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Preface

The availability of energy sources remains one of the major challenges across the
globe, particularly in the perspective of sustainable availability, toxicity, low cost,
and environmental impact. Research is being focused more and more towards the
development of new and renewable energy sources like the sun, wind, and tide,
again leaving an ever-increasing requirement for efficient energy storage devices.
The most prominent technologies of choice are batteries; however, during the past
few decades, supercapacitors have been emerged as a promising alternative, owing to
their high power density, cyclic stability, and environmental friendliness. The com-
pilation presented in this book attempts to focus on the various aspects of superca-
pacitor technology, ranging from their principle and design to applications. The book
focuses mainly on two major aspects of supercapacitors: fundamentals and their
specific applications. In spite of the various advanced scientific concepts developed
for the design of highly efficient supercapacitor systems, there are still lacunae to
filled in the comprehensive literature on the topic, mainly in the perspective of broad
application areas. Hence the book tries to capture all the available knowledge start-
ing from the historical background to latest applications, taking into account the
commercial as well as academic interests of the readers. Significant basic concepts
of supercapacitors such as their classification; charge storage mechanisms; kinet-
ics and thermodynamics of the processes; materials used as electrode, electrolyte,
and separators; and procedures followed are covered in the initial part. This will
especially help the academicians and researchers in rationalizing the materials and
designs that can be taken up further. Potential material characterization methods and
modeling are also covered in the book in a simple way which makes reading inter-
esting for beginners. The latter part of the book discusses the future directions and
prospects of supercapacitor technology, starting from the manufacture of industrial
supercapacitors extending to specific applications like electric vehicles, solar cells,
wind turbines, AC line filtering, and load leveling. Advanced supercapacitor applica-
tions in the biomedical, military, and aerospace sectors are also provided in this sec-
tion. This application-bound perspective of the book makes it suitable for scientists,
industrialists, and students. Moreover, the conceptual framing of this book makes
it appropriate for inclusion in the curriculum of various graduate and postgraduate
courses in basic science as well as engineering.

xi
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’I Historical Perspectives

Vijila Kalarivalappil and
Baiju Kizhakkekilikoodayil Vijayan
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1.1 INTRODUCTION

Energy consumption has become an inevitable factor to achieve economic growth
and hence human development. Nowadays, the depletion of conventional fuels has
triggered the search for alternative energy resources competing with traditional
sources like coal, oil, and gas. Environmental issues including global warming have
also made current innovative technologies focus on renewable energy resources [1].
The different renewable energy sources that have fewer adverse effects on our envi-
ronment include solar energy, wind power, tidal power, geothermal energy, etc. As
a part of this clean energy portfolio, the demand for eco-friendly, high-performance
energy storage devices also increases dramatically [2—6]. A capacitor is one such
electrical component in a circuit, which is used to store charge. It works on the
principle of an increase in the capacitance of a conductor when another earthed
conductor is brought near it. Hence, a capacitor consists of two equal and oppositely
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2 Supercapacitors and Their Applications

charged plates separated by a distance and its ability to store charge is known as
capacitance. Capacitors are mainly used in electronic circuits to charge or discharge
electricity, which is applied to back up the circuits of microcomputers, timer circuits,
and smoothing circuits of power supplies, and is also used to block the flow of DC
which is applied to filter applications for the elimination of particular frequencies.
Thus, the applications of capacitors range from tuning or filter circuits to hybrid elec-
tric vehicles and satellites. The advancement in nanoscience and technology have
influenced electrical energy storage technologies tremendously, including batteries
and capacitors [7-14]. The history of capacitance technology started in 1745, when
an early version of a capacitor was invented by Ewald G. von Kleist while acciden-
tally giving an electric charge to a medicine bottle. Later Pieter van Musschenbroek
also came up with the same invention while living the city of Leiden. The Leyden
jar, a primitive model of a capacitor, consists of a glass vessel with metal foils with
the jar forming the dielectric of the capacitor and the metal foils forming the elec-
trodes. During the charging process, opposite charges are accumulated on the metal
electrode surface and the discharging of these charges occurs when a metal wire
is connected across the metal electrodes. The capacitor technology has undergone
many modifications ever since and this chapter describes the mechanisms involved
in the electric capacitor, different types of capacitors, and the recent advancements
in capacitor technology.

