and its stability was enhanced when 
compared with porous and amorphous carbons [15]. However, uniform distribution 
of pore size, optimization of pore size, and surface area are the parameters that can 
improve these qualities.

By applying the mixture of the CNTs with oxide, polymer, or both, as the elec-
trode, a higher capacitance can also be achieved. There are some requirements for 
preparing a hybrid capacitor, which can be either achieved by attaching the oxide 
nanoparticles to the walls of CNTs or the uniform covering of the CNTs by the 
polymers with precisely controlled thickness. The enhancement of the capacitance 

FIGURE 2.5  SEM images of a carbon nanotube nanoneedle with different magnifications: 
(a) tip of a tungsten material and (b) tip of an Atomic Force Microscopy (AFM) tip. Scale: 
10 μm. (Insets show a magnified view—scale bar: 1 μm). (From An, T. et al., Nanoscale Res. 
Lett., 6, 6, 2011.)



40 Morphology Design Paradigms for Supercapacitors

becomes critical due to the ratio between oxide/polymer and CNTs. At present, there 
are no common answers to the ratio in any studies reported in the literature, due to 
the CNTs, starting materials, polymer, and oxide. In addition, processing methods 
vary from one research study to another. Some systematic investigations are required 
to solve such issues. Nevertheless, the stability of the hybrid supercapacitor is still a 
topic under research.

2.2.5  1D Nanoribbons (Graphene) Embedded with Zinc Manganite

The preparation of a flexible type of supercapacitor demands extensive efforts in 
the fabrication of electrodes including good electrical and mechanical attributes. 
Ahujaand et  al. have designed a well-performed flexible supercapacitor by using 
ZnMn2O4/GNRs (zinc manganite/graphene nanoribbons) as the electrode. A trans-
parent and independent gel electrolyte was used. That host polymer was designed to 
dissolve in acetone, followed by mixing with ionic liquid and stirring process [16]. 
The ionic liquid contains 1-butyl-3-methylimidazolium tetra fluoroborate. The avail-
able graphene nanoribbons cause the constant dispersion of ZnMn2O4 nanospheres 
(7 nanometers), resulting in improved migration of ions of electrolyte. The prepared 
flexible supercapacitor, ZnMn2O4/GNRkZnMn2O4/GNR showed a superior electro-
chemical response with an excellent specific capacitance of approximately 2.7 V. 
It exhibits an excellent energy density and power density of 37 Wh kg−1 and 30 kW kg−1, 
respectively, at 1.25 Ag−1 and delivers extremely good cycling firmness, and reten-
tion efficiency of 91% after over 4000  cycles  [17]. The  superior flexibility of the 
solid-state flexible supercapacitor under severe situations shows its huge potentiality 
in the elementary research on flexible energy-storing systems.

2.2.6 � 1D Nanoneedle Arrays: Ni-Co Oxide and Sulfide 
Nanoarray/Carbon Aerogel Hybrid Nanostructures

Hao et al. performed an experiment on hybrid supercapacitor electrode materials. 
The natural characteristics of a carbon aerogel, such as electrical conductivity, own 
a hierarchical porous formation, and higher specific surface areas are aided to tran-
sition metal oxides, which lead to achieving extremely good cycling stability and 
superior energy density electrodes. NiCo2O4 nanoneedle array/carbon aerogel and 
NiCo2S4 nanotube array/carbon aerogel were synthesized, in which, nickel-cobalt 
precursor needle arrays are deposited over the top face of the walls by following 
the higher order ranking of porous carbon aerogels [18]. 1D nanostructures develop 
tightly and vertically over this surface and play a role in the enhancement of electro-
chemical behavior and extremely high energy density (Figure 2.6).

To achieve various electrochemical behaviors, two major aspects can be applied 
to nanostructured materials. The first aspect is about the outstanding electrical con-
ductivity of NiCo2S4 with the minimal of twice the greater magnitude than that of 
NiCo2O4.35. The  second aspect is the hollow structure of NiCo2S4 nanotubes that 
afford greater contact area across the electrolyte and the active material. This attri-
bute leads to good electron transportation, thus enriching electrochemical behavior 
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of the NiCo2S4 nanotube array/carbon aerogel. The furthermore identification of the 
electrochemical performance these two nanostructure materials, set of asymmetric 
supercapacitors were fabricated where CA as the negative electrode, and the samples 
of NiCo2O4.

Nanoneedle array/carbon aerogel or NiCo2S4 nanotube array/carbon aerogel is 
used as the positive electrode. Between the electrolyte and active material, a 1D hol-
low structure of NiCo2S4 nanotubes provides greater contact areas. Hence, it affords 
more efficient electron and ion transportation, which leads to the enriched electro-
chemical performance. The  cycling stability is relatively excellent. First, support 
is the need for the transition of metal oxides to multiply the energy density; hence, 
the skeleton of carbon aerogel is used. When comparing with mono-metal oxides, 
mixed transition metal compounds show enhanced electrical conductivity, reversible 
capacity, and structural stability [18].

A pair of electrons is involved in the redox reaction of M–O/M–O–OH for the 
hybrid nanostructures, where M represents Ni or Co, which contributes to enhanced 
energy storage. In addition, the direct, robust, and vertical contacts between the car-
bon aerogels and 1D array could confirm rapid electron migration between pseudo-
capacitor nanostructures and EDLC. The  relatively higher electrical conductivity 
of NiCo2S4 setup shows greater electrochemical behavior of NiCo2O4 than that of 
NiCo2S4. NiCo2O4 nanoneedle array/carbon aerogel and NiCo2S4 nanotube array/
carbon aerogel hybrid asymmetric supercapacitors achieved the energy densities 
up to 47.5 and 55.3 Wh kg−1, respectively, and the power density of 400 W kg−1. 
Moreover, the capacitance retention efficiency of these asymmetric devices is 
approximately 92% and 96.6% over 5000 cycles [18].

FIGURE  2.6  Asymmetric supercapacitor: Schematic diagram of composed Ni-Co 
Supercapacitance (NCSC)/Carbon Aerogels (CA) and CA electrodes. (From Hao, P. et al., 
Nanoscale, 8, 10, 2016.)
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2.2.7 M esoporous Strontium-Doped Lanthanum Manganite Perovskite

Lang et  al. reported that strontium-doped lanthanum manganite perovskite is a 
potential composition for preparing electrode materials. By using an improved sol-
gel method, lanthanum manganite (La1−xSrxMnO3, LSM) perovskites were prepared; 
among these LSM samples, a sample of x = 0.15 showed excellent electrochemical 
performance and provided lower intrinsic resistance in 1 M KOH. In supercapaci-
tors, a mesoporous La1−xSrxMnO3 perovskite was introduced as anion-intercalation-
type electrode  [19]. This  material was synthesized by a green process, in which 
the ratio of strontium doping was tuned. Embedding of OH− into the lattice will 
increase the electrochemical performance. This  LSM (lanthanum-strontium-
manganite) showed the pseudocapacitance effect due to the OH− ions present in 
the electrolyte. Manganese and strontium elements in the electrolyte separated after 
a few discharge and charge cycles, which led to poor cycle stability and damage of 
the perovskite structure. The results indicated that superior capacitive behavior and 
good charge storage performance are achieved by LSM15 through a mechanism 
known as anion-intercalation [19].

2.2.8  1D Nanowires of Double Perovskite Y2NiMnO6

The remarkable characteristics of Mn, Ni, and Y type oxides have attracted research-
ers to investigate about these double perovskite Y2NiMnO6 complex oxide, a novel 
emerging multiferroic material. The notable supercapacitance attributes of manga-
nese, nickel and Y type oxides have moved the attraction to analyze the complicated 
oxide, paired perovskite Y2NiMnO6 [20]. It  is an emerging multiferroic material. 
Furthermore, supercapacitance properties are improved by enhancing the charge 
transport and surface area at the nanoscale (Figure 2.7).

Hence, a simplistic, hydrothermal method was developed to synthesize Y2NiMnO6 
NWs at a lower temperature. In  terms of electrochemical properties, the double 

FIGURE 2.7  (a) Energy Dispersive X-ray (EDX) spectrum of the Y2NiMnO6 NWs and 
(b) bulk. (c) Specifying the presence of yttrium, nickel, manganese, and oxygen. (From 
Alam, M. et al., RSC Adv., 6, 5, 2016.)
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perovskite Y2NiMnO6 showed energy density, power density, and specific capaci-
tance of 0.98, 19.27 W kg−1, and 77.76 Fg−1, respectively. In addition, it showed a 
retention efficiency of approximately 70.17% after 1800 cycles. This study revealed 
the electrochemical characteristics of a recently established and prominent multi-
ferroic candidate, double perovskite Y2NiMnO6. Hence, this energetic material is 
identified as a positive electrode component for electrochemical supercapacitors [21].

2.2.9  1D Nanorods of Mn3O4

One-dimensional Mn3O renders unquestionably steady attributes and shows great elec-
trochemical behavior in neutral aqueous solution. The experimental study of Zhang 
et al. indicated that a set of nanostructures and Mn3O4 NRs were prepared with dif-
ferent micro-morphologies, which indicate that 107.5 nm magnesium oxide (Mn3O4) 
long-rod electrodes show a current density of approximately 0.1 Ag−1 and high spe-
cific capacitance of approximately 136.5 Fg−1. An asymmetric supercapacitor device 
of superior power density with a maximum work voltage of 1.8 V was prepared using 
reduced graphene oxide as a negative electrode and Mn3O4 long rods as a positive elec-
trode. Furthermore, a sodium sulfate (Na2SO4) solution with an initial concentration 
of 500 mgL−1 was registered by this asymmetric capacitor for capacitive deionization, 
which can be considered an exceptional electro-adsorption performance. Moreover, 
waste energy during the desorption processes was efficiently reused [22].

2.2.10 M ixed Valence Nanostructured Mn3O4

By using the same material Mn3O4, Bose and Biju conducted an experiment and 
reported the following result (Figure  2.8). A  nanostructured Mn3O4 was synthe-
sized with the particle size of approximately 19 nm by using the microwave-assisted 

FIGURE  2.8  Transmission Electron Microscopy (TEM) image of the nanostructured 
Mn3O4 together with the selected area electron diffraction pattern. (From Bose, V.C. et al., 
B. Mater. Sci., 38, 9, 2015.)
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chemical method. Ratio of lattice constants (C/A) of the specimen related to the lat
tice of single-crystalline magnesium oxide (Mn3O4), where observed the conversion 
in the proportion of lattice constants to the existence of Mn4+ ions in octahedral sites. 
X-ray photoelectron spectroscopy results reveal the presence of Mn4+ ions. The value 
of specific capacitance achieved for symmetric supercapacitor with Mn3O4 active 
material is approximately 665.08  Fg−1 at slow scan rate. In  addition, it yields an 
energy density and a high power density values of 4.36 ×10−2 Wh kg−1 and 4.27 kW kg−1, 
respectively, gained for discharge-charge cycles about 12.74 mA cm−2 at a constant 
current [23].

2.2.11 �H ybrid Nanostructure of MnCo2O4.5 
Nanoneedle/Carbon Aerogel

Hao et al. conducted an experiment on hybrid supercapacitor electrode materials. 
The natural characteristics of a carbon aerogel, such as electrical conductivity, pos-
sess the porous arrangement in order of rank and superior specific surface area are 
aided to transition metal oxides, which lead to achieving extremely good cycling 
stability and high energy density electrodes [24] (Figure 2.9).

The porous MnCo2O4.5 nanoneedle/carbon aerogel nanoneedle component was 
merged over the top face of the carbon aerogels with the order of rank of the porous 
structure. Over this surface, the 1D nanostructures developed tightly and vertically 
and lead to the enhancement of electrochemical performance along with ultrahigh 
energy density. This hybrid nanostructure was synthesized in two steps during the 
synthetic process, where the first step was the hydrothermal process, through which 
magnesium-cobalt precursors were grown on carbon aerogel. The second step was 
the transformation of the precursor as MnCo2O4.5 nanoneedles through the calcina-
tion process [24].

The  carbon aerogel showed a superior specific surface area, porous structure 
arrangement, and higher electrical conductivity. When the aerogel was combined 
with the nanoneedles, (porous MnCo2O4.5), it achieved enhancement in electro-
chemical behavior of hybrid nanostructure. These hybrid nanostructures exhibited 
an excellent high specific surface area of approximately 888.6 m2g−1 in order of ranks 
of porous structures. By using the neutral sodium sulfate electrolyte (Na2SO4), these 

FIGURE 2.9  Schematic drawings of the formation mechanism of MnCo2O4.5/carbon aerogel 
hybrid nanostructures. (From Hao, P. et al., Nanoscale, 7, 7, 2015.)
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hybrid nanostructures obtained a higher stable potential window (1.5 V) for the sym-
metric supercapacitor, whereas for other electrolytes such as potassium hydroxide 
(KOH) and sulfuric acid (H2SO4), they obtained a lesser amount [24].

2.2.12  1D Nickel Vanadium Oxide (NiV2O6)

In an experimental study, by using hydrothermal method, which is a facile and eco-
nomic synthetic process, nickel vanadium oxide was prepared and electrochemically 
characterized with lithium chloride as the electrolyte. It achieved a maximal specific 
capacitance of 412 Fg−1 at 2 mV/s and a high energy density of 165 Wh kg−1 at the power 
density of 3015  W kg−1 along with the capacitance retention efficiency of approxi-
mately 89.5% over 500 successive cyclic voltammetry (CV) cycles, which indicates the 
high utility of the fabricated nickel vanadium oxide as a supercapacitor electrode [25].

2.2.13 N anochains of Vanadium Pentoxide (V2O5)

In an experimental study, by using the simple hydrothermal method, a distinct, 1D 
in order of rank of nanochain of V2O5 was synthesized, where cetyltrimethylammo-
nium bromide (CTAB) was used as the soft template. Galvanostatic charge-discharge 
and electrochemical impedance spectroscopy techniques were used to evaluate the 
electrochemical performance of the resulting V2O5 (vanadium pentoxide) electrode 
materials. These V2O5 nanochains (V2O5-CTAB) showed approximately a maxi-
mum specific capacitance of 631 Fg−1 at a regular current density of 0.5 Ag−1. Even 
at a higher current density of approximately 15  Ag−1, these nanochains retained 
approximately 300  Fg−1. Furthermore, a capacitance retention of 75% was main-
tained, which indicates good cyclic stability. When the specific capacitance of vana-
dium pentoxide was compared with that of its different forms, the commercial bulk 
V2O5 showed a specific capacitance of 160 Fg−1 and the agglomerated V2O5 particles 
showed 395 Fg−1, whereas V2O5 nanochains showed a maximum of approximately 
631 Fg−1. This resulted in V2O5-interconnected section that resembles a nanochain-
like morphology [26] (Figure 2.10).

This  nanochain-like design structure and higher specific surface area are the 
major considerations in contributing to the excellent electrochemical behavior of 

FIGURE 2.10  Nanochains: The evolution of V2O5 (V2O5-CTAB) nanochains under hydro-
thermal conditions in the presence of CTAB surfactant. (From Umeshbabu, E. and Ranga 
Rao, G., J. Colloid Interface Sci., 472, 10, 2016.)
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V2O5 chains at the nanolevel. During repeated charge-discharge process, these two 
factors enhance the rapid migration of Li+ ions. Electrode prepared with these V2O5 
nanochains has the greatest amount of supercapacitance, without introducing any 
conducting support materials such as CNTs or graphene oxide. The enhanced elec-
trochemical behavior of V2O5 nanochains is the result of its mesoporous structure 
and higher surface area [26].

2.2.14 N anowires of V2O5 Assisted by Disodium Citrate

In an experimental study, using the facile hydrothermal process, uniform morpho-
logical orthorhombic V2O5 NWs were fabricated. Followed by the disodium citrate 
dosage on morphology, electrochemical characteristics and crystallinity of the resul-
tant product were examined. The results showed that when the disodium citrate dose 
is 0.236 g at 180°C for 24 h, approximately 20 nm diameter V2O5 NWs with high 
crystallinity can be obtained. These NWs yielded 528.2 Fg−1 specific peak capaci-
tance at 0.5  Ag−1 and a retention efficiency of approximately 85%  [27]. Warburg 
slope in the mid-frequency portion was vertical to V2. This indicated that diffusion 
and higher ion mobility are favorable for capability rate and cycling stability [28]. 
This study also reported that K+ ion was reversibly deintercalated/intercalated in the 
lattice of prepared orthorhombic V2O5 NWs.

2.2.15 N anosponges of VO2/TiO2

An experimental study fabricated this new type of hybrid energy storage system, in 
which the prepared nanoarchitectures were synthesized with VO2/TiO2 nanosponges 
through electrostatic spray deposition. The resultant binder-free VO2/TiO2 electrodes 
displayed a high capacitance of 548 Fg−1 along with the appreciable cycle stability 
of 84.3% retention efficiency after 1000 cycles. This beneficial result was due to the 
synergistic integration of capable VO2 and steady TiO2 and distinct interconnected 
matrix pore of VO2/TiO2 components. Hence, this study provided an additive-free 
composite with high potential electrodes [29]. This excellent supercapacitive behav-
ior is attributed to the highly porous distinctive arrangement, which enhances elec-
trolyte infiltration and null strain of TiO2. In addition, a low-cost electrostatic spray 
deposition (ESD) with a simplistic way was expanded for preparing other forms of 
practical nanostructured thin films to design better energy storing systems.

2.2.16 N anorods of ZnO with Heterostructure of ZnCo2O4

Because of the direct electron/ion transport pathways and large surface area, 1D 
nanostructures such as NRs and NWs are used as supercapacitor electrode materials. 
Moreover, to achieve the heterostructures, these materials serve as unique substrates 
for the growth or coating of other functional materials [30,31] (Figure 2.11).

Furthermore, the direct growth of 1D nanostructure on current collectors induces 
an optimum ion/charge transport to decrease the junction resistance. It controls the 
capacitive drop and the rapid voltage during the electrolytic process [32]. In addition, 
most of the high-performance supercapacitor electrode materials are limited only 
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to energy storage applications due to their effectiveness only on the electrochemi-
cal process. Hence, for meeting both optical energy conversion process and energy 
storage applications, even though it is still a challenge for the researcher’s commu-
nity, focus on the fabrication of hybrid novel heterostructure materials is needed 
(Figure 2.12).

In a research study by Boruah et al., a novel heterostructure was prepared by 
combining both photoactive and electrochemical materials. A group of ZnCo2O4 
NRs was grown on the 3D matrix of H:ZnO nanorods (ZnCo2O4/H:ZnO NRs) on 3D 
NiF. These NRs have the synergistic integrated advantages during the electrolytic 
process by providing large electrochemically energetic surface, steady capacitive 
response, and the most appropriate ion/charge migration passage. A high power den-
sity is provided by the prepared asymmetric solid-state supercapacitor (ZnCo2O4/
H:ZnO NRs/activated carbon (AC)). Moreover, the ZnCo2O4/H:ZnO NRs electrode 
material exhibits a superior photosensitive response under visible and ultraviolet 
illumination. Furthermore, the prepared solid-state asymmetric supercapacitor can 
provide the desired power during the process of the Ag-ZnCo2O4/H:ZnO NRs-Ag 

FIGURE  2.11  Samples for microstructures of the as-grown nanostructures on 3D NiF: 
(a–d) Lower and higher magnifying images of the as-grown H:ZnO NRs on 3D NiF, respec-
tively. The as-grown ZnCo2O4 NRs on NiF at (e) low, (f) lower, and (g) higher magnifications. 
(h and i) The lower and higher magnifying images of ZnCo2O4 NRs developed on H:ZnO 
NRs. (From Boruah, B.D. et al., Nanoscale, 9, 10, 2017.)
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photodetector. Therefore, the heterostructure material ZnCo2O4/H:ZnO NRs has a 
great potential for storage applications and energy conversion [30].

2.2.17  1D C70 Fullerenes Activated by KOH

Because of the higher electronic affinity and other aspects about its structure and 
electron movement property in 3D, fullerenes are considered as a significant family 
of carbon materials. Fullerenes have been the subject of research for a very long time. 
Nevertheless, the use of fullerenes in supercapacitors has been under-evolved for a 
long time. In a previous study, potassium hydroxide activation of C70 microtubes 
was reported at elevated temperatures. It produced activated samples that deliver the 
greatest capacitive features.

FIGURE  2.12  (a) Schematic of the fabricated ZnCo2O4/H:ZnO NRs photodetector. 
(b) Schematic of the supercapacitor connected in series with the photodetector during the 
operation. (c) Image of the respective configuration. (From Boruah, B.D. et al., Nanoscale, 
9, 10, 2017.)
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The enhanced capacitive behavior is attributed to three aspects: the introduction 
of oxygen functionalities, generation of micropores and macropores, and the devel-
opment of graphitic carbons. Result of a study indicates that both micropores and 
macropores originated at the time of activation process. Ellipsoidal fullerenes pro-
vide the graphitic carbons. They enable the incorporation of the redox-active func-
tional group. This  incorporation facilitates the conversion of fullerene molecules 
as graphitic arrangement. The optimum initialized condition is reached at 600°C, 
where the system shows the good continued possession efficiency, i.e., with the mini-
mal loss of 7.5% over 5000 cycles at 1 Ag−1. It mainly exhibits high electrochemical 
behavior with a gravimetric capacitance of 362.0 Fg−1 at 0.1 Ag−1 [33].

2.2.18 �M esoporous Graphitic Carbon Microtubes 
(derived from fullerene C70)

In a study, the direct conversion of mesoporous crystalline fullerene C70 was per-
formed in which the microtubes were converted as the mesoporous graphitic carbon 
microtubes (Figure 2.13). It was achieved by conducting the heat treatment process 
at a high temperature of around 2000°C, where the 1D tubular material structure is 
registered. The outer face of the processed graphitic microtubes is comprised and 
combined in the order of sp2 carbon with a strong mesoporous structure. The chrono-
potentiometry measurements and cyclic voltammetry revealed that the resultant new 
carbon material shows a higher specific capacitance of approximately 184.6 Fg−1. 
Moreover, this material exhibited a high rate of performance [34] (Figure 2.14).

The outcome of this research study was that p-electron carbon origin (of fullerene 
C70) provided the optimistic electrode component of mesoporous graphitic carbon 
microtubes. The highlight was the significance of the combined graphitic carbon 
material arrangement of mesoporous carbons in the enhancement of general electro-
chemical behavior.

2.2.19 �T ubular Nanostructure of CuCo2S4 with 
MoO2 @ Nitrogen-Doped Carbon

Quasi-solid-state supercapacitors have attracted researchers’ curiosity to satisfy 
the requirement of wearable and portable electronic equipment. Nevertheless, 
these supercapacitors face several challenges in terms of electrode materials. An 

FIGURE 2.13  Schematic illustration of fullerene C70 transformed into graphitic carbons. 
(From Bairi, P. et al., J. Mat. Chem. A, 4, 8, 2016.)
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experimental study reported well-aligned MoO2@NC and CuCo2S4 nanolevel tubular 
structures developed using carbon fibers. Molybdenum dioxide and nitrogen-doped 
carbon and cobalt sulfide nanostructures are integrated on conductive substrates. 
Hence, they deliver excellent electrochemical performance such as efficient 1D elec-
tron transport, chemically stable interface, and affluent active sites. It enables good 
electrochemical performance and ensures superior mechanical flexibility with the 
capacitance retention of approximately 92.2% after 2000 bending cycles [35].

2.2.20 N anotube Coaxial Arrays of Titanium Nitride with MnO2

In an experimental study, a nanostructured composite material was fabricated to pro-
duce a highly methodical storage arrangement with an efficient, fast charge separation 
network, in which MnO2 and titanium nitride nanotube coaxial arrays were the mate-
rials used for better performances. By using the electrodeposition method, mesopo-
rous magnesium oxide was deposited over titanium nitrates nanotube arrays. This was 
achieved by anodizing the titanium foil substrate, followed by nitridation using 
ammonia annealing. This material exhibited a specific capacitance of approximately 
681.0 Fg−1 at 2 Ag−1 with the retention efficiency of 55% achieved from 2 to 2000 mV/s 
with the life cycle stability of 97% after 1000 cycles [7]. These results reveal the coaxial 
composite nanostructure and its effective role in the preparation of high-performance 
supercapacitors.

FIGURE 2.14  SEM images (a1, b1, c1, d1), TEM images (a2, b2, c2, d2), and high-resolution 
TEM images (a3, b3, c3, d3). SEM images of (a) C70 microtube, (b) fullerene and graphitic 
carbon composite processed at 500°C, (c) fullerene and graphitic carbon processed at 600°C, 
and (d) fullerene and graphitic carbon processed at 700°C. (From Bairi, P. et  al., J. Mat. 
Chem. A, 4, 8, 2016.)
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2.2.21  1D Nanowires of MnO2 at 1D Nanoflakes of Ni1−xMnxOy

In an experimental study, as an initial step, a hydrothermal method was applied 
to synthesize the ultra-level lengthy α-MnO2 NW materials. As the next step, to 
produce the core-shell nanostructures, Ni1−xMnxOy 1D nanoflakes were devel-
oped on the α-MnO2 1D NWs through chemical bath deposition; subsequently, 
thermal annealing was carried out. These methods are highly suitable for mass 
production. After testing in supercapacitors applications, the results showed 
that this hierarchical nanostructured core-shell setup (ultra-lengthy 1D α-MnO2 
NWs) provided consistent and effective, broad support for charge transport. 
These advantageous attributes offer a reliable, stable, and high-capacitance elec-
trode component [36].

2.2.22  1D Hollow Nanofibers of MnO2

One-dimensional hollow-structured components are considered as one of the 
attractive nanomaterials in the application of supercapacitors. In an experimental 
study, the electrospun carbon nanofibers were used as the base material, which 
produced hollow MnO2 nanofibers. These resultant hollow nanofibers comprised 
extremely thin ultra-level MnO2 nanosheets, which produced electrochemical 
energetic spots and enabled good electrochemical reactions. Though at higher 
current density, these ultrathin MnO2 nanosheets increased the use of active 
material, because these nanosheets carried the open and free interspaces between 
them. These hollow MnO2 nanostructured electrode materials exhibited, in energy 
storage devices, superior electrochemical behavior such as specific capacitance 
(291 Fg−1 at 1 Ag−1,), higher capability rate (73%), and efficiency of 90.9% after 
5000 cycles [37].

2.2.23  1D MnO2 Nanorods/Graphene Composites

In  an experimental study, MnO2 nanorods/graphene composite materials were 
synthesized by a simple hydrothermal method. The study results revealed that the 
proportions of MnO2 nanorods in graphene play a very important role in the electro-
chemical behavior of the composite electrode. In addition, the ratio of the most desir-
able composite displayed higher energy density (16 Wh kg−1) and excellent retention 
efficiency of 94% after 1000 cycles [38].

2.2.24 � 1D Ternary Hybrid Nanotubes of Cobalt 
Oxide-Manganese Dioxide-Nickel Oxide

In  an experimental study, to obtain active supercapacitor electrode components, 
hybrid 1D nanotubes arrays were designed by a simple method using Co3O4-MnO2-
NiO ternary hybrid materials. A specific capacitance of 2525 Fg−1 was achieved with 
the capacitance loss of 20% after 5700 cycles. Moreover, the three superior, unique, 
redox electrode materials as a single unit afforded extraordinary electrochemical 
behavior with abundant reaction platform [39].
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2.2.25 � 1D NiO Nanowire, Nanoflakes, and Nanosheets 
in Supercapacitor Applications

NiO is known as one of the major popular materials among metal oxides used for the 
preparation of pseudocapacitor transition electrode components. A research group has 
successfully fabricated the ultrafine hierarchical NiO NWs by the hydrothermal method 
by developing the same on the mesoporous NiO nanosheets [40]. By using this same 
effective processing method, another research group produced NiO microspheres and 
investigated the electrochemical performance in supercapacitor applications [41]. In an 
experimental study on the development of supercapacitor electrode components, NiO 
was used in the preparation of nanoflakes. These nanoflakes were developed on nickel 
foam. It showed a capacitance per unit of area as 870 mF at 1.0 mA [42]. Furthermore, to 
determine the potential of NiO, a self-assembly method was also applied by a research 
group to produce hierarchical porous NiO nanosheets. This process was performed at 
room temperature and pressure, in which substances were not used to reduce surface 
tension and no support of templates was availed for the assembling of nanosheets [43].

2.2.26  1D Core-Shell Nanocables of ZnO at MoO3 Nanostructure

Core-shell nanostructures frequently show different chemical and physical charac-
teristics. The electrochemical method, one of the facile methods, is suitable to be 
performed at room temperature for synthesis. In an experimental study, this method 
was applied to produce a substantial amount of core-shell nanocables of ZnO at 
MoO3. The duration of deposition controlled the thickness of the shell. The char-
acterization by transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy, and X-ray diffraction showed that the internal portion of the ZnO 
nanorod exhibited a single-crystal structure. In  addition, both ZnO nanorod and 
MoO3 shell showed favorable growth along the  [0001] direction. When compar-
ing with the MoO3 nanoparticles, the fabricated ZnO-MoO3 core-shell nanocables 
exhibited much larger specific capacitance of approximately 236 Fg−1 at 5 mV/s. 
Moreover, this combination of electrode components showed highly stable elec-
trochemical properties. It could endure over 1000 cycles without any decrement in 
specific capacitance [44].

2.2.27 � Characteristic and Role of 1D ZnO and MnO2 
Composites in Supercapacitor Applications

Corrosion due to carbon-based components would lead to agglomeration of metal 
oxides covered over the case of the components. Moreover, it may lead to electrical 
isolation. The outcome of these effects indicates rapid deceleration of electrochemi-
cal behavior of metal oxide electrode components. Hence, to avoid the agglomeration 
of metal oxides and prevent the corrosion of carbon-based components, looking for 
sensible and beneficial materials based on non-carbon supports are feasible [45–47]. 
One-dimensional single-crystal ZnO nanorod is an interesting and desirable func-
tional semiconductor material. Because of its smaller capacity, it provides a better 
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electron-transporting path with effective mechanical flexibility. By nature, it is a chem-
ically stable material with good conductivity; it also increases the electrochemical use 
of metal oxide. In an experimental study, the modern single-crystal ZnO nanorod and 
the composite of amorphous-nanoporous metal oxide as shell were used as electrode 
materials for supercapacitor applications. The combination of these distinct nanoma-
terials would lead to synergistic integration characteristics and functions. MnO2 is 
an optimistic and favorable electrode material for supercapacitor applications with 
the attributes of eco-friendly and easily available at low cost [48–50]. The core mate-
rial (single-crystal ZnO nanorods) faces lesser structural effect during the cycling 
process; owing to its smaller capacity, it provides a better electron-transporting path 
with effective physical flexibility. The shell material (MnO2) as amorphous and nano-
porous metal oxide increases the uniformity during the electrochemical reaction, 
decreases the ionic resistance, and expands active regions. This core-shell material 
combination (ZnO nanorod/MnO2 shell composites) results in high specific capaci-
tance of 405 Fg−1 at 10 mV/s and provides a beneficial way for the preparation of 
superior performance electrode components for supercapacitors [51].

2.2.28 � 1D ZnO and Coated Co3O4 Nanorod 
Heterojunction Composites

Because of the inferior electrical conductivity and instability of Co3O4 in practi-
cal applications, an efficient route has been established for synthesizing Co3O4 het-
erojunction composites with the 1D porous ZnO. This heterostructure supports for 
increasing the charge transfer and prevents cobalt oxide from corrosion; simulta-
neously, the structural effect during the cycling process was protected by this 1D 
porous structure. This structure also enhances ion diffusion. The as-produced ZnO/
Co3O4 composites displayed superior capacitive behavior and better cycling stability. 
The behavior of ZnO/Co3O4-450 was 4.9 times higher than that of Co3O4, and it has 
83% retention efficiency after 5000 cycles at 10 Ag−1 [52].

2.2.29  1D Needle-like CoO Nanowires on Carbon Cloth

The  hydrothermal method followed by the post-annealing treatment is used to 
prepare cobalt oxide NWs resembling needle-like structure on the carbon cloth. 
This combination of nanostructured electrode components shows an excellent reten-
tion efficiency of approximately 74% with specific capacitance of 311.8 Fg−1 at 1 Ag−1 
and ensures the longstanding cycle stability. When relating the Co3O4 NWs/carbon 
cloth, CoO microspheres, CoO nanosheets/carbon cloth with the needle-like CoO 
NWs/carbon cloth, the enhanced electrochemical performance and placed as an 
interesting material in the supercapacitor applications [53].

2.3  CONCLUSION

The successful implementation of various inorganic 1D nanostructured materials was 
identified, and their individual characteristics, compositional properties, preparation 
methodology, and its features were features. Almost, all the forms of 1D structures 



54 Morphology Design Paradigms for Supercapacitors

have been applied in this field for extracting their attractive benefits, especially, high 
surface area and mechanical flexibility in the forms of activated carbon, activated 
fiber carbon cloth, carbide-derived carbon, carbon aerogel, graphene-carbon NWs, 
carbon nanorods, carbon nanosponges, hexagonal carbides and carbonitrides, and 
perovskites, to enhance and enrich the quality of the system. Fullerenes in the field 
of energy-storing equipment have to be improved much and creates greatest elicit 
from researches to applied aspects. Quasi-solid-state supercapacitors have attracted 
the interest of researchers to meet the requirements for wearable and transferable 
electronically supported equipment. Nevertheless, the implementation of electrode 
components in supercapacitor faces various issues and challenges; for instance, vol-
ume change upon cycling and slow kinetics intrinsically delay the output and results 
in unstable electrochemical properties. Multiferroic oxide materials also play a key 
role in the material design of supercapacitors.

Owing to the distinctive hierarchical nanostructure, positive chemical charac-
teristics and excellent mechanical and electrical properties, novel nanomaterials 
have been widely scrutinized as effective electrode candidate for the application of 
supercapacitors. Overall, the redox-active transition metal oxides exhibit tremendous 
reversible faradic reactions in a rapid way with high specific capacitance, where 
CoO, Co3O4-MnO2-NiO, La1−xSrxMnO3, MnO2, MoO2, MoO3, Mn3O4, MnCo2O4.5, 
NiO, NiV2O6, NiCo2S4, NiCo2O4, VO2/TiO2, V2O5, Y2NiMnO6, ZnO, ZnO/Co3O4, 
and ZnCo2O4 are some of the 1D nanomaterials discussed. The  advancement of 
recent electronic devices and energy storing devices extremely relies on the higher 
productive energy resources, which possesses high power and energy densities with 
the higher specific surface area. In this regard, 1D inorganic nanomaterials show a 
greater commitment to the material design of supercapacitors.
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3.1  INTRODUCTION

Novel approaches allow abundant developments in the synthesis of electrocata-
lysts with controlled morphology and surface properties. Nanostructures with 
specific morphology have shown great ability as energy materials with high dis-
crimination have virtual ease of recycling (Min, Kim, and Lee 2010). Researchers 
have already developed new selective nanocatalysts for application in superca-
pacitors. Numerous challenges still persist, predominantly in understanding the 
structural steadiness of the active catalytic part. Core-shell nanomaterials have 
an enclosed and protective outer cover, which prevents migration and coales-
cence during the catalytic reactions (Qu et al. 2012). The synthesis and different 
characteristics of core-shell electrocatalysts are at the epicenter and emphasis of 
this chapter. Capable core-shell-based electrocatalysts need porous shells, which 
allow the entry of chemical entities from the external environment to the nano-
catalyst surface. Different techniques are available for the synthesis of controllable 
shell structure with more porosity. Moreover, core-shell nanostructures provide 
many opportunities for governing the interaction among various components that 
enhance structural stability or catalytic activity. Core-shell nanomaterials of differ-
ent shapes have been extensively used in biomedical (Sounderya and Zhang 2008) 
and pharmaceutical applications (Deutch and Cameron 1992), catalysis (Zhong 
and Maye 2001), electronics (Peng et al. 1997), photoluminescence (Xiong et al. 
2008), photonic crystals, bio-imaging (Chen et al. 2012), controlled drug release, 
targeted drug delivery (Haag 2004), cell labeling, and tissue engineering applica-
tions. The fabricated CNT/NiCo2O4 core-shell material enhances the capacitance 
of the electrode by improving the electronic conductivity, surface area, and elec-
tron transport efficiently (Liu et al. 2014).

The single-component nanostructure has been studied extensively in various fields 
due to their observed unique structure and their properties such as secure process-
ing, tunable nature, excellent surface performance, and outstanding catalytic proper-
ties (Huang and Jiang 2015). Presently, researchers focus on identifying numerous 
superior properties using multicomponent nanomaterials. The rapid development in 
multicomponent nanomaterials is due to diversity in nanostructure and composition, 
which enable their applications in various fields such as nanoelectronics, catalysis, 
energy storage, and conversion (Zhao et al. 2016). Hence, core-shell nanostructure 
has been considered as one of the research highlights in the current era (Chaudhuri 
and Paria 2012).

The core-shell nanostructures comprise a core (innermost layer) and a shell 
(exterior layer) material (Luo et al. 2008). The different combinations of core-
shell materials are inorganic-inorganic, organic-inorganic, inorganic-organic, 
and organic-organic materials (Gawande et al. 2015). The choice of materials in 
core-shell structures depends on their end applications and uses (Chatterjee et al. 
2014). Different core-shell nanostructures are shown in Figure 3.1a–m. Among 
them, spherical-shaped core-shell material is the common structure, which is 
further classified into single core-shell, multiple core-shell materials (shell layer 
consists of multiple core particles), concentric core-shell (alternative coating of 
core and shell), yolk-shell structure (movable core), and hollow shell structure 
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(absence of core). A  different nonspherical core-shell structure is formed due 
to nonspherical core layer materials (shown in Figure  3.1b and j–m) such as 
hexagonal core-shell structures.

3.2 � APPROACHES FOR THE SYNTHESIS OF CORE-SHELL 
NANOSTRUCTURE

The synthesis procedure of core-shell nanostructure is categorized into two types. 
One is a top-down approach such as lithographic technique (e-beam, ion-beam, UV, 
scanning probe), laser-beam technique, and mechanical processing (milling, grinding, 
polishing) (Gawande et al. 2015). Another category is the bottom-up approach such as 
chemical synthesis, self-assembly techniques, colloidal method, electrophoretic depo-
sition, and chemical vapor deposition. Both top-down and bottom-up approaches have 
their own merits and demerits (Nomoev et al. 2015). However, bottom-up approach 
is mostly preferred because it is cost-effective and produces smaller sized particles 
with controllable properties. Here, in the preparation of the core-shell nanostructure, 
a bottom-up approach is a suitable technique because the constant coating of the shell 
layer is possible using this approach. Some core-shell structures have been produced 
using a combination of both top-down and bottom-up approaches.

FIGURE 3.1  (a–m) Schematic representations of different shaped core-shell nanostructures: 
(a) core-shell nanoparticles, (b) polyhedral core-shell nanoparticles, (c) multi-core-single-
shell particles, (d) core-multi-shell nanoparticles, (e) 3D core-shell structure, (f) core-double 
shell nanospheres, (g) yolk-shaped core-shell nanoparticles, (h) movable multi-core-single-
shell nanostructures, (i) hollow multi-shell functionalized nanostructure, (j) core-shell 
nanorods, (k) core-shell nanoprism, (l) core-shell-based nanocubes, and (m)  core-shell 
nanocables.
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3.3 � APPLICATIONS OF CORE-SHELL NANOSTRUCTURES 
IN SUPERCAPACITORS

Depletion of fossil fuels and increasing environmental pollution have compelled 
researchers to focus on new energy storage devices. Enormous efforts have been 
devoted to the development of fuel cells and hybrid powers. However, owing to 
the short life service, high cost, and poor performance at high temperature, it is 
difficult to resolve all drawbacks simultaneously. Supercapacitor is an emerg-
ing energy storage device with rapid and reversible charge-discharge qualities 
(González et al. 2016). It possesses excellent features such as long cycle life, high 
energy and power density, good performance at high temperature, and environ-
mental friendly nature, which open a path to overcome all the complications in 
present energy storage technologies (Liu et  al. 2010a). Supercapacitors, other-
wise called as ultracapacitors or electrochemical capacitors, have high electrode 
surface area and thin electrolyte dielectrics to achieve maximum capacitance 
of several orders of magnitude. In addition, they achieve a high energy density 
by maintaining their unique power density. The  supercapacitor replaces con-
ventional batteries and other energy devices used currently in electric vehicles 
owing to their greater benefits (Simon, Gogotsi, and Dunn 2014). Additionally, 
supercapacitors have wide applications when compared with traditional batter-
ies. More research is being conducted to identify suitable electrode materials 
for supercapacitors to achieve longer life span and lower cost with high energy 
density and power density. Recent efforts have focused on nanomaterials such 
as conducting polymers, transition metal oxides, hydroxides, and sulfides for 
improving specific capacitance (Faraji and Ani 2014). In addition, the pseudo-
capacitive material should possess large surface area with a proper mesoporous 
structure, which assists in improving capacitance and lodges the vast quantity 
of electroactive species to contribute in faradaic redox reactions with a large 
amount of mass and electron transfer (Huang et al. 2013). The difficulties of pres-
ently used electrode materials are short lifetime and low chemical and mechani-
cal stability. In addition, to improve the supercapacitor performance, increased 
use of a metal substrate can work better. However, this metal loading increases 
the device weight significantly. Moreover, large volume changes are seen in elec-
trode material during continuous charging and discharging process. There are 
also many difficulties including low ion transfer efficiency, poor conductivity, 
volume changes in cycling processes, and loss of electroactive materials because 
of electrolyte corrosion or breakdown of the structural stability (Zhang et  al. 
2013). Continuous development in the research area of electrode material design-
ing has motivated the search for a new nanostructure to overcome these draw-
backs and improve performance (Bogue 2011). The  structural modification of 
the electrode materials improves mechanical stability, thereby greatly improv-
ing their lifetime. Core-shell-based structures provide more electrochemical 
active sites and enhance rapid ion transmission with low volume expansion (Xia, 
Tu et  al. 2012). The presence of active components in the core-shell structure 
improves the electronic pathway efficiently in the redox reaction. In  addition, 
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this core-shell structure prevents volume expansion on time-continuous charging 
and discharging cycles (Feng et al. 2018).

The problems of the existing system can be significantly overcome by core-shell 
nanostructure. The advantages of using the core-shell structure are as follows: pro-
tects core material from outside environmental change, reduces volume expansion, 
prevents aggregation, provides a large surface to volume ratio, provides structural 
integrity, has high availability of active materials, has fast interfacial transport, and 
shortens diffusion pathway (Wei et  al. 2011). The  catalytic activity of the core-
shell nanostructure can be improved further by controlling dimension, morphology, 
and composition of specific materials (Liu et  al. 2015; Jia, Wu, and Liu 2018). 
The electrocatalytic activity depends on its synergistic connections among the core 
and shell materials. It depends mainly on (a) ion/molecule that disturbs the effect 
of charge transfer between the substances, (b) composite material characteristics 
and its effects that manage the adsorption nature, and (c) structural and geomet-
ric characteristics (Chen et  al. 2011). Because of their different types, core-shell 
nanomaterials have been used in several areas of electrocatalysis in energy storage 
applications (Cui et al. 2009; Wu et al. 2011; Hwang et al. 2012). Although, the 
active substances present in core-shell structures exhibit significant abilities and 
likely scenarios.