1.2 CAPACITANCE OF A CAPACITOR

The capacitance (C) of a capacitor, by definition, is the amount of charge stored
per unit of voltage across its plates and it is a measure of the capacitor’s ability to
store charge. That is, capacitors with higher charge per unit of voltage have greater
capacitance, as given by the following formula:

c_4
Vv

where ¢ is the amount of charge on either conductor and V is the potential difference

between the conductors, or in other words, it is the ratio of the amount of charge (¢)

to the potential difference (V).

The unit of capacity depends on the units of charge and potential used. The SI
unit of capacity is the farad. One farad is the capacity of a conductor in which the
potential of the conductor rises by one volt if one coulomb of charge is given. Since
the practical unit of capacity is too large, much smaller units like millifarad (10-3 F),
microfarad (10-° F), nanofarad (10~° F), and picofarad (10-'? F) are used in normal
practice.

1.3 WORKING PRINCIPLE OF A CAPACITOR

To understand the charging and discharging mechanism of capacitors we will
consider the most common parallel plate capacitor in which the space between the
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conducting plates is filled with a dielectric material. The dielectric material can be
a vacuum or an insulating material with a polarizable property. For a given voltage,
the dielectric constant of material gives the amount of electrical energy stored in
it. The capacitors, having materials with higher dielectric constants, store higher
electrical energy. The dielectric strength of a material can determine the maximum
voltage that can be applied to the capacitor before its breakdown. When the battery
is connected, current flows and the potential difference across the capacitor plates
begins to rise, as the free electrons from the neutral atoms of the plate are attracted
towards the positive potential applied to plate I which creates an excess of positive
ions on plate I. Then these free electrons are pushed towards the plate II by the
chemical action occurring in the battery and also with the repulsion by the negative
battery potential creating a negative charge on plate II of the capacitor. A potential
difference between two plates arises due to the charges developed on them and it is
defined as voltage. There will not be any current flow when the potential difference
across the capacitor becomes equal to that of the applied battery voltage. At this
moment the capacitor is said to be fully charged and the time span taken for this is
known as the charging time of the capacitor. The charging time depends upon factors
such as circuit resistance and the capacitance of the capacitor.

The two plates of the capacitor hold the opposite charge for a certain time when
the battery is removed. From this moment onwards it can act as a source of electrical
energy. If these plates are connected to a load, the current flows through the load
for a short period from the plate which is negatively charged to the plate which is
positively charged until all the charge is dissipated from both plates. The time taken
for this process is known as the discharging time.

C is given by the formula C = K % which is the capacitance of a parallel plate

capacitor
Where:

e The permittivity of space (8.85 * 10~!2 F/m) is denoted by ¢
e The relative permittivity of dielectric material denoted by K
* The separation between the plates is denoted by d

e The area of plates is denoted by A

From the above equation, it is observed that the capacitance (C) increases with the
permittivity of the dielectric material, the area (A) of the plates, and decreases with
the plate separation (d) [15].

1.4 ENERGY STORED IN CAPACITOR

When the battery is removed the two plates of the capacitor hold the opposite charge
for a certain time, maintaining the potential difference between them. The charge is
stored due to the presence of dielectric or insulator material which prevents the
movement of electrons from plate II to plate L. If we assume that a charge (g) is being
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transferred from one plate of a capacitor to the other in an instant (V), the potential

difference between the plates at that instant can be calculated as 4 The work
required to bring the total capacitor charge up to a final “value ¢ is:

q

1 q2
W= [aw="{qas=1

coq 1=5¢

2

This work is stored as potential energy U in the capacitor, so that U = 2qu We can

also write this as U = %CV2 [16].

1.5 TYPES OF CAPACITORS

There are a wide variety of capacitors depending on the practical application. The
main categories are variable capacitors and non-variable capacitors. The capacitance
value of variable capacitors can be changed mechanically or electronically, as the
name suggests, whereas a non-variable capacitor gives fixed capacitance. Capacitors
are mainly classified into three categories, namely electrostatic capacitors, electro-
lytic capacitors, and electrochemical capacitors

1.5.1 ELectrOSTATIC CAPACITOR

Typical electrostatic capacitors consist of two thin strips of metal foil as electrodes
separated by an insulator material act as a dielectric (Figure 1.1(a)). Various types of
electrostatic capacitors are available in the market commercially. The names of those
capacitors originate from the type of dielectric material used for their construction.
Examples of various electrostatic capacitors include air, ceramic, mica, and plastic/
paper film capacitors.

1.5.1.1 Air Capacitor

In an air capacitor, the air between the plates acts as the dielectric material. The
capacitance of the air capacitor can be tuned by meshing and unmeshing the capacitor

(a) (b) (c) (d)

Electrostatic Electrolytic Electrochemical double-layer
d

— d

a
=

3

¥
o
+
o
000000 0

Voltage

00 O

o

%o

and supercapackors

Electrode’ Separator
Activated carbon 1nf

14F 1mF 1F 1k 1MF
Capacitance

FIGURE 1.1 (a), (b), and (c) Schematic representation of the different classification of
capacitors. (d) Capacitance versus voltage graph of the different class of capacitors [17, 18].
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plates. So variable and fixed types of air capacitors can be made for different applica-
tions [19]. The construction of these capacitors is simple and usually consists of two
sets of plates, one fixed and the other movable. The movable set of plates move in
between the fixed plates so that different amounts of air can be included within the
gap. As the overlap between the two sets of plates becomes larger, the capacitance
becomes higher. Variable air capacitors find wide application in places where vari-
able capacitance is required; for example, in resonant circuits like antenna imped-
ance-matching applications or frequency mixers, radio tuners, and also for modeling
electronic circuits. Most of these applications demand high power, high frequency,
and low loss properties. The other applications of air capacitors include military
applications which utilize their intrinsic resistance to electromagnetic pulses that
could be created intentionally to destruct electronic equipment or scanners. The infe-
rior dielectric strength of air makes air capacitors unsuitable for high voltages. The
capacitance range of air capacitors lies between 100 pF and 1 nF.

1.5.1.2 Ceramic Capacitor

A ceramic capacitor is a capacitor that uses a ceramic material as the dielectric.
The two most common types of ceramic capacitors widely used in electronics
include multi-layer ceramic capacitors (MLCC) and ceramic disc capacitors. The
capacitance value of these capacitors normally lies between 1 nF and 1 puF with
low maximum rated voltage compared with electrolytic capacitors. The ceramic
capacitors available today are divided into two groups: class 1 and class 2.
Paraelectric dielectric materials such as rutile phase TiO, and perovskite titanates,
along with additives of Zn, Mg, or Ta forms class 1 ceramic capacitors [20, 21]. The
capacitance of these types of capacitors shows minimum change or drift with respect
to temperature, frequency, and applied voltage, and they are highly preferred for
applications that demand high stability and low loss. Whereas ferroelectric materials
such as barium titanate along with additives like silicates of aluminum, magnesium,
and aluminum oxide form class 2 capacitors [22-25]. Since the dielectric materials of
class 2 ceramic capacitors are associated with high permittivity, they are suitable for
less sensitive applications like decoupling and coupling applications. MLCC devices
offer a significant advancement in most modern printed circuit boards (PCBs), where
high component packing densities are required. A voltage range of 2—100 kV can be
made to withstand power by ceramic capacitors. But smaller MLCCs can be used in
PCBs rated to a voltage range of a few volts to several hundred volts, depending on
the application.

1.5.1.3 Mica Capacitor

Mica capacitors are capacitors that use mica, a group of natural minerals with very
high electrical, chemical, and mechanical stability as the dielectric. The typical lay-
ered structure of mica allows the manufacture of thin sheets in the order of 0.025-
0.125 mm. The capacitance value of these capacitors lies between pF to nF. There
are two types of mica capacitors available on the market, namely clamped mica
capacitors and silver mica capacitors. Clamped mica capacitors are not widely used
nowadays due to their inferior characteristics, however, silver mica capacitors are
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used instead. The construction of these capacitors involves sandwiching mica sheets
with metal on both sides. Then this assembly is enclosed in epoxy to protect it from
the harsh environment. The advantages of mica capacitors include very high stability
and accuracy, frequency-independent characteristics, and low resistive and inductive
losses. Silver mica capacitors are used in applications that require low capacitance
values with high stability and low losses such as in power radio frequency circuits
and also in high frequency tuned circuits, like filters and oscillators. Also, these
capacitors are bulky and expensive.