3.4  IMPORTANCE OF CORE-SHELL MATERIALS

Core-shell nanostructures are extremely functional materials with enhanced prop-
erties, which have gained attraction in many research fields such as electronics, 
biomedical, optics, and catalysis. Core-shell materials possess a tunable kind of 
features, i.e., their properties can be changed by modifying their constituent mate-
rials individually (Li, Yuan et al. 2014). Sometimes, the core and shell materials 
have different features. In addition, the effect of property changes in core material 
based on shell material coating may increase, stabilize, or decrease (Buchanan 
et al. 1996). Moreover, the shell coating increases the overall dispersibility and 
particle stability of core particles. Finally, materials show unique properties of 
the various materials combined together. To meet the requirements of the differ-
ent application, the surface needs to be manipulated accordingly (Xie et al. 2013). 
The main reason for coating is to improve the functionality, dispersibility, stability, 
and measured discharge of the core materials, decrease the rate of core material 
consumption, and so on.

Apart from the advantage of enhanced material properties, the economic point 
is crucial in core-shell nanostructures (Zhang et al. 2009). The first aspect is to 
minimize the overconsumption of core material in the case of precious metals. 
The second aspect is the core-shell structure that acts as a prototype for the forma-
tion of hollow structure (Serpell et al. 2011). This hollow structure is formed from 
core-shell structure by eliminating the core materials by dissolution or calcination. 
This  hollow shell structure has been used in various applications such as cata-
lytic supports, adsorbent, micro/nano-vessels, drug delivery, light-weight material, 
insulator, and so on.
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3.5 � MECHANISM OF PREPARATION OF CORE-SHELL 
NANOSTRUCTURE

Preparation procedure of core-shell structure involves a two-step process. The pri-
mary step is the formation of core structure, followed by the production of the shell 
structure. Depending on core availability, the synthesis procedure is classified into 
two types:

	 1.	The core structure is synthesized individually and then added to the system 
for shell coating.

	 2.	The core structure is prepared in the same system, followed by a shell coating.

In the first type, the core structure is prepared using the separate reaction procedure, 
followed by surface modification for shell coating in the different reaction mixture, 
whereas in the second type, core material is prepared using the appropriate proce-
dure in the presence of a growth inhibitor, followed by shell coating by the addition 
of more reactants (Pastoriza-Santos et al. 2000). The main advantage of the synthesis 
of core externally is its purity. However, the synthesis of the core by in situ method 
has a severe problem of impurity, which is present between core and shell layer for-
mation. A significant step in core-shell structure synthesis is controlling the uniform 
thickness of the shell coating. Different methods for preparing core-shell structure 
are precipitation, polymerization, layer-by-layer adsorption techniques, micro-
emulsion method, sol–gel condensation, and so on. Proper controlling of uniform 
coating and thickness of the shell layer over the core is difficult (Malik, O’Brien, and 
Revaprasadu 2002). The problems that exist in shell coating are as follows:

	 1.	Agglomeration of core materials
	 2.	Shell material forms a separate particle rather than coating them on the core 

particle
	 3.	The incomplete coating over the core layer
	 4.	Control of the reaction rate.

Generally, these problems can be overcome by performing surface modification 
using surfactants, polymers, and so on. These surface-active agents modify the core 
layer surface charges. Therefore, coating of the selectively chosen core material with 
uniformity is achieved (Ban et al. 2005). Table 3.1 lists different synthetic techniques 
and reagents involved in the core-shell nanostructure synthesis.

3.6  DIFFERENT SHAPED CORE-SHELL NANOSTRUCTURES

Various shapes of core-shell nanoparticles have equally proven their importance in 
supercapacitors. Two approaches generally used to synthesize different shaped core-
shell nanostructures are

	 1.	Using soft/hard shape core template
	 2.	Using capping agent or suitable reagent to regulate the growth direction.
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In the first approach, the different shaped core material is used as a template for the 
formation of a core-shell structure, whereas the shell material is deposited homoge-
neously onto the core material surface and takes its shape. Usually, by varying the 
reaction parameter, the synthesis of a core particle template in a different shape is 
achieved (Liu et al. 2010b). The shell material coating efficiency may vary based 
on the shape of the core structure. It  is also noted that uniformity of coating may 
decrease with shape alteration (Xia, Tu et al. 2012). Even in the soft template method, 
the entire particle morphology relies on core and shell thickness.

3.6.1 N anospheres

The core carbon spheres in Carbon@MnO2 core-shell hybrid nanospheres act as a 
prototype to the conductive shell material MnO2, shown in Figure  3.2c–g, which 
exhibits the highest capacitance of 252  Fg−1 at 2  mV s−1 (Zhao, Meng, and Jiang 
2014). The  crystalline Ni3S4@MoS2 nanospheres prepared by one‐pot synthesis 
with tuned shell thickness show a good capacitance of 1440.9  Fg−1 at 2  Ag−1 and 
a capacitance retention of 90.7% after 3000 cycles at 10 Ag−1 (Zhang et al. 2015). 
Core–shell ultramicroporous @ microporous carbon nanospheres prepared using 
polymerization techniques exhibit higher capacitance (411 Fg−1 at 1 Ag−1), superior 
rate capability, outstanding cycle stability (10,000 cycles), and reasonable energy 
density (5.94 W h kg−1 at 50 kW kg−1) (Liu et al. 2015). Hollow core-mesoporous C 
shell capsule synthesized by polymerization, carbonization and etching techniques 
could be used as energy storage materials (Yoon et al. 2002). N-doped hollow and 
yolk-shell-based mesoporous C nanospheres formed by silica-assisted method display 
outstanding supercapacitor performance with high capacitance of 240 Fg−1 and the 
promising capacitance retention (97.0% capacitive retention after 5000 cycles) (Liu 
et al. 2016). Double-layer N-doped hollow carbon@MoS2/MoO2 nanospheres shown 
in Figure 3.2a and b display an extraordinary capacitance (569 Fg−1 at 1 Ag−1) and 
exceptional rate performance of 54.8% from 1 (569 Fg−1) to 20 Ag−1 (312 Fg−1) (Tian, 
Zhang, and Li 2018). N-doped hollow mesoporous C capsules prepared by dissolution 
and capture method to exhibit a superior specific capacitance of 206.0 Fg–1 at 1 Ag−1 
(Chen et al. 2016). Hollow Ni-Al-Mn-layered triple hydroxide nanocomposite prepared 
by a microwave-assisted technique, shown in Figure 3.2h–j, using urea shows high 
capacitance of 1756 Fg−1 at 4 Ag−1 and its capacitance value retains up to 89.5% at the 
end of 4000 cycles (Chandrasekaran et al. 2017). Fabricated symmetric supercapacitor 
device using hollow Mn-Cu-Al triple oxide nanomaterials prepared by microwave-
assisted methods deliver high energy density of 62.26  Wh kg−1 at 461.25  W kg−1 
(Chandrasekaran et al. 2018). The symmetric supercapacitor constructed using hollow 
Mn-Cu-Al-layered triple hydroxide nanocomposite provides a high energy density 
(101.75 Wh kg−1) at 900 W kg−1 (Chandrasekaran and Manickam 2017).

3.6.2 N anotubes

Figure 3.3a shows the excellent synergistic effect of CNT@polypyrrole@MnO2 core-
double-shell synthesized by electropolymerization and hydrothermal synthesis leads 
to improved supercapacitor with excellent specific capacitance and cycling stability 
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(Li, Yang et  al. 2014). NiCo2S4@polypyrrole nanotube array fabricated using the 
electrodeposition method shows a lower charge-transfer resistance (0.31 Ω) and high 
areal specific capacitance of 9.781 F cm−2 at 5 mA cm−2 (Yan et al. 2016). The trans-
mission electron microscopy images of NiCo2S4 (Figure 3.3b–d) and NiCo2S4@PPy 
nanotubes are shown in Figure 3.3e and f. CNT@ microporous carbon core-shell 
nanocomposite prepared by resorcinol–formaldehyde resin coating on CNTs deliver 

FIGURE 3.2  (a) Schematic illustration of the synthesis of NCs@MoS2/MoO2 and (b) TEM 
images of NCs@MoS2/MoO2. (Reprinted with permission from Tian, J. et  al., ACS Appl. 
Mater. Inter., 10, 29511–29520, 2018. Copyright 2018 American Chemical Society). (c) High-
resolution TEM and (d–g) Energy Dispersive X-Ray Spectroscopy (EDS) mapping results 
of a single carbon@MnO2 core-shell nanospheres. (Reprinted from J. Power Sources, 259, 
Zhao, Y. et al., Carbon@MnO2 core–shell nanospheres for flexible high-performance super-
capacitor electrode materials, 219–226, Copyright (2014), with permission from Elsevier 
B.V.). (h)  Schematic representation of yolk LDH and hollow Layered Triple Hydroxide 
(LTH), (i)  TEM images of Ni-AL yolk LDH, and (j) TEM images of Ni-Al-Mn hollow 
LTH. (Reprinted from Mater. Chem. Phys., 195, Chandrasekaran, N.I. et al., Hollow nickel-
aluminium-manganese layered triple hydroxide nanospheres with tunable architecture for 
supercapacitor application, 247–258, Copyright 2017, with permission from Elsevier B.V.)
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extraordinary specific capacitance of 237 Fg−1, exceptional rate performance with 
75% from 0.1 to 50 Ag−1, and good cyclability (Yao et al. 2015). CNTs@Fe2O3@C 
were prepared by atomic layer deposition and thermal decomposition, which exhibit 
excellent electrochemical properties of 678 Fg–1 at 1 Ag–1 and capacity retention of 
82% at 25 Ag–1 (Li et al. 2018).

3.6.3 N anowires

A catalyst-free, physical evaporation deposition process has been used to develop 
WO3−x on carbon fabric to form WO3−x@Au@MnO2 nanowires. The  specific 

FIGURE 3.3  (a) Schematic representation of the fabrication process from CNT sponge to 
CNT@PPy@MnO2 core-double-shell sponge. (Reprinted with permission from Li, P. et al., 
ACS Appl. Mater. Inter., 6, 5228–5234, 2014. Copyright 2014 American Chemical Society). 
(b) The  TEM image of the CoNi2S4 nanotubes. (Reprinted with permission from Li, M, 
et al., ACS Appl. Mater. Inter., 10, 34254–34264, 2018. Copyright 2018 American Chemical 
Society). (c, d) TEM images of NiCo2S4 nanotubes and (e, f) TEM images of NiCo2S4@
PPy nanotubes. (Reprinted with permission from Yan, M. et al., ACS Appl. Mater. Inter., 8, 
24525–24535, 2016. Copyright 2016 American Chemical Society.)
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capacitance reaches 588 (10  mV s−1) and 1195  Fg−1 (0.75  Ag−1) with a high 
power density and energy density of 30.6  kW kg−1 and 106.4  Wh kg−1 respec-
tively (Lu et al. 2012). FeCo2O4@polypyrrole core-shell-based nanowires display 
a specific capacitance of 2269  Fg−1 at a current density of 1  Ag–1 and retains 
79.2% of initial capacitance at 20  Ag−1 (He  et  al. 2018). MnO2 and M(OH)2/
MnO2 nanowires (shown in Figure 3.4e–h) prepared by electrodeposition meth-
ods show a high capacitance of 298 and 174 Fg−1 at 50 mV s−1 and 250 mV s−1, 
respectively, and also retains 85.2% of initial capacitance after 1000 cycles (Duay 
et al. 2013). Ultralong V2O5@conducting polypyrrole nanowires synthesized by 
in  situ interfacial methods deliver a high specific capacitance of 334  Fg–1 and 
have larger rate capability and better cycling stability (Wang, Liu et  al. 2018). 
CoMoO4@CoNiO2 core-shell nanowire arrays (shown in Figure 3.4a–d) formed 

FIGURE 3.4  (a) The synthetic scheme to produce the branched CoMoO4@CoNiO2 core-
shell nanowires on Ni foam, (b, c) SEM images, and (d) TEM image of the CoMoO4@CoNiO2 
nanowires (inset is the EDS of the CoNiO2 nanoneedle). (Reprinted with permission from Ai, 
Y. et al., ACS Appl. Mater. Inter., 7, 24204–24211, 2015. Copyright 2015 American Chemical 
Society). (e) Schematic diagram demonstrating the electrochemical synthesis of MnO2 nano-
fibrils on MnO2 nanowires, (f) high magnification SEM image of nanofibrils on a single 
nanowire and (g, h) TEM image of MnO2 nanofibrils on MnO2 nanowires. (Reprinted with 
permission from Duay, J. et al., ACS Nano, 7, 1200–1214, 2013. Copyright 2013 American 
Chemical Society.)
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by hydrothermal processing show an excellent areal specific capacitance (5.31 F 
cm−2 at 5 mA cm−2) and higher cycling stability (Ai et al. 2015).

3.6.4 N anocable

Zn2SnO4 nanowires on carbon microfibers (scanning electron microscopy  [SEM] 
images shown in Figure 3.5f and g) are prepared by a simple vapor transport method, 
in which a coating of MnO2 is performed using simple, spontaneous redox reaction to 

FIGURE 3.5  (a) Schematic representation of HZC deposited with a layer of MnO2 (HZM) 
core-shell nanocable synthesis. (Reprinted with permission from Yang, P. et al., ACS Nano, 7, 
2617–2626, 2013. Copyright 2013 American Chemical Society). (b, c) SEM images of HZnO 
(hydrogenated ZnO nanowires grown on carbon cloth), (d) SEM image of HZnO coated with 
a layer of carbon (HZC), (e) SEM image of HZM (HZC deposited with a layer of MnO2). 
(Reprinted with permission from Yang, P. et al., ACS Nano, 7, 2617–2626, 2013. Copyright 
2013 American Chemical Society). (f, g) SEM images of Zn2SnO4/MnO2 core-shell nano-
cables grown radially on the woven CMFs. (Reprinted with permission from Bao, L. et al., 
Nano Lett., 11, 1215–1220, 2011. Copyright 2011 American Chemical Society.)
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form Zn2SnO4/MnO2 core-shell nanocables. The nanocables show maximum capaci-
tances of 621.6 Fg−1 at 2 mV s−1 and 642.4 Fg−1 at 1 Ag−1 (Bao, Zang, and Li 2011). 
Single-crystal ZnO@amorphous ZnO-doped MnO2 nanocables synthesized by the 
wet chemical method present excellent areal capacitance and specific capacitance of 
138.7 mF cm−2 and 1260.9 Fg−1, respectively (Yang et al. 2013). The clear schematic 
representation and SEM images of the layer-by-layer formation of HZC deposited 
with a layer of MnO2 (HZM) are shown in Figure 3.5a–e.

3.6.5 N anorods

Chemical bath deposition, electrodeposition, and hydrothermal techniques have 
been used consecutively to prepare a bespoke metal @ carbon sphere nanoarray 
(Xia et al. 2015). The core-shell structure begins with ZnO micro-rod as a template, 
followed by self‐assembly of CNSs, which exhibits a good capacitance of 227 Fg−1 
(at 2.5 Ag−1) and exceptional cycling stability and retains 97% of capacitance after 
40,000  cycles. The  SEM images and graphical representation of Ni microtubes-
carbon nanospheres hollow structure are shown clearly in Figure 3.6a–f. Core-shell 
NiMoO4@Ni-Co-S nanorods provided a good specific capacitance of 2.27 F cm−2 
(1892 Fg−1) at 5 mA cm−2. Also, it retained 91.7% of the initial capacitance at the 
end of 6000 cycles (Chen et al. 2018). Likewise, Fe3O4@Fe2O3 core-shell nanorod 
arrays formed by hydrothermal and electrodeposition methods exhibit superior 
supercapacitive performance representing large volumetric capacitance of 1206 F 
cm−3 with 1.25  mg cm−2 of mass loading (Tang et  al. 2015). Unique core-shell 
NiCo2O4@PANI nanorod (shown in Figure 3.6g–i) achieved by hydrothermal and 
electrodeposition methods displays 901 Fg−1 of specific capacitance at 1 Ag−1 in the 
presence of H2SO4 electrolyte and retains 91% of capacitance after 3000 cycles at 
10 Ag−1 (Jabeen et al. 2016).

3.6.6 N anoflowers

α-FeOOH/Fe2O3 core-shell particles produced by controlled synthesis in a 
semi-aqueous-organic medium using a simple ligand mediation method exhibit 
excellent specific capacitance (200 Fg−1 at 5 mAg−1) and long-standing cycling 
stability (99.9% at 5 mAg−1 at the end of 500 cycles) (Barik et al. 2014). High-
performance CoSe2@PPy core-shell structured electrodes prepared using the 
electrodeposition method show an output of 1.6  V and attain a high energy 
density of 2.63 mWh cm−3 at 14 mW cm−3 (Wang, Ma et al. 2018). MnCo2O4@
Ni(OH)2 core-shell nanoflowers synthesized by a simple and economic hydro-
thermal method shows a specific capacitance of 2154 Fg−1 at 5 Ag−1 (Zhao et al. 
2016). 3D-based Co3O4@NiMoO4 nanoflowers on Ni foam prepared via hydro-
thermal and post-annealing treatment deliver 636.8 Cg−1 at 5 mA cm−2, which 
retains 84.1% at the end of 2000 cycles at 20 mA cm−2 (Zhang et al. 2016). NiSe@
NiOOH core-shell-based hyacinth-like nanomaterials on Ni foam prepared by 
solvothermal and electrochemical oxidation techniques display high electro-
chemical performance (Li et al. 2016).
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3.6.7 N anocones

ZnCo2O4/MnO2 core-shell nanocones with a mesoporous structure grown hydrother-
mally on a 3D nickel foam, as shown in Figure 3.7a–c, exhibit exceptional specific 
capacitance of 2339 Fg−1 at 1 Ag−1 with long-term capacitance retention of 95.9% at 
the end of 3000 cycles (Qiu et al. 2015). 3D Co3O4@CoMoO4 core-shell nanopine 
structures grown on Ni foam using hydrothermal procedure exhibit 1902 Fg−1 at the 
current density of 1 Ag−1 with good rate capability and retain 99% of capacitance 
after 5000 cycles (Wang et al. 2016).

FIGURE 3.6  (a) Schematic illustration of the formation of TiO2/Ni(OH)2 core-shell nanorod, 
(b and c) SEM and TEM images of TiO2/Ni(OH)2 core-shell nanorod, and (d) EDS elemental 
mappings of Ti and Ni in TiO2/Ni(OH)2 core-shell nanorod. (With kind permission from Springer 
Science+Business Media: Sci. Rep., Xia, X. et al. Integrated photoelectrochemical energy stor-
age: Solar hydrogen generation and supercapacitor, 2, 2012, 981) (e) Field-emission SEM image 
of carbon fiber after the coating of PANI on NiCo2O4 nanorods and (f, g) high magnification 
images of NiCo2O4@PANI nanorods. (Reprinted with permission from Jabeen, N. et al., ACS 
Appl. Mater. Inter., 8, 6093–6100, 2016. Copyright 2016 American Chemical Society.)
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3.6.8 N anoprism

Mesoporous NixSy@CoS polyhedra synthesized through a metal-organic-framework 
route (Figure 3.8a–f) exhibit an extraordinarily good capacitance of 2291 Fg−1 at 
1.0 Ag−1 (Gao et al. 2017). Hollow Mn-Co layered double hydroxide (LDH) fabri-
cated by the solvothermal method exhibits excellent capacitor behavior, with spe-
cific capacitance of 511 Fg−1 at 2 Ag−1 and good stability over 2000 cycles at 5 Ag−1 
(Wu et  al. 2017). Yolk-shelled Ni-Co oxide-based nanoprisms synthesized by the 
thermal annealing process deliver a high capacitance of 1000 Fg−1 at 10 Ag−1 and 
retains 98% of capacitance after 15,000 cycles (Yu et al. 2015).

FIGURE  3.7  (a) Schematic representation of the ZnCo2O4/MnO2 core-shell nanocone 
formation and (b, c) SEM images of ZnCo2O4/MnO2 obtained at different magnifications. 
(Reprinted from Nano Energy, 11, Qiu, K. et al., Mesoporous, hierarchical core/shell struc-
tured ZnCo2O4/MnO2 nanocone forests for high-performance supercapacitors, 687–696, 
Copyright 2014, with permission from Elsevier Ltd.)
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FIGURE  3.8  (a, b) SEM images of NixSy@CoS double-shelled nanocages, (c) Scanning 
Transmission Electron Microscope (STEM) image, and (d–f) the elemental mappings 
of Ni, Co, and S of NixSy@CoS double-shelled nanocages, respectively. (Reprinted from 
Electrochim. Acta, 237, Gao, R. et al. Novel amorphous nickel sulfide@CoS double-shelled 
polyhedral nanocages for supercapacitor electrode materials with superior electrochemi-
cal properties, 94–101, Copyright 2017, with permission from Elsevier Ltd.). (g) Schematic 
illustration of the formation process of Co3O4/NiCo2O4 double-shelled nanocages, (h) and (i) 
Field-emission SEM and TEM images of Co3O4/NiCo2O4 double-shell nanocages. (Reprinted 
with permission from Hu, H. et al., J. Am. Chem. Soc., 137, 5590–5595, 2015. Copyright 2015 
American Chemical Society.)
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3.7 � FACTOR DISTURBING THE DIMENSION AND DISTRIBUTION 
OF CORE-SHELL NANOSTRUCTURE

The magnitude and distribution are equally significant parameters in applications 
of materials. It  is a well-known fact that the surface area and bandgap energy are 
inversely proportional to particle size, which results in property changes. Smaller 
particle size with narrow size distribution and preventon of agglomeration are other 
important factors in particle synthesis. The abovementioned factors can be controlled 
by the proper choice of reaction media, reaction parameters (temperature, concentra-
tion, and solution pH), reaction nature, and the applied external force.

3.7.1 R eaction Media

Synthesis media determine the particle size and distribution of particles. Generally, 
bulk phase or micro-emulsion technique in “bottom-up” approaches is used in the 
synthesis of particles.

3.7.1.1  Bulk Phase Media
The  advantages of bulk phase media are easy particle separation, simplicity in up-
scaling, gentle control of reactant concentration, and effortless post-treatment of a 
particle that make this phase an easy process compared to other methods. The major 
disadvantage is controlling the external parameters, i.e., difficult to maintain the particle 
size and its distribution. It is also difficult to achieve uniform coating of shell material 
over core particles (Barik et al. 2014). The core substances are coated with a suitable 
opposite-charged surfactant to achieve a uniform surface. Another difficulty with this 
reaction media is the manufacturing of large particles with a broad distribution.

3.7.1.2  Microemulsion Method
The benefits of the microemulsion method are ease of controlling the size, distribution, 
and uniformity of particles. The disadvantages are difficulties in separation or purification 
of nanoparticles because the microemulsion process uses vast surfactant and oil phases 
(Lim et al. 2016). There are also problems in generating huge amounts of nanoparticles. 
In a microemulsion system, the nanoparticle size, morphology, and dispersity depend on 
the droplet size, surfactant nature, concentration and nature of reactants, volume frac-
tion, and mixing ratio. The effects of micro-emulsion system are as follows:

•	 Mole ratio of water and surfactant
•	 Reagent effect
•	 Polar volume fraction
•	 Mixing effect
•	 Effect of the oil phase.

3.7.2 T emperature Effects

The range of working temperature relies mostly on the reaction mechanism in the 
formation of core or shell materials. Generally, a low temperature provides a favor-
able environment for core-shell formation. This supports for coating of shell layer on 
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the core material apart from the development of distinct nuclei, by maintaining the 
formation of unsaturated shell material inside the reaction mixture (Chen et al. 2007). 
Moreover, a low temperature prime to a poor blending of core and shell atomic struc-
ture at the boundary due to surface modification by adsorption of a suitable surfactant 
on the core surface for the deposition of a charged shell material. This surface modi-
fication is impossible at high temperatures owing to reduced adsorption of surface 
molecules, which results in uneven coatings.

3.7.3 R eactant Concentration Effects

The final product size (including core dimension or shell thickness) depends on two 
stages: (i) reaction among the reactants to form nuclei and (ii) collision among nuclei 
or molecule diffused on the surface of nuclei and deposited there to create a final 
product. The primary stage is a reaction step followed by a growth process, which 
depends on the reaction rate. The relationship between the nanoparticle size and 
the reactant concentration has not  yet been reported. Differently, the particle 
size depends on the types and synthesis media. Generally, particle size increases 
with an increase in product amount. At a lower reactant concentration, the slow 
reaction rate results in the formation of less number of nuclei. However, at high 
reactant concentration, a more significant number of nuclei are developed owing 
to the high reaction rate. As a result, ultimately, particle size decreases (Guo 
et al. 2015).

Shell formation over the core particles usually occurs by heterogeneous nucle-
ation. The shell substance is first placed on the core structure, which is followed by 
nuclei construction and development on the surface. Therefore, the slower reaction 
rate results in even coating. Hence, the lower concentration of reactant is feasible 
for core-shell structure formation. Generally, the size and thickness of core-shell 
nanoparticle depend on reactant concentration.

3.7.4 E ffect of Surface Modifier

The  dimension and morphology of core-shell particles are controlled by surface 
modifier concentration. The  surface modifier usually adsorbs on the core surface 
and is responsible for important aspects such as controlling the particle size; it also 
acts as a powerful agent for shell construction by surface modification in core-shell 
structure preparation. The concentration of the surface modifier defines the adsorp-
tion amount of the surface modifier on core structure (Wang, Shi, and Jiang 2008). 
The adsorption amount is directly proportional to concentration until a particular 
limit is reached and then becomes constant. Hence, the size distribution of nanopar-
ticles mostly depends on the surface charge.

3.7.5 E ffect of pH

The reaction mechanism involved in a reaction determines the effect of pH on the 
nanoparticle dimension. In a redox method, the reduction of a material with the high-
est reduction potential is achieved by performing oxidation of a material possessing 
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lesser reduction potential. Generally, the half-cell reduction potential of a redox pair 
depends on the pH of the reaction solution (Cai et  al. 2014). Therefore, pH  is an 
extremely desired parameter to control the reaction process and to know the extent 
of surface modification. Hence, the solution pH was controlled to increase the forma-
tion of a uniform shell coating.

3.7.6 E ffect of External Forces

External forces are used in the reaction method to control the nanoparticle size. 
Among various external forces, the electrical and sonication forces are the most 
commonly used for the formation of nanoparticles.

3.7.6.1  Sonication
The three main effects involved in the sonication process are as follows:

•	 The transient heating of liquid results from bubble collapse
•	 Agglomeration is prevented by the formation of shock waves through bub-

ble implosion
•	 Acoustic cavitation results in uniform mixing.

All these effects help in achieving reduced particle size with increased homogeneity 
by controlling the nuclei population (De Castro and Priego-Capote 2007).

3.7.6.2  Electric Field
Shell formation using charged or inorganic substances on the core materials is per-
formed by applying external electric potential. A precise shell thickness is achieved 
using this method. Generally, the electric field is a mixed wave with positive and 
negative cycles. The inorganic material deposits on the core structure in a negative 
cycle, whereas the charged substance deposits in a positive cycle. The shell thickness 
is controlled by controlling the cycle period (Yuan et al. 2015).

3.8  CONCLUSION

Core-shell nanostructure is a significant material and is a major pivotal topic in energy 
storage applications. Recently, core-shell structures have been extensively applied in 
various fields such as batteries, supercapacitors, hydrogen generation/evolution, bio-
medicine, therapeutics, oxygen reduction and evolution reactions, and solar cells. 
Core-shell nanoparticles show excellent specific capacitance, improved conductiv-
ity, and favorable redox behaviour, which plays a significant role as electrode mate-
rials in supercapacitor research. The better conductivity with high redox capacity of 
core-shell composite materials has enormous potential in energy storage applications. 
Taking inspiration from core-shell structures as electrode materials, many attempts 
have been made to use the benefits of these structures to a maximum extent by blend-
ing different properties in a single structure based on applications. The structure sup-
ports for long cycling stability by resisting morphological deformation on successive 
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charging-discharging cycles. Different synthetic approaches to change morphologies in 
order to fine tune the electrochemical activity and performance of core-shell structures 
have also been studied. Parameters such as porosity, crystallinity, stoichiometry, shape, 
size, and surface area strongly influence the catalytic nature of core-shell structures. 
In addition, the subtleties of the formation of a uniform shell structure have also been 
studied. The synthetic procedures involved in controlling the shell thickness, lower the 
processing temperature, and uniform deposition of shell on to the core structure result 
in better electron transport, short diffusion length, and reduced morphological defor-
mation. This contributes to the overall performance and value parameters to be consid-
ered in large-scale applications. With compatible electrolytes, the core-shell nanoforms 
can greatly improvise the performance of a supercapacitor. Discussion on various 
forms of core-shell structure that supports the improvement in capacitance properties 
is provided elaborately with some typical literature. The study of the effects of various 
parameters involved in the formation of core-shell structures is also described clearly. 
Thus, it will be more significant to start a large-scale synthesis of core-shell nanostruc-
tures with the proper controlling system to identify and overcome any inadequacies.
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4 Hierarchical 
Nanostructures for 
Supercapacitors

Xiangchao Meng, Mengqing Wang, 
Liang Wang, and Zisheng Zhang

4.1  INTRODUCTION

With the depletion of fossil fuels and the rapid development of the global econ-
omy, it is urgent to find alternative technologies for energy storage and conversion. 
Electrochemistry has rapidly expanded into application areas of energy storage and 
conversion. Electrochemical technologies primarily include three categories, namely 
batteries, fuel cells, and electrochemical supercapacitors (ES). A significant atten-
tion has drawn on the development of ES in recent years, primarily due to their 
high power density, long lifecycle, and bridging function for the power/energy gap 
between traditional dielectric capacitors (high power output) and batteries/fuel cells 
(high energy storage) [1]. The major challenges of ES in practical use are low energy 
density and high production cost. One of the approaches to overcome these chal-
lenges is to develop new electrode materials.

The capacitance, C, can be defined as follows (Equation 4.1) [2]:

	 C
A

d
r= ε ε0 	 (4.1)
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where εr, ε0, A, and d represent the dielectric constant of the electrolyte, the dielectric 
constant of the vacuum, the accessible surface area, and the effective thickness of 
the double layer, respectively. The maximum storage energy, E, within an ES can be 
described as follows (Equation 4.2):

	 E CV= 1
2

2	 (4.2)

where V is the cell voltage. It can be deduced that with an increase in the acces-
sible surface area of the electrodes in an ES, both the capacitance and energy 
stored in the ES increase. One of the approaches to improve the surface area 
of the electrodes is to prepare materials with novel morphologies. Hierarchical 
nanostructures have the potential to be applied as electrode materials. As shown 
in Figure 4.1a, in the last two decades, the number of yearly publications on the 
subject of supercapacitors (SCs) has significantly increased, indicating the sig-
nificance of SCs, and, as shown in Figure  4.1b, hierarchical materials used in 
the fabrication of ES have been massively reported in the last decade. However, 
compared with ES, the number of yearly publications on “hierarchical” materials-
based SCs is still limited.

4.2  HIERARCHICAL MATERIALS

According to the energy storage mechanism, there are two categories of SCs, elec-
trical double-layer capacitors (EDLCs) and pseudocapacitors  [3]. In  fact, most of 
the supercapacitor materials can be used as both EDLCs and pseudocapacitors. 
However, the capacity offered by the two kinds of capacitors varies greatly for dif-
ferent materials. The different hierarchical materials will be categorized (Table 4.1) 
and discussed in the next subsections.

FIGURE 4.1  Number of yearly publications with topic keywords of (a) “supercapacitor” and 
(b) “supercapacitor” + “hierarchical.” (Searched on February 14, 2019, using the SCOPUS 
database).
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4.2.1 H ierarchically Nanostructured Carbon Materials for SCs

Carbon materials have a long history of use as a material for SCs [4]. According to 
the characteristics of EDLC, the capacity of a SC is related to the electrode poten-
tial and specific surface area (SSA). Therefore, carbon materials with high SSA can 
significantly increase the capacity of the SC [5]. In addition, carbon materials are 
cheaper than transition metal, are environmentally friendly, and have excellent cycle 
stability and a wide electrochemical window. Thus, over these years, researchers 
have continuously studied of carbon materials in SCs. Because of the discovery of 
graphene in 2004, there seems to be a new upsurge in the research in this direction 
in recent years. At present, well-developed carbon materials are activated carbon, 
carbon fiber, carbon aerogel, carbon nanotubes, and graphene. However, due to the 
limitations of EDLC characteristics, the defect of the carbon-based EDLC is also 
remarkable [5]; the specific capacitance is lower than that of the pseudocapacitors, 
which will be discussed later.

In the modification of carbon materials, two main methods are used; the first is 
changing their morphology to increase the SSA and second is activating or doping 
the surface of the carbon material to introduce a functional group.

Chen et al. [6] designed a spheres-in-tube carbon nanostructure with hierarchical 
porosity through confined assembly of hollow carbon spheres in carbonaceous nano-
tube. They used different dual templates and synthesized three different products: 
HCSs@CT-60, HCSs@CT-90, and HCSs@CT-110, where the number refers to the 
particle size of SiO2. HCSs@CT-60 has the highest SBET, which is 318 m2g−1, followed 
by HCSs@CT-90 (241 m2g−1) and HCSs@CT-110 (208 m2g−1). Moreover, these three 
products show the same trend in electrical cyclic voltammetry (CV) measurements. 
At both low current density (0.2 Ag−1) and high current density (20 Ag−1), HCSs@
CT-60 exhibits excellent specific capacitance of 235 Fg−1 and 156 Fg−1, respectively 
(6 M KOH electrolyte), which is much higher than the other two products. In terms of 
electrochemical stability, at the 1000th cycle, the specific capacity of HCSs@CT-60 
increases to 103% of the first cycle, which indicates that the continuous impregnation 
of electrolyte ions in the micro/mesopore of the electrode increases during charge 
and discharge; after 10,000 cycles, it showed very good stability and no significant 
drop in specific capacity was observed.

Gao et al. [7] using shrimp shell as a material and their intrinsic mineral scaf-
fold as a template prepared a nitrogen-doped hierarchical porous carbon (HPC). 
They  prepared three samples at 600°C, 700°C, and 800°C, respectively. Among 
them, the sample prepared at 800°C has the largest SSA  of 1343  m2g−1, while 
C/KOH-700 shows the highest specific capacities, which are 348, 328, 320, 300, 
295, and 290 Fg−1 at 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 Ag−1, respectively. Similarly, Hou 
et al.  [8] prepared hierarchical porous nitrogen-doped carbon (HPNC) nanosheets 
(NS) through simultaneous activation and graphitization of biomass-derived natural 
silk. This material exhibits an extremely high SSA of 2494 m2g−1 and a high volume 
of hierarchical pores of 2.28 cm3g−1. This HPNC-NS has a specific capacitance of 
242 Fg−1 (113 F/cm3) at 0.1 Ag−1 in 1M LiPF6, which is much larger than that of com-
mercial ACs. Regarding the stability, HPNC-NS retains 92% capacity of the first 
cycle after 10,000 cycles at 2 Ag−1.
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You et al. [9] prepared a ternary full carbon foam with three-dimensional (3D) 
microporous and mesoporous structures. They combined the hierarchically porous 
carbon, CNT, and graphene in a unique process to produce this new material. It has 
an SSA of 1286 m2g−1 and a specific capacitance of 379 Fg−1 at a current density of 
0.2 Ag−1 in a 6 M KOH aqueous solution.

4.2.2 H ierarchically Nanostructured TMOs for SCs

Different from the mechanism of EDLC, pseudocapacitors mainly originate from the 
rapid redox reaction on the electrode surface. The specific capacitance of pseudoca-
pacitors is much higher than that of EDLC, and the transition metal oxides (TMOs) 
are the main material for pseudocapacitors [10]. However, the TMO electrode has 
poor conductivity and high internal resistance; thus, it cannot be applied in alter-
nating current. In addition, as the morphology changes after charge and discharge, 
the cycle performance is not good. In recent years, due to the unique structure of 
hierarchically nanostructured materials that can help overcome the shortcomings of 
traditional TMO SCs, it has gradually become a hotspot in the research on SCs [11]. 
Next, we will systematically introduce the synthetic method and electrochemical 
properties of hierarchically nanostructured materials: single-phase TMO materials 
and multiphase TMO materials.

4.2.2.1  Single-Phase TMOs Materials
Although RuO2 has been considered as the best electrode material of TMOs, its 
application is limited due to the high cost. Therefore, manganese oxides, cobalt 
oxides, copper oxide, nickel oxide and so on, which are cheap and rich resources 
but have similar electrochemical properties with RuO2, have gradually received 
researchers’ attention.

4.2.2.1.1  Manganese Oxides
Manganese dioxide is abundant in natural resources, low in price, and has high theo-
retical specific capacitance [12]. It is one of the interesting materials in the research 
on TMOs for SCs. In addition, it is rich in polymorphisms, which has also drawn 
researchers’s attention to study it as an ideal SC material.

Bag et al. [13] used a single-step, template-free chemical route to synthesize hier-
archical mesoporous δ-MnO2. This kind of MnO2 has a 3D mesoporous structure, 
and its growth kinetics and surface morphology can be controlled by adjusting the 
concentration of Br−. It has a large SSA of 238 m2g−1, and the average pore size and 
volume are 36.14 Å and 0.567 ccg−1, respectively. In  electrochemical testing, this 
kind of material exhibits a specific capacitance of 364 Fg−1 at a current density of 
1 Ag−1 in 1 M Na2SO4 aqueous solution and retains 100% initial specific capacitance 
after 3000 cycles.

Zhang et al. [14] developed a rapid hydrothermal method to synthesize hierarchical 
porous nanostructures assembled from ultrathin birnessite-type MnO2 nanosheets. 
This method does not require the use of template and surfactant. They heated the 
mixture of MnSO4·H2O (2 mmol) and K2S2O8 (2 mmol) in a Teflon-lined stainless 
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steel autoclave at 160°C for 30 min, and the obtained product shows good proper-
ties. The as-prepared MnO2 has a large SSA(BET) of 160 m2g−1, and uniform pore size 
distribution of 5.4 nm. Moreover, the specific capacitance can reach 269 Fg−1 at a 
current density of 0.3 Ag−1 in 1 M Na2SO4 solution. The stability is also excellent, 
which remain at 94% after 2000 cycles at 1 Ag−1.

Duay’s group [15] synthesized a special hierarchical MnO2 nanofibril/nanowire 
array. This kind of material shows different charge storage mechanisms in aqueous 
electrolyte and acetonitrile electrolyte. In aqueous electrolyte, it exhibits a specific 
capacitance of 298 Fg−1 at 50 mV s−1 and 170 Fg−1 at 250 mV s−1 and retains 85.2% 
capacitance of the first cycle after 1000 charge and discharge cycles.

Sumboja’s group  [16] prepared hierarchical nanostructures of hydrated 
α-manganese dioxide and characterized their properties. At  2  Ag−1, the results 
showed that the specific capacitance of this material is 356  Fg−1, and there is no 
capacitance degradation observed in the first 2000 cycles.

4.2.2.1.2  Cobalt Oxides
Similar to manganese oxide, cobalt oxides are also an ideal SC material [17]. They are 
environment-friendly, have low cost, have high catalytic activity, and so on, and 
cobalt oxides have an ultra-high theoretical specific capacitance of 3560 Fg−1 [18]. 
In recent years, scientists have synthesized a series form of cobalt oxides, such as 
nanoparticles, nanorods, nanowires, nanosheets, and porous nanostructures  [19]. 
However, the specific capacitance of cobalt oxide SCs is difficult to reach the theo-
retical value in practice.

Zhou et al. [20] synthesized hollow fluffy cages (HFC) constructed of ultrathin 
nanosheets through the formation of Co(OH)2 hollow cages, and then calcine at 
250°C. The product annealed at 250°C has a large SSA of 245.2 m2g−1. In the elec-
trochemical evaluation, this material shows a good specific capacitance of 948.9 and 
536.8 Fg−1 at 1 and 40 Ag−1, respectively, and an excellent stability of 10,000 cycles 
at 10 Ag−1 in 2 KOH electrolyte.

Luo’s group [21] used a simple reflux method to prepare a 3D enoki mushroom-
like Co3O3 hierarchitectures, which is constructed by one-dimensional (1D) nanow-
ires with a diameter of 3.2 µm. In 6 M KOH solution, this material shows a high 
specific capacitance of 787 Fg−1 at 1 Ag−1. Even at 10 Ag−1, the capacitance remains 
at 94.5% and 76.6% of the first cycle after 1000 and 4000 deep cycles, respectively. 
The 3D enoki mushroom-like structure significantly increases the ion diffusion rate 
and electrode stability.

4.2.2.1.3  Nickel Oxide
Similar to the TMOs mentioned above, nickel oxides are also inexpensive, environ-
mentally friendly, and have high theoretical capacity; they are also one of the most 
widely studied materials in the SCs field in recent years.

By using ZnO nanorod template, Gao et al.  [22] fabricated a 3D hierarchical 
porous NiO nanotube arrays on a nickel foam by a facile successive electrodeposi-
tion method. The  as-prepared nanotube arrays, which consist of interconnected 
branch nanoflakes of approximately 10  nm, have a diameter of approximately 
170 nm. The electrochemical evaluation was performed in a 2 M KOH solution, 
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and the result showed that it has a specific capacitance of 675 and 569  Fg−1 at 
2 and 40  Ag−1, respectively, and excellent capacitance retention of 93.2% after 
10,000 cycles at 2 Fg−1.

Yang’s group [23] prepared a kind of multishelled NiO hollow nanospheres by a 
layer-by-layer self-assembly method. The results showed that when 19 mg sample is 
coated on the foamed nickel, the prepared product has the largest SSA (92.99 m2g−1) 
and exhibits the best electrochemical performance. The highest specific capacitance 
of the material is 612.5 Fg−1 at 0.5 Ag−1, and the stability test shows that capacitance 
remains at 90.1% after 1000 cycles.

4.2.2.1.4  Copper Oxide
Copper oxide is another candidate material for SCs. It  is nontoxic, abundant in 
nature, and easy to prepare. As a result, the cost of copper oxides is low.