1.5.1.4 Paper/Plastic Film Capacitor

A paper capacitor, otherwise known as fixed capacitor, uses paper as a dielectric
medium. It stores a fixed amount of electric charge with a capacitance value of 1 nF
to 1 pF. The construction of a paper capacitor is similar to a mica capacitor. Here,
paper sheets and two aluminum sheets rolled in a cylindrical shape constitute the cell
assembly and it is then coated with wax/plastic resin. Then two-wire leads are taken
out from the ends of the aluminum sheets. In a metalized paper capacitor, the paper
is coated with a thin layer of zinc or aluminum and rolled in the form of a cylinder.
Disadvantages of paper capacitors include variation in capacitance with temperature
and short service life.

A plastic film capacitor uses some plastic materials such as Teflon, polystyrene,
polyethylene terephthalate, and polypropylene as dielectrics and metals like zinc or
aluminum as the electrodes of the capacitor. The two types of plastic film capacitors
are film-foil capacitors and metalized film capacitors. The construction of the film-
foil capacitor requires two plates of aluminum foil separated by insulating plastic
films as the dielectric. Whereas in metalized film capacitors aluminum or zinc is
directly coated onto the dielectric using a vacuum deposition process. These types
of capacitors are associated with self-healing property which prevents dielectric
breakdown by a process that removes defects in the dielectric film by vaporizing
the metal electrode surrounding that defect [26]. The wide applicability of film
capacitors could be attributed to their high stability, low equivalent series resistance
(ESR), low self-inductance, and low cost. These film capacitors provide a precise
value of capacitance in the range of nF to mF, have a long life and high reliability,
and also operate under high-temperature conditions. The capacitance versus voltage
graph of the different classes of capacitors is provided in Figure 1.1(d).

1.5.2 ELectroLYTIC CAPACITOR

The history of electrolytic capacitors started in 1886 when Charles Pollak anodized
metals like aluminum and other metals (Figure 1.1(b)). During his research, he
observed that there is very high capacitance between the aluminum and the electrolyte
solution due to the thin layer of aluminum oxide produced during anodization. An
electrolytic capacitor is a type of polarized capacitor whose positive electrode is made
of a metal capable of forming an insulating layer of oxide during anodization and uses
an electrolyte as the negative electrode to achieve a greater capacitance than other
types of capacitors. Here the oxide layer constitutes the dielectric of the capacitor.
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The electrolyte can be a liquid, semi-solid, or solid with a high concentration of ions.
The polarity of most electrolytic capacitors arises because the voltage on the anode
on which the dielectric layer formed must always be greater than the voltage on the
cathode. The process of anodization sets the polarity. So, care must be taken over
the polarity of the capacitor in a circuit. If the reversal of polarities occurs, it triggers
dissolution of the oxide layer, and in extreme cases the device may explode owing to
overheating of the electrolyte. Different types of electrolytic capacitors are available
on the market.

1.5.2.1  Aluminum Electrolytic Capacitor

An aluminum electrolytic capacitor consists of two aluminum foils as electrodes
and electrolytes like a solution of phosphate, carbonate, or borax. When a DC
voltage is passed across the plates of the capacitor, the metal oxide is of the order
of a micrometer formed by the electrochemical oxidation of the aluminum foil
which acts as the dielectric of the capacitor. These types of capacitors are found
in many applications like computer motherboards and power supplies. Based on
the working voltage, applications, and type of electrolyte used, these capacitors are
available in different sizes and shapes. Their capacitance values lie between 0.1 pF
and 2.7 F with voltage rated from 4 to 630 V. The electrolytic solutions for aluminum
capacitors must have properties such as the high ability to self-repair the oxide film
on aluminum, high electro conduction, and a broad range of temperature stability
[27]. The electrolytes for aluminum capacitors vary extensively. These include salts
of adipic, trifluoroacetic, tartaric, maleic, salicylic, citric, and formic acids [28].
Organic electrolytes based on gamma-butyrolactone, ethylene carbonate, and other
compounds are also used in aluminum capacitors [27, 29]. Solid electrolytes like
salts of 7,7,8,8-tetracyanoquinonodimethane complex [30-33], N-n-butyl isoquinolin
[34], and solid manganese oxide are also used. Even though electrolytic capacitors
have large capacitance compared with other capacitors, they have several drawbacks
as well. The major disadvantages of aluminum electrolytic capacitors include limited
lifetime, the dependence of their parameters on temperature, and considerable
leakage current, value tolerances, and equivalent series resistance.

1.5.2.2 Tantalum and Niobium Electrolytic Capacitor

A new version of an electrolytic capacitor has emerged, with tantalum metal having a
superior property in which tantalum metal forms the anode of the capacitor covered
by a very thin layer of tantalum pentoxide as the dielectric and surrounded by a
conductive liquid or solid electrolyte as the cathode. The main features of these
capacitors compared to aluminum capacitors are higher specific capacitance,
low equivalent series resistance, reduction of ignition risk, self-healing reaction,
smaller leakage currents, better temperature—frequency characteristics, and longer
storage times. Conventional tantalum capacitors with a solid electrolyte like MnO,
are considered to be the ideal choice for high temperature applications (currently
up to 175°C) and also when high voltage is required (up to 50 V). On the other
hand, tantalum polymer capacitors are used in consumer applications such as
telecommunications, personal digital assistants, etc., wherein ESR requirements
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are quite low. The significantly larger mechanical strength of tantalum allows the
construction of a thinner foil, which additionally increases the capacitance. However,
tantalum capacitors are more expensive than aluminum ones [35, 36].

At present, work is in progress to check the feasibility of the oxides of niobium
and titanium, which possess a high dielectric constant and have a lower cost than
tantalum oxide, in electrolytic capacitor applications. The construction of niobium
electrolytic capacitors is similar to tantalum ones but here niobium pentoxide acts
as the dielectric and niobium monoxide or niobium metal forms the anode. NbO
capacitors are characterized by good cost-versus-performance value, also they have
the advantages of lower cost and the better availability of niobium compared to tan-
talum. The excellent reliability of these capacitors makes them a favorite choice for
automotive and computer applications.

1.5.3  SUPERCAPACITORS

Currently, technological advancement in many fields requires the need for stor-
age devices with improved storage capacity to store energy when it is available and
regain when it is required. This situation has forced humanity to develop a new
energy storage system that couples higher energy density than existing dielectric
capacitors and higher power density than batteries known as supercapacitors [37, 38].
The history of supercapacitors began with the patent describing double-layer capaci-
tance in 1957. Since these electrochemical capacitors use electrolyte solutions and
high-surface-area electrodes, they have higher capacitance per unit volume than con-
ventional dielectric capacitors and electrolytic capacitors. The very high surface area
associated with electrodes and the small separation of the order of atom or molecule
between the electronic and ionic charge at the electrode surface allow supercapacitors
to have higher energy density than conventional counterparts [39, 40]. The Ragone
plot of various electrochemical systems shows that fuel cells are associated with high
energy density and supercapacitors with high power density, whereas batteries lie in
between them with intermediate energy and power density [41, 42]. They are highly
recommended for applications that require energy pulses for a short period like auto-
mobiles, cranes, forklifts, electricity load-leveling in stationary and transportation
systems, etc. [43, 44]. The other name for supercapacitors is ultracapacitors, which
have a higher capacitance value than the other types of capacitors [45]. The major
components of a supercapacitor include an electrolyte, two electrodes, and a separa-
tor which isolates (electrically) the two electrodes. Even though supercapacitors are
associated with advantages like higher power density and better lifecycle, they have
unsatisfactory low energy density [46, 47], a low amount of energy stored per unit
weight, higher dielectric absorption, and a higher rate of self-discharge than that an
electrochemical battery. Also, its very low internal resistance causes extremely rapid
discharge when shorted, resulting in a spark hazard. In addition, these supercapaci-
tors are also prone to the process of degradation and corrosion especially at high
charge voltage. Based on the mechanism of energy storage and the type of electrode
material, supercapacitors are divided into three groups, namely electric double-layer
capacitors (EDLCs), pseudocapacitors, and hybrid capacitors [48—50].
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1.5.3.1 Electric Double-Layer Capacitor (EDLC)