Lu et  al.  [24] used an alkaline solution oxidation method to synthesize a high-
performance copper oxide electrode that can be used in SCs. The as-prepared material 
has a unique flower-shape nanostructure, which contributes to a large SSA. The high-
est SSA of the material is 119.6 m2g−1. In the electrochemical evaluation, this material 
exhibits a specific capacitance of 520 and 405 Fg−1 at 1 and 60 Ag−1, respectively. It can 
also retain 95.2% capacitance of the first cycle after 5000 charge and discharge cycles.

4.2.2.1.5  Bismuth Oxide
Similar to manganese oxide, bismuth oxide also has a very rich crystal morphology 
and unique properties [25]. In recent years, researchers have been interested in apply-
ing bismuth oxide to SCs, but, currently, there are only a few reports in the literature.

By using a surfactant, Su et al. [26] synthesized a rod-like Bi2O3 by a facile one-
step precipitation method. The  test results showed that the material prepared by 
using P123 as a surfactant has good electrochemical properties. The specific capaci-
tance of this rod-like Bi2O3 can reach 1352 Fg−1 at 0.1 Ag−1. Moreover, in the stability 
test, the capacitance reduced only by 2.4% of the first cycle after 1000  charge and 
discharge cycles.

4.2.2.1.6  Multi-Metal Oxide Materials
The interaction of different metal ions is very complex; thus, they sometimes provide 
better electrochemical properties than single metal oxides. Because of the combina-
tion of improved electrical conductivity and an effective porous structure, binary 
metal oxides with a 3D superstructure are considered as the ideal electrode material 
for SCs [27]. Nickel-cobalt binary metal oxides are one of the most common bime-
tallic oxides with excellent electrochemical properties [28].

Lei’s group  [27] synthesized a 3D hierarchical flower-shaped nickel cobaltite 
microspheres through a rapid and template-free microwave-assisted heating reflux 
approach. The  as-prepared microspheres are constructed by ultrathin nanopetals 
with a thickness of approximately 15 nm. They also have a large SSA of 148.5 m2g−1 
and narrow pore size distribution (5–10  nm). This  material shows a specific 
capacitance of 1006 Fg−1 at 1 Ag−1 and relatively good stability, which retains 93.2% 
capacitance after 1000 cycles at 8 Ag−1.



97Hierarchical Nanostructures for Supercapacitors

Xu et al. [29] used polymeric nanotubes as a template synthesizing hierarchical 
NiCoO2 nanosheets nanotubes. These unique nanosheets nanotubes show an excel-
lent specific capacitance of 1468, 1352, 1233, 1178, 1020, and 672 at current densities 
of 2, 4, 8, 10, 20, and 40 Ag−1, respectively. Regarding stability, after 3000 charge 
and discharge cycles at a high current density of 10 Ag−1, the capacitance remains at 
99.2%. This enhanced performance is attributed to the porous and layered structure of 
NiCoO2 nanosheet nanotubes, which provides more contact area between the active 
material and the electrolyte ions while buffering large volume changes during rapid 
charge/discharge.

4.2.2.2  Multi-Phase TMO Materials
Composites prepared by combining two or more TMOs may exhibit better electro-
chemical performance than a single material due to the synergistic effect of different 
TMOs. Therefore, some researchers have attempted to compound a variety of TMOs 
and perform electrochemical evaluation. This section will present some of the current 
results.

Bao’s group [30] designed a facile two-step hydrothermal method to synthesize 
novel NiCo2O4@MnO2 core–shell nanosheet arrays on hybrid composite/nickel 
foam integrated electrode. Characterization test results showed that the synthe-
sized material has a complex core–shell nanostructure. Because of this special 
structure, this composite exhibits a high specific capacitance, which is 2.39 F cm−2 
(1595.1 Fg−1) at a current density of 3 mA cm−2. The capacitance loss is only 7.4% 
after 2000 cycles. Similarly, Yuan et al. [28] synthesized NiCo2O4@MnO2 core–
shell heterostructured nanowire arrays on a nickel foam using a two-step solution 
route coupled with a post-calcination treatment. The specific capacitance of this 
material is 3.31 F cm−2 at 2 mA cm−2, and it can remain 88% after 1000 cycles at 
10mA cm−2.

Lin et  al.  [31] synthesized a composite of three compounds. They  developed 
nickel foam-hierarchical 3D iron cobaltate nanosheet arrays framework, covering 
the surface with thin nanosheets of manganese dioxide (Ni@FeCo2O4@MnO2). 
This structure increases the energy density of SCs made of this material. The spe-
cific capacitance can reach 2.20 and 1.55  cm−2 at 5 and 40  m  Ag−1, respectively. 
There is only 1.4% capacitance loss observed after 4000 cycles at 5 m Ag−1.

4.2.3  Carbon/TMO Composite Materials

As carbon-based materials and TMOs have their own advantages and disadvan-
tages as SC materials, researchers have combined these two materials to prepare a 
new type of carbon/TMO SC. This type of material improves the conductivity and 
cycle stability of materials by adding carbon-based materials to TMOs, while TMOs 
can provide considerable pseudocapacitors for high energy density SCs. Currently, 
carbon/TMOs composites materials are a direction of SCs research.

Lee’ group [32] used a hydrated cerium oxide precursor as a raw material and 
performed a simple heat treatment at 250°C. Successfully synthesized multistage-
driven single-crystal Ruthenium oxide (RuO2) nanorods on a small number of wall 
carbon nanotubes (CNTs). This material shows a specific capacitance of 80.6 F cm−2 
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at 2 mA cm−2. It can be noted that such a well-structured 1D heterostructure nano-
structure will be a promising direction for preparing highly active electrochemical 
electrode materials.

4.3  CONCLUSIONS

Hierarchical nanostructures have been widely applied in the field of SCs. Recent 
publications on SCs were summarized and discussed in this chapter. Various materi-
als, especially TMOs, are fabricated with the hierarchical morphology, which were 
comprehensively introduced in this chapter. It  can be concluded that hierarchical 
nanostructures prepared for SCs exhibit promising prospects. However, more efforts 
are required to further improve their performance. To fabricate a SC with high 
energy density, long cycling life, low cost, and high safety will be of interest for 
future research.
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5 Vertically Aligned 1D 
and 2D Nanomaterials 
for High-Frequency 
Supercapacitors

Wenyue Li, Xuan Pan, and Zhaoyang Fan

5.1  INTRODUCTION

Electrochemical supercapacitors (ECs) generally have much higher rate capability 
than batteries, making them as ideal high-power sources either operating indepen-
dently or cooperating with batteries as a pulse power buffer. However, in comparison 
to electrolytic capacitors that have high frequency responses (from kHz to MHz), 
these conventional ECs work at very low frequencies, normally below 1 Hz, prevent-
ing them from being used in many applications such as current ripple filtering and 
very short pulse generation, which have been fulfilled by the traditional aluminum 
electrolytic capacitors (AECs). However, with a low capacitance density and thus a 
bulky volume, AECs have become an issue for downscaling the circuit board profile to 
developing compacted electronics. Thus, developing ultrafast ECs that maintain their 
relatively high capacitance density while efficiently working at tens or even kilohertz 
(kHz) frequencies, herein, called as high-frequency ECs (HF-ECs), has been consid-
ered as an effective strategy to address the aforementioned issues and have attracted 
more attention of researchers (Fan, Islam, and Bayne 2017, Li, Islam et  al. 2019). 
This chapter introduces studies in this exciting niche area of EC development, with 
a focus on novel electrodes based on 1D and 2D vertically aligned nanostructures.
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Depending on the attainable capacitance density and frequency response that usu-
ally contradicts with each other, it is envisioned that HF-ECs might find different 
applications. For those HF-ECs that can efficiently work at above hundreds of hertz 
and show reasonable capacitance densities, they will be a promising candidate in the 
substitution of the bulky AECs for line-frequency alternating current (AC) filtering; 
while for those relatively slower HF-ECs that have large capacitance densities, they 
will be competitive in high-current pulse applications such as flashing light, com-
munication, and many others.

In conventional ECs, activated carbon and carbon black are commonly used as 
electrode materials because of their large specific surface area (SSA), low cost, and 
chemical inertness. Although the tortuous micropores in these carbon materials pro-
vide them a large SSA, these same micropores also limit the electronic conductiv-
ity of the electrodes and the electrolytic ion migration rate in the pores, leading to 
frequency responses of the conventional ECs below 1 Hz. Early attempts on fast 
ECs were carried out using membrane electrodes fabricated from well-dispersed 
carbon nanotubes (CNTs), which provided a characteristic frequency, defined as the 
frequency when the phase angle reaches −45°, of approximately 500 Hz (Niu et al. 
1997, Du and Pan 2006). In 2010, there was a breakthrough in the development of 
kHz-frequency ECs when vertically oriented graphene grown on Ni foil was used as 
the electrode, demonstrating a characteristic frequency as high as 15 kHz (Miller, 
Outlaw, and Holloway 2010). Since then, steady progresses have been made in this 
HF-EC niche area (Islam et al. 2017).

A variety of carbon-based nanostructures have been investigated for HF-ECs by 
exploiting their large SSA, high electronic conductivity, and regular pore geometry 
that facilitate fast migration of electrolytic ions to achieve high-frequency response 
with a reasonably large capacitance density. Surprisingly, nanostructures based 
on metallic-like oxides, nitrides, carbides, and others, because of their extremely 
large electronic conductivity, might also be electrode candidates for power HF-ECs. 
Though, the pseudocapacitive charge storing in these materials, based on Faraday 
redox reaction mechanism, is intrinsically slower than the electrical double-based 
charge storing in carbon-based materials. One possibility is that at such high frequen-
cies, charges are only stored in the electrical double layer without charge transfer.

This  chapter mainly discusses carbon nanostructures, and conductive com-
pounds are also highlighted. Section  5.2 covers general procedure for HF-EC 
design. Application of vertically aligned carbon nanotubes (VACNTs) is covered in 
Section 5.3. Vertical graphene (VG), including edge-oriented graphene (EOG) in 3D 
scaffolds, is discussed in Section 5.4. Section 5.5 highlights other oriented 2D mate-
rials for developing HF-ECs, followed by a summary and perspectives.

5.2  GENERAL CONSIDERATION

5.2.1  Characteristics of Capacitor Frequency Response

The difference in frequency response between the conventional EC and the AEC 
and how the HF-EC could bridge this gap are schematically shown in Figure 5.1a. 
The  complex-plane impedance plots of ECs are illustrated in Figure  5.1b–e. 
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Due  to their inherently low-frequency characteristic, parasitic inductance is 
not considered here. Figure 5.1b represents an ideal capacitor (constant C) with a 
series resistance, called as an equivalent series resistance (ESR). It is the imped-
ance when the impedance spectrum intersects with the Z′-axis. As frequency ( f ) 
increases, the absolute value of the phase angle (φ) will decrease accordingly. 
For a more realistic EC, its impedance spectrum is composed of a tilted line, and 
the capacitance is modeled as a constant phase element (CPE) in series with its 
ESR (Figure 5.1c). As a simplified model when the tilt is small (closer to verti-
cal), the CPE is treated as an ideal capacitor. Then, the cell capacitance can be 
calculated according to

	 C Zω ω( ) = − ( ) 1/ Im 	 (5.1)

where C( )ω  is frequency-dependent capacitance, ω is the angular frequency, and 
Im(Z) is the imaginary part of impedance Z.

As HF-ECs discussed here are based on nanostructured electrodes for achiev-
ing a large SSA, porous effect caused by slow ion diffusion is often unavoidable. 
If a regular or simple pore geometry is assumed, as modeled by De Levie (1963), 
the 45° slope feature region will appear on account of distributed capacitance and 
resistance in a porous electrode (Figure 5.1d). The so-called knee frequency (fk) can 
be subsequently defined. Obviously, Eq. (5.1) can only be applied when frequency is 
below fk where the impedance curve is approximated by a vertical line, while above 
fk, the phase angle dramatically decreases. In other more complex situations, such 
as irregular and dead pores presenting in the nanostructure, an interfacial resistance 
existing between the electrode and the current collector, or pseudocapacitive effect 
appearing from the electrode materials (Gamby et al. 2001), the semicircle feature, 
followed by or merged with the 45° slope region, will emerge (Figure 5.1e). Clearly, 
this feature will reduce fk and hence decrease the effective response frequency of 

FIGURE 5.1  (a) Schematic of phase angle spectra of conventional ECs, HF-ECs, and alu-
minum electrolytic capacitor (AECs). Schematics of complex-plane impedance of (b) ideal 
capacitor in series with ESR and (c) CPE in series with ESR, (d) with the 45° slope feature, 
and (e) with the semicircle feature. (Reprinted from Nano Energy, 39, Fan, Z. et al., Towards 
kilohertz electrochemical capacitors for filtering and pulse energy harvesting, 306–320, for 
(a, d, e), Copyright 2017, with permission from Elsevier.)
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HF-ECs significantly. In such cases, ESR cannot be used to evaluate the frequency 
response in the simplified RC model. It can have a very small value caused by the 45° 
slope region and the semicircle region in the impedance spectrum, but the device still 
shows sluggish response. In this circumstance, the resistance (R) should be derived 
by extrapolating the near-vertical linear section of the impedance curve to intersect 
with the Z′-axis. The difference between this R and the ESR is therefore defined as 
an equivalent distributed resistance (EDR) (Kötz and Carlen 2000), which accounts 
for the slowed frequency response caused by the 45° slope region and the semicircle 
region in the impedance spectrum.

When HF-ECs are designed for line-frequency (60 Hz) AC filtering applica-
tions, several key parameters are used to evaluate their performance, including 
volumetric and areal capacitance densities and phase angle at 120 Hz, and the 
characteristic frequency when the phase angle reaches −45° that delineates the 
frontier between the capacitive impedance dominance and the resistive imped-
ance dominance. Another way to analyze the frequency response of HF-ECs is to 
introduce the complex capacitance (Taberna, Simon, and Fauvarque 2003), which 
is defined as

	 C C jC= ′ − ′′ 	 (5.2)

	 Z Z jZ j C= ′ + ′′ = ( )1 2/ π 	 (5.3)

where Z  is the complex impedance, ′C  is the useable capacitance, and ′′C  accounts 
for energy dissipation, i.e., resistive loss at the given frequency. The dependence of 
′′C  vs. frequency reaches a maximum at a particular f0, corresponding to the relax-

ation time constant τ0 01= / f . This characteristic frequency is the same as the one 
obtained in the Bode plot when phase angle equals to −45°.

5.2.2 E lectrode Nanostructures

Extremely small ESR and EDR are essential for HF-ECs to have high-frequency 
responses. The  following recommendations should be generally followed when 
designing electrodes for HF-ECs (Fan, Islam, and Bayne 2017):

•	 Highly conductive materials with aligned structures, such as intrinsically 
connected 1D and 2D materials with well-defined electron and ion path-
ways, are good candidates.

•	 The contact resistance between electrode and current collector should be 
minimized by directly growing or closely coating/pressing the active mate-
rials on the current collector.

•	 Electrodes with thin-layer structure are preferred to reduce the porous 
effect, which becomes severe as the electrode thickness increases.

•	 Pores should be large and well interconnected for facile electrolyte transpor-
tation, while micropores, dead pores, and tortuous pores must be avoided. 
(De Levie 1963, Ghosh et al. 2013).
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Based on these considerations, vertically aligned carbon nanotubes (VACNTs), VG 
or EOG, as well as some other oriented 2D materials, with merits of intrinsically high 
conductivity and simple pore structures, are very suitable for developing HF-ECs.

It is noteworthy to point out that aqueous electrolytes, due to their much smaller 
ion sizes and much higher ionic conductivities than organic electrolytes, are com-
monly used in HF-ECs. Their much smaller voltage window (< ~0.8 V), however, 
severely restrains their practical applications. Therefore, organic electrolyte-based 
cell developments are more interesting and will be particularly emphasized.

5.3  VERTICALLY ALIGNED CNTs (VACNTs)

VACNTs, when compared to randomly dispersed CNT films, are more ideal for 
HF-ECs. The oriented pores between aligned CNTs are simple, facilitating ion trans-
portation between the two electrodes, while the large conductance of CNT itself 
ensures a small electrode resistance. However, early studies were not very promis-
ing (Schindall, Kassakian, and Signorelli 2007, Honda et al. 2007). In the typically 
thick VACNT forests, the deep and narrow pores between densely packed CNTs 
obviously introduce distributed capacitance and resistance, leading to a character-
istic frequency much less than 1 kHz (Dörfler et al. 2012, 2013, Wang, Ozkan, and 
Ozkan 2016). In one study, the effect of VACNT film thickness on the frequency 
response was elucidated by using 5, 10, and 15 μm thick VACNT films grown on 
graphene films, which exhibited a characteristic frequency of 1343, 754, and 460 Hz, 
respectively (Lin et al. 2013). At 120 Hz, the 5 μm thick VACNT film gave a phase 
angle of ‒81.5°, while it was increased to ‒73.4° for the 10 μm thick one. In another 
very informative study that combined experimental data with numerical modeling, 
pore size distribution was considered in the transmission line model to simulate the 
frequency response in an interdigitated planar cell configuration (Ghosh et al. 2013). 
The effect of CNT density, electrode thickness, pore length and diameter, and elec-
trolyte conductivity on the cell frequency response were explicitly analyzed.

Besides issues caused by the dense packing of VACNTs, another challenging issue 
is the relatively large interfacial resistance rendered by the nonmetallic substrates 
used for VACNTs growth. Commonly, they are grown by chemical vapor deposi-
tion (CVD) method with dispersed nanoparticles catalyzing individual CNT growth. 
The substrate choice is therefore critical in preventing the catalyst agglomeration, 
and Al2O3, SiO2, or other insulating materials are typically used. Although VACNTs 
can be transferred after growth onto a metal foil, a severe interfacial resistance will 
be present. Exceptionally, VACNTs were successfully grown on conductive Al sub-
strates (Dörfler et al. 2013), but corrosive electrolytes can cause degradation of the 
Al current collector and hence the cell performance. The very few successes in using 
VACNTs as electrode for HF-ECs were those with conductive graphite as a substrate 
for direct VACNTs growth to achieve a minimum interfacial resistance. Due to these 
limiting factors, most reports use dispersed CNT thin films (sub-µm thick) on a cur-
rent collector. For such a structure, again the interfacial resistance from CNT-CNT 
and CNT-current collector become critical issues to high-frequency response.

A recent prominent study on VACNTs-based HF-EC (Li, Sun et al. 2019) may 
spark interest in this structure again. In this study, a graphite thin layer was used as 
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a flexible and conductive substrate, on which 2 nm thick Fe was deposited as a cata-
lyst, and further covered by 3 nm Al2O3 to facilitate tip-grown VACNTs in a CVD 
process. With 6  M KOH electrolyte, the fabricated EC exhibited very promising 
electrochemical performances. At 120 Hz, its phase angle, areal capacitance, and 
volumetric capacitance were −84.8°, 1.38 mF cm−2, and 345 mF cm−3, respectively. 
A characteristic frequency of 1.98 kHz was also measured. The large areal capaci-
tance at the cell level is exceptional.

5.4  VERTICAL GRAPHENE

Unlike VACNTs whose growth depends on catalysts, VG, including EOG with 3D 
orientations, can be grown directly on conductive substrates by plasma-enhanced 
chemical vapor deposition (PECVD). In such a process, hydrocarbons (e.g., CH4 and 
C2H2) or fluorocarbons are used as carbon sources and reductive gases such as H2 or 
NH3 are used as etching reagents (Hiramatsu and Hori 2010, Bo, Mao et al. 2015). 
With the assistance of plasma activation, the carbon-containing fragments are 
decomposed and deposited on a substrate, leading to the interconnected graphene 
sheets growing perpendicular to the substrate surface (Figure 5.2a, b).

The closely interconnected network, the high intrinsic conductivity of graphene, 
and the solid connection between VG network and the underlying conducting 

FIGURE  5.2  (a) Schematic of VG network on a conductive substrate. (b) SEM cross-
sectional view of VG structure. (c) TEM image of vertical graphene sheets. (d) High-resolution 
TEM image of an individual sheet showing its tapered geometry with fully exposed gra-
phene edges. (e) Schematic showing the tapered shape of VG flakes with exposed graphene 
edges and basal planes. (Reprinted from Carbon, 71, Ren, G. et al., Kilohertz ultrafast elec-
trochemical supercapacitors based on perpendicularly-oriented graphene grown inside of 
nickel foam, 94–101, for (b), Copyright 2014, with permission from Elsevier; Reprinted from 
J. Power Sources, 325, Ren, G. et al., Ultrahigh-rate supercapacitors with large capacitance 
based on edge-oriented graphene-coated carbonized cellulous paper as flexible freestanding 
electrodes, 152–160, for (c, d), Copyright 2016, with permission from Elsevier.)
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substrate ensure a very low resistance in the VG-based electrodes. Another strik-
ing feature of the VG is that electrolytic ions can easily access graphene edges and 
basal planes through simple channels between VG sheets, resulting in a rapid mass 
transport process during HF-EC operation. Therefore, compared to the aforemen-
tioned VACNTs based electrode, a much smaller ESR can be achieved by VG-based 
electrode as long as the conductivity of the electrolyte is reasonable. In addition, as 
revealed by the transmission electron microscopy (TEM) images (Figure 5.2c, d), 
VG sheets have tapered shapes with thick bases and sharp tips. Along their walls, 
abundant graphene steps or edges are well distributed, which can offer sufficient 
absorption sites for electrolyte ions. Thus, this unique structure is also expected to 
provide a large capacitance density. Interestingly, if scaffolds with 3D porous struc-
tures such as metal foams are used during the PECVD process, EOG networks can 
be grown on the scaffold surface, which further increase the available surface area of 
the electrodes. All these merits collectively offer the possibility of creating VG-based 
HF-ECs with a much reduced ESR and a high level of charge storage capability.

In the pioneering work reported by Miller et al. (2010, 2011), a 0.6 μm VG layer 
was deposited on a Ni foil, which was directly applied as the electrode in a KOH 
electrolyte-based cell. A characteristic frequency of 15 kHz was obtained, which 
is close to the frequency response of a commercial AEC. Since then, interests in 
VG  materials have led to improved electrochemical performances of HF-ECs 
(Cai et al. 2012, Bo et al. 2012). For example, VG-based cells (Cai et al. 2014) exhib-
ited a 120 Hz phase angle of ‒85° and an areal capacitance of 0.265 mF cm−2, as 
well as 20  kHz characteristic frequency. Other studies referring to some specific 
parameters of VG such as the wettability and edge density were also carried out to 
further boost the electrochemical performance of HF-ECs. The strategy of reducing 
the channel spacing between VG sheets to improve their wettability also increased 
the accessible surface area by as large as three times (Shuai et al. 2017). Compared 
to its basal plane, graphene edges show much better charge storage capability. By 
controlling the edge density in a VG layer, the HF-EC performance parameters such 
as frequency response and capacitance density are expected to be enhanced signifi-
cantly (Yang et al. 2016, Bo, Yang et al. 2015). These findings provide very useful 
guidelines in optimizing VG structures for better HF-EC performances.

In  general, VG film thickness is limited to ~1  μm, above which the depth of 
those easily accessible channels will not further increase because of the continuous 
growth from the channel bottom. In such a thin VG film that also has a low den-
sity of graphene, the available area and therefore the footprint-based areal capaci-
tance are not very large. The composite of VG and carbon black was therefore tested 
to increase capacitance density by filling carbon black nanoparticles into the void 
spaces between VG flakes, although frequency response was sacrificed (Miller and 
Outlaw 2015).

Another way to solve the above issue is to deposit EOG on 3D scaffolds to achieve a 
larger surface area than their counterparts on 2D foils. For instance, in contrast to lat-
eral growth of graphene (Cao et al. 2011), EOG deposited inside of Ni foam, with each 
Ni strut encircled by perpendicular graphene nanoflakes, was successfully prepared 
(Ren et al. 2014). At 120 Hz, the measured electrode areal capacitance was 0.72 mF 
cm−2, corresponding to a cell capacitance of 0.36 mF cm−2. A 4 kHz characteristic 
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frequency was obtained (Ren et al. 2014). By etching off the Ni foam, freestanding 
EOG foam could be obtained, which would increase the specific capacitance signifi-
cantly (Ren et al. 2016). In another example, carbon nanofiber (CNF) films were used 
as the scaffold for EOG growth, due to their high conductive, light weight, chemical 
inertness, and low cost (Islam, Warzywoda, and Fan 2018). A porous CNF film was 
first prepared by spin-coating well-dispersed CNF solution onto a Ni foil, and then 
EOG was grown into this porous layer with graphene nanosheets wrapped around each 
CNF, thus forming a highly conductive 3D electrode. In an aqueous electrolyte cell, the 
characteristic frequency was found to be as high as 22 kHz and the areal capacitance 
for a single electrode was approximately 0.37 mF cm−2 at 120 Hz.

More interesting studies focused on EOG growth on carbonized cellulose micro-
fibers (CMFs) films and their applications in HF-EC (Ren et al. 2016, Islam et al. 
2019). Cellulose-derived carbon materials have been investigated in different elec-
trochemical applications (Li, Ren et al. 2017, Li and Fan 2019, Li, Mou et al. 2017), 
and their carbonization processes were commonly conducted in a high-temperature 
furnace for a long time. In contrast, the freestanding EOG/CMF electrodes used in 
HF-ECs were synthesized by PECVD process that only lasted for 5–10 min. In this 
process, cellulose fibers, such as tissue sheets and filter papers, were pyrolyzed into 
CMFs rapidly by the high-temperature plasma, on which EOG was synthesized 
simultaneously. As schematically shown in Figure 5.3a, by using the cellulose wiper 
(Kimwipes™) as the raw material, a thin (~10 μm) EOG/CMF electrode was obtained 

FIGURE 5.3  (a) Schematic illustrating the process using cellulose sheets to fabricate EOG/
CMF electrode and HF-ECs in a coin cell configuration. (b, c) SEM images of EOG/CMF 
at different magnifications. Electrochemical performances of EOG/CMF-based HF-ECs: 
(d) CV curves at the rate of 1000 V s−1 in aqueous and organic electrolyte cells, (e) Nyquist 
plot, (f) the curve of the electrode areal capacitance vs. frequency and phase diagram, and 
(g) real and imaginary components of the complex electrode capacitances in an organic cell. 
(Reprinted from Carbon, 141, Islam, N. et al., Vertically edge-oriented graphene on plasma 
pyrolyzed cellulose fibers and demonstration of kilohertz high-frequency filtering electri-
cal double layer capacitors, 523–530, for (a, d–g), Copyright 2019, with permission from 
Elsevier; Reprinted from J. Power Sources, 325, Ren, G. et al., Ultrahigh-rate supercapacitors 
with large capacitance based on edge-oriented graphene-coated carbonized cellulous paper 
as flexible freestanding electrodes, 152–160, for (b), Copyright 2016, with permission from 
Elsevier.)
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after the PECVD process. Scanning electron microscopy images in Figure 5.3b, c 
show the macroporous structure of the CMF sheet and the microscale morphology of 
EOG around each CMF fiber. After assembling EOG/CMF electrodes into coin cells 
with KOH electrolyte, the electrode areal capacitance at 120 Hz, the phase angle at 
120 Hz, and the characteristic frequency were measured to be 0.59 mF cm−2, −83°, 
and 12 kHz, respectively. Due to the macro-size pores, the thin EOG/CMF films 
were further stacked together to obtain thick electrodes with enhanced areal capaci-
tance without compromising their frequency response and volumetric capacitance. 
Electrodes composed of three EOG/CMF layers with a thickness of 30 μm exhibited 
1.5 mF cm−2 areal capacitance and 0.5 F cm−3 volumetric capacitance at 120 Hz. 
Its characteristic frequency was still maintained at approximately 5.6  kHz. After 
200,000 cycles of fully charge-discharge, the electrode capacitance showed no deg-
radation, indicating its structural stability.

EOG/CMF electrodes with 10 µm thickness were also investigated using 1 M 
tetraethylammonium tetrafluoroborate (TEABF4) in anhydrous acetonitrile solution 
as the electrolyte. The  cyclic voltammogram (CV) curve recorded at 1000  V s−1 
(Figure  5.3d) indicates that the potential window of the organic cell is widened 
by a factor of ~3  in comparison with that of the aqueous cell. The desired quasi-
rectangular shape at such a high scan rate suggests the high-speed capability of these 
cells. Figure 5.3e presents the complex-plane impedance curve of the organic cell. 
A small semicircle and a near 45° linear region appear above a knee frequency of 
3.8 kHz, below which the impedance spectrum is a nearly vertical line. Figure 5.3f 
shows the electrode areal capacitance and phase angle dependence on frequency. 
At 120 Hz, an electrode capacitance of 0.49 mF cm−2 and a phase angle of −80.4° 
are found, as well as a characteristic frequency of 1.3 kHz. The complex capacitance 
was also derived from the impedance spectrum as shown in Figure 5.3g. The mod-
eled capacitance (C′) agrees with the results extracted from Figure 5.3f. The value 
of C″ reaches a maximum at the characteristic frequency of 1.3 kHz, from which a 
relaxation time constant of 0.8 ms was derived.

As proof of concepts, EOG/CMF-based organic-electrolyte HF-ECs were fur-
ther tested as a filtering capacitor in a 60 Hz AC/DC converter and as a pulse stor-
age device in an energy harvester. For AC/DC conversion (Figure 5.4a–c), the input 
is a 60 Hz sinusoidal wave voltage with a 4 V amplitude, which is converted to DC 
by a full-bridge rectifier and then filtered by an HF-EC filter capacitor before being 
delivered to a load. As shown in Figure 5.4c, a near ripple-free 2.8 V DC voltage 
is obtained. This clearly demonstrates that HF-ECs, with their larger capacitance 
densities, are promising to replace bulky AECs for AC line-filtering in electronics 
and power applications after further development. HF-ECs may also be used to 
store and smooth electric pulses scavenged from ambient vibrations for powering 
small autonomous devices. Here, a microwatt load was used to simulate a micro-
sensor. As shown in Figure 5.4d, a piezoelectric element converts environmental 
vibration into electric pulses (Figure  5.4e), which, after rectification, are stored 
in the HF-EC. A 2 V smooth voltage is outputted to drive the load (Figure 5.4f). 
This  result demonstrates that HF-ECs, if their leakage could be reduced, might 
be used in energy harvesters to store and smooth pulses for powering low-power 
autonomous devices.
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5.5  OTHER VERTICALLY ALIGNED NANOMATERIALS

In addition to carbon-based nanostructures, many other materials, particularly those 
with metallic conductivities or 2D sheet-like structure, have the potential to improve 
the frequency response of typical slow pseudocapacitors. When integrated with a 
suitable conductive framework (Ren, Zhang, and Fan 2018), they may also be candi-
dates to develop compact high-frequency supercapacitors. These materials include 
transition metal oxides (Pan et  al. 2014), nitrides (Lu et  al. 2012), carbides, and 
dichalcogenides. In particular, metal dichalcogenides such as VS2 (Feng et al. 2011), 
MoS2 (Acerce, Voiry, and Chhowalla 2015), and WS2 (Khalil et al. 2016), combining 
their 2D sheet-like morphology with exceptionally low resistance (Peng et al. 2016), 
have already been studied as electrodes for high-rate supercapacitors (Bissett et al. 
2016). However, the random dispersion of the nanoflakes in the electrode leads to 
a large ESR and hence a very low frequency response. Aligned 2D nanostructures 
based on these materials are required to construct fast ion transportation pathways 
(Ren et al. 2015).

As an example, ultrathin MoS2 nanosheets grown on highly conductive CMFs 
were prepared to form binder-free freestanding films and tested as electrodes for 
fast-rate supercapacitors (Islam et al. 2018). CMF sheets used here were prepared 
by a rapid plasma pyrolysis process to avoid the formation of undesired micro-
pores. The growth process of vertically oriented MoS2 nanosheets was conducted 

FIGURE  5.4  Demonstration of HF-EC as the filtering capacitor in AC/DC conversion: 
(a)  circuit diagram, (b) input 60 Hz sine wave, and (c) the output from the rectifier with-
out filtering (green curve) and the smooth DC output after using HF-EC filter (blue line). 
Demonstration of pulse power storing and smoothing using an HF-EC: (d) circuit diagram, 
(e) the pulse from the piezo-element, and (f) the output from the rectifier without smoothing 
(green curve) and the constant DC output after HF-EC smoothing (blue line). (Reprinted 
from Carbon, 141, Islam, N. et al., Vertically edge-oriented graphene on plasma pyrolyzed 
cellulose fibers and demonstration of kilohertz high-frequency filtering electrical double 
layer capacitors, 523–530, for (a–f), Copyright 2019, with permission from Elsevier.)
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by the hydrothermal method using sodium molybdate and thiourea as precursors 
(Miao et al. 2016, Wang et al. 2017). As shown in Figure 5.5a and b, CMFs are fully 
wrapped by a few layered vertical MoS2 nanosheets that can be clearly observed 
from high-resolution TEM images shown in Figure  5.5c. The  vertical structure 
of MoS2 yields a large surface area for electrolytic ion absorption and provides a 
rapid ionic diffusion route, leading to a fast capacitive charge-discharge response. 
As shown by the impedance Bode diagram of the assembled cells in Figure 5.5d, 
a characteristic frequency of 103 Hz is achieved. The cell also exhibited an absolute 
phase angle above 80° for frequencies below 10 Hz. At 10 Hz, the cell capacitance 
was ~30 mF cm−2, which was maintained at ~25 mF cm−2 at 100 Hz, indicating their 
great potential for high-power pulse applications.

5.6  CONCLUSION

The development of HF-ECs requires electrodes with extremely low resistance and 
a nanostructure that facilitates electrolytic ion transportation while maintaining 
a large capacitance density. Due to their simple porous structure and intrinsically 
high conductivity, vertically aligned 1D and 2D nanomaterials have been proved 
to have great potential for developing such HF-ECs. Preliminarily functionable 
HF-ECs based on VACNT and VG have been successfully demonstrated, but their 
capacitance density needs to be further improved to satisfy practical requirements. 
How to further increase their easily accessible surface area without compromising 

FIGURE  5.5  (a, b) SEM images of edge-oriented MoS2 network grown circling around 
carbon fibers. (c) TEM image of MoS2 nanoflakes. (d) High-resolution TEM image shows 
the few layered flakes. (e) Bode diagram of the cell. (f) The curve of cell capacitance vs. fre-
quency. (Reprinted from J. Power Sources, 400, Islam, N. et al., Fast supercapacitors based 
on vertically oriented MoS2 nanosheets on plasma pyrolyzed cellulose filter paper, 277–283, 
for (a–f), Copyright 2018, with permission from Elsevier.)
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the frequency response becomes critical. Studies that integrated carbon black into 
VG network or VG into 3D microfiber network have been reported with improved 
performance. It is expected that integration of 1D, 2D, and 3D carbon components 
into ordered or aligned structures might further boost the capacitance density while 
maintaining the necessary frequency response. In addition, combining these carbon 
materials with other 2D materials into an organized structure might provide another 
route to significantly boost the capacitance density. More efforts in structural design 
and compositional optimization are still needed.
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6 Mesoporous Electrodes 
for Supercapacitors

Godlisten N. Shao and Talam E. Kibona

6.1  INTRODUCTION

6.1.1 B ackground

Presently, materials scientists and engineers are compelled to design highly effi-
cient electrical energy storage devices because of enormous demand of such devices 
in portable devices, hybrid vehicles, power distributions, telecommunication, and 
railways infrastructure. Supercapacitors have been widely used in advanced hybrid 
energy storage systems due to their high power capabilities and long cycle-life, 
making them the best candidates suitable for efficient electrical storage devices 
(Simon and Gogotsi 2013). Thus, the development of supercapacitors with high-
performance parameters such as low cost, high energy density, high power density, 
environment-friendly, and a commendable cycle-life is in great demand (Divya and 
Østergaard 2009, González et al. 2016). The reports by the Ryoo and Hyeon groups 
in 1999 revealed a new insight regarding ordered mesoporous carbons (OMCs) and 
a new gateway to improve the electrochemical performances of supercapacitors 
(Ryoo, Joo, and Jun 1999, Oh and Kim 1999). Therefore, extensive investigations 
involving the utilization of OMCs have been carried out to improve the structure 
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and applications of supercapacitors for large scale production and commercial-
ization of energy storage materials. The current chapter intends to survey recent 
advances that have been achieved in the development of mesoporous electrodes for 
supercapacitor applications.

6.1.2  Structure and Categories of Supercapacitors

Supercapacitor cells are electric double-layer capacitors (EDLCs) with no dielectric. 
They possess two high surface area porous carbon electrodes and a porous separator 
between them. The electrical interaction between the electrodes is inhibited by the 
separator; thus, the charge transport is mainly due to ions dissolved in an electro-
lyte. Figure 6.1 presents a general configuration of EDLC. Supercapacitors can be 
categorized based on the storage mechanism and cell configuration (González et al. 
2016, Xia et al. 2008). Most studies have pointed out two main categories of super-
capacitors, namely EDLCs and pseudocapacitors. However, the combination of these 
two classes can generate novel materials (hybrid supercapacitors) with outstanding 
physicochemical properties and applications.

6.1.3 O verview of Mesoporous Electrodes for Supercapacitors

Carbon is one of the materials that can be used as electrodes in supercapacitors. 
Customarily, carbonaceous materials are very abundant and exhibit large specific sur-
face area, high conductivity, and outstanding chemical stability; hence, they can be 
used as excellent energy storage materials (Yang and Zhou 2017, Wang and Xia 2013). 
This signifies that the structural, electronic, and textural properties of materials are 
very essential attributes that govern the electrochemical performances of electrodes. 

FIGURE  6.1  Typical configuration of an EDLC. (Adapted from Jayalakshmi, M. and 
Balasubramanian, K., Int. J. Electrochem. Sci., 3, 1196–1217, 2008.)
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The relationship between the electrical energy (E), of a capacitor; the capacitance 
(C), and voltage (V) can be seen in the equation: E = 1/2CV2. Thus, maximizing 
C and V can unquestionably improve the energy of a given supercapacitor. It has 
been pointed out that the specific capacitance of a capacitor can be enhanced by 
(i) forming electrodes with porous structure and large surface area and (ii) forming 
hybrid supercapacitors with a carbon electrode and pseudocapacitors (Wang and Xia 
2013). Therefore, materials with a large surface area generate high capacitance. Thus, 
designing of suitable preparation methods to improve the surface area and the pore 
structure of electrode materials is very essential. The existence of a favorable porous 
structure improves ion transport process. This advantage can facilitate the fabrication 
of supercapacitors with improved power density and energy density.

As it has been pointed out early, since the introduction of OMCs by the Ryoo and 
Hyeon group in 1999, extensive research has been performed to improve the compo-
sition, morphologies, performance, and applications of OMCs (Ryoo, Joo, and Jun 
1999, Oh and Kim 1999). OMCs exhibit better electrochemical performance than 
conventional activated carbons. OMCs possess well-connected ordered mesopore 
channels, which provide a more favorable path for the transportation of organic ions 
(Wang and Xia 2013).

It should be noted that before the introduction of the Ryoo and Hyeon reports, 
most of the investigations focused on increasing the surface area of carbon materials. 
At that time, carbonization was used as the major technique to improve the surface 
area of carbonaceous electrode materials. Hence, there are considerable findings that 
have reported on carbonization as shown in Section 6.1.3.1.

6.1.3.1  Carbonization and Electrochemical Properties
Carbonization is the thermal conversion of organic materials to carbon (Lewis 
1982). The  general understanding of the chemistry of carbonization and the way 
mesospheres form in carbonaceous materials are very fundamental in fabricating 
mesoporous electrodes with desirable properties for supercapacitors applications 
(Imamura, Nakamizo, and Honda 1978, Lewis 1982, Xu et al. 2010, Du et al. 2010). 
It is noteworthy that various investigations have been carried out to study the influence 
of carbonization on the electrochemical properties of supercapacitors. For instance, 
Xu et al. (2010) reported the fabrication of an activated carbon with high capaci-
tance using NaOH activation for supercapacitors. The authors noted that the specific 
capacitance and textural properties (surface area, pore volume, and pore size) can be 
decreased by increasing the carbonization temperature of apricot shells. The findings 
showed that the surface area and specific capacitance were decreased upon increasing 
carbonization temperature. The surface area was decreased from 2335 to 1342 m2g−1 
upon carbonization at a temperature of 400°C and 800°C, respectively. A decrease 
in the specific capacitance from 348  (400°C) to 235 Fg−1 (800°C) was also noted. 
Similarly, further reports regarding the influence of carbonization temperature on the 
specific surface area and specific capacitance using phenolic resin-based sphere also 
demonstrated that these parameters decreased upon increasing carbonization temper-
ature (Du et al. 2010). It is thought that high carbonization temperature yields a more 
ordered carbon structure that is more likely to hamper etching of the activating agent.
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Xu et al. (2007) also investigated the optimization of carbonization temperatures 
from 400°C to 900°C on polyacrylonitrile (PAN) fabrics. It was revealed that high 
surface area, pore size, and specific capacitance were exhibited by the samples car-
bonized at 600°C. Lee et al. (2014) reported the effects of carbonization tempera-
ture on pore development in PAN-based activated carbon nanofibers. It was revealed 
that the capacitance was harnessed by increasing the carbonization temperature. 
Similarly, Lanlan and co-workers (2013) also revealed that the textural proper-
ties and specific capacitance of metal organic framework (MOF-5) increase upon 
increasing the carbonization temperature from 700°C to 900°C. Nevertheless, the 
specific capacitance and surface area were decreased upon increasing the carboniza-
tion temperature to 950°C.

Therefore, these considerable efforts signify that the electrochemical properties 
and applications of electrode materials can be influenced by the carbonization tem-
peratures. However, it is noteworthy that the electrochemical properties also depend 
on the nature of the carbonized materials. The abovementioned reports indicate that 
the structural properties of the carbonized materials varied due to their differences 
in the compositions of their biomasses (Daud, Ali, and Sulaiman 2000, Shafizadeh 
1982). Hence, the pyrolytic behavior differs from one carbonaceous material to 
another. Moreover, the nature of the carbonaceous material governs the preparation 
method and applications of the final products.

6.1.3.2 � Principles and Fabrication of Mesoporous Electrodes 
for Supercapacitors

Regardless of the different categories of supercapacitors, primarily supercapacitors 
store energy based on two principles, namely electrostatic interaction (electrical 
double layer, EDL) and faradic reaction. In  pseudocapacitance, the redox reac-
tions occur between the electrode materials and electrolyte (pseudocapacitance). 
The redox reactions generate electrons, which are then transferred via electrode/
electrolyte boundaries (Conway 2013). The benefit of EDL includes easy electro-
chemical kinetics, implying that polarization resistance has no effect and active 
materials experience no swelling. For  planar capacitors model, the number of 
charges available in the electrode is presumed to be directly proportional to the sur-
face area (A) of the electrodes, permittivity in free space (ε0) and dielectric constant 
(εr) and inversely proportional to the effective thickness (d) of the EDL according 
to Equation  6.1 (Huang, Sumpter, and Meunier 2008a). There  is proportionality 
between energy stored and the amount of charge stored. It  is therefore stretched 
that the higher the surface area of an electrode, the better supercapacitor behavior. 
However, nanoporous materials exhibit different pore structures, such as spherical, 
slit, and cylindrical shapes, which influence the specific capacitance of the super-
capacitor. Additionally, the simple and direct proportionality does not hold as the 
assumption that submicropores are not involved in the formation of EDL is not true. 
Thus, models in equations 6.2 and 6.3 describe the specific capacitance of micro-
porous and mesoporous carbon electrodes, respectively, where b, a0 and d represent 
pore radius, the effective radius of counter ions, and the distance of the approach-
ing ions from the surface of the electrode, correspondingly (Huang, Sumpter, and 
Meunier 2008b).



119Mesoporous Electrodes for Supercapacitors

	
C

d
Ar= ε ε0

	
(6.1)

	

C
b b b d

Ar=
−( ) 

ε ε0

ln
	

(6.2)

	

C
b b a

Azzr=
( )
ε ε0

ln 0
	

(6.3)

The  EDL structure can be explained using three models, namely the Helmholtz 
model, the Gouy-Chapman model, and the Stern model (Figure 6.2). In the Helmholtz 
model, it is assumed that there is formation of an ionic monolayer at the electrode 

surface so that the differential capacitance is given by Cl = ε πσ4 , where σ is the 
separation of the center of the ionic monolayer and electrode surface.

There is neutralization between a charge of the opposite sign ions and a solid elec-
tronic conductor at any distance from the surface to the center of the ions. For sim-
plicity, the model assumes that the charges are rigidly attached to the surface. For the 
Gouy-Chapman model, it is considered that charges exist in a diffuse layer, which 
leads to diffuse capacitance. The model suggests that the ions in the solution disperse 
into the liquid phase to the extent that the offset potential set up by their removal limits 
the process. The kinetic energy of the ions determines the thickness of the diffuse and 
the model acquires the Boltzmann distribution. However, the double layer that is highly 

FIGURE 6.2  EDL models: (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern 
model. (Reproduced from González, A. et al., Renew. Sust. Energ. Rev., 58, 1189–1206, 2016.)
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charged limits the model (Bagotsky 2005). The constraint of this model is based on the 
assumption that the surface can be approached by point-charged ions with no limits. 
A combination of compact layer and diffuse layer is considered in the Stern model, 
which accounts finite size of ions (see equation 6.4). The compact layer is formed by 
ions adsorbed by the electrode (the inner Helmholtz plane) and the outer Helmholtz 
plane is formed by nonspecifically adsorbed counter-ions (González et al. 2016).

	

1 1 1
c c cl d

= +
 	

(6.4)

6.1.3.3 � Electrochemical Performance of Mesoporous 
Electrodes for Supercapacitors

For  improvement of supercapacitor’s performance (e.g., high specific capacitance 
and high cyclic stability); researchers apply two strategies to increase energy density. 
The first strategy is to improve the microstructures of the electrode to increase the 
capacitance of the electrode. The second strategy is to increase the voltage window 
by studying different electrolytes. The voltage window can be improved by studying 
electrolytes, while the specific capacitance can be enhanced by synthesizing nanopo-
rous materials or using composite electrode materials. Carbon-based nanomaterials are 
among the most used nanomaterials for supercapacitor electrode due to their abun-
dance, ease of processing, non-toxicity, tunable pore size for easy transport of electro-
lyte, and large surface area for providing interaction platform (Zhang and Zhao 2009, 
Xia et al. 2008, Wang et al. 2012). The major limitation of some carbon materials such 
as carbon nanotubes and graphene is the high cost of processing and hence their limited 
availability. Therefore, the exploration of alternative carbon precursors for superca-
pacitor electrodes is imperative. This can be achieved by improving microstructures 
and textures of the existing nanomaterials and understanding of ions behavior in small 
pores and relatively larger pores.

Predominantly, biomass-based organic materials are abundant and have been 
investigated as source of carbon for supercapacitor electrodes. Several materials 
such as coffee beans, pine needles, rice straw (He et al. 2013), corn stalk (Chen et al. 
2013), sorghum pitch (Senthilkumar et al. 2011), water hyacinth (Kurniawan et al. 
2015), human hair (Qian et al. 2014), coconut shells, and egg yolk (Li et al. 2015) 
have been used to synthesize nanostructured carbon materials. The  goal with the 
aforementioned biomass materials has to be achieved to increase the surface area 
and other textures so that the biomass-derived carbon fits the application as superca-
pacitor electrode materials. Though most carbons exhibit high conductivity, they also 
exhibit low capacitance, thus resulting in low energy density.

As it has been highlighted above, porous carbon plays a crucial role in electrochemi-
cal energy storage. The facilitation of energy storage mechanisms depends on the tex-
tural properties of the porous carbon. Microporous materials possess a pore diameter less 
than 2 nm, while the nanomaterials with the pore size ranging between 2 and 50 nm are 
mesoporous. Microporous nanomaterials exhibit high surface area, thus increasing sites 
for ion adsorption and high specific capacitance. In contrast, mesoporous nanomaterials 
exhibit moderate surface area but large pore size. The large pore sizes enhance specific 
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capacitances by increasing the transfer of ions, thus decreasing the transfer resistances. 
Hence, the present chapter deals with mesoporous electrode for supercapacitors.

6.2 � PREPARATION OF MESOPOROUS ELECTRODES 
FOR SUPERCAPACITORS

Mesoporous nanomaterials can be synthesized using various methods depending on 
the desired applications of the final products. The commonly used methods are phys-
ical or chemical activation of carbon materials: soft templating and hard templating.

6.2.1 A ctivation Method

Mesoporous carbon is synthesized through single- or double-step carbonization of 
carbon precursor. For single-step carbonization, the activating agent (KOH, NOH, 
ZnCl2, and H3PO4) is mixed with powder made up of a precursor and then directly 
carbonized at different temperatures to generate porous carbon network. In double-
step carbonization, the precursor is carbonized at temperature, say 400°C, followed 
by activation at a temperature above 500°C under inert atmosphere. Among other 
factors, the starting materials of carbon determine the properties of the activated 
carbons. It has been observed the higher the ratio of carbon to activating agent, the 
more is the mesopore content (Hou et  al. 2014). Physical activation involves two 
processes: pyrolysis of the carbon precursor at temperatures at 400°C and above 
under inert atmosphere, followed by gasification at 700°C–1200°C (Bouchelta et al. 
2008, Sekirifa et al. 2013, Sun and Chun Jiang 2010). All volatile materials in the 
carbon precursor are removed through pyrolysis, while closed pores are opened 
through gasification. The  mesopores synthesized through these routes are mainly 
disordered. Additionally, more active sites can be generated through burning away 
of more organics using oxidants (Sevilla and Mokaya 2014). However, it has been 
pointed out that the activated carbons exhibit more micropores than mesopores as 
most mesopores tend to break at higher temperatures, leading to a decrease in pore 
diameter (Pagketanang et al. 2015).

6.2.2  Soft and Hard Templating

Soft- and hard-templating routes are very useful in preparing OMCs. The  hard-
templating route intends to control the size and ordered structure of the synthesized 
nanomaterials. Silica hard template has been reported to fit in synthesizing mesoporous 
carbon. MCM-41, SBA-15, and noncommercial mesoporous silica materials have been 
reported to be an excellent hard template in the synthesis of mesoporous carbon. Soft 
templating involves the self-assembly of amphiphilic surfactants or block co-polymers 
to form mesoporous carbon. The removal of the template by etching process generates 
a porous structure with suitable properties for the fabrication of mesoporous electrode 
materials (Wang, Xin, and Wang 2014). Primarily, four fundamental requirements 
are needed for the synthesis of mesoporous carbon materials: (i) both pore-forming 
component and carbon component, (ii) the self-assembly trend of the precursor and 
component to yield microstructures, (iii) suitable duration of high temperature for 
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the nanostructures, and (iv) replication of the microstructure starting materials by the 
highly cross-linked and mechanical strength carbon component (Zhang et al. 2010). 
It  is reported further that the change in preparation methods alter the textural prop-
erties of the obtained materials. Self-templated high-surface-area mesoporous carbon 
material can also be synthesized. For example, in a study, “self-templated synthesis of 
mesoporous carbon from carbon tetrachloride precursor for supercapacitor electrodes” 
by Tang et al. (2016), mesoporous carbon was synthesized via reduction of carbon tet-
rachloride by sodium-potassium alloy. One advantage of using the reduction-generated 
salt templates is that the template can be easily removed with water.

6.3 � TRENDS TOWARD THE PREPARATION 
OF MESOPOROUS ELECTRODES

Textural properties have been revealed to be crucial in influencing the specific capaci-
tance of energy storage materials. Colossal investigations of various carbon-based 
mesoporous electrodes are being carried out to establish the synergistic effect between 
carbon (high power density) and pseudocapacitive materials (high energy density). 
Primarily, strategies to improve the performance of supercapacitors have expanded 
from improving power density to enhancing high energy density as well. Apart from 
forming pure OMC, extensive investigations have been dedicated to improving the 
supercapacitive performance of the carbon materials. This  has exquisitely been 
accomplished through the incorporation of foreign atoms such as nitrogen, boron, 
phosphorus, and sulfur (Gao et al. 2016, Song et al. 2016). The unique pore structure 
and heteroatom functionalities can enhance the specific capacitance of the attained 
materials. The  existence of heteroatoms can promote the electron donor/acceptor 
mechanisms of the supercapacitors. It has been further delineated that the presence 
of N and O element improves the carbon surface affinity and contributes to pseu-
docapacitive properties (Wang et al. 2018, Li et al. 2018). Table 6.1 summarizes the 
electrochemical performance of some selected carbon-based materials. It can be seen 
that the electrochemical properties of supercapacitors are highly dependent on the 
type of materials, preparation method, and structural properties of the final product.

Recently, our research group reported the specific capacitance–pore texture rela-
tionship of biogas slurry mesoporous carbon/MnO2 composite electrodes for super-
capacitors (Kibona et al. 2019). The report outlined the relationship between specific 
capacitance and textural properties of the obtained materials (Amaral et al. 2012, Enock 
et al. 2017, Enock, King’ondu, and Pogrebnoi 2018). Mesoporous carbon materials 
with outstanding properties for mesoporous supercapacitors electrodes were obtained 
by hydrothermal treatment of the biogas slurry (as starting materials). The materials 
with promising interconnected pores and enhanced electrochemical performances were 
produced from MnO2/biogas slurry. It was found that final products with an appealing 
specific capacitance of 709 Fg−1 can be generated, provided that the textural properties 
of the electrode materials are controlled by the addition of MnO2 (Kibona et al. 2019).

The main focus in fabricating mesoporous carbon for supercapacitors applications 
is to understand the existing correlation between microstructures, pore textures, and 
electrochemical performance of mesoporous carbon-based electrode. The preparation 
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method used can improve both textural properties and electrochemical performance 
of the obtained mesoporous carbon. As shown in Figure 6.3, different synthesis meth-
ods yield different morphologies. Furthermore, the type of precursor also determines 
the type of morphology to be obtained from the mesoporous carbon. For example, 
Ghosh and coworkers synthesized mesoporous carbon nanofibers through electros-
pinning and calcination of PAN. It was observed that the electrochemical behavior 
of porous carbon nanofibers had a direct correlation with a higher volume of meso-
pores, degree of graphitization, and surface area morphology (Ghosh et  al. 2019). 
Nomura et  al. (2019) reported that mesoporous carbon sheet with graphene walls 
can be synthesized. The synthesized mesoporous sheet exhibited appealing stability 
under high-voltage and high-temperature environments.

These studies demonstrate the importance of understanding the relationship 
between pore textures and specific capacitance in forming supercapacitors with 
improved electrochemical performances. It can further be discerned that the electro-
chemical properties can also be enhanced through the incorporation of foreign atoms 
and compounds.

This demonstrates a general paradigm shift toward the formation of mesoporous 
electrodes with suitable properties for supercapacitors applications. Interestingly, 
a systematic assessment of the practical reliability of the obtained mesoporous 

FIGURE 6.3  SEM images of different mesoporous nanomaterials. (a) A mesoporous car-
bon synthesized through carbonization and activation. (Adapted from Enock, T.K. et  al., 
Mater. Today Energy, 5, 126–137, 2017) (b) A mesoporous carbon synthesized through soft 
templating. (Adapted from Li, W. et al., Adv. Energy Mater., 1, 382–386, 2011) (c) Mesoporous 
nanofibers. (Adapted from Tong, F. et al., RSC Adv., 9, 6184–6192, 2019) (d) Ordered meso-
porous carbon. (Adapted from Sobrinho, R.A.L. et al., J. Hazard. Mater., 362, 53–61, 2019). 
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structures has also demonstrated a tremendous improvement of the power density 
and cycling stability. Hence, designing various methods to fabricate mesoporous 
electrodes for supercapacitors is very fascinating, commendable, and indisputably in 
great demand for the sake of boosting large-scale production and commercialization 
of supercapacitors.

6.4  CONCLUSIONS

The  current chapter presented a review of mesoporous electrodes for superca-
pacitors. It  is unquestionable that supercapacitors have several advantages over 
rechargeable batteries in terms of power density and cycling stability. However, 
the low energy density of supercapacitors has compelled various researchers to 
design different strategies to overcome the issue. To date, most of the studies have 
shown that OMCs are the best candidate for mesoporous electrodes for super-
capacitors. High specific capacitances and cycling stability have been witnessed 
and the designed preparation methods are significantly facile and less expen-
sive. This can eventually boost large-scale production and commercialization of 
supercapacitors. Interestingly, incorporation of heteroatoms into OMCs has been 
a common strategy and the generated materials have shown high specific capac-
itance as well. Blending of supercapacitive metal oxides such as MnO2, RuO2, 
MoO3, and Fe3O4 with OMCs has also received a heightened attention. Generally, 
the generation of suitable mesoporous electrodes for supercapacitors depends on 
the pore structure, surface area, nature of the materials, and preparation meth-
ods. Therefore, the formation of mesoporous electrodes with desired properties 
for supercapacitors is very fascinating, and its explicit attraction to scientists and 
engineers is indisputably incessant.
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7 Honeycomb 
Nanostructures for 
Supercapacitors

Huailin Fan

7.1  INTRODUCTION

Nature is a grand and successful laboratory, which provides largely effective meth-
ods to many scientific and technical problems. Honeycomb-like structure closely 
resembles the bee’s nest in nature, from which it gets its name. Honeycomb-like 
structure can be made by any flat materials and different kinds of honeycomb-
like structure have been manufactured in the past. Paper-honeycomb, as an orna-
ment, was first made about 2000 years ago by the Chinese. The basic concept of 
honeycomb-like structure is that thin, dense, and strong materials are bonded to a 
thick, lightweight monolithic block. Honeycomb-like structure consists of an array 
of open cells, formed from very thin sheets of material attached to each other. It is a 
unique and interesting configuration, which offers many advantages such as excel-
lent mechanical properties, good soundproofing effectiveness, low thermal conduc-
tivity coefficients, low diffusion resistances, and large exposed area within the cells.

When the open cells shrink to micrometers/nanometers scale, the honeycomb-like 
nanostructures will be formed. The nanomaterials can maintain the excellent properties 
of original macroscopic construction [1]. Moreover, novel honeycomb-like structures 
at nanoscales have been increasingly found. For example, lots of hexagonal or similar 
patterns have been discovered in living tissue [2], cell aggregates [3], and molecules [4].
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Supercapacitors are a particular kind of capacitors prepared based on charging 
and discharging on the electrode–electrolyte interface, for instance, carbon mate-
rials or certain metallic compounds and so on. They are dominated by the same 
basic rules as conventional capacitors and are ideally suited for the rapid storage and 
release of energy. However, supercapacitors’ electrode materials own much higher 
effective surface areas and less thickness of the double layer leading to a tremendous 
increase in both capacitance and energy by 10,000-fold than those of the regular 
capacitors. Thus, supercapacitors can be estimated at as high as tens, hundreds, and 
even thousands of farads. Carbon materials are currently the most widely utilized 
electrode materials in commercial supercapacitors. Few materials can match carbon 
materials for the combination of high conductivity and high surface area.

Certain materials utilize rapid and reversible redox reactions at intersurface, which 
represent a different kind of capacitance compared to electronic double layer capacitor 
(EDLC), referred to as pseudocapacitance. Pseudocapacitive materials involve fast and 
reversible redox reactions answerable for charge storage. Compared to ionic adsorption 
in EDLCs, these faradaic contributions substantially increase the resulting capacitance 
and energy density of the device. The involved redox reactions have slower kinetics 
than that of ionic adsorption phenomena as the latter do not involve any charge transfer. 
Recently, the most studied pseudocapacitive materials were electronic conductive poly-
mers and metal oxides. These materials were either considered as positive or negative 
electrodes depending on the redox couples involved. For example, manganese dioxide 
is the pseudocapacitive material of choice. It is naturally abundant, inexpensive, and 
not too toxic. Its charge storage mechanism has been described as involving very fast 
Mn3+/Mn4+ redox reactions with cation exchanges, between protons and cations of the 
electrolyte, to balance the change in the oxidation state of manganese.

Generally, the application properties of electrode materials are determined by the 
structure and surface chemical composition, and much effort has been made to adjust 
the structure and surface chemical properties. Electrode materials, such as carbon 
materials and pseudocapacitive materials with various novel morphologies, such as 
cubes, microtrees, and carbon flower-like composites, have been researched. Thus, car-
bon materials with honeycomb-like nanostructure or pseudocapacitive materials such 
as Ni(OH)2 and MnO2 have been synthesized widely for supercapacitor electrodes.

This  chapter is intended to provide a summary of the honeycomb-like nano-
structure synthesis and supercapacitor applications. It  also aims to discuss and 
provide a brief summary of recent progress in the preparation and applications of 
honeycomb-like nanostructures dividing them into honeycomb-like porous carbon 
and honeycomb-like metallic compounds.

7.2  HONEYCOMB-LIKE POROUS CARBON

Fabricating novel nanostructures is a promising approach to obtain fast diffusion and 
transport process. Macro/mesopores have been thought to be a transport channel to 
access the fine porosity and in particular the higher surface-area-to-volume ratio of 
micropores which makes them effective for preparing high-surface-area materials.

The  cell sizes and porous structure of honeycomb-like porous carbon can be 
controlled by various methods. At  the same time, the carbon precursors used for 
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synthesizing honeycomb-like porous carbon are organic small molecules, polymers, 
biomass, and so on. Furthermore, the chemical composition of honeycomb-like 
porous carbon can be adjusted by regulating the kinds of precursors, temperatures, 
and posttreatment processes.

7.2.1 T emplating Methods

Templating methods are promising techniques to prepare microstructure-controllable 
carbon materials: the micro-shape, nano-size, and porous structure of carbon mate-
rials can be precisely controlled by replicating the original structure of templates. 
Honeycomb-like porous carbon was prepared from various carbon sources by using 
gravitationally packed SiO2, polymethyl methacrylate (PMMA), polystyrene (PS), 
NaCl, and CaCO3 as template by carbonization.

Porous carbon materials, of various morphologies, replicated from silica 
templates are widely investigated including nanospheres, nanosheets, and mono-
lithic materials. For  example, Lindén et  al. prepared monolithic carbon materials 
embracing wormhole-like mesopores and macropores [5]. A carbon material with 
co-continuous structure and hierarchical pores was prepared by similar meth-
ods  [6]. Largely, honeycomb-like carbon materials have been widely synthesized 
with regular open-cell carbon structure, as shown in Figure  7.1a. For  example, 
hierarchically, honeycomb-like carbon has been prepared using glucose as carbon 
source and colloidal silica as templates by Liu et al.  [7]. The preparation process 
is illustrated in Figure 7.1b. Firstly, the colloidal silica was synthesized by modi-
fied Stŏber method with 3-amino-propyltrimethoxysilane. Glucose as carbon source 
was dissolved in the above mixtures under stirring, which can be coated onto the 
surface of SiO2 nanospheres because of the electrostatic interactions between -NH2 
on the surface of the colloidal silica spheres and -OH of the glucose. After solvent 
evaporation and gravitational sedimentation, the obtained composites were carbon-
ized under 800°C for 2 h. Honeycomb-like carbon materials were obtained following 

FIGURE 7.1  Left: Typical (a and b) scanning electron microscope (SEM) and (c and d) trans-
mission electron microscopy (TEM) micrographs of the honeycomb-like carbon at different 
magnifications. The inset in (d) is the high-resolution TEM micrograph of the localized gra-
phitic walls. Right: Schematic illustration of the preparation process of the honeycomb-like 
carbon. (Reprinted with permission from Han, Y. et al., J. Power Sources, 227, 118–122, 2013.)
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by etching with hydrofluoric acid to remove silica. The specific capacitances of the 
honeycomb-like porous carbon were calculated to be 292, 272, and 233 Fg–1 at 1, 5, 
and 10 Ag–1, respectively. The corresponding area capacitances were 44.5, 41.5, and 
35.5 mF/cm2, respectively, which shows highly efficient ion-accessible surface area 
for charge accumulation. The capacitance maintenance was as high as 80% when the 
current density increased by 10 times. Honeycomb-like mesoporous nitrogen-doped 
carbon was also successfully synthesized by Zhen-Bo Wang et al. using polyaniline 
as carbon and nitrogen precursor, and silica nanoparticles as template, for achieving 
mesoporous structure  [8]. The N contents and distribution proportion of different 
types of honeycomb-like carbon were closely related to the pyrolysis temperature.

Kim et al.  [9] synthesized honeycomb-like carbon using SiO2 nanosphere tem-
plates. Honeycomb-like carbon framework obtained by thermal vapor deposition 
was activated to enhance the EDLC properties. Honeycomb-like carbon framework/
Co3O4 composite electrode showed a dramatically improved specific capacitance 
(456 Fg–1 at 1 Ag–1) due to the synergistic roles between the EDLC created by hier-
archical ternary pore and the outstanding pseudocapacitance of Co3O4. In addition, 
ferrocene was used as framework to prepare Fe3O4 dots (≈3 nm) that were embedded 
in three-dimensional (3D) carbon using SiO2 nanospheres as template by Zhang 
et  al.  [10]. The  honeycomb-like carbon/metal oxide composites were prepared in 
one step in this process. Gan et al. [11] prepared N and O co-doped honeycomb-like 
carbon skeletons derived from a melamine–formaldehyde precursor showing the 
surface area of 2379 m2g–1 and high heteroatom N/O dopants (6.90 and 10.17 wt%). 
Melamine and formaldehyde can crosslink onto the surfaces of SiO2 nanospheres 
due to the hydrogen-bond interaction. Increasing the solvent contents led to the sig-
nificant increase of wall thickness and reduction of pore size (Figure 7.2). Benefiting 
from such merits, the honeycomb-like porous carbon electrode showed a high 

FIGURE  7.2  SEM images of (a and b) honeycomb porous carbon (HPC)-1, (c and d) 
HPC-2, and (e and f) HPC-3. (Reprinted with permission from Song, Z. et al., J. Mat. Chem. A, 
7, 816–826, 2019.)
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capacitance (533  Fg–1 at 0.5  Ag–1) in 6  mol/L KOH electrolyte. The  honeycomb-
like porous carbon-assembled devices delivered the energy outputs of 12.8 and 
26.6 Wh kg–1 using KOH and Na2SO4, respectively.

Besides, chitosan and SiO2 nanoparticles were selected as the carbon precursor 
and mesopores template, and spray drying was used for the preparation of complex 
microspheres [12]. This approach not only simplified preparation processes but also 
helped in obtaining various honeycomb-like porous carbon structures and superca-
pacitors assembled with porous carbon as the electrode exhibited a specific capaci-
tance of 250.5 Fg–1 at 0.5 Ag–1. The SiO2 templates method was often used to prepare 
porous materials, but removing SiO2 was difficult and harsh reagents were frequently 
required. In addition to SiO2, nano-CaCO3, FeO, MgO, and CaO particles were used 
as hard template, which can be removed by diluted hydrochloric acid. A nitrogen-
doped micron-sized honeycomb-like carbon was developed by Zhang et  al.  [13]. 
This novel material was obtained by using CaCO3 as the template and sucrose as the 
carbon source. With one-step ammonia activation, nitrogen doping and porous struc-
ture optimization were realized simultaneously. Zhang et al. [14] also reported simi-
lar works in which honeycomb-like carbon materials were prepared using CaCO3 as 
the hard template. Ordered honeycomb-like carbon nanosheets were prepared by 
etching self-assembled iron oxide-carbon complex [15]. The two-dimensional (2D) 
nanosheets had close-packed uniform mesopores of about 20  nm, which resem-
bled the honeycomb structure consisting of an ordered array of hexagonal pores. 
The  excellent electrochemical properties could be attributed to the fact that the 
uniform mesopores offered sufficient space for sulfur expansion and trapped poly-
sulfides. Honeycomb-like carbon nanoflakes were obtained using MgO templates 
as a host for SnO2  nanoparticles  [16]. Kwok Feng Chong et  al. prepared CaO-
impregnated highly porous honeycomb-like carbon from agriculture waste [17]. CaO 
was obtained from chicken eggshell waste to produce CaO/honeycomb-like carbon, 
which showed  highly porous honeycomb-like structure with CaO nanoparticles 
(30–50  nm). The  prepared materials were evaluated as supercapacitor electrodes, 
and a specific capacitance of 222 Fg–1 at 0.025 Ag–1 was achieved which was around 
three times higher than that of honeycomb-like structure (76 Fg–1).

NaCl was also used as template for the preparation of honeycomb-like porous 
carbons  [18] (Figure  7.3). ZnS nanoparticles with small diameter of 20–40  nm 
coated  with honeycomb-like carbon nanosheets were synthesized via freeze-
drying and carbonization methods by using NaCl crystals as the hard template [19]. 
The  porous carbon matrix provided a conductive network and also worked as a 
buffer to confine ZnS nanoparticle expansion during charge–discharge process. 
Molten salt-assisted carbonization has been thought of as a high-efficiency method 
for preparing honeycomb-like porous carbons. For example, wool was converted to 
N-doped honeycomb-like porous carbons with a surface area of 787.079 m2g–1 and 
2.6 wt% nitrogen content by molten salt carbonization method. The carbon showed 
318.2 Fg–1 at 0.25Ag–1 and excellent rate capability [20]. Moreover, the symmetric 
supercapacitor assembled by the porous carbons showed high specific energy of 
20.2 Wh kg–1 at 202 W kg–1 when operated at a voltage of 1.8 V. Mingbo Wu et al. 
synthesized 3D porous honeycomb-like carbon materials as supercapacitor elec-
trodes by in situ activation coupled with molten salt [21]. NaCl and KCl were applied 
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as separators for asphalt, which facilitated the effective touch between asphalt and 
KOH, and microporous carbons with high surface area were obtained. The intercon-
nected honeycomb structure supplied the channels for ionic and electronic transfer, 
and showed 264 Fg–1 at 0.05 Ag–1 in aqueous solution electrolyte, with 83.7% rate 
performance of 221 Fg–1 at 20 Ag–1.

Another sustainable route for synthesizing 3D honeycomb porous carbon using 
the mixture of starch and Na2CO3 followed by KOH activation was developed by 
Du et al. [22]. During the preparation process, Na2CO3 was used as the renewable 
honeycomb-like macroporous template, which can be easily removed by washing 
and recovered by recrystallization. The honeycomb carbon with high specific sur-
face area and interconnected pore channels exhibited 249.2 Fg–1 at 0.5 Ag–1 and good 
rate capability (the capacitance retained was 90.7% at 18 Ag–1). Moreover, the assem-
bled symmetric supercapacitor delivered 33 Wh kg–1 at 100 W kg–1 and presented an 
excellent long-term cycling stability.

With the development of lyophilization technology, ice was also used as tem-
plate for preparing honeycomb-like carbon foams. Lignin-derived honeycomb-like 
carbon was fabricated by ice-templating followed by freeze-drying and carbonizing 
by Zeng  et  al.  [23]. By adjusting the density, good electrical conductivity and 
mechanical properties could be accomplished. Besides the merged interfaces and 
good conductivity between carbon and graphene, uniform pores also enhanced elec-
tromagnetic interference shielding effectiveness of the foams (Figure 7.4).

KOH is the most commonly used and effective activator for making porous 
structure, which was also used as template. Honeycomb-like carbons with 3D struc-
ture were obtained using polyvinyl alcohol as carbon source and KOH as template 
by Wu et al. [24]. Honeycomb-like carbons exhibited 367 Fg–1 at 0.5 Ag–1 and 99.7% 

FIGURE  7.3  Schematic illustration of the preparation of nitrogen-doped honeycomb-
like porous carbons. (Reprinted with permission from Niu, W.H.et al., J. Mat. Chem. A., 4, 
10820–10827, 2016.)
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maintenance of their initial capacitance after 10,000 cycles resulting from large sur-
face area, honeycomb-like porous structure, and rich oxygen doping. The assembled 
symmetric device showed 22.4 Wh kg–1 in sodium sulfate aqueous electrolyte and 
excellent electrochemical stability. Thus, the method provided a facile idea to pro-
duce 3D honeycomb-like porous carbon on a large scale.

Polymer-based hard templates are removed under high-temperature carbonization 
without diluted hydrochloric acid/deionized water washing. Honeycomb-like con-
ductive carbon framework-embedded Si nanoparticles were obtained using the 
coaxial electrospinning technique, and PS nanospheres were used as honeycomb-
like template by Li et al.  [25]. The carbon skeleton not only buffered the volume 
expansion of silicon but also improved the fiber conductivity. The carbon shell was 
able to stop the electrolyte from smoking into the core parts, and therefore, a settled 
interface can be formed on the fiber surface.

The  matrix structure could be effectively duplicated, and various precursors 
could be applied for the preparation of honeycomb-like carbon frameworks, but the 
process was tedious; thus, this technique was unfavorable for their large-scale appli-
cation. A soft-templating method is also proposed for the synthesis of honeycomb-
like carbon frameworks. The  self-assembly of triblock copolymers and precursor 
was induced during solvent evaporation, and honeycomb-like carbon frameworks 
were obtained after carbonization. Yanmei Zhou et al. reported 3D honeycomb-like 

FIGURE 7.4  Schematic illustration of the Si/po-C@C composite fiber: (a) structural forma-
tion process; (b) 3D sketch of the overall structure. (Reprinted with permission from Zhang, 
H.R. et al., J. Mat. Chem. A, 3, 7112–7120, 2015.)
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carbon materials were prepared by a double-soft-templating method  [26]. In  this 
preparation strategy, F127 and sodium dodecyl sulfate (SDS) were, respectively, 
applied as mesoporous and macroporous soft templates. During curing process, 
the surfactant templates and precursors mixed, which supplied a homogeneous 
reaction system. At pyrolysis, F127 and SDS were decomposed to prepare the 3D 
honeycomb-like skeleton, while the micropores were obtained by the activation of 
SO2 and NH3 during pyrolysis. The honeycomb-like porous structure, large specific 
surface area, and abundant heteroatom doping simultaneously helped to enhance 
the electrochemical performance of as-obtained porous carbon materials. Yong Liu 
et  al. reported the simple preparation of honeycomb-like nitrogen-doped carbon 
nanospheres by employing dopamine as carbon and nitrogen precursor and PS-b-
PEO diblock copolymer as a soft template [27]. The mesoporous carbon nanospheres 
had large multilayer adsorption surface areas (554 m2g–1) and high nitrogen contents 
(6.9 wt%). Honeycomb-like MnO2 and carbon composite porous nanofiber structure 
was prepared via electroblown spinning and in  situ hydrothermal synthesis with 
PVA soft template [28]. Various parameters including the ratios of honeycomb-like 
carbon nanofiber and KMnO4, hydrothermal process times, and temperatures were 
explored to optimize reaction conditions. The large specific surface area, proper pore 
size distribution, and excellent electrical conductivity made it appropriate for the 
application in supercapacitor. The specific capacity was 421.5 Fg–1 at 0.5 Ag–1, and 
it retained about 81.2% capacitance over 3000 cycles. The honeycomb-like carbons 
were also synthesized using coal tar pitch and melamine as soft template coupled 
with KOH activation [29]. The specific surface area of honeycomb-like porous car-
bons reached 2038  m2g–1. As electrodes for supercapacitors, the honeycomb-like 
porous carbons showed 221 Fg–1 at 0.05 Ag–1 for 6 M KOH electrolyte, excellent rate 
performance with 81.0% capacitance remaining at 20 Ag–1, and perfect cycle life 
with 95.3% capacitance retention over 10,000 cycles.

7.2.2 KOH  + Biomass

Various honeycomb-like porous carbons have been prepared by KOH activation of 
different types of biomass pyrolysis. Chuanxiang Zhang et al. adopted an immerged 
method, and the effective pore-forming was contemporaneously achieved by KOH 
activation using swelling feature of hydrophilic soybean protein gels in alkaline 
solution (Figure  7.5)  [30]. The  honeycomb-like porous carbon exhibited advanta-
geous features for EDLC including honeycomb-like carbon morphology, high spe-
cific surface area, and governable surface groups, which provided a lot of favorable 
nano-channels with appropriate surface property for rapid electrolyte diffusion and 
effective electron transfer in the frameworks. Particularly, lots of macropores rang-
ing from 50 to 60 nm and mesopores with diameter of 2–50 nm disperse equally onto 
the surface of carbon materials. These mesopores can act as ion storage systems to 
accommodate more electrolytes and reduce the ion dispersal length to the micropores 
channel. The electrode presented 330 Fg–1 at 0.5 Ag–1, 94.6% capacitance preserva-
tion over 10,000 cycles, and excellent rate capability. Besides, the symmetry device 
delivered 8.3 Wh kg–1 energy density. In addition, a new honeycomb-like N and O 
co-doped carbon has been prepared using soybean residue as the carbon source by 
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carbonization and activation [31]. The obtained honeycomb-like porous carbon pos-
sessed a unique hierarchical carbon structure, high surface area (2690.3 m2g–1), large 
pore volume (1.34 cm3/g), and proper N and O contents.

Honeycomb-like porous carbon structure was obtained using corncob by hydro-
thermal carbonization with potassium hydroxide templating  [32]. The  obtained 
honeycomb-like porous carbon possessed a multiple macroporous and mesoporous 
structure, and the diameter of cells was around 600 nm. During the synthetic pro-
cess, the potassium compounds derived from KOH could serve as templates to form 
macropores, which could serve as ion storeroom for electrolyte, assuring the fast dif-
fusion of electrolyte ions to reduce the diffusion paths. Besides, potassium hydrox-
ide etched the carbon skeleton to form micropores, which significantly enhanced 
the specific surface area and supplied more efficient active sites. Electrochemical 
tests showed that the honeycomb-like porous carbon exhibited 452 Fg–1 and excellent 
electrical conductivity.

Three-dimensional interlinked carbon honeycomb was successfully prepared using 
activated plane tree fluff with the addition of Co2+ and potassium [33]. The as-prepared 
honeycomb-like porous carbon exhibited beneficial configurational characteristics for 
applying in supercapacitors, including interlinked ways, large specific surface area, 
high pore volume, and doping heteroatom. The electrode material showed a very good 
charge storage capacity (493 Fg–1) in a three-electrode system. The energy density of 
42.8 Wh kg–1 was also assured with 1 M LiPF6 in ethylene carbonate/diethyl carbonate 
(EC/DEC) as the organic electrolyte at a power density of 299 W kg–1.

The pine cone flowers mainly include 46% glucose, 25% mannose, 24% klason 
lignin, and bits of galactose/xylose. Cellulosic and lignin derivatives could serve 
as a good biomass carbon source to prepare the carbon samples. Honeycomb-like 

FIGURE 7.5  Schematic illustration of the fabrication processes of N and O co-doped porous 
carbon (NOPCs). (Reprinted with permission from Zhao, H.H. et al., J. Alloy Compd., 766, 
705–715, 2018.)
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carbon frameworks were obtained by the KOH treatment under N2 atmosphere with 
pine cone flowers as biomass source. Three-dimensional honeycomb-like carbon 
skeleton-pillared nickelous hydroxide nanosheets for application as supercapaci-
tor electrode materials were prepared  [34]. Since then, the nickelous hydroxide 
nanosheets were synthesized evenly on the surface of honeycomb-like conducting 
scaffolds via a solvothermal method. The materials supplied pathways for efficient 
diffusion of electrolyte ions and fast transportation of electrons when employed as 
an electrode material. The electrode showed a good specific capacitance of about 
916.4  Fg–1 at 1  Ag–1 with excellent cycling life compared to the pristine honey-
comb-like conducting scaffolds and Ni(OH)2 electrodes. Honeycomb-like nitrogen 
and sulfur co-doped biomass-based carbons were prepared by a green, low-cost, 
and high-yield method [35]. Firstly, the lotus plumule was carbonized in nitrogen 
atmosphere and activated with KOH to obtain the honeycomb-like porous carbon 
powders.

The waste paper was converged by cutting into small pieces, which were disposed 
with sulfuric acid and used in the hydrothermal system. Then, the filtration powder 
was activated by KOH followed by carbonization under inert atmosphere leading to 
the formation of honeycomb-like carbon [36] (Figure 7.6). The present challenges 
for liquid device in energy storage equipments were closely correlated with the flex-
ibility and portability of devices. The good honeycomb-like and core-shell configura-
tion resulted in large active surface area electrochemically, which exhibited excellent 
specific capacitance of 227 Fg–1 in liquid potassium hydroxide electrolyte. Biomass-
based honeycomb-like microstructure carbon with large surface area (1776.9 m2g–1) 
was obtained by KOH and urea activation of Ailanthus altissima stems at 800°C [37]. 
The honeycomb-like microstructure carbon showed a large capacitance (300.6 Fg–1 
at 0.5 Ag–1 in 1 M H2SO4) and retained 213.4 Fg–1 at 20 Ag–1 as electrode material. 

FIGURE 7.6  (a) Schematic representation of the formation of the porous carbon and (b–d) 
field emission scanning electron microscopy (FE-SEM) images of the carbon. (Reprinted 
with permission from Veerasubramani, G.K. et al., J. Mat. Chem. A, 5, 11100–11113, 2017.)
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No distinct capacitance reduction was observed after 5000 cycles demonstrating the 
robust long-life. The good performance of honeycomb-like microstructure carbon 
electrode can be ascribed to the internal honeycomb-like porous microstructure, 
which supplied more surfaces for KOH activation to form more microporous net-
work. The work provided a promising method using the unique microstructure of nat-
ural raw materials by simple technologies to obtain sustainable energy development. 
Porous carbon skeleton with nitrogen doping is current research hot topic for 
obtaining excellent supercapacitor electrode materials. Three-dimensional honey-
comb-like carbon with interlinked porosity and self-doping nitrogen was prepared by 
one-step KOH activation from waste cotton seed husk [38]. The 3D honeycomb-like 
carbon had micro-, meso-, and macro-tri-pores, a high specific surface area, and 3D 
architecture. Due to the obvious characteristics, 3D honeycomb-like porous carbon 
showed high specific capacitances (238 and 200 Fg–1 at 0.5 and 20 Ag–1, respec-
tively), displaying good capacitance maintenance of 84%. The assembled device also 
showed high specific capacitance of 52 Fg–1 at 0.5 Ag–1 with 10.4 Wh kg–1 energy 
density at 300 W kg–1 and 91% capacitance retention over 5000 cycles.

The results demonstrated the feasibility of utilizing green and wholesale carbon 
materials obtained from waste biomass, for example, the pomelo peel as a raw 
material. Interlinked honeycomb-like microstructures have been triumphantly pre-
pared by using pomelo peel as feedstock [39]. Benefiting from the specific honey-
comb-like microstructure and large specific surface area, the honeycomb-like carbon 
exhibited approvable capacitance characteristics—374 Fg–1 at 0.1 Ag–1—and excellent 
cycling stability—92.5% capacitance maintenance after 5000 cycles. What is more, 
the assembled symmetric device delivered satisfactory gravimetric and volumetric 
energy density of 20 Wh kg–1 and 18.7 Wh L–1 in solution electrolyte, respectively.

Yahui Wang et  al. developed a facile and sustainable method for the prepara-
tion of 3D interlinked honeycomb-like carbon derived from sunflowers stem [40]. 
The optimized sample had large specific surface area with 3D interconnected honey-
comb-like porous structure and high oxygen content. Due to its synergistic effect, the 
material showed a satisfactory specific capacitance of 349 Fg–1 at 1 Ag–1, good rate 
capability (247 Fg–1 at 50 Ag–1), and excellent cycling stability (retaining 98.6% after 
10,000 cycles) in 6 M KOH aqueous electrolyte. Moreover, the asymmetric super-
capacitor showed a high energy density of 58.8 Wh kg–1 and good electrochemical 
stability (83.1% of initial capacitance retention after 10,000 cycles). Therefore, these 
unique properties enable the material to become a promising high-performance 
electrode material for supercapacitors. Qingli Hao et  al. prepared a honeycomb-
like enteromorpha-derived nitrogen-doped carbon using one-step pyrolysis under 
600°C with a heterogeneous mixture of enteromorpha/NaOH/urea, accomplishing 
carbonization, activation, and N-doping synchronously, where a simple decoloriza-
tion treatment of enteromorpha was performed [41]. Green bristlegrass seeds were 
triumphantly explored as the new biomass raw material to fabricate carbon materi-
als. With the aid of gelatinization, 3D interlinked carbon honeycomb materials with 
heteroatom doping, large specific surface area, and porous honeycomb structure can 
be controllably prepared by pyrolysis carbonization [42]. Nitrogen/sulfur/oxygen tri-
doped honeycomb carbon was triumphantly prepared controllably from green bris-
tlegrass seeds with one-step carbonization under the assistance of gelatinization 
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treatment (Figure 7.7). Benefitting from the 3D interlinked hierarchical honeycomb-
like architecture coupled with large specific surface area and multi-heteroatom dop-
ing, the honeycomb-like carbon materials showed approvable specific capacitance 
of 391 Fg–1 at 0.5 Ag–1 with good rate capability—67.8% capacitance retention at 
50 Ag–1—and excellent cycling stability—97.2% capacitance retention after 10,000 
cycles. Meanwhile, the device in 1 M Na2SO4 aqueous electrolyte delivered a sat-
isfactory energy density of 20.15 Wh kg–1 under a power density of 500 W kg–1. 
Besides, it still maintained 15.56 Wh kg–1 even at up to 20 kW kg–1. The superca-
pacitor device also showed superior cycling life with 94.2% capacitance maintenance 
after 10,000  cycles. During the calcination process with aid of KOH, the porous 
carbon was converted from the pine needles and the nanopores were self-assembled 
into honeycomb carbon interlinked frameworks  [43]. Honeycomb carbon exhib-
ited an interlinked structure which was connected with the obvious carbon skel-
eton. Hongfei Xu et al. reported 3D porous honeycomb structure was fabricated by 
a straightforward method coupling hydrothermal carbonization and KOH chemical 
activation [44]. A shape transformation from microsphere to honeycomb-like struc-
ture was achieved using biomass-based carbon materials. For working electrode in 
supercapacitors, a satisfactory capacitance of 264 Fg–1 at 0.5 Ag–1 was achieved in 
three-electrode system. Besides, a high retention ratio of about 77.45% at 30 Ag–1 
and excellent cycling life of 91% capacitance retention over 5000 cycles were also 
proved. The study provided an effective method to fabricate shape-controlled car-
bon with specific surface area of 1286 m2g–1 that exhibited important potential as 

FIGURE 7.7  Flow diagram of the synthesis of 3D interconnected honeycomb-like porous 
carbon materials derived from green bristlegrass seeds. (Reprinted with permission from 
Zhou, W. et al., J. Power Sources, 402, 203–212, 2018.)
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new energy devices. Yingliang Liu et al. presented a porous carbon material derived 
from bagasse by the goal-directed coupling of chemical activation and hydrothermal 
carbonization  [45]. The bagasse-based porous carbon exhibited not only a honey-
comb-like texture but also a very satisfactory specific surface area. Benefiting from 
the association of multiporous structure and well-developed porosity, the prepared 
carbon electrode showed a high capacitance of 413 Fg–1 at 1 Ag–1 and a good cycling 
life of 93.4% capacitance retention over 10,000 cycles in aqueous supercapacitors.