The main components of EDLCs (Figure 1.1(c)) consist of two porous electrodes,
an electrolyte, and a separator which electrically insulate the positive and negative
electrodes [51]. In EDLCs, as the name indicates, electrical double-layer capacitance
originates from the separation of electric charges, caused by the directional
distribution of ions and electrons at the interface between the electrode material and
electrolyte [52]. The double-layer shows two regions of ion distributions, namely
the compact Stern layer, or the inner Helmholtz plane, and the diffuse layer or outer
Helmholtz plane. Surface dissociation and ion adsorption of the electrolyte and
crystal lattice defects contribute to the surface electrode charge generation. During
the charging process, the positively charged ions in the electrolyte migrate towards
the negative electrode and the negatively charged ions migrate to the positive
electrode, while the electrons are transferred from the negative electrode to the
positive electrode through an external current source [53]. When the external load
has removed the stabilization of the electrical double layer on the electrodes, it occurs
by the attraction of oppositely charged ions in the electrolyte and the charges on the
electrode surface. The reverse process occurs during the discharging process. The
net result of this process is the accumulation of energy in the double-layer interface.
Since there is no electrochemical reaction between electrode materials and only
physical charge accumulation takes place at the solid/electrolyte interface during
the charging/discharging processes, EDLCs can sustain the very large number of
cycles of the order of millions with high energy density. In view of this, electric
double-layer charge storage can be considered as a surface phenomenon. So, the
capacitance of these types of capacitors can be affected by the surface properties
of the electrode materials. Hence, according to this mechanism the electrode
material plays an important role in the performance of EDLCs. Therefore, it is very
important to select the appropriate electrode material for EDLCs. Different forms
of carbon material such as powder, fibers, porous carbon, carbon nanotubes (CNTs),
graphene, etc., are widely used as electrode material in EDLCs. The easy availability
and existence in various allotropic forms made carbon material more attractive for
capacitor applications [54—64].

1.5.3.2 Pseudocapacitor

The way of storing charge in a pseudocapacitor or faradaic supercapacitor is differ-
ent from EDLCs [65]. Here the capacitance arises from fast and reversible faradaic
reactions or redox reactions at or near the electrode surface [66—68]. Three types of
electrochemical processes occur for the development of pseudocapacitance. These
include reversible surface adsorption/desorption of protons or any metal ions from
the electrolyte, redox reactions involving a charge transfer with the electrolyte, and
reversible doping/undoping of an active conducting polymer material of the elec-
trode. The surface area of the electrodes plays important role in the first two pro-
cesses because they are primarily surface reactions. The third process involving the
conducting polymer is a bulk process, it does not depend on the surface area of the
electrodes; however, a material with a suitable pore structure, preferably a micropore
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structure, is desirable for the to-and-fro movement of ions from the electrodes in a
cell. Compared with a battery the charging—discharging of pseudocapacitive mate-
rial happens quickly, normally within seconds or minutes. Batteries will take a
much longer time for the charging and discharging process. Hence pseudocapaci-
tive material can be used as high energy and power density material. Initially, the
focus of research in this area was based on electrosorption of proton monolayers on
noble metals like platinum or gold and electrochemical protonation of metal hydrous
oxides such as iridium and ruthenium oxide hydrates [69-70]. Recently, the focus
changed to the materials undergoing such redox reactions, including conducting
polymers and several transition metal oxides, including RuO, [71], MnO, [72-74],
V,0s [75-77], and Co;0,, and conducting polymers like, e.g., polyaniline, polypyr-
role, polyvinyl alcohol, etc. [78—80]. In principle, systems with multiple oxidation
state pseudocapacitors can provide a higher energy density than EDLCs. But the
pseudocapacitors have relatively poor durability compared with EDLCs owing to the
physical changes that occur during the charge/discharge cycle.

1.5.3.3 Hybrid Supercapacitor

The pseudocapacitance can be suitably coupled on any EDLC, which forms the basis of
the third type of supercapacitor known as a hybrid capacitor, which recently come into
the picture and progressed rapidly [81-90]. Typical hybrid capacitors consist of a cathode
and anode composed of different active materials [91], a separator which isolates the two
electrodes, and an electrolyte. Hybrid supercapacitors consisting of a redox (faradaic)
reaction electrode or a battery-type electrode, with an electric double-layer electrode
(typically carbon materials) in suitable electrolyte are employed to further improve the
energy density [91-93]. Here the charge-storing mechanism involves both double-layer
ion adsorption/desorption and reversible faradaic reaction. Such asymmetric configura-
tions have the redox-type electrodes with a large energy density, while the non-faradaic
capacitive electrode has high power density and excellent cycling stability [94]. Hybrid
capacitors were divided into three categories differentiated via their electrode configura-
tions as asymmetric, composite, and battery type.