7.2.3  Carbonization of Honeycomb-Like Structure Precursors

Zhihong Zhu et al. reported the fabrication of an interlinked porous carbon material 
by directly carbonizing mollusc shell [46]. The 3D carbon frameworks consisted of 
hexangular-arranged channels, which showed efficient electrolyte penetration and 
enabled the mollusc shell-based carbon material to be an excellent conductive scaf-
fold as supercapacitor electrodes (Figure  7.8). NiCo2O4/honeycomb-like structure 
composites acted as supercapacitor electrode, which exhibited anomalously large 
specific capacitance (1696 Fg–1), good rate discharge performance (58.6% capacity 
retention at 15 Ag–1), and excellent cycling life (88% retention after 2000 cycles).

Ordered honeycomb-like macroporous carbon from biomass with extremely 
interlinked hexangular channels was obtained by carbonizing the organic matrix of 
mollusc shells [47]. The specific structure ensured rapid charge transfer by the whole 
3D network, which made the carbon skeleton an ideal substrate as electrode mate-
rial. Cuboidal Co3O4 was embedded with the 3D network by a simple hydrothermal 
treatment, and the as-obtained Co3O4@3D network showed a specific capacitance 
of 1307 Fg–1 at 1 Ag–1, impressive rate performance of 61.0% capacity retention at 
20 Ag–1, and 84% of the capacitance maintenance over 3000 cycles.

The  green preparation of honeycomb-like carbon microspheres from liquefied 
larch sawdust by ultrasonic spray pyrolysis has been reported [48]. The size of the 

FIGURE 7.8  Preparation process of NiCo2O4/MSBPC composites. (Reprinted with permis-
sion from Xiong, W. et al., ACS Appl. Mater. Interfaces, 6, 19416–19423, 2014.)
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obtained honeycomb-like carbon microspheres increased from 560 to 890 nm at 5% 
solution concentration to 0.58–1.4 μm and 0.58–2.1 μm at 11% and 16%, respectively. 
The optimal carbon spheres prepared with 5% solution concentration possessed a 
honeycomb-like carbon structure, uniform size, and exact pore size distribution.

Ruqiang Zou et al. [49] showed a novel method to build the nitrogen and sulfur 
co-doped honeycomb-like porous carbons with Co9S8 embedded inside from metal-
organic frameworks (MOF). The obtained Co9S8@CNS900 showed notably compa-
rable oxygen reduction reaction (ORR) catalytic property and good long-term life 
compared with 20 wt% Pt/C under KOH electrolyte. The excellent electrochemical 
performance could be linked with the specific open honeycomb structure with large 
surface area and pore volume and rich content of the active species. The  current 
results developed a new way for fabricating novel controllable carbon nanostructures. 
Honeycomb-like carbon nanostructures with N-doping assembled from mesoporous 
2D nanosheets have been obtained by MOF via thermal annealing under inert atmo-
sphere [50]. The as-obtained honeycomb-structured nanofilms showed advantageous 
features including honeycomb-like morphology, 19% N-doping, 3.7 nm mesoporous 
structure, and abundant defects for electrochemical energy storage (Figure 7.9).

Yusuke Yamauchi et al. triumphantly developed a confined strategy to develop 
flake-like MOF by using various 2D amphoteric hydroxides as both the precursor 
and template [51]. It was shown that the MOF-derived porous carbon maintained the 
2D morphology and showed specific honeycomb-like structure due to the restricted 
shrinkage. The whole properties of the honeycomb-like carbon were tunable due to 
the tailored metal compositions in amphoteric hydroxides, which were desirable for 
goal-oriented applications in supercapacitors.

Biomass-based porous carbons were developed for their green and wide range 
of sources. A honeycomb-structured hard carbon material using pine pollen as car-
bon precursor has been successfully prepared [52]. Pine pollen-based porous carbon 
showed good electrochemical properties because of its 3D structure and proper layer 
spacing (about 0.41 nm) with 171.54 m2g–1.

FIGURE  7.9  Schematic illustration of the fabrication of the N-doped C composite by a 
stepwise pyrolysis and etching process. (Reprinted with permission from Han, X.G. et al., 
J. Mat. Chem. A, 6, 18891–18897, 2018.)
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Corncob sponge is an agricultural secondary product and abundant across the 
world. A green one-step activation and carbonization method was explored to convert 
corncob sponge into 3D interlinked honeycomb-like carbon, followed by fabricating 
N and S double-doped activated corncob sponge [53] (Figure 7.10). The resultant 
products possessed 1874 m2g–1 accessible surface area induced by the 3D honey-
comb-like framework and extremely porous structure for large ion storage and ion 
transfer. In addition to the EDLC, heteroatom doping evoked faradic contribution. 
N and S co-doped honeycomb-like porous carbon demonstrated 404 and 253 Fg–1 
specific capacitance at 0.1 and 10 Ag–1 in KOH electrolyte, respectively, with only 
1% cycling loss after 10,000 cycles. Besides, the assembled symmetric flexible solid-
state devices displayed a satisfactory integrated energy density of 30  Wh kg–1 at 
power density of 8 kW kg–1 and 99% capacitance retention over 10,000 cycles.

Bombyx mori possesses an oriented β-sheet crystal structure with a lamellar-like 
layer and highly porous nonwoven structure. As reported by Zhang Ming [54], after the 
thermal carbonization process of Bombyx mori silk cocoons, the sericin was eliminated 
and porous and graphene-type honeycomb-structured N-doped and Co-Mn incorpo-
rated carbon materials derived from Bombyx mori silk cocoons were synthesized via 
one-step thermal carbonization and graphitization process. Due to the large specific 
surface area of honeycomb-like structure, the large Co-Mn active sites, the pyridine-N 
and graphitic-N were exposed onto the prepared 3%Co-Mn/silk cocoon carbon materi-
als. In addition, using natural sericin as the nitrogen source and carbon source, Junkuo 
Gao et al. [55] synthesized a series of carbon catalysts exhibiting a perfect honeycomb-
like porous 3D structure with a high specific surface area (143 m2g–1), rich macro/
mesoporous structure, and Fe3O4 doping particles that were little and even.

FIGURE 7.10  (a) The images of corncob sponge. (b–d) Schematic of the synthesis for nitro-
gen and sulfur co-doped activated corncob sponge, and (e–g) the corresponding SEM images 
of the corncob sponge, activated corncob sponge, and nitrogen and sulfur co-doped activated 
corncob sponge, respectively 7.17 (a) SiO2 will be embedded in the assembled lamellar or 
bulk structure of RuO2. (c) the RuO2 self-assembled together layer by layer. (b,d) RuO2 
honeycomb networks (RHCs) and hollow spherical structures (RHSs) are obtained from 
chemical corrosion of the corresponding precursor respectively.
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7.2.4 F oaming Method

The methods for preparing honeycomb-structured carbon with foaming procedures 
of carbon precursors are divided into two: pyrolysis under pressure and blowing with 
some chemical additives. The former consists of saturation by decomposition gases 
from the precursor itself in a closed vessel. Honeycomb-carbon foams with adjust-
able porous structures were prepared from larch sawdust by Shouxin Liu et al. [56]. 
The  porous structure was controlled by addition of polyethylene glycol (PEG). 
The PEG molecules were stretched and dispersed in the aqueous phenolic resin sys-
tem. Some of the PEG molecules self-assembled to form an ordered net and banded 
structure, and then interacted with the resin to form settled polymers.

Mesoporous honeycomb carbons were obtained from pitch by foaming methods 
without any templates [57]. Abundant mesopores ranging from 2 to 5 nm and rich 
honeycomb pore endowed a hierarchical pore-in-porous structure characteristic 
and an ultrahigh specific surface area (3473 m2g–1) (Figure 7.11). The bubbles then 
united and grew under proper conditions leading to generation of mesopore voids or 
macropores in as-obtained products. With their superior structure, honeycomb-like 
mesoporous carbons delivered a high capacity of 339 Fg–1 at 1 Ag–1 in aqueous KOH 
electrolyte and maintained 85.6% of the capacity even at 50 Ag–1 current density. 
Meanwhile, the cell assembled by two honeycomb-like mesoporous carbon elec-
trodes yielded a conspicuous 34.5 Wh kg–1 at 679.4 W kg–1. The work opened a new 
way for the controllable preparation of advanced carbon materials from pitch and 
showed further applications in flexible electrochemical supercapacitors.

Xuebo Cao et al. demonstrated the one-pot, chemical-free fabrication of nitrogen 
and phosphorus co-doped honeycomb-like mesoporous carbons [58]. The material 
was prepared by the direct thermolysis of popcorn in air environment. For the strat-
egy, N and P groups from proteins were condensed with graphitic matrix, and H2O, 
CO2, and other thermolysis by-products were activated by disordered carbon to form 
pore channels.

Honeycomb-like nitrogen-doped porous carbons have been successfully synthe-
sized by chemical blowing with melamine using glucose as carbon source and KOH 

FIGURE  7.11  Schematic diagram displaying the overall evolution from naphthalene-
derived pitch (NPs) into HPCs. (Reprinted with permission from Guan, T. et al., ACS Sustain. 
Chem. Eng., 7, 2116–2126, 2019.)
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as an activation reagent [59]. The obtained honeycomb-like nitrogen-doped porous 
carbon possessed a film-like morphology with ultrathin thickness, micro/mesopo-
rous structure, 1997.5  m2g–1 specific surface area, and 0.94  cm3g–1 pore volume. 
Moreover, owing to the synergism of EDLC and pseudocapacitance, honeycomb-
like nitrogen-doped porous carbon material with 3.06 wt% nitrogen content showed 
312 Fg–1 specific capacitance at 0.5 Ag–1 in 6 M KOH aqueous electrolyte. It also 
showed excellent rate capability (247 Fg–1 at 30 Ag–1) and cycle life (91.3% retention 
over 4000 cycles). The assembled symmetric devices showed 20.2 Wh kg–1 energy 
density at 448 W kg–1 power density under voltage of 1.8 V in 0.5 M Na2SO4 aque-
ous electrolyte. Porous honeycomb-like carbon originated from the gases that were 
formed during the decomposition of NH4Cl while blowing the melted sucrose at 
160°C [60]. This unique morphology contributed to the higher surface area, which 
allowed more locations for both sulfur loading and the adsorption of polysulfides.

7.3  HONEYCOMB-LIKE METALLIC COMPOUND

Transition metal-based nanoparticles have attracted widespread attention as superca-
pacitors electrode material due to their extremely high surface-area-to-volume ratio 
and intrinsic synergies of individual components; however, they still bear limited 
interior capacity and cycling life owing to single geometric configuration, low sur-
face activity, and poor structural integrity. The flat utilization rate of active materials 
has been a key interference for the large-scale ultracapacitors. Three-dimensional 
honeycomb-like morphology has been proved as an ideal electrode shape in energy 
storage systems owing to the collaborative combination of the multilevel structure 
advantages. In  this section, the honeycomb-like metallic compounds as hopeful 
cathode materials for supercapacitors have been discussed.

7.3.1 H oneycomb-Like Nickel Compound

Among the supercapacitor materials, nickel compounds such as nickel hydroxide, 
nickel oxide, nickel sulfide, nickel phosphide, and so on have been considered as a 
large-scale alternative due to their flat structure with tunable layer spacing relying 
on intercalated anions.

Honeycomb-like Ni(OH)2 nanosheets were successfully grown in  situ onto the 
surface of nickel foam under mild conditions and low temperature by Weihua Chen 
et al. [61]. The vibratory growing circumstances maintained the ultrathin nanosheets 
and ensured tight touch with the nickel foam. At  the same time, the nanosheets 
showed an intersecting structure with 15  nm thickness and offered lots of active 
surface atoms shortening electron transport distance to the material. Combining the 
ultrathin Ni(OH)2 nanosheets and ultrashort electron transport, high specific capaci-
tance of 213.55 Fg–1 was achieved at 1 Ag–1 in a two-electrode system. Meanwhile, 
the device also achieved 74.94 Wh kg–1 energy density at 197.4 W kg–1 power density. 
In  addition, size-controllable Ni(OH)2 was electrodeposited on Ti wire to prepare 
the integrated electrode by Shangbin Sang et  al.  [62]. The  nanosheet Ni(OH)2-
forming honeycomb-like structure with a pristine crystal size of 10–15 nm showed 
260 mah g–1 specific capacity at 5 Ag–1 and 150 mah g–1 at 100 Ag–1.
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The  mesoporous cathode materials promising for supercapacitors have been 
obtained using honeycomb-like NiO microspheres by hydrothermal reaction followed 
by an annealing treatment by Yinghui Wei et  al.  [63] (Figure  7.12). The  electro-
chemical experiment demonstrated the specific capacitance was 1250 Fg–1 at 1 Ag–1, 
which retained 945 Fg–1 at 5 Ag–1 and 88.4% retention after 3500 cycles. Besides, 
the 3D graphene for supercapacitors has been obtained as anode material, which 
displayed 313 Fg–1 at 1 Ag–1. The asymmetric supercapacitor was assembled based 
on the honeycomb-like NiO and rGO, which achieved 74.4 Fg–1 specific capacitance 
and 23.25 Wh kg–1 energy density.

The Mn-doped Ni(OH)2-modified Ni3S2 honeycomb-like nanohybrids were syn-
thesized by Lin Ye et  al. by a one-step hydrothermal treatment with temperature 
regulation  [64]. The  various temperature controls accomplished rapid nanostruc-
ture adjustment from thicker to thinner nanosheets. Rich open space and internal 
ultrathin nanosheets made up the intersected honeycomb-like structure. At the same 
time, the addition of Ni3S2 and Mn-doping into Ni(OH)2   generated collaborative 
effects. As expected, the composite electrode showed 2518.8 mC/cm2 areal capaci-
tance at 1.2 mA/cm2 and still had 1027.7 mC/cm2 at 120 mA/cm2. The nanohybrids 
displayed intersected nano-honeycomb, which was composed of rich open space and 
ultrathin internal nanosheets. The  assembled supercapacitor possessed 51 W kg–1 
energy density at 425 W kg–1, and maintained 16.4 W kg–1 at 8600 W kg–1.

Honeycomb-like NiMoO4 nanosheets with interlinked porous structure, which 
supplied large electrochemically active sites, facilitated electrolyte immersion and 
ion diffusion and provided effective channels for electron transport  [65]. The  as-
prepared ultrathin mesoporous NiMoO4 exhibited high capacitance/capacity, excellent 
rate performance, and good cycling stability, representing a promising difunctional 
electrode material for energy storage. Therefore, the as-prepared NiMoO4 electrode 

FIGURE  7.12  Illustration of the morphological evolution of samples. (Reprinted with 
permission from Ren, X.C. et al., ACS Appl. Mater. Interfaces, 7, 19930–19940, 2015.)
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exhibited an excellent rate performance and a high specific capacity and cycling life 
in supercapacitors. Besides, 43.5 Wh kg–1 energy density at 500 W kg–1 was obtained 
for the symmetric supercapacitor consisting of NiMoO4.

A  3D honeycomb-like NiCo2S4  nanostructure has been successfully prepared 
by hydrothermal method assisted by sulfuration by Zhiguo Zhang et al. [66]. Over 
14  mAh/cm specific capacity at 1  mA/m2 was achieved and 7.96  mAh/cm2 still 
remained even at 50  mA/cm2. The  3D honeycomb-like NiCo2S4  retained 99.64% 
of the original capacity over 1000 cycles. Seong Chan Jun et al. proposed a green 
strategy to build a complicated architecture consisting of honeycomb-like porous 
Ni5P4-Ni2P nanosheets with rich interlinked hetero-nanoparticles [67] (Figure 7.13). 
Benefiting from the collaborative effect of the multicomponent setups, the synthe-
sized Ni5P4-Ni2P delivered 1272 Cg–1 specific capacity at 2 Ag–1 and retained 90.9% 
capacity over 5000 cycles. An asymmetric supercapacitor employing as-synthesized 
honeycomb-like biphasic Ni5P4-Ni2P as the positive electrode and porous car-
bon as  the negative electrode showed 67.2 Wh kg–1 at 0.75 kW kg–1 and 20.4 Wh 
kg–1 at 15  kW  kg–1. The  results proved that the biphasic Ni5P4-Ni2P with honey-
comb-like innovative nanostructure can be possibly applied in high-performance 
supercapacitors. The results also proved that the rational assembly and hetero-growth 
of active materials are promising for high-performance supercapacitors while main-
taining a high power density.

Honeycomb-like Na3Ni2SbO6 was prepared by single solid-state method, the 
electrochemical behavior of which was tested as supercapacitor material  [68]. 
The  results showed honeycomb-like Na3Ni2SbO6 had microcrystal morphology. 
The  results showed that the specific capacitance of Na3Ni2SbO6 electrodes was 
387 Fg–1 at 0.5 Ag–1. The extremely pseudocapacitive property of Na3Ni2SbO6 can 
be ascribed to redox reaction of Ni(II)-Ni(III). Among these sodium-based transition 
metal oxides, Na3Ni2SbO6 showed prominent electrochemical properties when used 
as an electrode material in Na-ion batteries.

Honeycomb-like NiCo2O4 sheets consisting of interlinked nanofilms were 
directly grown on conductive substrates via a H2O-ethylene glycol-assisted synthesis 
method [69]. After annealing, the resultant NiCo2O4 nanoflakes possessed rich pores, 
which were more helpful for improving electrochemical properties. Particularly, porous 

FIGURE  7.13  Schematic illustration of the proposed phosphorization and morphology 
evolution process at the surface of NixPy nanosheets. (Reprinted with permission from Liu, S. 
et al., ACS Appl. Mater. Interfaces, 9, 21829–21838, 2017.)
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structures showed high pseudocapacitance of 920 Fg–1 at 40 Ag–1 with good capaci-
tance retention at 16  Ag–1 after 3000  cycles, which holds great promise for high-
performance supercapacitors.

A  simple chemical bath deposition strategy to prepare a binder-free electrode 
material of NiCo2O4  nanoplates adhered to NiMoO4  honeycomb composites on 
a nickel foam was proposed. Anil Kumar Yedluri et  al. reported the synthesis of 
a  honeycomb composite with folded silk-like NiCo2O4 nanoplates adhered to 
NiMoO4 honeycomb composites onto nickel foam to increase the availability of 
electrochemically active areas providing additional ways for electron transport and 
improving the utilization rate of the electrode materials  [70]. The  as-fabricated 
honeycomb-like composite electrode showed 2695  Fg–1 at 20  A/g. Moreover, the 
honeycomb-like composite showed 61.2 Wh kg–1 energy density and excellent power 
density of 371.5 W kg–1 and 98.9% capacitance retention over 3000 cycles. The good 
electrochemical performance made the honeycomb-like composite with folded film-
like nanostructure a promising candidate for high-performance electrochemical 
energy storage.

Hee-Je Kim et  al. reported a facile two-step fabrication of honeycomb-like 
NiMoO4@NiWO4 nanocomposites on Ni foam as the electrode for high-performance 
supercapacitor applications [71]. The electrochemical properties of the as-synthesized 
honeycomb-like NiMoO4@NiWO4 composites were studied for their application as 
electrode material of supercapacitors. A maximum specific capacitance of 1290 Fg–1 
was achieved for honeycomb-like NiMoO4@NiWO4 at a current density of 2 Ag–1 
in a 3 M KOH electrolyte solution. This electrode exhibited excellent long cycle-
life stability with 93.1% specific capacitance retention after 3000 cycles at a cur-
rent density of 6 Ag–1. Our studies indicated that the as-synthesized honeycomb-like 
NiMoO4@NiWO4 nanocomposites could be a promising candidate as the electrode 
material in high-performance electrochemical energy storage applications. Wei-dong 
Xue et al. reported a rational study showing the synthesis of NiCo2O4@NiMoO4 nano-
film core–shell arrays by two-step green hydrothermal treatment, in which Ni foam 
was directly utilized for supercapacitive investigation [72]. The supercapacitor based 
on NiCo2O4@NiMoO4 nanofilm core–shell arrays showed good electrochemical per-
formance with 6.29 F/cm2 at 5 mA/cm2 and 3.58 F/cm2 at 100 mA/cm2. Besides, 
the composite electrode showed 87% areal capacitance retention over 5000 cycles. 
Such  dramatic electrochemical performance proved that the 3D honeycomb-like 
structure electrode could be a hopeful candidate for supercapacitors.

Three-dimensional honeycomb-like MnO2/Ni(OH)2 composites for supercapacitor 
electrode have been produced using microwave irradiation method [73] (Figure 7.14). 

FIGURE  7.14  Schematic illustration of the formation process of 3D MnO2/Ni(OH)2 
electrode. (Reprinted with permission from Wang, F. et al., J. Alloy Compd. 700: 185-190.
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The results revealed that the MnO2/Ni(OH)2 electrode exhibited 506 Fg–1 at 16.7 Ag–1 
and 96% excellent capacitance retention over 7000 cycles, which suggested the com-
posite has helpful applications in electrochemical capacitors.

Honeycomb-like Co-Ni phosphate with honeycomb-like mesopores was firstly pre-
pared by a facile hydrothermal treatment coupled with low-temperature pyrolysis [74]. 
Due to the suitable 3D mesoporous nanostructure, providing more active areas for 
electrochemical reaction and short diffusion paths for electrolyte ions, as well as the 
collaborative effect of Co and Ni, the CoNiP exhibited high supercapacitive perfor-
mance. The even honeycomb-like structure offered lots of active sites for chemical 
reaction and shortened transport ways for the electrolyte ions diffusion. The asym-
metric supercapacitor assembly with the CoNiP as positive material and porous car-
bon as negative material showed 45.8 Wh kg–1 energy density at 42.4 W kg–1 and even 
30.7 Wh kg–1 at the power density of 2.8 kW kg–1.

Honeycomb-like Ni-Mn layered double hydroxides (LDH) nanostructures have 
been bonded on carbon cloth by a simple hydrothermal treatment, which showed 
good electrochemical performance with 2239 Fg–1 at 5 mA/cm2 [75]. It is obvious 
that the honeycomb-like nanostructure could supply abundant electrochemically 
active sites for redox reactions. Moreover, an asymmetric supercapacitor with good 
flexibility was fabricated based on the Ni-Mn-layered double-hydroxide electrode. 
Over 110% of the initial capacitance was retained after repeating 10,000 charge–dis-
charge cycles at a current density of 3 mA/cm2. The honeycomb-like Ni-Mn-layered 
double-hydroxide flexible electrode with good performance proposed a new pathway 
for flexible energy storage devices.

7.3.2 H oneycomb-Like Manganese Compound

Manganese oxides were considered as a helpful candidate owing to their low cost, 
low toxicity, and large theoretical capacitance. Manganese oxides have been drawing 
burning attention since they were reported for supercapacitor application in 1999. 
For Mn with five known oxidation states, redox reactions involving ion exchange 
between manganese oxides and electrolytes occur. Though they have high theoreti-
cal capacitance, early studies on manganese oxides-based supercapacitors reported 
capacitance values of about 200 Fg–1 due to low conductivity. Various nanostructures 
with novel morphologies, improved conductivity, and high surface area have been 
researched to increase the capacitance.

Porous honeycomb architectures with manganese oxide were in situ formed on 
Ni foam via electrochemical oxidation from Mn3O4 nanosphere electrodes by Cuiyin 
Liu et al. [76]. The optimized manganese oxide electrodes showed 377 Fg–1 specific 
capacitance at 1 Ag–1, superior rate capability, and 76% retention over 4000 cycles. 
The work provided helpful methods to develop high-performance manganese oxide 
electrodes. The manganese oxide electrodes showed porous honeycomb architecture 
with specific nanosheets attended with exceptional electrochemical performances 
with high specific capacitance and rate capability.

Honeycomb-like MnO2 nanospheres were prepared by solution polymerization 
and in situ PANI polymerization. The  MnO2 microspheres with honeycomb-like 
structure coated with PANI layers served as a framework for polyaniline (PANI) 
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layer and PANI acted as a shielded coating layer to regulate MnO2 nanospheres from 
dissolution [77] (Figure 7.15). The nanocomposite exhibited 555 Fg–1 (specific capac-
ity of 116 mah g–1) at 0.8 Ag–1 and a high specific capacity of 143 mah g–1 at the scan 
rate of 20 mV/s. Besides, the electrode material maintained about 77% of the initial 
capacitance over 1000 charge–discharge cycles at 8 Ag–1.

Honeycomb-like MnO2 nanofibers have been fabricated by solution reaction 
between KMnO4 and carbon fibers [78]. The honeycomb porous MnO2 nanofibers 
were composed of radially grown MnO2 nanosheets with thickness of about 3–7 nm, 
interlinked with each other, forming the honeycomb pores. Very low KMnO4 
concentrations and sufficiently long reaction time were needed for the formation of 
this unique structure (Figure 7.16). The MnO2 nanosheets constituting the honey-
comb porous MnO2 nanofibers were well separated with the sheet edges oriented on 
the surface, leading to excellent supercapacitive performance. Symmetric aqueous 
supercapacitors were assembled using the honeycomb porous MnO2 nanofibers and 
1 M Na2SO4 electrolyte, which exhibited a working voltage as high as 2.2 V and high 
energy density of 41.1 Wh kg–1 at the power density of 3.3 kW kg–1. The supercapaci-
tor capacity was retained at about 76% of its initial value after 3500 cycles, which 
is acceptable due to its high energy density. The results proved that the honeycomb 
porous MnO2 nanofibers were of high help in developing advanced supercapacitors 
with high working voltage and energy density for practical applications.

The  MnO2 nanosheets were self-assembled to honeycomb-like microstructure 
by controlling the electroplating time  [79]. The  honeycomb-like microstructure 
showed good electrochemical performance in Na2SO4 electrolyte with 1110.85 Fg–1 
at 1 Ag–1 based on the MnO2 mass and 77.44% capacity retention from 1 Ag–1 to 
10  Ag–1. A  flexible asymmetric device with good energy density was built using 
carbonized silk fabrics as flexible substrate decorated with carbon nanotube, and 
MnO2 nanosheets as the positive and porous carbon powders as the negative elec-
trodes, respectively. The assembled asymmetric device delivered a maximum energy 
density of 43.84 Wh kg–1 and a maximum power density of 6.62 kW kg–1.

The 3D honeycomb-like porous structure was assembled from interlinked sheet-
architectural MnO2 on CNT  [80]. For  the specific MnO2 architectures integrated 

FIGURE 7.15  Schematic illustration of the growth process of MnO2/PANI nanocomposite. 
(Reprinted with permission from Sun, X.W. et al., Electrochim. Acta, 180, 977–982, 2015.)
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onto CNT flexible films, excellent electrochemical performance was achieved with 
324 Fg–1 at 0.5 Ag–1. A maximum energy density of 7.2 Wh kg–1 and a power density 
as high as 3.3 kW kg–1 were achieved by the honeycomb MnO2/CNT network device, 
which was comparable to the performance of other carbon-based and metal oxide/
carbon-based solid-state supercapacitor devices. Specifically, the long cycling life of 
the material was excellent, without loss of its original capacitance and with excellent 
coulombic efficiency of 82% over 5000 cycles.

FIGURE 7.16  SEM images of the (a) pristine CNFs and the samples obtained in 2 mM 
KMnO4 solution after reaction for (b) 12 h, (c and d) 48 h, and (e and f) 168 h. (Reprinted with 
permission from Zhao, L. et al., Nano Energy, 4, 39–48, 2014.)
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7.3.3 H oneycomb-Like Other Metal Compounds

The large family of transition metal oxides has been researched widely for super-
capacitors electrode materials. Starting from RuO2 as a supercapacitor electrode in 
aqueous H2SO4 electrolyte in 1971, hollow spherical RuO2 with honeycomb-like 
skeletons was rationally designed and synthesized with modified-SiO2  templating 
via two hydrothermal methods by Zhongyi Liu et al. [81] (Figure 7.17). The work 

FIGURE 7.17  Schematic illustration of the fabrication procedure to produce the RuO2 3D 
macroporous architecture. (Reprinted with permission from Peng, Z.K. et  al., ACS Appl. 
Mater. Interfaces, 9, 4577–4586, 2017.)
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proved the practicability of the SiO2-templating method in preparing hollow nano-
structured functional materials offering great benefits in electrochemical energy 
storage applications. The RuO2 honeycomb-like frameworks exhibited the specific 
capacitance as high as 628 Fg–1 at 20 Ag–1; this was about 81% of the capacitance 
retention at 0.5 Ag–1. The honeycomb networks still retained 86% of initial specific 
capacitances over 4000 cycles. The  honeycomb network frameworks had a well-
defined pathway that allowed the transmission/diffusion of electrolyte and surface 
redox reactions. As a result, they exhibited good supercapacitor performance in both 
acid and alkaline electrolytes. Honeycomb networks with rough surfaces, void inner 
space, or interconnected porous structure increased the effective utilization of active 
materials. This led to excellent electrochemical energy storage performance.

Honeycomb-like Co3S4 nanosheet-decorated electrode was successfully prepared by 
using highly dispersive Co3O4 nanowires with Ni foam as template [82]. The nanosheets 
contained lots of 3–5 nm micropores assembled into 3D honeycomb-like structure for 
improving specific surface area of electrode. The  enhanced electrochemical perfor-
mance was achieved, including an excellent cyclability of 10,000 cycles at 10 Ag–1 
and large specific capacitances of 2425 and 1252 Fg–1 at 1 and 20 Ag–1, respectively. 
As expected, ultrathin 2D Co3S4 nanosheets with high mass loading were successfully 
fabricated on 3D nanofibre (NF) by using the mentioned ultrafine Co3O4 nanowires 
as precursors. The mass loading of Co3S4 nanosheets reached 6 mg/cm2. The possible 
formation process of ultrathin nanosheets was attributed to the template function of 
the nearly monodisperse Co3O4  nanowires. Even so, the mass-specific capacitance 
(2415 Fg–1) and areal capacitance (13.31 F/cm2) were more than two times that of 
the Co3O4 nanowire precursors at the current density of 1 Ag–1. Furthermore, a Co3S4 
asymmetric supercapacitor was fabricated using the Co3S4/NF electrode and activated 
carbon electrode as the positive and negative electrode, respectively. The asymmet-
ric supercapacitor exhibited high energy density, power density, and good long-term 
electrochemical stability. Honeycomb-like Co3O4 with high specific surface area was 
successfully prepared on Ni foam by the facile hydrothermal method followed by an 
annealing treatment, which was used as high-performance supercapacitor electrode by 
Jun Li et al. [83]. The specific capacitance of the electrode was 743.00 Fg–1 at 1 Ag–1 
in the galvanostatic charge-discharge (GCD) test. Besides, the electrode also showed 
an excellent cyclic life, in which 96% of the initial specific capacitance remained at 
1 Ag–1 for 500 cycles in the GCD test. This excellent electrochemical performance 
was ascribed to high specific surface area of Co3O4 nanosheets that provided added 
channels and space for the ions transportation.

7.4  CONCLUSION

An open-ended nanostructure is also highly needed for electrode materials to improve 
the accessible surface area, ion transport, or diffusion. Much attempts for constructing 
3D honeycomb-like scaffold frameworks to enhance the structural stability, prevent 
stacking-induced loss of active surface area, and achieve fast ion diffusion have been 
made. Particularly, combined with interlinked macropores and rich micropores, 
honeycomb-like porous structure allows ions to fully penetrate electrode material 
and the pore walls provide continuous conductive pathway for charges, which are 
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promising to obtain high energy densities and excellent power densities simulta-
neously. The  obtained honeycomb-like metal compounds possessed a unique 3D 
hierarchical porous structure with interlinked meso/macropores, which facilitated the 
transport of electrolyte ions and offered a good environment for charge accumulation, 
thus showing good performance as electrode materials for supercapacitors.
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8.1  INTRODUCTION: NANOSTRUCTURES AND ENERGY

Metal oxide nanoparticles symbolize an important class of materials attracting 
considerable interest since they possess fascinating optical and electrical properties 
suitable for applications in sensing, information technology, catalysis, energy 
storage, medicine, electronics, optics, and photonics (Fernández‐García and 
Rodriguez 2011). Their diverse applications and needfulness have driven research 
toward synthetic pathways for obtaining various types of tailored nanostructures 
and have resulted in a wide variety of morphologies such as nanorods, nanotubes, 
nanoporous structures, nanowires, nanorings, nanobelts, nanospheres, and so on 
(Kolmakov and Moskovits 2004, Sun, Liu, et  al. 2012, Wang and Zhou 2012). 
New-generation nanodevices with high performance can be attained by tuning the 
properties of metal oxides by proper doping (Franke, Koplin, and Simon 2006, 
Keller et al. 2010). Researchers have tried improving the inherent characteristics of 
metal oxides with metals, metal ions, layered materials, noble metals, etc. (Wang 
et al. 2009, Zhi et al. 2013, Jiang et al. 2012).

Among the doped systems and composites, metal–metal oxide (MMO) systems 
have attained significant interest for decades till date and will continue to gain atten-
tion with much higher needfulness (Ng et al. 2013). MMOs can play appreciable roles 
in multitude areas of chemical, physical, and biological applications. The  overall 
architecture of nanocomposites formed by combining metal with metal oxide will 
dictate the generation of novel and unique nature in addition to the improvement in 
physical, chemical, electronic, and magnetic properties. Metal oxides in combina-
tion with metals result in a plethora of nanocomposites including metal-incorporated 
metal oxide nanoparticles, nanoarrays, nanocages, decorated nanoflowers and 
nanorods, core/shell, yolk/shell, Janus nanostructures, and so on (Ray and Pal 2017, 
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Liu et al. 2017). The regulated and tailored syntheses of nanohybrids composed of 
metals and metal oxides have received significant attention for various applications 
in catalysis, photocatalysis, solar cells, drug delivery, photo and electrochemical 
water splitting, field emitting diodes and transistors, sensors, etc. (Liu et al. 2014, 
Sreeprasad et al. 2011, Kochuveedu, Jang, and Kim 2013).

Energy storage accomplished by rechargeable lithium-ion battery technology 
has taken a great tremendous turn since its introduction over the last two decades. 
Nanomaterial-based technology has got potential and scope in the field of energy 
storage, particularly in supercapacitors. By tuning the size, shape, structure, elec-
tronic properties, etc., the scientific community will be able to engineer the materials 
and improve the efficiency toward energy storage. So, it is crucial that these nanoma-
terials should have desirable properties while designing and preparation, and hence, 
synthesis plays a significant role.

Synthesis of MMO nanocomposites by a facile, simple, low-cost, eco-friendly, 
feasible, and less time-consuming method is still essential for usage in various 
applications. There are numerous methods reported for the syntheses of metal oxide 
systems such as hydrothermal, co-precipitation, sol–gel, sonochemical, electrodepo-
sition, seeding, photochemical, microwave, impregnation, and so on (Guo et al. 2015, 
Lu, Chang, and Fan 2006). To prepare MMOs, such methods could be applied as 
such, or a combination of the methods can be used to prepare hetero-nanostructure 
efficiently with desirable properties (Figure 8.1).

In  this chapter, we focus on the significant advances in traditional approaches 
to prepare MMO hetero-nanostructures with emphasis on potential applications. 
Coupling highly potent metals and metal oxides could allow for the energy-efficient 
preparation of a vast variety of hybrid nanoparticles whose resulting improved prop-
erties can be exploited in a whole range of technologically important areas of science 
and industry, rendering importance to highly tunable MMO nanohybrid materials.

FIGURE  8.1  Various methods used for the synthesis of hybrid metal–metal oxide 
nanostructures.
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8.2  HYDROTHERMAL SYNTHESIS

8.2.1 P reface

Due to its simplicity, low cost, and lower synthesis temperatures, the hydrothermal 
method is one of the most extensively employed techniques (Whittingham 1996). It is 
a solution-based chemical method used for the preparation of a host of nanoscale sys-
tems with varied dimensions and morphologies including single crystals, thin films, 
and nanoparticles (Yuan et al. 2014). As a subset of solvothermal methods, hydro-
thermal synthesis has been utilized for the preparation of a bunch of materials, viz. 
zeolites, coordination complexes, metal chalcogenides, halides, tungstates, and mixed 
metal oxides (Titirici, Antonietti, and Thomas 2006, Chi et al. 2012). Hydrothermal 
synthesis has particularly been implemented for the synthesis of nanoscale semicon-
ducting metal oxides. Recently, hydrothermal method has been employed to grow 
molybdenum dioxide nanostructures on fluorine doped tin (FTO) substrates by a 
simple reaction involving ammonium heptamolybdate (AHM) and citric acid (CA) in 
water (Figure 8.2). These MoO2 nanostructures are shown to be excellent electrocata-
lysts for energy conversion (Ramakrishnan et al. 2018). There are numerous notewor-
thy factors that affect the hydrothermal formulation of different nanostructures, viz. 
reaction temperature, nature of precursors, surfactants, pH, crystallography, substrate 
nature, and seed layer (Guo et al. 2015, Lin and Ding 2013).

For performing the hydrothermal synthesis, a particular type of equipment is used, 
viz. autoclave in which in-built pressure is generated and sustenance is supplied in an 
appropriate solvent. The system is heated at the required temperature, and as the reaction 
proceeds, nucleation of the crystal structure is initiated. An in situ temperature gradient is 
generated, giving rise to the formation of two temperature regions wherein the reactants 
get dissolved in the lower-high temperature region and get carried to the upper-low tem-
perature region. Due to supersaturation with lowering of temperature, the nucleates get 
deposited as seeds that further grow to form the product (Byrappa and Yoshimura 2012).

Hydrothermal method is marked with following supremacy over other methods:

•	 Usage of lower temperature, relatively less time consuming, and environ-
mentally friendly

•	 Preparation of thermodynamically lesser-stable phases of nanostructures
•	 Growth of crystals of compounds with high melting points at lower 

temperatures

FIGURE  8.2  Schematic diagram of a typical hydrothermal synthesis. (copyright 2018 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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•	 Preparation of nanostructures with high crystallinity in good yield with 
suitable control over their composition

•	 Preparation of nanostructures on flexible templates at low reaction tempera-
ture (Byrappa and Adschiri 2007, Komarneni et al. 2010)

Among various metal oxides, TiO2- and ZnO-based metal oxides, MMOs, and metal 
oxide–metal oxide-based systems have been studied and used majorly in various fields 
such as solar cells, sensors, cosmetics, ceramics, photocatalysts, diodes, transistors, elec-
trocatalysts, and so on (Considine and Kulik 2005, Yu and Yu 2008, Byrappa et al. 2008, 
Kanjwal et al. 2010). There are numerous reports of TiO2-based nanostructured systems 
prepared via hydrothermal synthesis for various applications as listed in Table 8.1.

8.2.2 M etal–TiO2-Based Systems

Doping techniques have been applied to TiO2 systems for various reasons to overcome 
the limitations such as wide bandgap, ineffectiveness of photocatalysis under sunlight, 
and thermal instability (Tan, Wong, and Mohamed 2011). Owing to its large bandgap 
(3.2 eV), TiO2 can only harness 6% of the entire solar irradiation, but doping techniques 
shift the activity from UV to the visible light region. There are numerous reports on the 
doping of TiO2 for superior properties using metals as well as nonmetals (Table 8.2).

TABLE 8.1
TiO2-Based Systems Prepared by Hydrothermal Route

No. System Method Application References 

1 Phase pureTiO2 Hydrothermal Photocatalysis H. Yin et al. (2001)

2 Mesoporous TiO2 Hydrothermal Photocatalysis J. Yu et al. (2007)

3 Colloidal TiO2 Hydrothermal Solar cell C.-Y. Huang et al. (2006)

4 TiO2 Hydrothermal Surface Properties G.J. Wilson et al. (2006)

5 TiO2 microemulsions Hydrothermal Photocatalytic Wet 
oxidation

M. Andersson et al. (2002)

6 TiO2 nanosheets Hydrothermal Lithium storage L. Kavan et al. (2004)

TABLE 8.2
Effect of Doping of Metal Ions in TiO2 Nanostructures Prepared by 
Hydrothermal Route

No. System Method Application References Year

1 Ce2+/3+/N-TiO2 Hydrothermal Photocatalysis M. Nasir et al. (2014)

2 Fe2+/3+-TiO2 Hydrothermal Photocatalysis J. Zhu et al. (2004)

3 Mx+-TiO2 Hydrothermal Photocatalysis K. Lee et al. (2006)

4 Fe3+-TiO2 Hydrothermal Photocatalysis V.N. Nguyen et al. (2011)

5 Sr-TiO2 Hydrothermal Solarcell H.F. Mehnane et al. (2017)
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F. Zhang et al. reported the fabrication of heterostructured Ag-doped TiO2 via 
a facile two-step preparation involving electrospun technique followed by hydro
thermal process (2016). An illustrative diagram of the preparation of the nano-
structure is depicted in Figure  8.3. Primarily, TiO2 nanofibers were fabricated 
through electrospinning technique using tetrabutyl titanate as the precursor, which 
was added to thoroughly mixed polyvinylpyrrolidone, methyl alcohol, and acetic 
acid medium. The electrospun composite nanofibers were fabricated by applying 
12 kV direct voltage followed by annealing at 520°C for 6 hours to form pure 
TiO2 fibers. The final Ag@TiO2 composite was prepared by subsequent hydrother-
mal reaction of as-prepared TiO2 fibers in a mixture of AgNO3, polyvinyl alco-
hol (PVA), and hexamethylenetetramine (HMTA) by keeping at 90°C for 4 hours 
where HMTA served as alkali and reducing agent. Ag nanoparticles anchored on 
the periphery of TiO2 fiber with varying size and load could be controlled with con-
centrations of reactants during the hydrothermal process. By anchoring Ag, visible 
light-induced photocatalytic activity on the TiO2 fibers was found to be enhanced 
significantly. Catalytic activity of composite was established by the higher degra-
dation efficiency than the pure TiO2 fiber. There are some other notable works on 
the metal–metal oxide systems of TiO2 obtained by hydrothermal synthesis and 
briefed in Table 8.3.

FIGURE 8.3  The proposed schematic synthesis process to form Ag/TiO2 nanoheterostruc-
tures by the hydrothermal reducing reaction in HMTA solvent. (© 2015 Royal Society of 
Chemistry.)

TABLE 8.3
Effect of Metal Deposition on TiO2 Nanostructures Prepared by 
Hydrothermal Route

No. System Method Application References

1 Pd, Cr, or Ag-TiO2 Hydrothermal synthesis 
and impregnation

Photocatalysis C.-G. Wu et al. (2004)

2 Urchin-like 
ternary TiO2

Hydrothermal Photocatalysis Y. Liu et al. (2016)
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8.2.3 M etal–ZnO Systems

For ZnO nanostructures, it is well established that lifetime of electrons (e−) and holes 
(h+) could be efficiently enhanced by blending with noble metal nanoparticles and 
carbon nanomaterials. K. Bramhaiah et  al. have reported comparative photocata-
lytic activity of binary and ternary hybrid systems of ZnO possessing nanostructured 
morphology with reduced graphene oxide (rGO) or with rGO and Au nanoparticles 
(2016). The  hybrids were prepared via a simple solution route and hydrothermal 
method. At  the outset, rGO and rGO-Au were prepared by the reduction of GO 
with hydrazine hydrate or in the presence of HAuCl4. rGO-ZnO and rGO-Au-ZnO 
composites were prepared by addition of zinc acetylacetonate and KOH to the 
respective as-prepared dispersion by keeping at 120°C for 8 h in an oil bath. The con-
ventional synthesis produced nanoparticle composites. rGO-ZnO nanorods were pre-
pared via hydrothermal route (120ºC/8 h) using the same precursor and decorated with 
Au nanoparticles. Among all the systems under study, rGO-Au-ZnO nanoparticles 
showed the uppermost reaction kinetics for photodegradation activity, five times 
faster than bare ZnO. The next highest photodegradation activity was found for the 
binary system, rGO-ZnO nanoparticles, and finally nanorods. Figure 8.4 illustrates 
the feasible charge-transfer (C-T) processes occurring in rGO-Au-ZnO nanoparticle 
hybrid systems for dye photodegradation.

Following hydrothermal pathway for the preparation of metal-doped ZnO nano-
structures could be propitious. In addition, engineering of ZnO nanostructures with 
vivid 1D and 2D structures on wide varieties of substrates can be accomplished on a 
bulk scale, and their material characteristics may be tuned by controlling the growth 
factors (Janisch, Gopal, and Spaldin 2005). Some of the research works are briefed 
in Table 8.4.

FIGURE  8.4  A  schematic of the possible (C-T) processes in rGO-Au-ZnO nanoparticle 
hybrid during dye photodegradation. (© 2015 Royal Society of Chemistry.)
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8.2.4 M etal–NiO Systems

Majumder et al. reported direct Ag coating on NiO flake-like structures and its effect 
on the optical and catalytic properties. Ag nanoparticles on NiO were anchored by a 
two-step process for the preparation of hetero-nanostructures. NiO nanoflakes were 
first prepared by hydrothermal synthesis using Ni(NO3)2, urea, and HMTA in aque-
ous medium at 90°C for 6 hours followed by calcination at 450°C for 2 h. In  the 
subsequent step, a solution-phase chemical method, involving in  situ reduction 
of AgNO3 by oleylamine in toluene by heating at 85°C for 8 hours, was adopted. 
Finally, Ag/NiO composite was obtained with highly dense Ag nanoparticles distrib-
uted over NiO flakes. The strong coupling and interaction between MMOs led to the 
high photocatalytic activity.

In  literature, there are other reports of metal–NiO nanostructures prepared 
via hydrothermal synthesis. S. Hasan et al. reported the hydrothermal-mediated 
two-step synthesis of NiO@NixMn1–xO magnetic nanoparticles for magnetic 
recording applications (2017). H. Xu et  al. reported Co-doped hierarchical 
nanosheets of NiO with a flower-like morphology for high-performance lithium-
ion battery (2015).

8.2.5 M etal–MnO2 Systems

R. Liu et al. reported the synthesis of elliptical-shaped porous MnO2/Co nano-
structures through a facile three-step hydrothermal-assisted decomposition 
method. In the first step (2015), co-embedded manganese and cobalt oxalate were 
obtained by hydrothermal method using potassium oxalate and chloride salts of 
corresponding metal precursors at 100°C for 10 h. Consequently, the products 
were annealed at 500°C for 5 h utilizing specifically controlled decomposition 
method in a muffle furnace to yield Mn2O3/Co nanocomposites. Retaining their 
original ellipsoidal nanofibrous micro-framework from the parental components, 
MnO2/Co hybrids were formed by further hydrothermal reaction of annealed 

TABLE 8.4
Effect of Doping of Transition Metals in ZnO Nanostructures Prepared by 
Hydrothermal Route

No. System Method Application References

1 Fe-ZnO nanorods Hydrothermal UV photodetector C.O. Chey et al. (2014)

2 Mn-ZnO nanorods Hydrothermal Room temperature 
ferromagnetism

J. Panda et al. (2016)

3 Co-ZnO nanorods Hydrothermal Visible light activity Y. Febrianti et al. (2017)

4 (Cr, Mn, Ni)-ZnO Hydrothermal Magnetism M. Zhong et al. (2015)

5 Ce-ZnO nanorods Hydrothermal Photocatalysis N. Aisah et al. (2017)
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product with (NH4)2S2O8 solution at 60°C for 10 h. Hybrid nanostructure of MnO2 
with a doping amount of 1.83 mol% of Co produced the upper-edge reactivity for 
electrochemical capacitive nature (initial cycle with specific capacity of 107.5 
Fg–1), and 93.5% of the capacitive behavior was retained even after 500 cycles. 
It was concluded that Co doping imparts its influence in directing the uniformity 
and structural formation as well as enhances electrochemical activity of MnO2.

There  are numerous studies established to improve the intrinsic properties of 
Mn-based oxides by doping various metals. M. Sun et  al. reported the Sn-doped 
MnO2 obtained via one-step hydrothermal synthesis for achieving better superca-
pacitive property (187 Fg–1) (2012). M. Sun et al. also studied the effect of boron 
doping of MnO2 nanostructures on decolorization performance (2014).

8.2.6 M etal–CuO Systems

In past years, enhancing the electronic as well as magnetic property of CuO has 
been of significant interest, and a series of efforts have been made by metal doping 
(Pasha et al. 2009, Shaikh et al. 2011, Filippetti and Fiorentini 2006). CuO is a 
promising semiconducting material as it possesses high photocatalytic activity, 
physiochemical durability, exorbitant specific surface area, etc. (Xu and Sun 2009, 
Liu et al. 2011, Han et al. 2015). Albeit having such superior properties and advan-
tages over other semiconductors, it is reported to have the drawback of fast recom-
bination rate of photo-generated (e−) and (h+), which can be suppressed by doping 
with transition metals such as Zn, In, Mn, Ni, and Fe to enhance the photocatalytic 
property (Sonia et al. 2015, Yildiz et al. 2014, Sharma, Gaur, and Kotnala 2015, 
Basith et al. 2014, 2013).

T. Jiang et al. reported the synthesis of novel Zn-doped CuO nanostructures (2016). 
The low-cost and simple hydrothermal method has been adopted for the synthesis of 
Zn-doped CuO nanostructures using homogeneous aqueous solution of copper (II) 
acetate and sodium hydroxide followed by the addition of an appropriate amount of 
zinc acetate with different concentrations. A series of MMO nanocomposites were 
prepared by varying the amount of dopant (Zn) during the hydrothermal reaction at 
110°C for 2 h. A black powder of nanocomposite having pine-needle-like morphology 
was obtained and was composed of smaller nanosheets. Zn was found to be pres-
ent in the lattice of CuO system, and an improved photocatalytic performance was 
observed for the hybrid nanostructure. This surfactant-free method paves the way 
for the synthesis of metal-doped metal oxide nanostructures. In literature, there are 
numerous reports on metal–copper oxide nanoparticles engineered for various appli-
cations and are listed in Table 8.5.

8.2.7 O ther MMO Systems

In  addition to the abovementioned major metal oxide supports, including TiO2, 
ZnO, NiO, CuO, MnO2, and so on, there are other reports with Co3O4, WO3, MoO3, 
etc. as useful materials. M.M. Rahman et al. detailed the large-scale hydrothermal 
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synthesis of Sm-doped Co3O4 crystalline nanokernels showing high performance 
in ethanol sensing with respect to excellent response time, detection range, robust-
ness, and high sensitivity (Figure 8.5) (2011). W. Mu et  al. portrayed the synthe-
sis and enhanced photocatalytic performance of Nb-doped WO3 nanowires using a 
low-temperature hydrothermal method (2014). Z. Li et al. outlined the synthesis of 
Ce-doped nanobelts of MoO3 by in situ hydrothermal reaction with enhanced gas-
sensing properties (2017).

8.3  SOL–GEL ROUTE

8.3.1 P reface

Sol–gel method is a subset of wet chemical method apposite for both glass-type and 
ceramic-type materials, as it provides unusual compositions even for lower temperatures 

FIGURE  8.5  Schematic diagram showing the Sm-doped Co3O4. (© 2011 American 
Chemical Society.)

TABLE 8.5
Metal-CuO Nanostructures Prepared by Hydrothermal Route

No. System Method Application References

1 Zn-CuO Hydrothermal Antibacterial activity J. Iqbal et al. (2015)

2 Zn-CuO Hydrothermal Supercapacitor C. Karunakaran et al. (2013)

3 Sn-CuO Hydrothermal Structural and optical properties S. Mohebbi et al. (2013)

4 Ni-CuO Hydrothermal Catalysis K. Lakshmi et al. (2017)

5 Fe-CuO Hydrothermal Ferromagnetism S. Manna and De (2010)

6 Fe-CuO Hydrothermal Synthesis and properties K. Kannaki et al. (2016)

7 Cd-CuO Hydrothermal Synthesis and properties S. Rejitha et al. (2013)
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than that required by the conventional melting techniques (Chiang et al. 2003, Hou 
et al. 2009, Jia et al. 2002). Because of its simplicity, reliability, repeatability, cost-
effectiveness, and requirement of low temperature for processing, this method has been 
used for the preparation of laser dyes, enzymes, nanometer-sized semiconductors, and 
metal nanoparticles dispersed in SiO2 glasses (Katoch et al. 2012, Koelsch et al. 2002, 
Larsen et al. 2003, Lee et al. 2010, Li et al. 2013, 2004, Mackenzie and Bescher 2007, 
Moncada, Quijada, and Retuert 2007, Nagarale et al. 2004). Sol–gel method can be 
further subclassified into ultrasonic-assisted sol–gel method, aerogel method, photo-
reductive decomposition, precipitation, two-step wet chemical method, and extremely 
low-temperature precipitation (Schmidt et al. 2000, Sudarsan et al. 2005, Thota and 
Kumar 2007, Vafaee and Ghamsari 2007, Wen and Wilkes 1996, Woo et al. 2003).

Sol–gel method has been employed via nonaqueous or popular aqueous solution 
route. The  resultant nanoparticles prepared via sol–gel method show good opti-
cal properties by good control of the morphology and size of the particles. One of 
the crucial factors is excellent adsorption of the surfactant onto the particle sur-
face aiding the size control in a sol–gel process by inhibiting the growth of nuclei 
(Yang et al. 2005, Yang and Wang 2006).

The  sol–gel process involves the transformation of solution, i.e., sol, slowly 
toward a phase incorporating both liquid and solid states having coagulated-network-
like nature. In this process, precursors get converted to colloidal form followed by 
hydrolysis and polycondensation. The  well-known precursors are metal-derived 
chlorides and alkoxides. The solid phase may have a versatile morphology ranging 
from infinitesimal gel-like grains to fibrous polymer criss cross structure (Schmidt 
et al. 2000, Sudarsan et al. 2005).

In a typical sol–gel method, the precursor solution employed contains metal com-
pounds (metal alkoxide, acetylacetonate, carboxylate, etc.) and soluble inorganic 
species of the dopant along with the hydrolysis agent (water), alcohol (solvent), and 
an acid or base (catalyst). Initially, a sol is formed in which polymers or colloidal 
particles are dispersed without precipitation by the hydrolysis and polycondensation 
of metal precursor. As reaction proceeds, sol gets converted to wet gel (Figure 8.6), 

FIGURE  8.6  Schematic representation of sol–gel process of synthesis of nanomaterials. 
© 2015 The Royal Society of Chemistry.)
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and further vaporization of solvent formulates a dry gel (Kemnitz and Noack 2015). 
Finally, glasses and ceramics are formed by removal of organic constituents and resi-
dues when heated at elevated temperatures (Lee et al. 2010, Li et al. 2013).

8.3.2 M etal–TiO2-Based Systems

Metal–TiO2 hybrid nanoparticles prepared via sol–gel method route have been 
widely investigated. Typical examples are sol–gel-derived Cr(III)-doped TiO2 
composites (Lu et  al. 2007), Pt-deposited TiO2 thin films (Sanchez et  al. 1996), 
surface-anchored Fe(III)/TiO2 particles (Piera et  al. 2003), vanadium/N-doped 
TiO2 (Higashimoto et al. 2008), Al/TiO2 (Lee et al. 2003), La-TiO2 (Zhang et al. 
2006), etc.

W.-C. Hung et al. reported the synthesis of Fe/TiO2 photocatalyst (2007). A typical 
two-step sol–gel process was adopted for the preparation of these photocatalysts. 
At first, Ti-precursor sol was prepared by mixing titanium isopropoxide with water 
in a 1:51 ratio followed by the addition of 0.25 M HNO3  in a 1:1 weight ratio to 
Ti-precursor. The dehydrated sample is further processed for Fe doping by its nitrate 
salts. The as-prepared samples were then coated on pyrex cylinder glass for thin-film 
preparation. They have varied Fe doping from 5 mol% to 0.005 mol%. Fe doping was 
found to show significant improvement in the visible absorption efficiency as evi-
denced by optical spectroscopy. An Fe-doped TiO2 system with 0.005 mol% dopant 
was found to exhibit optimum activity for photocatalysis.

8.3.3 M etal–ZnO-Based Systems

Physiochemical properties of ZnO have been tremendously varied by the dop-
ing of transition metals. Chakrabarti et al. (2008) and Xu et al. (2009) reported 
the effect of doping by Mn/Fe and Cu/Co on the magnetic properties of ZnO, 
respectively.

G.J. Naz et al. reported sol–gel-mediated preparation of Mn/ZnO and Fe/ZnO sols 
starting from Zn(OOCCH3)2, iron nitrate, and Mn(OOCCH3)2 (2015). In the two-step 
process, ZnO sol was initially prepared by heating Zn precursor in deionized water 
with the addition of isopropyl alcohol and triethylamine. Mn or Fe source in triethyl-
amine was added to as-prepared ZnO sol to obtain metal-incorporated hybrid ZnO. 
The doped sols were spin-coated onto Cu films and annealed under magnetic field. 
Interestingly, dopant amount was found to have an inverse relation with the size of 
the crystallite. The  incorporation of dopants was not  found to disturb the crystal 
behavior of ZnO retaining the hexagonal wurtzite structure. Ferromagnetic activity 
(~34.63 emu/cm3) was found to be amplified, as evidenced by vibrating sample mag-
netometer analysis.

8.3.4 M etal–NiO-Based Systems

NiO-based bimetallic mixed metal oxides are well studied for applications such 
as in the regeneration of alkanes (anticoking behavior), catalytic oxidation of 
carbon monoxide, purification of halogenated organic mixtures, decomposition 
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of H2O2, and so on. N. Bayal et  al. reported the synthesis of NiO-ZnO, NiO-
CuO, and NiO-MgO mixed metal oxides by simple sol–gel method (Bayal and 
Jeevanandam 2012). The respective precursors of Cu, Zn, and Mg along with dif-
ferent concentrations of nickel acetate were mixed with toluene and ethanol, and 
the suspension was stirred vigorously to obtain a homogenous mixture followed 
by the addition of 1 mL of water, which on further stirring and drying produced 
mixed metal oxide gel. Further grounding and annealing in ambient conditions 
at 500°C yielded the final product in the form of powder. The bandgap of NiO 
calculated for all loading levels in mixed metal oxide nanoparticles showed dif-
ferent values owing to intercalated amount and size effect. Such kind of synthetic 
pathways holds the potential for the bulk production of all varieties of mixed 
metal oxide nanoparticles.

8.3.5 M etal–CuO-Based Systems

A. Soria et  al. reported the utilization of sol–gel method in the expulsion and 
recuperation of Cu by ozone treatment of remaining cyanide solution to prepare 
Cu-CuO (2015). A sol–gel technique was implemented for the synthesis of metal 
nanoparticles using 2-hydroxypropane-1,2,3-tricarboxylic acid and ethane-1,2-diol, 
following the ozone oxidation and separation (solid–liquid). Subsequently, residual 
aqueous contents were removed by thermal evaporation. As-prepared gel product 
in translucent state was subjected to annealing at various temperatures (400°C, 
600°C, and 800°C for 0.25 h) in tubular incinerator yielding the final product of 
Cu-CuO hybrid. This study portrays an efficient, but cost-effective auxiliary tool 
for regenerating nanoparticles from industrially cast-off waste solution, especially 
noble metals.

8.3.6 M etal@Metal Oxide Core–Shell Systems

Metal oxide@metal oxide core–shell nanostructures have been widely used for 
gas-sensing application and are being replaced by metal@metal oxide core–shell 
nanoparticles owing to merging of core–metal with shell–metal oxide leading to the 
enhanced response (Cheng et al. 2008, Yu and Dutta 2011, Chung, Wu, and Cheng 
2014). A. Mirzaei et al. originally reported gas detection by utilizing the nanohybrid 
of α-Fe2O3 (shell) with Ag (core) adopting a sol–gel approach. The aqueous solutions 
of PVP and AgNO3 in water were mixed and thoroughly stirred to form Ag+-PVP 
solution to which NaBH4 solution in water was added dropwise to convert Ag+ ions 
to metallic silver. Temperature of bath (ice) and the rate of addition of NaBH4 had 
great control over as-prepared particle size/shape. A  sol of colloidal Fe (III) was 
prepared by special sol–gel reaction (Pechini approach) with Fe2(SO4)3 (iron donor), 
2-hydroxypropane-1,2,3-tricarboxylic acid (chelation ligand), and poly(ethylene 
oxide) (esterifying moiety) as the precursors. The addition of the as-prepared iron 
sol to the so-formed silver nanoparticles yielded an eventual product, Ag@α-Fe2O3 
core–shell nanostructure. Figure  8.7 shows a simple schematic diagram of the 
synthesis procedure (Mirzaei et al. 2015).
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8.4  PHOTOCHEMICAL SYNTHESIS

8.4.1 P reface

Among the many approaches used for the production of metal nanoparticles knit-
ted with metal oxide nanostructures, photo-deposition has received significant 
attention by virtue of its simplified execution either in single step or in multiple 
steps. Photochemical approach comprises preparation of noble metal nanoparticles 
with subsequent anchoring of the same to an appropriate backbone. Photo-deposition 
is a phenomenon which involves the illumination of an aqueous solution of metal salt 
resulting in in situ imprinting of those target materials (metal or metal oxide nanopar-
ticles) on supporting materials. So, photo-deposition is nothing but light-induced 
electrochemistry. For  a feasible photo-deposition, there should be close matching 
of the band positions and bandgap (redox potential) of the target materials (metal/
metal oxide) to that of support system (semiconductor/metal oxide). Photochemically 
prepared nanostructures are found to have applications mainly in, but not limited to, 
photocatalytic water splitting, solar cells, gas sensors, wastewater treatment, and air 
purification (Wenderich and Mul 2016, Wang et al. 2012).

FIGURE  8.7  Schematic representation of synthesis procedure of Ag@Fe2O3 core–shell 
nanoparticles. (a) Ag nanoparticle synthesis, (b) iron oxide sol preparation, and (c) Ag@Fe2O3 
synthesis. (© 2015 Multidisciplinary Digital Publishing Institute.)
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Even though there are numerous approaches for the synthesis of well-defined 
co-catalyst nanoparticles integrated with semiconductor nanostructures, viz. elec-
trodeposition, physical and chemical vapor deposition, sputtering (Maeda, Abe, 
and Domen 2011), hydrothermal reduction (Kang and Sohn 2012, Ramakrishnan 
et  al. 2016, Murata et  al. 2012), and simple physical blending (Bamwenda et  al. 
1995), photo-deposition is an attractive method owing to the nonrequirement of 
external high energy such as heat (temperature) or electrical (current or potential) 
energy (Tada, Fujishima, and Kobayashi 2011). The size and valence state of the as-
deposited nanoparticulated materials on the surface of supporting semiconducting 
nanostructures can be governed in a desirable manner. Moreover, facile simultane-
ous measurement of gas evolution can be done when applied for photocatalytic water 
splitting (Peled 1995, Wilson and Houle 1985, Lee et al. 2018).

8.4.2 M etal–TiO2 Systems

S.F. Chen et  al. reported the large-scale photochemical synthesis of noble metals 
(Ag, Pd, Au, and Pt) anchored via a facile photochemical pathway, hardly requiring 
any additives or surfactants, for antibacterial applications (2010). H. Li et al. reported 
the preparation of Ag-decorated TiO2 nanotubes by photochemical-assisted hydro-
thermal pathway for photocatalytic studies (2008). S. Ko et al. have given an account 
of the detailed preparation of titanium dioxide nanostructures incorporated with silver 
particles by photochemical synthesis. Further, they are tested for the catalytic activity 
under visible light radiation (Ko, Banerjee, and Sankar 2011). L. Sun et al. reported 
a novel photochemical synthesis coupled with ultrasonication for preparing TiO2 
nanotube array photocatalysts loaded with highly dispersed Ag nanoparticles (2009).

It was primarily shown by P.D. Cozzoli et al. that heterojunctions of semiconduc-
tors with that of metals could be prepared with colloidal suspension-mediated route, 
in which Ag/TiO2 nanocomposites were prepared by a two-step process.

	 1.	Chemical synthesis of organic moiety-capped TiO2 nanostructures
	 2.	Subsequent anchoring of Ag on TiO2 to produce hybrids by photochemical 

approach

Initially, tetrabutylammonium hydroxide was hydrolyzed in alkaline medium using 
oleic acid as a surfactant to form titanium dioxide (anatase phase) nanoparticles 
protected with organic moiety. The  temperature was maintained around boiling 
point of the solvent used (aqueous solution) and with varying amount of precursor. 
As-prepared nanoparticles of TiO2 were tuned for morphological aspect with dif-
ference in hydration content and nature of organic bases (trimethylamino-N-oxide 
dehydrate, trimethylamine, tetramethylammonium hydroxide, tetrabutylammonium 
hydroxide, etc.) in the reaction mixture. Introduction of ethyl alcohol at ambient con-
ditions resulted in the brisk precipitation and growth of rod-like and spherical titania 
nanocrystals.

Ag nanoparticles were anchored onto TiO2 by two different methods. In  the 
first method, utilizing a photocatalytic pathway, readily synthesized titanium 
dioxide nanostructures were mixed with AgNO3 in CHCl3:ethanol mixtures. 
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The deaerated solution was subjected to ultraviolet irradiation with the aid of an 
Hg (high-pressure) light source (200 W) and constant stirring. The stability of the 
reaction was controlled by adjusting the concentration of precursor and light inten-
sity inhibiting premature precipitation of Ag nanoparticles and photo-oxidation of 
TiO2. In  the second method, deaerated solutions of sodium borohydride in ethyl 
alcohol and TiO2 nanocrystals with AgNO3 in CHCl3 were mixed with vigorous 
stirring. The proposed and implemented photoreaction can be labeled as a model 
sequence for producing Ag-decorated titanium dioxide nanocomposites in differ-
ent sizes and morphological regimes as a function of the irradiation time enabled 
by light-induced photo-fragmentation and ripening, hardly using any kind of sur-
factants or additives.

In another work, S. Ren and Liu (2016) reported the preparation of Pd/Au-alloyed 
nanoparticles on TiO2 nanowires employing one-step photochemical approach for 
ultrasensitive H2 detection.

8.4.3 M etal–ZnO Systems

M. Wu et al. reported a novel matchstick-like hetero-nanostructure of gold nanopar-
ticles-embedded ZnO exhibiting a plasmonic-enhanced photo-electrochemical 
performance for light-induced hydrogen evolution (2014). The matchstick-like het-
erostructures of zinc oxide nanorods uniformly decorated with gold nanoparticles on 
the tips (Figure 8.8a) were synthesized on a substrate (Zn foil) by a two-step process 
involving hydrothermal synthesis and photoreduction. In the first step, uniform verti-
cally aligned ZnO nanorods on Zn foil (Figure 8.8b–d) were prepared by hydrother-
mal synthesis with the aid of aqueous 1,6-hexanediamine at a reaction temperature 
of 180°C maintained for a time period of 5 h. In the second step, Au nanostructures 
with tunable Au contents were deposited onto ZnO nanorod/Zn foil by irradiation 
in aqueous gold chloride solution using a light source (300 W xenon lamp, 4 h) 
(Figure 8.8e–g). The hetero-nanostructure of Au/ZnO was finally obtained by the 
conversion of Au3+ to Au0. More interestingly, morphology of the decorated Au 
nanoparticles could be tailored by controlling the light irradiation time. Matchstick-
like ZnO/Au heterostructure showed a photocurrent density of ~9 mA/cm2 at a 
bias of 1.0 V (with respect to Ag/AgCl reference electrode), which was 30 times 
larger than bare ZnO nanorods, and the enhanced properties were attributed to the 
plasmonic-assisted improved light assimilation and e–/h+ separation. This  study 
paves the way for other researchers to explore designing of the semiconductor/metal 
heterostructures-based photo-anodes with visible light-responsive plasmonic activity 
for harvesting the solar spectrum.

8.4.4 M etal–SnO2 Systems

C.G. Carvajal et al. reported highly oriented SnO2 nanorods on Si/SiO2 substrates 
decorated with Au, Ag, and NiO nanoparticles for preparing improved hybrid gas 
sensors and photo-detectors (2015). The hybrid nanostructures were prepared by 
a two-step process. Initially, metal oxide nanorods were architectured on Si/SiO2 
substrates by vapor–liquid–solid technique employing anhydrous zinc chloride 
and stannous chloride (SnCl2) powder as precursors. ZnCl2 plays a very important 
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role in the nanorod synthesis, and once the nanorods of SnO2 were formed, the 
remaining traces of ZnO produced during the vapor reaction were removed by 
a chemical bath etching in hydrochloric acid. In the second step, SnO2 nanorods 
were decorated with Au, Ag, and NiO particles by photo-illumination of the as-
prepared SnO2/substrate samples in respective metal ion precursor solution with a 
dual wavelength of 185 and 254 nm simultaneously at 25°C for 5 minutes. For gold, 
HAuCl4.3H2O (2 mM aqueous solution) was used, whereas for silver, 2 mM aque-
ous solution of AgNO3, and for nickel oxide, 2 mM aqueous solution of nickel (II) 
nitrate hexahydrate, was used. Gas-sensing studies revealed a significant improve-
ment in selectivity to ethanol and acetone vapors for SnO2-Au and SnO2-NiO 
hybrid devices. Photoconductivity experiments showed a significant increase in 
photocurrent density by Au and Ag decoration. The study reported here suggests 
the selective tuning of gas-sensing and photosensitivity properties of SnO2-based 
hybrid devices.

In addition, photochemical loading of Pd and Pt on SnO2 thin films and its poten-
tial application to gas sensing were reported by G.E. Buono-core et  al. (2006). 
M.  Yuasa et  al. reported a photochemical method for the preparation of a stable 
suspension of Pd-loaded SnO2 nanocrystals for highly sensitive semiconductor gas 
sensors (Yuasa, Kida, and Shimanoe 2012).

FIGURE 8.8  (a) Schematic illustration of the synthesis of a matchstick-like ZnO/Au hetero-
structure. (b and c) Top views. (d) Cross-sectional-view SEM images of ZnO nanorod arrays. 
(e and f) Top views. (g) Cross-sectional-view SEM images of the typical matchstick-like ZnO/
Au heterostructure. The insets of parts (d) and (g) show substrate photographs of pristine ZnO 
nanorod arrays and the ZnO/Au heterostructure, respectively. (© 2014 American Chemical 
Society.)
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8.4.5 M etal–Cr2O3 Systems

K. Maeda et  al. reported the utilization of noble metal/Cr2O3 core/shell nanopar-
ticles as a co-catalyst for photocatalytic water splitting (2006). Rh/Cr2O3 (core/
shell)-loaded (Ga1–xZnx) (N1–xOx) nanoparticles were prepared by an in situ two-step 
photo-deposition method from Na3RhCl6·2H2O and K2CrO4 as precursors. Rh was 
loaded onto (Ga1–xZnx) (N1–xOx) by a typical experiment in which the reaction mix-
ture was irradiated with Hg–Xe lamp operated at 1600 W under N2 stream for ~4 h 
at 55°C. This was followed by metal oxide shell construction employing a second 
photodecomposition process wherein Rh-loaded sample in aqueous K2CrO4 solution 
was exposed to visible light irradiation. The  co-catalyst outlined by Maeda et  al. 
is reported to have extensive advantages such as selective introduction of activa-
tion sites on the photocatalyst directly influencing the overall water splitting and 
introduction of various noble metals for capturing photo-generated e– from the bulk. 
The present method also offers a varied strategy for the removal of Cr(VI) ions from 
the industrial effluents by photoreduction with simultaneous production of hydrogen.

8.4.6 M etal–CeO2 Systems

Raudonyte-Svirbutaviciene et al. (2018) reported the fabrication of Ag-incorporated 
CeO2 hetero-nanostructures by a simple and cost-effective sustainable pathway via 
photochemical deposition method devoid of any capping agents or stabilizers.

Starting from CeCl3.7H2O or Ce(NO3)3.6H2O as the cerium source, MMO nano-
structures have been prepared by reaction with NaN3 through a photochemical 
two-stage synthetic pathway. The  thoroughly mixed reaction mixture was then 
subjected to light irradiation (40 W) for 300 minutes. Agglomeration of the so-
formed CeO2 nanoparticles could be controlled effectively by lowering the 
precursor concentration. Finally, the hybrids were prepared by exposing ceria with 
the silver source in water under a dark and inert atmosphere to ultraviolet light for 
various durations.

Other ceria-based MMO nanostructures such as Pt/CeO2 were also prepared by 
simple photochemical synthesis of highly dispersed Pt nanoparticles on porous CeO2 
nanofibers for the water–gas shift reaction as reported by P. Lu et al. (2015).

8.5  CO-PRECIPITATION METHOD

8.5.1 O utline

In  chemistry, co-precipitation is the process in which salting out of a substance, 
which is normally soluble under the conditions employed, occurs (Cocero et  al. 
2009). This simple method is most effective for binary precipitation from the reac-
tion mixture. As a result, it can be used to prepare multicomponent MMO or metal 
oxide–metal oxide catalysts. Co-precipitation method is reported to be useful for 
engineering well-known metal oxide systems such as Al2O3, SiO2, TiO2, ZrO2, and 
so on in bulk quantities. A simple schematic diagram outlining the co-precipitation-
based technique is shown in Figure 8.9 (Theiss, Ayoko, and Frost 2016).
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8.5.2 M etal–TiO2-Based Systems

M. Bellardita et al. reported the preparation of TiO2 nanoparticles doped with metal 
ions, particularly rare earths (Ce, Co, Eu, Sm, W, and Yb), by co-precipitation to 
enhance the photocatalytic activity under visible light irradiation in both powder 
and film form (Bellardita et al. 2007). For powder sample, hydrolysis reaction of 
aqueous TiCl4 was carried out at room temperature to get milky white TiO2 disper-
sion. For metal ion loading, the salt or the oxide of the metal (CeO2, CoCl2·6H2O, 
Na2WO4·2H2O, Sm2O3, Yb2O3, and Eu2O3) desired was added to the as-prepared 
solution of TiO2 and boiled for 2 h. In order to compare the photocatalytic activ-
ity, films of TiO2 with metal ions were prepared by a simple two-step dip-coating 
method using the same precursors as those used for powder samples. The samples 
loaded with W and Sm showed better photocatalytic activity under UV illumina-
tion than bare TiO2. With visible light, Co-doped system showed superior activity 
among all.

Many other research groups have investigated metal ion-doped TiO2 nanostruc-
tures for various applications by co-precipitation method. Y. Li et al. reported the 
preparation of TiO2 photocatalysts doped with alkaline-earth metal ions (Be2+, Mg2+, 
Ca2+, Sr2+, and Ba2+) by combining the impregnation and co-precipitation methods 
for photocatalytic hydrogen production (Li et al. 2007). T.J. Kemp et al. reported the 
influence of transition metal (V, Mo, and W)-doped titanium (IV) dioxide prepared 
by co-precipitation method on the photo-degradation of polystyrene and poly(vinyl 
chloride) (Kemp and McIntyre 2006a, Kemp and McIntyre 2006b). M. Haruta et al. 
have done numerous works on metal-doped metal oxide systems, specifically on 
TiO2, for various applications. In one such work, they have shown that gold can be 
highly dispersed on a variety of metal oxides by co-precipitation and deposition–
precipitation followed by calcination for use as catalysts for CO oxidation (1993). 
They have also shown that Au displays very high catalytic activity, comparable with 
that of a conventional Cu/ZnO/Al2O3 catalyst. This was found to be true for both 
forward and reverse water–gas shift reactions at a lower temperature (Sakurai et al. 
1997). In another pioneering work, they have compared the catalysis of MMOs with 
a variety of metal oxides (Haruta 1997). J. Moon et al. have explored the possibil-
ity of applying Sb-doped TiO2 nanostructures prepared by co-precipitation method for 

FIGURE 8.9  Schematic diagram showing the co-precipitation-assisted nanoparticles for-
mation. (© 2013 Royal Society of Chemistry.)
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photocatalysis (2001). K. Ranjit et al. reported the use of Fe-doped TiO2 catalysts 
prepared via co-precipitation for photocatalysis (Ranjit and Viswanathan 1997).

8.5.3 M etal–ZnO Systems

V. Gandhi et  al. reported the effect of Co doping on structural, optical, and mag-
netic properties of ZnO nanoparticles prepared via co-precipitation method (2014). 
ZnO nanoparticles were prepared initially by alkaline hydrolysis of zinc acetate 
(Figure 8.10a). For the preparation of Co-doped ZnO, the precipitation was done from 
a mixture of cobalt acetate and aqueous Zn precursor. A  series of Co-doped ZnO 
nanoparticles were synthesized with different Co loading levels (Zn1−xCoxO, where x = 
0.05, 0.10, and 0.15) (Figure 8.10b–d). Diamagnetic behavior of pure ZnO was changed 
to ferromagnetic nature in Co-doped ZnO nanoparticles with significant changes in 
M−H loop, which was attributed to the oxygen vacancies and zinc interstitials.

In addition, across the scientific world, people have put much effort into cou-
pling various metal ions with ZnO systems for achieving desired properties and 
applications. M. Mukhtar et al. reported the co-precipitation synthesis and charac-
terization of copper-doped nanocrystalline ZnO nanoparticles (Mukhtar, Munisa, 
and Saleh 2012). T. Thangeeswari et  al. accounted co-precipitation method for 

FIGURE 8.10  Morphology of (a) ZnO, (b) Zn0.95Co0.05O, (c) Zn0.90Co0.10O, and (d) Zn0.85Co0.15O 
nanoparticles. (© 2014 American Chemical Society.)
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obtaining Ni, Pb, and Cu-doped ZnO nanoparticles with emphasis on the struc-
tural and luminescence properties. P.G. Devi et al. reported the optical properties 
of ZnO and Co-doped ZnO nanoparticles prepared by the co-precipitation method 
(Thangeeswari, Velmurugan, and Priya 2014). Structural, optical, and magnetic 
properties of Ni-doped ZnO synthesized by co-precipitation method were reported 
by A.A. Gadalla et al. (2017).

8.5.4 M etal–MgO-Based Systems

The co-precipitation route was employed for the preparation of Ni-MgO hybrid MMO 
catalysts, and Y.-G. Chen et al. studied their catalytic performance for CO2 reforming 
of methane. Ni ion loaded MgO solid solution catalysts (NixMg1–xO) were prepared by 
co-precipitating nickel acetate and magnesium nitrate aqueous solutions with the aid 
of potassium carbonate. They have prepared a series of catalysts with varying amounts 
of Ni (5, 10, and 15 wt%). For comparative study, MgO-supported Ni metal catalysts 
(Ni/MgO) were prepared by impregnation. NixMg1–xO samples showed higher resis-
tance to carbon formation and excellent anticoking performance than Ni/MgO.

Al-Fatesh et al. investigated methane decomposition on Fe/MgO-based catalyst 
prepared by co-precipitation with Ni, Co, and Mn as additives (2017).

8.5.5 M etal–WO3-Based Systems

S. Upadhyay et al. (2014) prepared nanostructures of WO3 blended with Sn via co-
precipitation. The doped hybrids synthesized from chloride salt of Sn and Na2WO4 
were employed for sensor applications. At the outset, stannic tetrachloride was added 
to metallic tungsten in dilute HNO3. The  aforementioned mixture was stirred at 
room temperature for 48 h followed by ageing for 20 h. The alcohol response char-
acteristics of the samples were found to have a linear relationship with the amount of 
Sn in the hybrid. Sensing tests were extended for a series of alcohols to understand 
their range and activity (propan-2-ol, ethanol, methanol, etc.).

W. Dedsuksophon et al. reported the synthesis of a hybrid catalyst (Pd/WO3-ZrO2) 
employing co-precipitation technique and utilized it for a series of catalytic organic 
reactions on lignocellulosic biomass and its derivatives which include hydrolyzation, 
dehydration, aldol condensation, and hydrogenation (2011). In  another study using 
metal–WO3-based systems prepared by co-precipitation, C. Pang et al. reported the effect 
of V-doped WO3 nanoparticles on the inhibition of tungsten particle growth during hydro-
gen reduction (2010). S. Vives et al. reported the sol–gel-coupled co-precipitation method 
for the preparation and characterization of zirconia–tungsten composite powders (1999). 
T. Kodama et  al. studied the thermochemical reforming of methane using a reactive 
WO3/W redox system prepared by the co-precipitation method (2000).

8.5.6 M etal–CeO2-Based Systems

I. Luisetto et  al. reported the surfactant-assisted co-precipitation synthesis of 
Co, Ni, or Co/Ni-incorporated CeO2 hybrid materials for catalytic applications 
(Luisetto, Tuti, and Di Bartolomeo 2012). The catalysts were prepared by mixing 
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the nitrate salts of Ce, Co, and Ni with ionic surfactant (cetyl trimethyl ammonium 
bromide) at an elevated temperature of 100ºC while maintaining the pH at 10 with 
the addition of triethylamine. The hydroxide precipitate thus formed was kept for 
ageing for 20 h followed by thorough washing, drying, and annealing. The load-
ing amount was varied by varying the nature and concentration of doped samples. 
The bimetallic Co-Ni/CeO2 catalyst showed higher CH4 conversion and sensing 
activity in comparison with other monometallic systems at the temperature range 
of 600°C–800°C.

D.J. Guo et al. reported a novel co-precipitation method for the preparation of 
Pt-doped CeO2 composites on multiwalled carbon nanotubes for direct methanol fuel 
cell applications (Guo and Jing 2010). W. Luhui et  al. reported the effect of pre-
cipitants on Ni-CeO2 catalysts for the reverse water–gas shift reaction (2013). Y. Li 
et al. described the hydrogen production from methane decomposition over Ni-CeO2 
catalysts prepared by co-precipitation coupled with impregnation method (2006).

In addition, there are other MMO-based systems for various applications synthe-
sized by co-precipitation pathway. M.A. Marselin et al. reported the co-precipitation 
synthesis of Co-doped NiO (Marselin and Jaya 2014). J. Liu et al. reported Pd/Fe3O4 
catalyst prepared by co-precipitation method for aqueous-phase reforming of ethyl-
ene glycol to hydrogen (2010).

8.6  SONOCHEMICAL SYNTHESIS

8.6.1 P reface

Sonochemistry is the application of ultrasound to chemical reactions. In  this 
method, agitation of materials in a medium is achieved by sound energy in terms of 
ultrasonic frequencies, and it can be used in various fields depending on its require-
ment. Acoustic cavitation is the phenomenon that causes the sonochemical effects 
in liquids. A  number of studies have used the ultrasound-assisted physical and 
chemical effects generated by acoustic cavitation for synthesizing nanomaterials 
and for degradation of organic pollutants in last decade. Figure 8.11 demonstrates 
the nanoparticle formation by sonochemical method typically for an Sn-C system 
(Kumar et al. 2016).

8.6.2 M etal–TiO2-Based Systems

K. Cheng et  al. reported selective growth of gold nanoparticles by sonochemical 
pathway on single crystals of titanium dioxide in anatase phase (Figure 8.12) and 
their resulting photocatalytic performance (2013). At the outset, TiO2 nanoparticles 
with different facets were synthesized using the precursors TiOSO4 and Hydrofluoric 
acid (HF) by hydrothermal technique followed by annealing. Both the TiO2 samples 
with (101) and (001) orientation were subjected to sonochemical deposition of gold 
precursor for ~0.33 h to prepare hybrid samples at ambient conditions. The crystal 
plane orientation was found to have a crucial role in the plasmon-assisted photocata-
lytic activity of the hybrid samples, and among the two catalysts, Au/TiO2 (001) is 
shown to have better activity toward the degradation of 2,4-dichlorophenol.
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FIGURE 8.11  Schematic diagram showing the formation of Sn@C nanoparticles. (© 2016 
Royal Society of Chemistry.)

FIGURE  8.12  FESEM images of (a) Au/TiO2 (101) and (b) Au/TiO2 (001) and their 
individual crystals (right). (© 2013 American Chemical Society.)
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Metal-doped TiO2 has been reported by other research groups as well for various 
applications accounted in Table 8.6.