1.6 SUMMARY AND OUTLOOK

Nowadays the worldwide research community is working hard to improv the
properties of energy storage systems with the help of nanotechnology to enhance
the capacity of storing energy from renewable sources of energy like solar and wind.
The fast-growing consumer electronics which demand thinner, lighter, and flexible
storage units are not satisfied with the rigidity and large size of traditional capacitors.
Supercapacitors and batteries are presently handling these requirements to a certain
extent. Even though much research has taken place in the field of supercapacitors, it
has to go a lot further for significant energy density. The focus of research in this area
is to amplify the characteristics of all types of supercapacitors and batteries in terms
of cycle stability, specific energy, specific power, and to reduce production costs.
Currently, the world of energy storage is eagerly looking for various hybrid energy
storage systems which combine two or more types of energy storage systems like
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batteries and capacitors. At the present stage, a single energy storage system cannot
fulfill all the desired operations due to its limited capability and potency in terms
of lifespan, cost, energy, and power density, etc. Hence, different configurations of
hybrid systems, especially battery and supercapacitor systems, can use the advantages
of each system to improve overall performance to meet future needs.
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2.1 INTRODUCTION

EDLC/goldcaps/ultracapacitors/supercapacitors have been considered to be a well-
tried alternative energy storage device for the last few decades. Owing to their power
profile and ultra-long lifespan, the demand for novel designs and configurations in
electric double-layer capacitors (EDLCs) is rapidly increasing and is especially so as
there are diverse application areas being developed, constantly expanding the market
[1-4]. Their function also varies depending upon the specific application, wherein it
would augment the battery technology or replace it.
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The energy storage in EDLCs could be attributed to the charge accumulation
in the electrical double layer (EDL) at the electrode/electrolyte interface wherein
the separation between the electronic charge at the electrode surface and the ionic
charge at the electrolyte region causes electrostatic charge separation [5]. However,
compared to the conventional parallel plate capacitor which uses a dielectric mate-
rial, EDLCs form an insulating layer of the solvent, localizing the electric field at the
angstrom level and macroscopically it assumes the same equation [6]:

_ €&y
d

so that a high surface area electrode would provide an extraordinary capacitance
value. At the same time, this electrostatic mechanism would allow the device a quick
response which in turn would improve the power profile with a power density as high
as 15 kW/kg on average and a very long lifespan in the order of 1,000,000 cycles.

C A @.1)

2.2 ELECTRICAL DOUBLE-LAYER THEORIES

When a charged object (electrode) is in contact with a liquid (electrolyte), a layer of oppo-
site charges from the liquid concentrates near the surface of the object to balance the
charge on it, to form an electrical double layer at the interface separating the electrode
and the electrolyte. The formation of such a layer at the interface and the subsequent
interaction between the electrode surface and electrolyte ions are explained by many dif-
ferent models and theories. Three prominent models are given below.

2.2.1 THe HELMHOLTZ MODEL

Hermann von Helmholtz proposed that when an electrode is in contact with an elec-
trolyte, ions of opposite charge tend to attract while ions of same charge repel.

This results in the formation of two layers at the electrode/electrolyte interface
and is called an electrical double layer. This electrical double layer can be considered
as a molecular dielectric that can store an electric charge. The value of capacity for
this molecular dielectric can be written as:

C =58y 2.2)
Xn

where X/, is the ionic radius (distance of closest approach of the charges), €, is the
relative permittivity (dielectric constant), € , is the permittivity of vacuum and A is
the surface area accessible to the electrolyte ions. The value of capacity does not
vary with applied potential the potential falls linearly from ¢ ,, to ¢ ¢ where ¢
is the value of electrostatic potential in the metal electrode and ¢  its value in the
solution (Figure 2.1(a)). This is the simplest approach to interpret a double layer. But
this model does not consider diffusion of ions, adsorption of ions at the surface of
the electrode and the interaction between dipole moments of the electrode and the
solvent [7, 8].
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FIGURE 2.1 The Helmholtz (a), Gouy-Chapman (b) and Stern (c) models of the double-
layer variation of C; with potential are shown.