8.6.3 M etal–ZnO-Based Systems

O. Yayapao et al. reported the synthesis, concentration effect, morphology, optical 
properties, and photocatalytic activities of Dy-doped ZnO nanostructures by a 
sonochemical method (2013b). For the preparation of hybrid sample in a one-step 
process with varying amounts of doping (0%–3%), zinc nitrate hexahydrate and 
dysprosium nitrate hexahydrate were mixed vigorously in water followed by the 
addition of ammonium hydroxide until the pH  was 9.5. The  colorless solutions 
obtained were processed in 35 kHz ultrasonic bath at 80°C for 5 h. In the end, the 
precipitate collected of hybrid nanorods was found to have a hexagonal wurtzite 
structure. The photocatalytic activities of the as-synthesized products were tested 
for the degradation of methylene blue, and 3% Dy-doped ZnO showed the highest 
photocatalytic activity.

L.B. Arruda et al. reported the sonochemical synthesis and magnetism of Co-doped 
ZnO nanoparticles (2013). O. Yayapao et al. reported the sonochemical synthesis, 
photocatalysis, and photonic properties of 3% Ce-doped ZnO nano-needles. (2013a). 
X. Lu et al. studied ZnO nanoparticles incorporated with magnesium prepared by 
sonochemical pathway and found that hybrid nanoparticles exhibited excellent pho-
tocatalytic behavior in comparison with bare ZnO nanoparticles (2011). In another 
exciting work, H.M. Xiong et  al. presented the sonochemical synthesis of highly 
luminescent zinc oxide nanoparticles doped with Mg (2009).

8.6.4 M etal–ZrO2-Based Systems

Y. Wang et  al. reported the layered and hexagonal mesostructures of yttrium–
zirconium oxides synthesized via sonochemical method (2001a). In  a typical 
synthesis of hybrid nanoparticles, Y2O3 was dissolved in HNO3 and heated until 
dry followed by the addition of water, ZrO(NO3)2, sodium dodecyl sulfate (surfac-
tant templating agent), and urea (precipitant agent), keeping the pH at about 4.5, 
and then this mixture was kept for sonication at room temperature for 9.5, 3, and 
6 h using a high-intensity ultrasonic probe. The  surface areas of the hexagonal 

TABLE 8.6
Metal-TiO2 Nanostructures Prepared by Sonochemical Route

No. System Method Application References

1 Ru-TiO2 Sonochemical Catalysis N. Perkas et al. (2005, 2006)

2 Au-TiO2 Sonochemical Photocatalysis Anandan and Ashokkumar (2009)

3 (Pt, Au and Pd)-TiO2 Sonochemical Photocatalysis Y. Mizukoshi et al. (2007)

4 Fe and N-TiO2 TiO2 Sonochemical Photocatalysis T.-H. Kim et al. (2013)

5 Au-TiO2 Sonochemical Photocatalysis D. Yang et al. (2009)
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mesostructures were found to be 98 and 245 m2g−1 before and after extraction with 
sodium acetate. In another report, they have explained the synthesis of yttrium–
zirconium oxides via sonochemical method using different precursors (Wang et al. 
2001b). The possibility of development of Pt (or Pd, sonochemically synthesized 
nanoparticles)-impregnated zirconia nano-aggregates (20–45 nm) was investigated 
by O. Vasylkiv et al. (2004).

8.6.5 O ther MMO Systems

In addition to these systems, several other metal oxide systems have been explored 
for anchoring with metals for tuning their properties toward various applications. 
In a typical work, Y. Yao et  al. reported the AgNP-sensitized WO3 hollow nano-
spheres fabricated via a simple sonochemical synthesis route for localized surface 
plasmon-enhanced gas sensors (2016). N. Perkas et al. reported a Pt/CeO2 hybrid 
prepared via sonochemical route and its application as a catalyst in ethyl acetate 
combustion (2006). E. Malka et al. reported the simultaneous synthesis and deposi-
tion of Zn-doped CuO nanocomposite on cotton fabric using ultrasound irradiation 
for the eradication of multidrug-resistant bacteria (2013).

8.7  MICROWAVE SYNTHESIS

8.7.1 O utline

Microwave-assisted synthesis is a novel method and a very rapidly developing area 
of research (Zhu and Chen 2014). The microwave-synthesized materials include a 
wide variety of solids that are of industrial and technological significance (Bilecka 
and Niederberger 2010). Microwave method is attractive due to advantages such as 
swiftness, cleanliness, and cost-effectiveness in comparison with the existing well-
known techniques. Resonance and relaxation are the two probable pathways of 
energy conveyance happening during microwave irradiation of the materials causing 
uniform rise in temperature/heating. Only a narrow frequency window, centered at 
900 MHz and 2.45 GHz, is allowed for microwave heating purposes. Synthesis via 
microwave irradiation also results in a shortening of reaction interval, decreased 
particle volume, smaller window for size classification, and product formation with 
high selectivity (Rao et al. 1999, Singh et al. 2017).

8.7.2 M etal–TiO2-Based Systems

K. Esquivel et al. (2013) have reported the microwave-mediated synthesis of a series 
of titanium dioxide-based systems. These TiO2 photocatalysts were employed for 
the photodegradation of dyes (methyl red) at ambient conditions with the usage 
of the ultraviolet component of light source. For  the preparation of bare titanium 
dioxide nanostructures, tetraisopropyl titanate precursor in propan-2-ol was used. 
The iron precursor, FeSO4·7H2O, was used for obtaining Fe-modified TiO2 samples, 
and thiourea was used for obtaining S-loaded TiO2 samples. Sols obtained after 
the dissolution of respective precursors in aqueous medium were heated using a 
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microwave reaction system. Crystalline, chemical, and electronic characteristics of 
TiO2 were found to be heavily dependent on the dopant type, Fe and S ions, and also 
the temperature and duration of reaction under microwave irradiation.

Nanostructured metals (Sn, Cu, and Ni)-doped TiO2 were synthesized by micro-
wave irradiation method as reported by J. Maragatha et al. (2017). TiOCl2 was added 
to the transition metal precursors (stannous chloride dihydrate, copper acetate mono-
hydrate, nickel (II) acetate tetrahydrate), and TiO2 and metal-doped TiO2 powders 
were formed when microwave irradiation was passed through the solution with the 
frequency of 2.45 GHz at 160 W. Further, decomposition of the methylene blue dye 
under UV light irradiation was studied using the prepared pure TiO2 and metal (Sn, 
Cu, and Ni)-doped TiO2 photocatalyst.

Q. Xiang et al. reported a template-free synthesis of Ag on TiO2 hollow spheres 
under microwave–hydrothermal conditions that induce self-transformation chemi-
cally (2010).

8.7.3 M etal–ZnO-Based Systems

A one-pot route for the synthesis of Au-ZnO nanopyramids using microwave irra-
diation involving stepwise homogeneous and heterogeneous nucleation was reported 
by N.P. Herring et al. (2011) Two methods were used for the preparation of Au-ZnO 
nanoparticles. In the first method, HAuCl4 was added to anhydrous zinc acetate in a 
mixture of oleic acid and oleylamine, whereas in the second method, preformed gold 
nanoparticles were added to the above reaction mixture. The reaction mixtures were 
microwave-treated continuously for different reaction times. Nanopyramids of hex-
agonal ZnO were formed upon rapid decomposition of zinc acetate precursor when 
subjected to microwave exposure assisted by the surfactant mixtures mentioned 
above. In both cases of ZnO nanopyramid formation, in situ-present Au nanocrystals 
governed the growth of former by acting as nuclei growth sites.

One-step, room-temperature microwave synthesis method for the preparation of 
M-doped ZnO, where M = Co, Cr, Fe, Mn, and Ni, was reported by G. Glaspell et al. 
(2005). Microwave synthesis was performed using zinc nitrate solution as Zn precur-
sor and nitrates of desired transition metal as dopant precursors. Magnetic studies 
of the as-synthesized samples were performed, which revealed paramagnetic nature 
(Glaspell, Dutta, and Manivannan 2005).

C. Karunakaran et al. reported the synthesis of nanocrystalline ZnO and Ag-ZnO 
via microwave method and studied the electronic, optical, photocatalytic, and bac-
tericidal properties of the samples (Karunakaran, Rajeswari, and Gomathisankar 
2011). One-step microwave synthesis of Ag-ZnO nanocomposite was also reported 
in the work by F. Sun et al., in which photocatalytic performance of the Ag-ZnO 
nanocomposites with different Ag contents was systematically studied (2012).

8.7.4 M etal–WO3-Based Systems

The  preparation of manganese (Mn)-doped tungsten oxide (WO3) nanoparticles 
by a simple, one-step microwave irradiation method was reported by M. Karthik 
et al. for the first time (2017). H2WO4 and MnCl2·4H2O were used as precursors, and 
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nanoparticles were prepared by microwave irradiation method without any postan-
nealing treatment. The  paper demonstrates for the first time the Mn-doped WO3 
nanoparticles as excellent candidates for supercapacitor applications. The  authors 
discuss the synergetic effect of Mn-doped WO3 nanoparticles and their crucial role 
in the enhancement of electrochemical behavior and also the possibility of use of 
these materials in supercapacitor and other energy storage devices.

J. Ye et al. reported pyrolysis using microwave for synthesis of WO3-C hybrid 
materials (2010). Ammonium tungstate was used as a precursor, and Pt nanoparti-
cles were interfaced with WO3-C by microwave-assisted polyol process. The authors 
attribute improved synergistic properties of the composite as the reason for superior 
electrochemical performance of Pt/WO3-C catalyst aided by heat treatment.

C. Yang et al. (2012) briefed a microwave-governed microemulsion-mediated 
growth of platinum on WO3 nanoparticles supported on a carbon frame-
work. After microwave deposition of tungsten oxide nanoparticles on carbon, 
Pt decoration was performed utilizing chloroplatinic acid in a microemulsion. 
The  enhanced catalytic behavior of the composite in carbon monoxide oxida-
tion as well as H2 spillover and its mechanistic aspects were discussed in detail 
stressing the crucial role of physiochemical refinement of WO3 nanoparticles 
observed by anchoring of Pt.

8.7.5 M etal–Al2O3-Based Systems

W. Wong et al. reported an innovative microwave-assisted rapid sintering technique 
for the synthesis of magnesium composites reinforced with Al2O3 particulates using 
powder metallurgy (Wong, Karthik, and Gupta 2005b, a). Pure magnesium pow-
der and submicron Al2O3 powder were uniaxially compacted to billets, which were 
further sintered using microwave-assisted rapid sintering technique. SiC was used 
as the microwave susceptor material, which absorbed microwave energy readily and 
thus, assisted rapid external heating of the billet while the compacted billet was 
also heated from within by absorption of microwave. The  authors mentioned the 
improvement in mechanical properties as a result of the presence of alumina particu-
lates in the composite formulations thus obtained.

8.7.6 M etal–NiO-Based Systems

Parada and Morán (2006) have reported synthesis of Ni/NiO nanoparticles from two 
different Ni sources (nickel (II) di-acetate and nickel (II) di-formate) by subjecting 
to microwave exposure. Nickel salts and carbon black were ground hard to obtain a 
fine powder, and uniform pellets were fabricated and further processed under micro-
wave for different reaction times. The  acetate led to the formation of core–shell 
composites, whereas the formate salt of Ni produced reverse nanostructure to that 
of the former. Electronic structure and bonding nature influenced the formation of 
contrastingly behaving nanostructures. Magnetic behavior of the two precursors had 
significant influence, as the acetate counterpart gave rise to antiferromagnetic oxide 
leading to the formation of Ni with ferromagnetic nature while formate expressed 
ferromagnetic nature permanently.
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Synthesis of Ni/NiO composite via microwave was also reported by O. Palchik 
et al. (1999), wherein amorphous Ni nanoparticles were used as the precursor and 
oxygen as the oxidizing agent. A glass reactor containing the alumina boat was used 
to place the nickel precursors, and subsequently, microwave irradiation was carried 
out with a continuous flow of gas. Nickel nanostructures in amorphous phase were 
formed by microwave method coupled with sonochemical reaction, whereas NiO 
nanostructures were grown when the reaction was carried out in ambient condition/
gaseous O2. The above study can be adopted as a general method for preparing core–
shell nanostructures. More importantly, both parts (core and shell) can be tuned 
without affecting the size of nanostructure.

8.8  CONCLUDING REMARKS

In the above narration, major chemical approaches toward the synthesis of MMO 
hybrid nanostructures are covered. Synthesis of desired morphology of metal 
oxides by any of the abovementioned methods followed by in  situ anchoring of 
metal nanoparticles is the most popular route for achieving a good physical inter-
face between the two constituents and subsequent improvement in properties. 
Simultaneous incorporation of both components is preferred when metal ion dop-
ing has to be achieved in controlled concentrations. Among the various methods 
described, hydrothermal approach is widely used for synthesizing metal oxides 
and MMO hybrids as the higher temperatures and pressures achieved in the sealed 
vessel can generate highly crystalline and kinetically controlled or thermodynami-
cally stable forms by a simple tailoring using surfactants or other reaction param-
eters, and advantageously, requires only lower input energy. Lately, microwave 
method is fast becoming popular for synthesis of various nanoarchitectures of even 
complex oxides with multicomponents due to the extremely rapid reaction times 
and larger yield. An understanding of the role of various reagents under microwave 
irradiation may aid toward better control of the nanostructure morphology and 
growth.
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9 Inorganic 
One-Dimensional 
Nanomaterials for 
Supercapacitor 
Electrode Applications

K. K. Purushothaman, B. Saravanakumar, 
and B. Sethuraman

9.1  INTRODUCTION

Over the past decades, energy demand has increased rapidly due to increase in popu-
lation, vehicles, and electrical energy-based appliances. In general, the energy pro-
duction relies mostly on the combustion of fossil fuels and their lesser availability. 
However, the environmental impact of using fossil fuels is driving the researchers to 
develop renewable and highly efficient methods for energy conversion/storage with-
out any impact on the environment. Conversion of energy from renewable resources 
depends on the availability of resources during different seasons. This issue forced the 
researchers to think about the advanced energy storage devices. Among the various 
energy storage devices, electrochemical energy storage (EES) devices including bat-
teries and supercapacitors have attracted the researchers due to their high efficiency 
and versatility [1].
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Electrochemical capacitors are also called supercapacitors (SCs), ultracapaci-
tors, power capacitors, gold capacitors, and power caches. Higher power density of 
SCs made them available for the applications reserved for batteries. Environmental-
friendly nature, safety, and light weights are other advantages of SCs. The  most 
significant feature of SCs is the ability to charge and discharge in seconds continu-
ously without degradation [1,2]. Recently, hybrid energy storage systems, i.e., SCs 
coupled with other energy devices such as batteries and fuel cells, are focused in 
order to increase the overall energy efficiency of a system. SCs in a hybrid system 
can handle the peak power demands and recover the energy during braking. These 
interesting features have created a great interest toward the applications of SCs in the 
consumer electronics, heavy electric vehicles, and industrial power management [3].

The overall performance of an energy storage device depends on the energy den-
sity and power density. The electrochemical characteristics of batteries, SCs, and 
conventional capacitors are presented in Table 9.1. SCs stand between batteries and 
conventional solid-state/electrolytic capacitors [4].

Notably, SCs are considered as alternative candidates for batteries due to superior 
operating lifetime, ultrafast charging–discharging rates and high power densities, 
very less maintenance, and so on [5–7], but SCs suffer with lower energy density due 
to the storage of charges at the electrode surface and not in an entire electrode [8].

SCs are classified into two major classes based on their charge storage mecha-
nism. They  are electric double-layer capacitors (EDLCs) and pseudocapacitors. 
The storage of energy in EDLCs is based on the separation of charge between elec-
trode and electrolyte, i.e., reversible adsorption of ions from an electrolyte onto elec-
trodes. The EDLCs use high-surface area carbon-based materials such as carbon 
nanotubes, activated carbon, graphene, and porous carbon as electrodes [1,9]. EDLC 
exhibits excellent cyclic stability and long service lifetime because there is no chemi-
cal change in the electrode material during charge/discharge processes. Lifetime is 
measured in hundreds of thousands to millions of cycles, whereas batteries have 
hundreds or thousands of cycles. Electrode materials of EDLC are inexpensive and 
have good resistance to corrosion. EDLC displays higher power density and lower 
capacitance. Pseudocapacitors/SCs are different from EDLCs, as pseudocapacitance 
arises due to the reversible surface redox reactions [1,10], i.e., valance electrons of 

TABLE 9.1
Comparison of the Characteristics of Batteries, Supercapacitors, and 
Conventional Capacitors

Electrochemical Parameters Batteries Supercapacitors Capacitors

Specific energy (Wh kg−1) 10–100 1–10 <0.1

Charging time 1 < t < 5 hr 1–30 s 10−3 < t < 10−6 s
Discharging time t > 0.3 h 1–30 s 10−3 < t < 10−6 s
Lifetime (cycles) 1000 106 106

Specific power (W kg−1) <1000 10,000 106

Charge/discharge efficiency 0.7–0.85 0.85–0.98 >0.95
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electroactive materials are transformed across the electrode/electrolyte interface. 
The  pseudocapacitors employ transition metal oxides (RuO2, Co3O4, MnO2, Ni, 
etc.) and conducting polymers (polyaniline (PANI), polypyrrole (PPy), Poly(3,4-
ethylenedioxythiophene) (PEDOT), etc.) as the electrode materials.

Pseudocapacitors exhibit higher capacitance and energy density than EDLCs. 
The Faradic supercapacitor (FS) exhibits higher capacitance than the electrostatic 
capacitance but lower power density and lack of stability as surface redox reaction 
during cyclic process hinders its commercial applications. Supercapacitor pos-
sesses two electrodes sandwiched between a porous separator; both are impreg-
nated in the electrolyte (Figure 9.1).

The  electrochemical capacitors mainly depend on the nature of the electrode 
material. Hence, there is an urgent need to fully understand the properties of 
electrode materials. Development of new cost-effective electrode materials, with 
increased efficiency and durability, will make a significant impact on supercapacitor 
research. In this regard, nanostructured materials are put forward due to their great 
advantages [7,8,11]. Reduced dimension of the electrode materials can increase the 
electrode/electrolyte contact area, resulting in more ion adsorption sites and better 
charge transfer reactions. Innovative morphologies and porosity of the nanostruc-
tured materials play a vital role in deciding the diffusion time of ions and charge/
discharge rate capability. Porous electrode material maximizes ion-accessible area, 
and hence, the kinetics of electrode/electrolyte reactions is sufficiently fast over the 
electrode surface. The confinement of the material displays the tolerance to strain 
and structural distortion when the material undergoes many cycles at high current 
rates [12–15].

Among other kinds of electrode materials, transition metal oxides (TMOs) with 
nanostructure attracted the attention of the researchers. TMOs are classified as either 
noble or base metal oxides. Noble metal oxides, such as RuO2, IrO2, and so on, 
exhibit good conductivity and excellent power densities; however, their high cost and 
harmful effect on the environment have limited their industrial applications in SCs. 

FIGURE 9.1  Schematic view of a supercapacitor device.
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Base metal oxides, such as MnO2, Co3O4, NiO, CuO, and so on, are attractive materi-
als for SC applications due to high theoretical capacitance, availability, environmen-
tal compatibility, and low cost [16].

Various nanostructures from 0 to 3D have been synthesized and analyzed for 
supercapacitor electrode application. Among other dimensions, 1D materials 
have attracted great attention due to their excellent physical–chemical proper-
ties and great potential in various applications. In  energy storage devices, 1D 
nanostructures may provide direct current pathways, lower the charge/discharge 
time, shorten the ion diffusion distance, increase the contact area of electrode 
and electrolyte, accommodate volume expansion, and limit the mechanical deg-
radation. Typical 1D nanostructure includes nanorods, nanowires, nanotubes, and 
nanobelts [17–20]. Furthermore, 1D heterostructures consist of multiple compo-
nents with core–shell structure, branched nanowires, array structure, and hol-
low nanostructure  [21–23]. In  this chapter, supercapacitor features like specific 
capacitance, energy density, power density, rate capability, cyclic stability, and 
electrochemical impedance of various inorganic 1D transition metal oxide nano-
structures are discussed.

9.2  INORGANIC ONE-DIMENSIONAL METAL OXIDES

9.2.1 N ickel Oxide-Based SC Electrodes

Nickel oxide (NiO) is used for various applications such as electrochromics, 
catalysis, chemical sensors, and electrochemical energy storage systems  [24–26]. 
The outstanding theoretical capacitance (3750 Fg−1 within 0.5 V) with fast revers-
ible oxidation/reduction reaction between Ni2+ and Ni3+ made nickel oxide as an 
interesting candidate for supercapacitor electrode application. However, poor elec-
trical conductivity and low accessible area result in lower capacitance  [27–29]. 
For instance, Cao et al. [30] reported the preparation of porous NiO nanotube arrays 
on nickel foam using ZnO nanorod as template. The NiO nanotube arrays exhib-
ited a maximum specific capacitance of 675 Fg−1 at a constant current density of 
2 Ag−1 with good cyclic stability of 93.2% after 10,000 cycles. The NiO nanorods 
were successfully grown by Kannan et al. [31] using oblique angle deposition tech-
nique in an electron beam evaporator method. The NiO rods prepared at the angle 
of 75° showed highest specific capacitance of 344 Fg−1 with the energy and power 
density of 8.78 Wh kg−1 and 2.5 kW kg−1, respectively, in the 2 M KOH electrolyte 
within the potential range of 0–0.5 V. The  electrode revealed very good electro-
chemical stability without any degradation even after 5000 cycles. The NiO nano-
fibers were prepared through sol–gel-based electrospinning method by Kolathodi 
et al. [32]. The nanofibers exhibited the specific capacitance of 248 Fg−1 at 1 Ag−1 in 
the 6 M KOH electrolyte. They fabricated asymmetric supercapacitors and reported 
the gravimetric capacitance of 141 Fg−1, energy density of 43.75 Wh kg−1, and power 
density of 7.5 kW kg−1 in the potential range of 0–1.5 V. This device retained 93% of 
initial capacitance after 5000 cycles.

Porous NiO nanofibers (average diameter of 280–400  nm) were synthesized 
by Kundu et  al. using electrospinning method on Ni foam current collector  [33]. 
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The binder-free electrode exhibited the specific capacitance of 737, 731, 679, 626, 
591, and 570 Fg−1 at the current densities of 2, 5, 10, 20, 30, and 40 Ag−1, respectively. 
The NiO nanofibers exhibited the charge transfer resistance of 0.9 Ω with the energy 
density of 13.8 Wh Kg−1 and the power density of 7.6 kW kg−1. The formation of NiO 
nanotubes due to the self-assembly of nanosheets via template-free solvothermal 
method was reported by Liu et al. [34]. As-synthesized nanotubes had the length of 
2–4 µm with an internal tubular diameter of 350 nm. These NiO nanotubes showed 
the specific capacitance of 919, 891, 813, 761, and 658 Fg−1 at 1, 2, 3, 5, and 10 only 
Ag−1 respectively. The material displayed 5.3% of capacitance loss after 2000 cycles. 
NiO nanorods were prepared on indium tin oxide thin films by hot filament metal 
oxide vapor deposition technique and tested for supercapacitor electrode application 
by Patil et al. [35]. The nanorods had the width of 100 nm and length of 500 nm, 
which exhibited the specific capacitance of 230 Fg−1 at 3 Ag−1.

One-dimensional core–shell Ni/NiO nanoarchitecture electrode exhibited the 
specific capacitance of 717 Fg−1 and 1635 Fg−1 after hydrogenation [36]. The pres-
ence of hydroxyl groups on the NiO surface enhanced the specific capacitance, and 
the metallic Ni nanowire core improved the electron conduction to the current col-
lector. The electrode exhibited the energy density of 49.35 Wh kg−1 and power den-
sity of 7.9 kW kg−1 at a current density of 15.1 Ag−1. The charge transfer resistance 
reduced from 1.004 to 0.444 Ω after hydrogenation. There was 5.2% of capacitance 
loss after 1200 cycles. Ribbon-like NiO nanostructure was synthesized using meso-
porous carbon as hard template by Yao et al. [37], which exhibited the maximum 
specific capacitance of 1260 Fg−1 at a current density of 1 Ag−1 and 748 Fg−1 even at 
a higher current density of 20 Ag−1. This electrode retained 95% of the capacitance 
after 5000 cycles.

Ni(OH)2 nanobelts were synthesized via hydrothermal method, and in the second 
step, gold nanoparticles were decorated into NiO nanobelts using ultrasonification 
followed by heat treatment at 500°C [38]. The effect of amount of gold nanoparticles 
(0–17.38 wt%) on the supercapacitor behavior of NiO nanobelts has been studied. 
The maximum specific capacitance of 597 Fg−1 was obtained for the NiO nanobelt 
with 1.54 wt% of Au content. Interestingly, this nanobelt-based asymmetric device 
exhibited the energy density of 18 Wh kg−1 with the capacitance retention of 84% 
after 22,000 cycles. To enhance the electrical conductivity, one-dimensional coaxial 
architecture composed of silver nanowire as core and Ni(OH)2 as shell has been syn-
thesized [39]. The core–shell structure showed the specific capacitance of 1165.2 Fg−1 
at a current density of 3 Ag−1 with the capacity retention of 93% after 3000 cycles.

NiO hollow nanofibers were synthesized using electrospun poly (amic acid) nano-
fiber templates through ion exchange process and subsequent thermal annealing by 
Zhang et al.  [40]. Nanofibers possessed the BET surface area of 117.1 m2g−1 with 
a pore volume of 0.66 m3g−1. The nanofibers exhibited the specific capacitance of 
700 Fg−1 at a discharge current of 2 Ag−1 with 96% capacity retention after 5000 cycles 
at a current density of 5 Ag−1 and 80% capacitance was retained when current density 
was increased from 1 to 5 Ag−1 in the 0–0.4 V window. The electrospinning process 
has been used to synthesize citric acid-modified NiO nanofibers [41]. The BET sur-
face area increased from 115.8 to 212.1 m2g−1 after citric acid modification. The cal-
culated specific capacitance was 336, 258, and 181 Fg−1 at current densities of 5, 10, 
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and 20 mA cm−2, respectively, in the potential window of 0–0.45 V in 6 M KOH 
electrolyte. This electrode showed the charge transfer resistance of 0.23 Ω. The ini-
tial capacitance decreased by 13% after 1000 cycles. The NiO nanowires with the 
diameter of 50–70 nm containing densely packed cuboidal grains (10–20 nm) were 
fabricated using electrospinning method by Vidhyadharan et al. [42]. The CV analy-
sis showed the specific capacitance of 746 Fg−1 at the scan rate of 1 mV s−1 in the 6 M 
KOH electrolyte in potential range of 0–0.5 V. The charge/discharge measurement 
revealed the specific capacitance of 670  Fg−1 with 100% retention of capacitance 
after 1000 cycles and 98% columbic efficiency. The impedance analysis showed the 
charge transfer resistance of 0.45 Ω and relaxation time of 43 ms.

Mesoporous NiO nanobelts prepared by Wang et al.  [43] exhibited the specific 
capacitance of 735, 675, 576, 478, 348, and 183 Fg−1 at the scan rate of 1, 2, 5, 10, 20, 
and 50 m Vs−1, respectively. This electrode exhibited 600 Fg−1 even at 5 Ag−1 with 
the capacitance retention of 95% after 2000  cycles. Xiong et  al.  [44] synthesized 
different NiO hierarchical nanostructures using hydrothermal method and subse-
quent thermal decomposition. The NiO nanotubes delivered a specific capacitance 
of 405 Fg−1 at the current density of 0.5 Ag−1 and retained 91% of initial capacitance 
after 1500 charge/discharge cycles.

The NiO nanofibers were synthesized by Zang et al. [45]. The material displayed 
the specific surface area of 118 and 52 m2g−1 at 300°C and 500°C of calcination 
temperature, respectively. The NiO nanofibers showed the specific capacitance of 
884 Fg−1 and 452 Fg−1 at a current density of 0.5 Ag−1 and 20 Ag−1, respectively. 
The authors observed 13% of loss after 1000 cycles [45]. The NiCo2O4 nanorod arrays 
were synthesized using low-temperature solvothermal approach followed by post-
calcination treatment [46]. The electrode showed the specific capacitance of 440 Fg−1 
at a scan rate of 5 mV s−1. This electrode retained 94% of initial capacitance after 
2000 cycles at a current density of 8 Ag−1. A symmetrical device using this material 
exhibited the energy and power density of 12.6 Wh kg−1 and 4003 W kg−1, respec-
tively. NiCo2O4 nanorods were synthesized via solid-state reactions at room tempera-
ture followed by annealing at 300°C for 2 hrs by Zhu et al. [47]. The BET surface 
area of the nanorods was 71.646 m2g−1 with the pore size of 19 nm. The NiCo2O4 
nanorods exhibited the specific capacitance of 565 Fg−1 at a current density of 1 Ag−1.

9.2.2  Cobalt Oxide-Based SC Electrodes

Cobalt oxides are attractive pseudocapacitive electrode materials because of their 
high theoretical capacitance (3560 Fg−1) and superior electrochemical properties [48–
50]. Electron and ion transportation efficiency for charge storage in cobalt oxide 
mainly depends on surface area and morphology of electrode materials. Hence, the 
research is focused toward the synthesis of various nanostructures of cobalt oxide to 
enhance the supercapacitor performance.

Nanorod-assembled, multi-shelled Co3O4 hollow microspheres with complex 
interiors have been synthesized with the assistance of carbon spheres as hard 
templates  [51]. Thermogravimetric analysis confirmed the complete removal of 
carbon spheres and the conversion of precursors into Co3O4 after 400°C. The elec-
trochemical performance of as-prepared multi-shelled cobalt oxide has been 
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evaluated by cyclic voltammetry (CV) in 2 M KOH aqueous solution between the 
voltage window of 0 and 0.5 V at different scan rates. Multi-shelled Co3O4 hollow 
microspheres exhibited the specific capacitance of 394.4 Fg−1 at the current density 
of 2 Ag−1.

Porous NixCo3−xO4 nanowires synthesized by Wang et al. [52] displayed the spe-
cific capacitance of 1479 Fg−1 at the current density of 1 Ag−1. An asymmetric device 
was fabricated using these materials, and the electrochemical performance was eval-
uated in the potential range of 0–1.6 V. Asymmetric device displayed the specific 
capacitance of 105 Fg−1 at a current density of 3.6 mA cm−2 with an energy density 
of 37.4 Wh kg−1 and a power density of 163 W kg−1. It retained 82% of initial capaci-
tance over 3000 cycles. Wang et al. [53] synthesized a large quantity of nonporous 
Co3O4 nanorods via hydrothermal method, and the nanorods revealed the specific 
capacitance of 281 Fg−1 at a scan rate of 5 mV s−1.

Co3O4 nanofibers were prepared by Kumar et al. [54]. The N2 adsorption–desorption 
isotherm of the Co3O4 nanofibers showed type II hysteresis loop with a BET surface 
area of 67.0 m g−2. The nanofibers displayed a specific capacitance of 407 Fg−1 at 
a scan rate of 5 mV s−1 in 6 M KOH electrolyte. The material showed the capac-
ity retention of 94% after 1000 continuous charge/discharge cycles at a constant 
current density of 1 Ag−1. Deng et al. [55] prepared Co(OH)2 nanotube arrays and 
nanoporous films on Ni foam by electrochemical method. The specific capacitance 
value of the nanotubes and nanoporous films was 2500 and 2900 Fg−1, respectively, 
in the potential range of −0.2 to +0.45 V in 1 M KOH electrolyte at 27°C. These 
electrodes retained 95% and 92% of the initial capacitance, respectively, even after 
10,000 cycles.

Hierarchical Co3O4@CoMoO4 core–shell nanowire arrays on nickel foam were 
fabricated via ion exchange hydrothermal route by Gu et  al.  [56]. This  Co3O4@
CoMoO4 electrode exhibited the specific capacitance of 1040  Fg−1 at 1  Ag−1. 
The aqueous symmetric supercapacitor based on Co3O4@CoMoO4 hybrid electrode 
delivered an energy density of 92.44 Wh kg−1 at a power density of 6550 W kg−1 and 
retained 91.22% of its initial specific capacitance after 5000 cycles. One-step hydro-
thermal method was used by Li et al. to prepare nanoflakes/nanorods-assembled 3D 
flower-like Co(OH)2 microspheres on nickel foam  [57]. The electrode displayed a 
specific capacitance of 1350 Fg−1 at 5 mV s−1. The aerial capacitance calculated from 
the discharge curve was 14.7, 13.7, 11.3, 10.4, 9.8, and 9.1 Fcm−2 at different current 
densities of 5, 10, 20, 30, 40, and 50 mA cm−2, respectively. It retained 84.6% of ini-
tial capacitance after 2000 cycles.

He et al. [58] fabricated one-dimensional porous NiO-decorated Co3O4 composites. 
This NiO-decorated Co3O4 composite yielded a specific capacitance of 1112 Fg−1 at a 
current density of 2 Ag−1 with the retention of 97% after 1000 cycles. The nanorods 
of cobalt (Co)-composites were produced under the existence of H3BTC and PHEN, 
and they were calcinated to get Co3O4 nanorods by Qian et al. [59]. SEM images dis-
played nanorods of Co-composites with the diameter of 50 nm and a length of 1 μm. 
The calculated specific capacitance was 262 Fg−1 at 5 mV s−1 in the potential range 
of 0.2–0.7 V, and nearly no degradation was observed after 500 cycles at 50 mV s−1. 
The  asymmetrical Co3O4//AC button cell exhibited the energy density value of 
42.81 Wh kg−1 at the discharge current of 1.5 Ag−1 in the 1.5 V window.
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Interestingly, Li et  al.  [60] prepared 0D, 1D, and 2D Co3O4 via hydrothermal 
method using chicken eggshell membrane as template and dopant. Co3O4 nanow-
ires exhibited better electrochemical behavior while compared with Co3O4 nanopar-
ticles and Co3O4 nanosheets. Co3O4 nanowires showed a specific capacitance of 
1498 Fg−1 at a current density of 0.5 Ag−1 in 6 M KOH solution with a rate capabil-
ity of 795 Fg−1 at a high current density of 10 Ag−1. An asymmetric supercapacitor 
using this electrode exhibited the energy density of 29.5  Wh Kg−1 with 91.4% of 
capacitance retention over 1000 cycles. Nanocomposite nanowires consisting of two 
ceramic components such as CuO and Co3O4 have been synthesized via electrospin-
ning technique by Harilal et al. [61]. The specific capacitance values at the scan rate 
of 2 mV s−1 were 712, 1104, and 1242 Fg−1 for CuO, Co3O4, and CuO-Co3O4 elec-
trodes, respectively. Equivalent electrical resistance of the electrodes CuO, Co3O4, 
and CuO-Co3O4 was calculated from charge and discharge curves, and the values 
were 1.8, 2.3, and 0.81  Ω, respectively. Asymmetric supercapacitors fabricated 
using CuO-Co3O4 electrode delivered 158 Fg−1 with the specific energy density of 
52.8 Wh kg−1 at the specific power density of 1620 W kg−1.

Co3O4 nanowire prepared on a flexible carbon fabric by hydrothermal route was 
reported by Howli et  al.  [62]. Co3O4 nanowire delivered a specific capacitance of 
3290 Fg−1 at a scan rate of 5 mV s−1. A solid-state symmetric supercapacitor based on 
Co3O4 nanowire delivered a maximum energy and power density of 6.7 Wh kg−1 and 
5000 W kg−1. The capacity retention was 95.3% after 5000 cycles. Chen et al. [63] 
fabricated the Co3O4 nanorod arrays with the diameter of 450 nm as electrode mate-
rial for supercapacitor applications. Electrochemical impedance analysis showed the 
solution resistance of 1.12 Ω and the charge transfer resistance of 1.8 Ω for Co3O4 
nanorods. These nanorods exhibited the specific capacitance of 387.25 Fg−1 at 1 Ag−1 
with 88% of stability after 1000 repeated charge/discharge cycles.

One-dimensional porous ZnO/Co3O4 heterojunction nanorods prepared at 450°C 
by Gao et al. [64] displayed the specific capacitance of 1135 Fg−1 at 1 Ag−1, which was 
1.4 times higher than Co3O4 (814 Fg−1), and better rate performance, i.e., 4.9 times 
higher than Co3O4. The  material retained 83% of the initial capacitance after 
5000 cycles at 10 Ag−1. The ZnO/Co3O4-based asymmetric supercapacitor delivered 
an energy density of 47.7 Wh kg−1 and a power density of 7500 W kg−1. Cobalt oxide 
(Co3O4) nanofilm was grown by an oblique angle deposition technique in an e-beam 
evaporator by Kannana et al. [65]. The fabricated electrodes at 80°C exhibited a spe-
cific capacitance of 2875 Fg−1 with the capacitance retention of 62% after 2000 cycles. 
These electrodes also showed the energy density of 57.7 Wh kg−1 and power density 
of 9.5 kW kg−1. Calcination-assisted hydrothermal method was used to synthesize 
Co3O4 nanorods with porous structure by Pan et al. [66]. Co3O4 nanorods exhibited a 
specific capacity of 1272 Cg−1 at a current density of 1.89 Ag−1 and showed 90.3% of 
capacity retention after 18,000 cycles at 23.58 Ag−1. The Co3O4/active carbon (AC) 
device showed the energy density and power density of 55.4 Wh kg−1 and 4490 W 
kg−1, respectively. This device retained 90.4% of initial capacity after 36,000 cycles.

Two-step solution-based method was used to synthesize 1D porous NiO-decorated 
Co3O4 composites. N2 adsorption/desorption isotherms exhibited H3-type hyster-
esis loop which confirmed the presence of mesopores in the prepared sample [67]. 
The specific surface area of the composite was 70.0 m2g−1, and the pure Co3O4 was 
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53.2 m2g−1. The specific capacitance values were 304 and 888 Fg−1 at a scan rate 
of 5 mV s−1 for pure and NiO-decorated Co3O4, respectively, in the 0–0.6 V range. 
Galvanostatic charge/discharge study exhibited the specific capacitance of 1112 Fg−1 
at a current density of 2 Ag−1, with the retention of 97% after 1000 cycles for NiO-
decorated Co3O4.

Porous one-dimensional CoO nanobelts and two-dimensional CoO nanoplates 
were fabricated by Xiao et al. [68]. Porous CoO nanobelts and porous CoO nanoplates 
exhibited the specific capacitances of 1178 and 640  Fg−1, and 978 and 480  Fg−1 at 
1 and 40 Ag−1, respectively. Asymmetric supercapacitor based on CoO nanobelts in the 
aqueous electrolyte displayed the energy density of 68.5 Wh kg−1 at a power density of 
850.0 W kg−1. Co3O4 nanowires@NiO nanosheet arrays have been synthesized on Ni 
foam by a sequential hydrothermal process. Co3O4 nanowires@NiO nanosheet arrays 
revealed an aerial capacitance of 2018 mF cm−2 at a current density of 2 mA cm−2. 
A flexible asymmetric supercapacitor based on Co3O4 nanowire@NiO showed an aer-
ial capacitance of 134.6 mF cm−2 at a current density of 2 mA cm−2 [69].

9.2.3 M anganese Oxide-Based SC Electrodes

Manganese oxide is a versatile compound for energy storage applications due to its 
advantageous physiochemical features. Manganese can exist as a variety of stable 
oxides (MnO, Mn3O4, Mn2O3, and MnO2) with various crystal structures. MnOx may 
be synthesized in different ways with desirable structures for various applications 
[70–72]. First, MnOx were used to develop Leclanche alkaline battery cell, and recently, 
they are being used as cathode materials for Li-ion batteries and fast-charging material 
for SCs due to their multiple oxidation states such as +2, +3, +4, +6, and +7.

Bai et al.  [73] synthesized hierarchical multidimensional MnO2 nanostructures 
via hydrothermal method by varying the hydrothermal temperature and dwell time. 
Needle-like α-MnO2 nanorods showed higher specific surface area (114  m2g−1) 
while compared with δ-MnO2. The nanorods delivered the specific capacitance of 
311.52 Fg−1 at a current density of 0.3 Ag−1. The different crystallographic forms of 
MnO2 with various morphologies like needles, rods, and spindles were fabricated by 
Chen et al. [74] using a quick precipitation method at low temperature without any 
template and surfactant. The needle-like structure exhibited the specific capacitance 
of 233.5 and 83.1 Fg−1, and spindle-like structure delivered 95.5 and 29.3 Fg−1 at the 
scan rate of 5 and 100 mV s−1, respectively, in the 1 M Na2SO4 electrolyte.

MnO2 nanoneedle with 2 nm thickness has been prepared by Davaglio et al. [75]. 
They have studied the capacitive behavior at various voltage ranges from 0 to 0.6, 0.7, 
0.8, 0.9, and 1 V in 1 M Na2SO4 electrolyte and reported that 0–1 V range provides 
the maximum faradic charges. This electrode exhibited the specific capacitance of 
287 Fg−1 at 10 mV s−1, and 40% loss was observed while scan rate was increased to 
200 mV s−1 (133 Fg−1). The Galvanostatic Charge/Discharge (GCD) analysis showed 
the specific capacitance of 289 Fg−1 at a current density of 0.5 Ag−1. This material 
retained 88% of the initial capacitance after 10,000 cycles. Electrodeposition method 
has been utilized to prepare MnO2 nanofibril/nanowire by Duay et al. [76]. They have 
tested the charge storage behavior in aqueous and organic electrolyte in the voltage 
range of 0–1  V. The  addition of nanofibrils increased the specific capacitance of 
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nanowires from 289 to 345 Fg−1 in the aqueous electrolyte and 324 to 387 Fg−1 in 
the organic electrolyte at a scan rate of 0.5 mV s−1. The material retained 85.2% of 
the initial capacitance after 1000 cycles. MnO2 nanorods with the diameter of less 
than 20 nm and the average length of 100 nm were synthesized using ZnO nanorod 
as template by Gong et al. [77]. The nanorods exhibited the specific capacitance of 
167 Fg−1 at 0.4 Ag−1 with the cyclic stability of 80% after 1000 cycles.

Hydrothermal method has been used to synthesize MnO2 nanorods by Kumar 
et al. [78]. The electrode exhibited the specific capacitance of 643.5 Fg−1 at 15 Ag−1, 
270 Fg−1 at 20 Ag−1, and 185 Fg−1 at 25 Ag−1. Further, it retained 90.5% of initial 
capacitance after 4000 cycles at 25 Ag−1 in the −0.4–0.6 V range. One-dimensional 
tubular Ag/MnOx nanocomposites were fabricated via solvothermal method using 
Kirkendall effect between KMnO4 and Ag nanowire by Li et  al.  [79]. The  pH 
level has been varied to alter the morphology and electrochemical properties. 
In the neutral environment, MnO2 nanotubes with Ag nanoparticles were formed. 
This electrode exhibited the charge transfer resistance of 11.5 Ω and showed the 
specific capacitance of 133.5 Fg−1 at 0.1 Ag−1 with 90% of stability at 1000 cycles. 
Polycarbonate membrane has been used in the hydrothermal method to synthesize 
one-dimensional tubular MnO2 array-assembled ultrathin sheet [80]. The maximum 
specific capacitance of 411.9 Fg−1 at a current density of 0.25 Ag−1 was reported. 
MnO2 nanotubes-based asymmetric device delivered an energy density of 22.6 Wh 
kg−1 with a power density of 225.3  W kg−1 between 0 and 1.8  V potential win-
dow. Li et al.  [81] synthesized MnO2 with different morphologies like nanorods, 
hollow urchin, and smooth ball via hydrothermal method. The nanorods exhibited 
the higher specific capacitance (317 Fg−1) at 5 mV s−1, while compared with hol-
low urchin (204 Fg−1) and smooth ball (276 Fg−1). The nanorods-based electrode 
retained 70% of the initial capacitance even after 2000 continuous charge/discharge 
cycles.

Successive ionic layer deposition method has been used to coat manganite 
γ-MnOOH on a substrate  [82]. The  coated layers were formed by aggregates of 
nanorods with 80–100 nm of length and 8–10 nm of diameter. The nanorods on the 
Ni foam delivered the specific capacitance of 1120 Fg−1, and the observed degradation 
after 1000 cycles was less than 3%. Ma et al. [83] constructed core–shell structure 
of α-MnO2 on the δ-MnO2 nanosheets by solution-phase technique. The  core–
shell structure (91.5  m2g−1) was having higher BET surface area than nanowires 
(30.3 m2g−1), and the same showed the specific capacitance of 153.8 Fg−1 at the cur-
rent density of 20 Ag−1, with a cyclic stability of 98.1% after 10,000 cycles. The core–
shell structure-based asymmetric device exhibited the energy density of 78 Wh kg−1 
and power density of 21.7 k W kg−1. Interconnected network of MnO2 nanowires with 
a cocoon-like morphology exhibited the BET specific surface area of 80.3 m2g−1 with 
the average pore size of 4 nm [84]. The nanowire network-based device delivered 
the maximum specific capacitance of 775 Fg−1 at a scan rate of 2 mV−1 in the 3 M 
KOH electrolyte for the potential window of −1 to 1 V. They showed seven times 
increase in the energy density due to the addition of K4Fe (CN)6 as a redox active 
additive to KOH. Purushothaman et al. [85] prepared α-MnMoO4 nanorods via sol–
gel spin-coating method and studied the supercapacitor behavior in the three dif-
ferent acidic electrolytes, namely para-toluenesulfonic acid (p-TSA), sulfuric acid 
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(H2SO4), and hydrochloric acid. The nanorods exhibited the specific capacitance of 
998 Fg−1, 784 Fg−1, and 530 Fg−1 at a scan rate of 5 mV s−1 in the H2SO4, p-TSA, and 
HCl electrolytes, respectively (Figure 9.2).

MnO2 nanorods were prepared by Qu et al. [86] using precipitation method, and 
their electrochemical performance was analyzed in 0.5 molL−1 Li2SO4, Na2SO4, and 
K2SO4 aqueous electrolytes. At the slower scan rates, Li2SO4 electrolyte performed 
better, while at higher scan rates K2SO4 electrolyte was good. An asymmetric device 
based on K2SO4 electrolyte delivered the energy density of 17 Wh kg−1 at the power 
density of 2 kW kg−1 in the potential range of 0–1.8 V with the capacitance loss of 
6% after 23,000 cycles.

CoMn-layered double-hydroxide nanoneedles grown on Ni foam exhibited the 
maximum specific capacitance of 2422 Fg−1 at a current density of 1 Ag−1 at 941st 
cycle and showed 2096 Fg−1 even after 3000 cycles [87]. Sung et al. [88] prepared 
2D nanoplates and 1D nanowires/nanorods of manganese oxide at room temperature 
using one-pot oxidation reaction. The nanorods and nanowires had the surface area 
of 84 m2g−1 and 53 m2g−1, respectively. The estimated specific capacitance of nanow-
ires and nanorods was 110 Fg−1 and 94 Fg−1, and 120 Fg−1 and 127 Fg−1 in the 1 M 
Li2SO4 and 1 M Na2SO4 electrolytes, respectively.

MnO2 nanowires- and Fe2O3 nanotubes-based solid-state flexible asymmetric 
supercapacitor has been fabricated [89]. This device delivered the maximum specific 
capacitance of 91.3 Fg−1 and aerial capacitance of 1.5 Fcm−3 at the current density 
of 2 mA cm−2. The maximum power density of 139.1 mW cm−3 was obtained at the 
energy density of 0.32 mWh cm−3 at a constant current of 10 mA cm−2.

9.2.4 T itanium-Based SC Electrodes

TiO2 has been used in various fields like photochromic devices, self-cleaning, sensors, 
pigments, lithium-ion batteries, supercapacitors, and solar cells. Nanoscaled TiO2 has 
high surface area, good physical–chemical stability, and good rate capability [90]. 

FIGURE 9.2  SEM image of α-MnMoO4 nanorods.
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Ordered V2O5–TiO2 nanotubes have been prepared by self-organizing anodization of 
Ti–V alloys. V2O5–TiO2 nanotubes delivered a specific capacitance of 220 Fg−1 and 
energy density of 19.56 Wh kg−1 and were stable up to 500 cycles [91]. Hydrothermal 
method has been used to fabricate the vertically aligned TiO2 nanorod arrays on the 
fluorine-doped tin oxide substrates by Ramadoss et  al.  [92]. TiO2 nanorod arrays 
exhibited the specific capacitance of 8.5 Fg−1at the scan rate of 5 mV s−1 in 1 M 
Na2SO4 in the potential window of 0–0.8 V. The energy density, power density, and 
the columbic efficiency of TiO2 nanorods were 0.22 Wh kg−1, 20 W kg−1, and 87%, 
respectively.

Zhou et al. synthesized self-doped TiO2 nanotube arrays and MnO2/TiO2 compos-
ite [93]. Self-doped TiO2 nanotubes exhibited the aerial capacitance of 1.84 mF cm−2 
at a sweep rate of 5 mV s−1 with capacitance retention of 93.1% after 2000 cycles. 
The  MnO2/TiO2 composite achieved the specific capacitance of 1232  Fg−1 at the 
sweep rate of 5 mV s−1.

TiO2 with various morphologies were synthesized via hydrothermal method by 
Choi et al. [94]. The capacitances of the anatase nanoparticle, nanorod, flower-like, 
and urchin-like TiO2 were 50.2, 55.4, 58.6, and 61.1 Fg−1, respectively, at a cur-
rent density of 0.5 Ag−1. Urchin-like TiO2-based hybrid supercapacitor delivered 
a maximum power density of 12224.356  W kg−1 and maximum energy density 
of 50.648  Wh kg−1. The  urchin-like TiO2 showed the minimum charge transfer 
resistance (0.028 Ω) and higher cyclic stability (93% at 3.0 Ag−1 after 2000 cycles), 
while compared with other structures. He et al. used electrospinning method to 
prepare TiO2 nanofibers and a posttreatment by KOH. KOH treatment enhanced 
the conductivity of TiO2 nanofibers. The  KOH treatment enhanced the specific 
capacitance from 0.04 Fg−1 to 65.84 Fg−1 at 1 mV s−1 with 90% of retention after 
10,000 cycles [90]. Electrochemically doped TiO2 nanotube arrays were fabricated 
through cyclic voltammetry method, and then Cu2O nanoparticles were deposited 
onto TiO2 nanotubes  [95]. The  TiO2 nanotubes exhibited an aerial capacitance 
of 5.42 mF cm−2 at a scan rate of 10 mV s−1, and Cu2O/TiO2 nanotubes electrode 
exhibited a specific capacitance of 198.7 Fg−1 at the current density of 0.2 Ag−1. 
Approximately 88.7% of the initial capacitance was retained after 5000 cycles in 
0.5 M Na2SO4 solution.

The anodization method has been employed to synthesize TiO2 nanotube arrays 
by Cui et  al.  [96]. They  have studied the effect of concentration of (NH4)2TiF6 
dilute solutions on the TiO2 nanotubes under hydrothermal condition. Samples 
treated in 0.01 M (NH4)2TiF6 solution displayed the aerial capacitance of 31.12 mF 
cm−2. The cyclic stability test showed nearly 20% loss in specific capacitance after 
500 cycles, and finally 74% was retained after 2000 cycles.

K-doped mixed-phase (anatase and rutile) TiO2 nanofibers were grown on Ti 
metal foil via KOH-assisted hydrothermal method by Barai et al.  [97]. The aerial 
capacitance of K-doped TiO2 nanofibers prepared using 4 M, 5 M, and 6 M KOH 
was 81.36, 95.36, and 102.12 mF cm−2 at a scan rate of 5 mV s−1, respectively, in the 
potential range of −0.8 to +0.4 V. The corresponding energy densities were 3.0, 3.70, 
and 4.30 mWh cm−2, and power densities were 1680.70, 1640.60, and 1558.56 mW 
cm−2. Further, the initial capacitance loss of 9.14, 11.70, and 8.60% was observed 
after 2500  cycles for TiO2 nanofibers prepared using 4  M, 5  M, and 6  M KOH, 
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respectively. Kim et al. [98] prepared NiO-TiO2 nanotube arrays by the electrochem-
ical anodization method. NiO-TiO2 nanotubes annealed at 600°C exhibited good rate 
capacity and high stability during long-term cycling compared with film.

9.2.5 V anadium-Based SC Electrodes

Vanadium oxides are favorable candidate for both lithium-ion batteries and super-
capacitors, since they have most accessible layered structure with various oxida-
tion states (V2+ to V5+) which leads to high specific capacity, high energy density, 
and wide potential window  [99–101]. However, vanadium oxides have relatively 
low electronic conductivity compared to RuO2, which decreases the charge trans-
fer rate during the charging/discharging process and limits their commercial use. 
Balamuralitharan et  al.  [102] synthesized V2O5 nanorods through hydrothermal 
approach. The structural investigation was made on the prepared nanorods, and it 
confirmed the orthorhombic structure of V2O5 with lattice constants a = 11.51 A°, 
b =  3.56 A°, and c =  4.37 A°. Furthermore, the binding energy gap (V 2p3/2 and 
V  2p1/2) was found  to  be 12.8  eV, and it was confirmed by X-ray photoelectron 
spectroscopy (XPS) analysis. V2O5 nanorods exhibited the specific capacitance of 
417 mF cm−2 at a scan rate of 5 mV s−1 in 0.5 M Na2SO4 neutral electrolyte with 80% 
capacitance retention even after 5000 continuous charge/discharge cycles.

Khoo et al. studied the supercapacitive characteristics (in LiClO4/PC electrolyte) 
of sodium-doped V2O5 nanobelts prepared via hydrothermal route [103]. The struc-
tural change in the prepared system was expected to enhance the ion intercalation. 
The  morphological investigation revealed the formation of interconnected nano-
belts. A maximum specific capacitance of 320 Fg−1 at a scan rate of 5 mV s−1 has 
been obtained for V2O5 nanobelts. In  addition to that, the charge storage mecha-
nism was explained by Dunn’s method. A capacitance degradation of 34% has been 
observed after 4000 charge/discharge cycles at a current density of 10 Ag−1. Mu et al. 
reported electrochemical performance of V2O5 nanomaterials with different dimen-
sions  [104]. Among the different dimensions, one-dimensional nanorods prepared 
in acid medium portrayed excellent electrochemical performance and cyclic life. 
V2O5 nanorods exhibited orthorhombic structure with (001) as a predominant plane. 
Quasi-rectangular CV curves suggested the ideal-capacitive behavior of prepared 
nanorods which delivered a specific capacitance of 235 Fg−1 at a constant current of 
1 Ag−1 in 1 M Na2SO4 electrolyte.

Rudra et al. [105] synthesized Au-V2O5 nanowires via a simple and facile hydro-
thermal procedure by utilizing vanadium metal (III) complex and gold chloride as 
precursors. The electrochemical analysis stated that the prepared Au-V2O5 nanow-
ires were capable of delivering a specific capacitance of 419 Fg−1 at a constant current 
density of 1 Ag−1. Further, 88% capacitance retention has been observed after 5000 
charge/discharge cycles at 10 Ag−1. Au-V2O5 nanowires exhibited an energy density 
of 53.33 Wh kg−1 with a power density of 3.85 kW kg−1.

V2O5 nanofibers were synthesized via electrospinning method by Wee et al. [106]. 
They studied the effect of annealing temperature on the microstructure and mor-
phology of V2O5 nanofibers. The  maximum specific capacitance (250  Fg−1) was 
achieved for V2O5 nanofibers annealed at 400°C in organic electrolyte (1 M LiClO4 
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in PC) with an energy density of 78 Wh kg−1. Xu et al. [107] proposed a one-step 
hydrothermal method to construct ordered V2O5 nanobelt arrays on Ni foam with-
out any additive. V2O5 nanobelt array as binder-free electrode material showed the 
specific capacitance of 498 Fg−1 with a cycling stability of 88.8% after 5000 cycles. 
Further, it exhibited the charge transfer resistance of 14.2 Ω. Zhang et al. synthesized 
V2O5 nanobelts by hydrothermal method combined with calcination [108]. The mor-
phology of the V2O5 depended on the quantity of oxalic acid. V2O5 nanobelts were 
obtained when 0.63 g of oxalic acid was used in the synthesis. V2O5 nanobelts deliv-
ered a specific capacitance of 140 Fg−1 in 1 M LiNO3 electrolyte.

Saravanakumar et al. [109] prepared carbon/V2O5 nanorods by using sol–gel-assisted 
hydrothermal procedure. The SEM images of the sample are presented in Figure 9.3. 
This  material showed a specific capacitance of 417  Fg−1 at a current density of 
0.5  Ag−1. An asymmetric supercapacitor device using this material delivered an 
energy density of 9.4 Wh kg−1 at a power density of 170 W kg−1.

9.2.6 O ther Inorganic Materials for SC Electrode Applications

NiMoO4 nanorods with 80 nm diameter and about 300 nm to 1  μm length were 
prepared by Cai et  al.  [110]. The maximum specific capacitance of 945 Fg−1 at a 
current density of 1 Ag−1 was reported for NiMoO4 nanorods. After 2000 cycles, 
the NiMoO4 nanorods displayed 52.4% of capacitance retention at a current density 
of 5 Ag−1. CoMoO4 nanoneedle prepared by Fang et al. [111] exhibited a maximum 
specific capacitance of 1628.1 Cg−1 at a current density of 2 mA cm−2 with a rate 
capability of 874.8 Cg−1 at 50 mA cm−2, and 91% capacity retention after 5000 cycles 
at 10 mA cm−2.

Lu et al. [112] synthesized one-dimensional NiMoO4 nanorods with the specific 
surface area of 35 m2g−1 via solid-state chemical route. The NiMoO4 nanorods deliv-
ered specific capacitance of 1415 Fg−1 and retained 80.2% of the initial capacitance 
after 1000 charge/discharge cycles. The NiMoO4/rGO asymmetric supercapacitor 

FIGURE 9.3  SEM images of carbon/V2O5 nanorods.
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exhibited the specific energy density of 29.3 Wh kg−1 at a power density of 187 W kg−1. 
The NiMoO4/CoMoO4 nanorods synthesized by Nti et al. [113] exhibited a specific 
capacitance of 1445 Fg−1 at 1 Ag−1 with the retention of 79% of its initial capaci-
tance after 3000 cycles at 10 Ag−1. It also exhibited an internal resistance of 1 Ω. 
MoO3 nanobelts (surface area of 59.285 m2g−1)-based supercapacitor device showed 
a specific capacitance of 257 Fg−1 at a scan rate of 5 mV s−1 in 0.5 M Na2SO4 aque-
ous electrolyte solution. This electrode exhibited an equivalent series resistance of 
1.2 Ω and charge transfer resistance of 3.9 Ω [114]. In addition, MoO3 supercapacitor 
electrode could withstand over 200 cycles with no obvious change in the CV curves.

Pham et  al.  [115] synthesized 1D molybdenum oxide nanorods on indiam tin 
oxide (ITO)/glass substrates using the Hot-Filament Metal Oxide Vapor Deposition 
(HFMOVD) technique. The MoO2 nanorods synthesized at 1200°C provided a dis-
charge time of ~158 s (at 4 Ag−1). Moreover, MoO2 nanorod-based pseudocapacitors also 
possess excellent capacitance retention. Further, MoO2 electrode delivered the power 
and energy densities of ~1800 W Kg−1 and ~7 Wh Kg−1 at a current density of 4 Ag−1.

Rajeswari et  al.  [116] synthesized one-dimensional (1D) MoO2 nanorods via 
simple thermal decomposition method. This  material showed a specific capaci-
tance of 140  Fg−1 in 1  M H2SO4 electrolyte. Xu et  al.  [117] synthesized MoO3 
nanorods on Ni nanowire array, which delivered a maximum aerial capacity of 
477 mF cm−2 and 5% capacitance loss after 20000 cycles in 1 M LiSO4 solution. 
Furthermore, an asymmetric supercapacitor has been fabricated using crystalline 
VO2 (cathode) and MoO3 (anode). This  device can deliver an open circuit volt-
age of 1.6 V in an aqueous electrolyte and an energy density of 2.19 mW hcm−3 
at the power density of 8.2  mW cm−3. V2O5-doped Fe2O3 nanotubes were pre-
pared via electrospinning method by Nie et al.  [118]. The pure Fe2O3 nanotubes 
delivered 100.5 Fg−1 and 1% V2O5-doped nanotubes exhibit  183 Fg−1 at the cur-
rent density of 1 Ag−1. Doped nanotubes retained 81.5% of the initial capacitance 
after 2000 cycles. Rudra et al. [119] synthesized Au-Fe2O3 nanorods via modified 
hydrothermal method. CV analysis showed the maximum specific capacitance 
value of 785 Fg−1 at a scan rate of 5 mV s−1. This electrode exhibited the specific 
capacitance of 570 Fg−1 at a current density of 1 Ag−1 in the 0.5 M H2SO4 electro-
lyte. The solid-state asymmetric device based on Au-Fe2O3 nanorods revealed the 
maximum energy density of 34.2 Wh kg−1 and power density of 2.73 kW kg−1 at 
1 Ag−1 and 10 Ag−1, respectively. In the acidic medium, 91% of the capacitance was 
retained after 5000 cycles. α-Fe2O3 nanorods were synthesized via hydrothermal 
method by Zhang et  al.  [120]. The nanorods exhibited the aerial capacitance of 
500, 412, 300, 137, and 75 mF cm−2 at 4, 6, 8, 10, and 12 mA cm−2, respectively, 
with charge transfer resistance of 2.88 Ω and cyclic stability of 92.1% after 3000 
charge/discharge cycles.

CuO nanorods prepared by SILAR method exhibited the specific capacitance of 
695 Fg−1 at 5 mV s−1, and the ESR value was 3 Ω [121]. Core–shell nanowire arrays of 
CuO/Cu2O@CoO prepared via chemical deposition method delivered an aerial capac-
itance of 280 mF cm−2 at a current density of 1 mA cm−2. The material retained 90.7% 
of initial capacitance after 3000  cycles  [122]. Ultrasonification-assisted chemical 
reduction method has been used to synthesize Ag-anchored ZnSb2O6 nanorods [123], 
which exhibited the specific capacitance of 165.9 Fg−1 at a current density of 1 Ag−1 
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with 98% of capacitance retention after 2000 cycles. Urchin-like ZnO@MnO2 core–
shell structure showed the specific capacitance of 262.4  Fg−1 at 200  mAg−1 with 
111.3% of initial capacitance retained after 5000 cycles [124]. Al-doped ZnO@NiO 
composite exhibited the aerial capacitance of 49 mF cm−2 at a constant current of 
1  mA  cm−2  [125]. WO3 nanorods prepared on carbon cloth exhibited the specific 
capacitance of 694 Fg−1 with the energy density of 25 Wh kg−1 and 87% capacitance 
retention after 2000  cycles  [126]. Hexagonal WO3 nanorods delivered a specific 
capacitance of 538 Fg−1 at 5 mV s−1 with the energy and power density of 48 Wh kg−1 
and 1385 W kg−1, respectively, and cycling stability of 85% over 2000 cycles [127].

9.3  CONCLUSIONS AND FUTURE PERSPECTIVE

Supercapacitors are evolving as promising energy storage device due to their 
unique electrochemical features. An intensive research is going on to promote 
the supercapacitors for future energy needs. In this view, pseudocapacitive inor-
ganic metal oxides with one-dimensional nanostructures like nanorods, nano-
tubes, nanobelts, and nanowires have been tested extensively. To improve the 
supercapacitive features like specific capacitance, cycling stability, energy–
power density, and rate capability, the researchers have made binary and ternary 
metal oxides with hierarchical one-dimensional nanostructures. The  large sur-
face area, easy accessibility, and short diffusion path for electrolyte ions make 
these one-dimensional nanostructured materials as promising candidate for 
high-performance supercapacitors. However, high energy density along with high 
power density is not  achievable till now; therefore, there are numerous scopes 
for further research to enhance the electrochemical features of one-dimensional 
metal oxide nanostructures.
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10 One-Dimensional 
Carbon Nanostructures 
for Supercapacitors

Manas Roy and Mitali Saha

10.1  INTRODUCTION

A supercapacitor (SC) deals with the power storage device that accumulates electri-
cal charges at the interface created between the associated electrical conductor and 
ionic conductor. It stores lower amounts of energy, but generates very high power. 
The important requirements for a supercapacitor are high specific capacitance, low 
electrode–electrolyte resistance, and long cycling life. Actually, the technology of SC 
bridges the gap between customary energy storage technologies like parallel plate 
capacitor and battery by coalescing the components of their corresponding operat-
ing mechanisms. There  are three electrode materials that are commonly used to 
make a supercapacitor: activated carbons with large surface area, metal oxides, and 
conducting organic or inorganic polymers. However, the electrolytes can be aqueous 
or organic. Supercapacitors are complementary to batteries, but follow a different 
energy storage mechanism. Batteries store chemical energy by moving charged ions 
from one electrode to another electrode via an electrolyte where chemical interaction 
occurs. A supercapacitor, on the other hand, stores an electrical charge physically 
without any chemical reactions. The efficiency of an SC device exclusively depends 
on morphology and electrochemical activity/conductivity of the electrode materials.

10.2  CARBON NANOSTRUCTURES AS SUPERCAPACITORS

In  1957, Becker gave the concept of supercapacitor utilizing carbon electrode 
and aqueous H2SO4 as an electrolyte. Later on, NEC (Japan) gave moldable first 
aqueous electrolyte-based SC for saving the power units in electronics, and it was 
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the initiation of commercialization of the supercapacitors  [1]. Carbon nanostruc-
tures such as Buckminster fullerenes  [2–4], carbon nanotubes (CNTs)  [5–9], and 
graphene [10–14] have a tremendous impact in various applications as they possess 
higher aspect ratios and surface areas, and outstanding thermal, electrical, optical, 
and mechanical properties. Two-dimensional carbon nanostructure such as graphene 
has the benefits of increased surface area and better conductivity; however, it gets 
restacked easily during the preparation [15]. Three-dimensional carbon nanostruc-
tures including activated carbon and template carbon are rich in pores in spite of 
high surface area, so their specific capacitance becomes limited at high current den-
sity  [16]. Onion-like carbon possesses limited capacitance (~30 Fg−1) but is fully 
accessible to ions  [17]. In  the last two decades, the development in the synthetic 
techniques of nanodomain carbon in a controlled manner and manipulation of the 
functionalization and self-assembly techniques in the multifunctional composite 
synthesis have been appreciably increased making them as the ideal candidates for 
energy storage devices [18–22]. These carbon nanostructures have been proposed as 
the electrode materials for SC in near future. Among all, graphene sheets and CNTs 
play an important role in electronic and energy storage devices nowadays due to 
good electrical conductivity with highly accessible surface area [5,10,23].

10.3 � ONE-DIMENSIONAL CARBON NANOSTRUCTURES 
AS SUPERCAPACITORS

One can think about the one-dimensional CNTs as films of pure carbon rolled up 
to give a sheet-like structure (also mentioned in the literature as graphene). These 
films or sheets can be rolled up evenly or can be twisted after rolling, and so the 
structure of CNTs actually depends on the diameter of the tubular form or the degree 
of twisting which usually is defined by two indices labeled as n and m. The tubular 
structures where n-m is zero or a multiple of 3 possess electrons in conduction bands 
at room temperature, and thus, they conduct electricity smoothly and are called as 
metallic nanotubes. Other nanotubes, having a bandgap between 0.5 and 3.5 eV, are 
semiconductors in nature (Figures 10.1 and 10.2).

The performance of any supercapacitor usually depends on the physiochemical 
nature of electrode and the applied electrolytic component. In general, the pore size 
distribution greater than 0.5 nm is suitable, whereas improved surface area-to-volume 
ratio is required for increased capacitance in case of carbon materials. Therefore, the 
key factor to achieve high capacitance is maintaining an optimal balance between 
the mesoporosity and the unsaturated dangling surface orbitals in any nanocarbon 
material. In the last few years, although activated carbon materials were used due to 
high surface area, they resulted in limited capacitance owing to reduction of meso-
porosity and poor electrolyte accessibility. Recently, CNTs-based nanocomposite 
materials have been given considerable attention and are frequently investigated as 
electrode materials in supercapacitors because of their environmental-benign nature 
and promising electrochemical performances. Chunming Niu et al. prepared flexible 
CNT sheet electrodes of uniform thickness from catalytically deposited CNTs, and 
the electrodes showed specific capacitances ranging from 102 and 49 Fg−1 at 1 and 
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100 Hz, respectively, in the presence of ionic electrolytes such as ~38 wt% H2SO4. 
They suggested that a power density of >8 kW kg−1 can be obtained with their CNT 
electrodes [24]. Frackowiak et al. estimated the capacitance, galvanostatic discharge, 
and impedance of multiwalled carbon nanotubes (MWCNTs) by cyclic voltammetry 
at the scan rates ranging from 1 to 10 mV s−1. The specific capacitance values var-
ied from 4 to 135 Fg−1, and the authors ascertained that even with modest specific 
surface area (≤470 m2g−1), MWCNTs showed better results as supercapacitors com-
pared to the activated carbons [25].

In 2001, Young Hee Lee et al. studied several parameters such as charging time 
and discharged current density components of the binder materials and hardening 
temperature of single-walled carbon nanotubes (SWCNTs) which exhibited higher 
specific capacitance of ~180 Fg−1 along with a power density of ~20 kW kg−1 in the 
range of 7–6.5 Wh kg−1 at 0.9 V in 7.5 N KOH [26]. In the same year, Frackowiak 
et  al. compared MWCNTs and SWCNTs for supercapacitor applications and 
found that the former gave higher capacitance than the latter. They also reported 

FIGURE 10.2  Schematic presentation of zigzag metal-doped (saffron color) CNTs.

FIGURE 10.1  (a) SEM image of multiwalled CNTs, (b) schematic presentation of N- and 
S-doped CNTs (white spheres for N and yellow spheres for S), and (c) schematic presentation 
of zigzag form of N- and S-doped CNTs.
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pseudocapacitance effects in the presence of metallic particles or by deposition of 
conducting polypyrrole (PPY)  [27]. Kuan-Hong Xue et  al. reported the synthesis 
of MWCNTs and the specific capacitance value of ~365 Fg−1 as well as the dis-
charge current density of ~210 mAg−1 of the conductor in the presence of 1 mol/L 
H2SO4 [28]. In 2005, Tadaoki Mitani found that composite of nano-engineered RuO2 
on the matrix of CNTs showed increase in capacitance value due to the fact that with 
the reduction in size, protons were ready to be absorbed by the inner part of RuO2. 
They suggested that RuO2 is responsible for extending the capacitance of electrode 
materials constructed using nanodomain carbon [29]. Later on, Chunsheng Du et al. 
reported a precisely improved specific power density (~30 kW kg−1) for an electrical 
double-layer capacitor constructed using MWCNT nanocomposites [30].

To get an ultramodern energy storage device, a new hybrid supercapacitor was 
developed, combined with the advanced lithium-ion batteries and supercapacitor 
electrode materials [31–33]. Jinghong Li developed a hybrid framework with highly 
organized CNTs as cathode and a TiO2-B nanowire anode  [34] as supercapacitor 
electrode. Kenji Hata et al. controlled the fabricating process to prepare high-density 
SWCNTs for flexible heaters and supercapacitor electrodes  [35]. Electrochemical 
performance of ultrathin (~1.0 mm) group of aligned CNT (ACNT) electrodes 
and entangled CNT (ECNT) electrodes was studied by Hao Zhang et al. by cyclic 
voltammetry, galvanostatic charge–discharge, and ac impedance. The results indi-
cated that since ACNT electrode consisted of huge porous structure with uniform 
pore size, it gave superior specific capacitance and lesser equivalent series resis-
tance with enhanced rate capability as compared to ECNT electrode [36]. Similarly, 
ACNT electrodes having lengths of ~150 μm were deposited on the substrate of 
metallic alloy by pyrolysis of iron (II) phthalocyanine in ethylene, where the specific 
capacitance was found to be about 57% (47 Fg−1) at 1000 mV s−1 [37].

Gaoping Cao et  al. reported ordered growth of manganese oxide nanoflower/
CNT composite materials as electrodes having broad surface area and comprehen-
sive conductivity and porous structure. They showed high capacitance (199 Fg−1 and 
305 F/cm3), outstanding rate capability (50.8% capacity retention at 77 Ag−1), high-
degree cycle life (3%), and capacity loss subsequently after 20,000 charge/discharge 
cycles  [38]. In  order to develop high-performance supercapacitors, Wen Lu et  al. 
used the combination of ACNTs and ionic liquids which resulted in an improved 
overall surface area along with electrolytic accessibility and the capacitance value of 
the CNT electrode in the range from 35 Fg−1 to 440 Fg−1 after plasma etching [39]. 
On similar lines, using the unique properties of vertically organized and plasma-
etched CNTs, Wen Lu et  al. reported a new class of electrochemical capacitors 
possessing improved cell voltages (~4 V), energy density (~148 Wh kg−1), and high 
power density (315 kW kg−1) [40]. X. S. Zhao et al. briefly analyzed the recent prog-
ress achieved in performances of various electrode materials based on carbon used 
for supercapacitors along with significance of electrolytes. They also compared the 
aqueous and nonaqueous electrolytic solutions used in supercapacitors [41]. George 
Gruner et  al. underlined the efficiency of printed thin-film SWCNT-based super-
capacitors. The performances of these electronic materials displayed considerably 
higher energy and power densities compared to previously reported SWCNT-
supported supercapacitor devices  [42]. Hanqing Jiang et  al. reported stretchable 
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supercapacitors prepared using sinusoidal SWCNT macrofilms, an organic electro-
lyte, and a polymeric separator. The electrochemical performances were comparable 
with the supercapacitors which use pristine SWCNTs as electrodes, and interest-
ingly, the performances were found to be unaffected even after applying 30% tensile 
strain [43].

In 2010, Hui Pan et al. reported in their review article that the capacitance values 
of CNTs are largely affected by many factors mainly including specific surface area, 
pore size, size distribution, porous nature, conductivity, and so on. The hybrid superca-
pacitor needs that either the CNTs should be homogenously protected by the polymers 
with exactly well-ordered thickness or the oxide nanoparticles must be chemically 
associated to the walls of CNTs [44]. The lower electrical conductivity of the metal 
oxide is one of the foremost concerns in pseudocapacitors. To overcome this dispute 
and for proficient use of MnO2- and RuO2-like metal oxides, Jie Liu et al. designed 
a nanocomposite film using CNT with conducting polymer and evaluated the elec-
trochemical performance. They observed that specific capacitance of the integrated 
electrode can extend up to 427 Fg−1 and the electrode also showed long cycling stabil-
ity, maintaining 99% of capacitance even after 1000 cycles [45]. Later on, Kenji Hata 
et al. fabricated a novel composite electrode using SWCNTs and single-walled nano-
horns with a meso-/micropore structure which achieved a power rating of 1 MW kg−1 
surpassing other electrodes [46]. Specific capacitance of 25 Fg−1 was obtained when 
CNT was directly used as a supercapacitor electrode without any catalyst or pre-/
posttreatment  [47]. A. K. Roy et  al.  [48] developed novel vertically aligned CNT-
graphene structures, tuned their length, and further modified them using functional 
nanomaterials, like Ni(OH)2, to increase the performance of the supercapacitors and 
achieve good cycling ability and increased rate capability. CNT networks, acting as 
common integration platform for photo-supercapacitor and component of symmetric 
charge storage, have been demonstrated by Madhavi Srinivasan et al. to yield a spe-
cific capacitance of 28 Fg−1, and this value was upgraded to 80 Fg−1 by joining two 
organic photovoltaic (OPV) in series. Such assimilation opens up new avenues of flex-
ibility and printability for hybrid prototype charge storage devices [49].

The great challenge in the development of electrochemical capacitors (ECs) is rela-
tively high cost of the carbon nanomaterials and the need for a strategy to design, 
control, and tailor the synthetic methods for obtaining novel carbon-based composites 
that can perform more desirable functions for application in ECs, as illustrated in a 
review article in 2012 [50]. Sishen Xie and co-workers reported a repeated “halving” 
approach and separated thin films of SWCNTs into ultrathin films having different 
thicknesses [51]. These as-prepared ultrathin SWCNT films were used to fabricate 
transparent and flexible SWCNT-based supercapacitors having excellent electro-
chemical activities. This method improved the utilization of SWCNT films at a faster 
rate, retaining continuous reticulate structure along with highly uniform SWCNT 
film. To overcome the operational and cost limitations of thermal CVD, Il-Kwon Oh 
and co-workers reported 3D carbon nanostructures by growing CNTs on graphene 
nanosheets under microwave radiation in the presence of an ionic liquid and Pd cat-
alyst. This  3D graphene/CNT/Pd showed extraordinarily high capacitance in 1 M 
solution of KOH, and the value of capacitance increased up to 46% after 600 cycles, 
confirming good electrochemical stability of electrode [52]. Usually, supercapacitor 
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electrodes based on pure CNT exhibit low capacitance value, so semiconducting 
polymers like PPY have drawn much attention nowadays. Liangti Qu et al. tailored 
the surface property of CNTs and introduced some physical defects into the walls 
of CNTs which allowed the coating of polymer on both the inner and outer walls 
of CNTs. As a result, the polypyrrole/d-CNTs exhibited very high capacitance of 
587 Fg−1  [53]. Huisheng Peng et  al. fabricated an Integrated “Energy Wire”-based 
device by modifying a titanium wire with aligned titania nanotubes followed by twist-
ing aligned fibers of CNT with the modified wire of Ti for simultaneous realization of 
both energy storage and photoelectric conversion. Interestingly, the device exhibited 
a high photoelectric conversion as well as storage efficiency of 1.5% [54]. A simplistic 
protocol has been employed for the designing of low-charge storage device containing 
composite of CNTs and conducting polymers; PANI was developed by De Chen and 
co-workers, which enhanced the flexibility of electrode, and as a result, it exhibited 
high specific capacitance of 705.8 Fg−1 and specific energy of 18.9 Wh kg−1 in H2SO4 
(1 M) with high degree of specific power (~11.3 kW kg−1) [55].

The rapid increase in CO2 emission and global energy consumption, and the over-
all impact on environment due to the use of conventional energy resources are pos-
ing serious human health and environmental problems as well as increasing risks 
of energy security day by day. By the year 2050, the world will need to increase 
its energy supply tremendously; therefore, the supercapacitors-based international 
market is growing rapidly and steadily to meet the stringent requirements of energy 
crisis. Liming Dai et  al.  [56] reported in a review article that ACNT films with 
stretchability, charge mobility, and high transparency are promising electrodes for 
future stretchable supercapacitors, but more research is required in this area. Later, 
Huisheng Peng et al. developed MWCNT-PANI-based integrated device which was 
photo-charged to 0.73 V in 183 s, showing the discharge time of 137 s at the dis-
charge current density of 1.4 mA cm−2 [57]. The specific capacitance was found to 
be 83 Fg−1, and the storage efficiency of energy was 34% with both storage efficiency 
and energy conversion of 0.79%.

James M. Tour et al. prepared in situ CNT–graphene-based microsupercapacitors 
on Ni electrodes. Due to exceptional good rate capability of 400 V/s, these G/CNTC 
microdevices showed a power density of 115 W/cm3 which can serve as highly com-
pact power sources for the near-future electronic devices [58]. Interestingly, Menghe 
Miao and co-workers designed and fabricated a flexible thread-like supercapacitor, 
consisting of two single yarns of CNT along with arrays of polyaniline nanowires, 
which were about 50 nm in diameter and 400 nm in length. The capacitance of only 
CNT yarn-based supercapacitor did not  reduce even after 800 cycles, but CNT@
PANI composite yarn supercapacitor showed 91% of its original capacitance after 
the same cycle [59].

10.4 � ONE-DIMENSIONAL POROUS CARBON 
NANOSTRUCTURES AS SUPERCAPACITORS

The electrochemical properties of supercapacitors are dependent on the materials of 
electrode having suitable morphologies and pore structures. In the recent past, porous 
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carbon materials encapsulated with sulfur were used as cathode material for both 
supercapacitors and Li-S batteries  [60]. Xiaogang Zhang et  al. developed N-doped 
CNTs using tubular-shaped PPY which showed high specific capacitance of 210 Fg−1. 
Zhengjun Zhang and co-workers  [61] found that addition of trace amount of CNTs 
into reduced graphene oxide (rGO) sheets significantly improved the rate capability 
and cyclic stability of the electrode than the pure rGO electrode, which increased the 
specific capacitance of 272 Fg−1 in between 0.8 and 0 V. The drawback of using porous 
carbon materials is the incompatibility of conductive pathways which reduces the elec-
trical conductivity, so these materials always suffer from poor specific capacitances 
even at high current densities. Hence, Hui Dou et  al. fabricated N/P co-doped car-
bon materials having appropriate pore size distribution which showed high specific 
capacitance of 280 Fg−1 with retention of 94% specific capacitance even after 10,000 
cycles [62]. Recently, Zhanhu Guo and co-workers reported an article on the use of 
various carbon nanostructures including 1D CNTs for energy storage applications [63].

Very recently [64], 1D nanorod-based carbon materials with porous nature were 
synthesized from Al-based porous coordination polymers using pyrolysis which 
showed the energy density of 17.6 Wh kg−1 at a power density of 272.2 W kg−1. 
Thus, high degree of ordering of carbon atoms contributed high power and opened 
up new doors for the construction of porous carbon-based advanced supercapaci-
tors. Shuangxi Liu et al. reported that binary solvent method is efficient to produce 
electrode materials with high performance and hierarchical porous carbon nanofi-
bers displayed a high capacitance of 251 Fg−1 and excellent cycling stability after 
5000 cycles [65]. Later, Yusuke Yamauchi and co-workers reported that due to the 
mechanical instability, hierarchical porous carbon nanostructures are hardly con-
verted into films of flexible nature. So, they designed carbon nanofibers consisting 
of microporous core and mesoporous shell using electrospinning assembly and dem-
onstrated energy density up to 56.6 Wh kg−1 at a power density of 1.76 kW kg−1, and 
achieved a power density of 113.76 kW kg−1 [66]. Amin M. Saleem et al. reviewed 
the use of 1D and 2D carbon nanomaterials and their nanocomposites as electrode 
materials for supercapacitors. The CNTs gave high energy and power density after 
functionalization with oxygen  [67]. Although controlled functionalization of gra-
phene and CNTs with tailor-made properties and structures is very difficult and 
characterization of the active sites in the functionalized CNTs is highly challenging, 
Liming Dai et al. reviewed the progress of functionalized CNTs and graphene by 
chemical modification, ball milling, and doping heteroatoms for supercapacitors and 
batteries. They concluded that the electrochemical activities of the supercapacitors 
using functionalized CNTs were highly improved due to their self-assembled 3D 
structures and well-defined mesoporous network [68].

In continuation of the modification of CNT electrodes, Al-Asadi et al. reported 
high-efficient supercapacitor electrodes giving a maximum specific capacitance 
of up to 192 Fg−1, with energy of 3.8 Wh kg−1 and improved power density of 
28 kW kg−1, using zinc oxide nanowires and MWCNT composites. This composite was 
made by depositing ZnO directly in the matrix of aligned MWCNTs. As compared 
to pristine MWCNTs, ZnO@MWCNTs have ~12 times superior specific capacitance 
along with improved power and energy density  [69]. Recently, the N-doped CNTs 
prepared through posttreatment process showed poor electrochemical properties due 
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to low N-doping level but the pyrolysis of polymer precursors containing nitrogen 
was proved to be more effective to develop N-doped CNTs, as reported by Duck-Joo 
Yang et al. They prepared N-doped CNF mats by electrospinning the blends of poly-
acrylonitrile/poly(m-aminophenol) using thermal stabilization and carbonization 
and achieved the highest specific capacitance of 347.5 Fg−1 along with high cycling 
stability and 90.5% retention of capacitance after 10,000 cycles [69]. Motivated by 
the combination of vertically aligned structures, Wei Chen and co-workers devel-
oped PANI/VA-CNTs-based electrodes, which exhibited high specific capacitance 
of 403.3 Fg−1, extremely high-distorted CNTs in the presence of HClO4 electrolyte. 
This composite electrode material possessed high degree of specific capacitance of 
314.6 Fg−1, retaining 90.2% after 3000 cycles at 4 Ag−1 along with energy density 
of 98.1 Wh kg−1  [70]. Liming Dai summarized the recent developments in high-
active supercapacitors using nanomaterials of carbon as well as the design and 
preparation of structures of electrodes and determination of their charge-storage 
mechanisms  [71]. Following the advanced modification of CNTs, it was felt that 
electrodes prepared using CNTs usually suffer from severe performance degrada-
tion due to restacking during fabrication which hinders the ion accessibility. Hence, 
Kyunghoon Kim and co-workers concluded that the supercapacitors using the short-
ened SWCNTs exhibit 7-fold more specific capacitance than SWCNTs-based elec-
trodes and enough good rate capabilities with 100% retention of capacity after 2500 
cycles [72]. In view of the urgent demand for flexible energy storage devices, Jintao 
Zhang and co-workers discussed on the recent research progress in CNTs-based 
flexible supercapacitors for novel portable and wearable electronics [73].

10.5  CONCLUSION

In the twenty-first century, it is a challenge to achieve high power density and long-
term cycling life in the energy storage devices. To overcome this problem, superca-
pacitors have started to play an important and crucial role in everyday life nowadays, 
as they have high-rate capability, high power density, and high durability. This chapter 
describes the improvement of the capacitance properties of 1D carbon nanostructures 
alone or in modified forms using heteroatoms and functional groups. Besides, con-
siderable attention has been paid to the carbon nanotubes and conducting polymers-
based composites, other forms of carbon nanostructures, and transition metal oxides.
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