2.2.2  THe Gouy-CHAPMAN OR DIFFUSE MODEL

According to Louis Georges Gouy and David Leonard Chapman, the value of capaci-
tance depends on both ionic concentration and applied potential. As per this model, the
charged surface is surrounded by equal numbers of oppositely charged ions from solu-
tion, but these ions are not bound to the charged surface as described in the Helmholtz
model, instead, they are free to move. This layer of oppositely charged ionsis therefore
called a diffuse double layer. The kinetic energy of the ions in the solution is one of
the critical factors that determines the thickness of this layer. The distribution of ionic
species with distance from the electrode follows Maxwell-Boltzmann’s law:

n = n exp(zie(PAj 2.3)
KT

where n is the numerical concentration of ions i in bulk solution and @, = ¢ — @g.
Therefore, electric potential falls exponentially from surface to the bulk of the solu-
tion as shown in Figure 2.1(b) [7, 8]. However, this model fails to explain the highly
charged double layer where the calculated value of double-layer thickness is less than
the experimental value.

2.2.3 THe STERN MODEL

This model combines the features of the Helmholtz model and the Gouy—Chapman
model. According to the Stern model, some ions are attached rigidly to the surface
of the electrode like those in the Helmholtz model, which is called a Stern layer,
whereas some others form the diffuse layer as proposed by Gouy and Chapman. The
Gouy—Chapman model considers ions as point charges and there is no restriction
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for them to approach the surface of the electrode. Stern modified this assumption by
considering the finite size of the ions [9]. The Stern model depicts that the first layer
of ions (Stern layer) are at a distance ¢ from the electrode surface. The Stern layer
consists of strongly adsorbed electrolyte ions which form a narrow layer called inner
Helmbholtz plane (IHP). A weakly adsorbed layer adjacent to this narrow layer forms
the outer Helmholtz plane (OHP). The effective capacity (C,) of the system can be
determined by assuming the series combination of two capacitors with capacities Cj,
representing the Stern layer and C;- representing the diffuse layer [7, 8].

1 1 1
- = 4
Ci Cy Cge

The dependence of total capacity on potential is shown at the bottom of Figure 2.1(c).
E, is the point where there is zero charge and the capacity is at a minimum.

24

2.2.4 MoDIFIED THEORIES

Based on these basic EDL theories, the relation between the specific capacitance and
surface area would ideally be linear. However, in the practical scenario, there is a
considerable deviation from the linear relationship. There have been several reports
indicating the contribution of micro and/or sub-micropores in the active surface area
and subsequent overall capacitance [10]. Raymundo-Pinero et al. proposed a partial
desolvation of solvated ions while entering these pores, which were earlier thought
to be inaccessible [11]. A similar trend was also observed by Simon and Gogots and
reported an anomalously high capacitance when the size of the pores matches the
ionic size. However, correlating this desolvation of ions with the EDL theory is chal-
lenging as the confined space within the pores will not be sufficient to accommodate
the various layers [12].

In a recent report, Huang et al. developed an approach wherein the pore curvature
is considered [13]. Two different models where proposed; an electric double-layer
cylinder capacitor (EDCC) and an electric wire in cylinder capacitor (EWCC) model
for mesoporous and microporous carbon respectively. When the pore size is suf-
ficiently large so that the pore curvature becomes insignificant, the EDCC model
would be brought down to the conventional planar model. The calculation for capaci-
tance according to the EDCC and EWCC models are as follows:

€:€

C=—"""__A (2.5)
[b/(0-a)]

— &t 4 2.6

bln [b/ao] ( )

It is also to be noted that, by fitting the results, the dielectric constant could be calcu-
lated as close to the value at vacuum indicating the fact that the desolvation must be
happening before getting inside the micropores [13].
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2.3 THEORETICAL TREATMENTS AND MODELLING

Owing to their contrastive charge storage mechanism compared with dielectric
capacitors, the conventional models depicting capacitor behaviour are incapable of
rightfully representing EDLCs. Hence there are different theoretical models that
would represent EDL.Cs wherein the electrolyte resistance and the EDL capacitance
are spread deeper into the pores of the highly porous electrode materials. Hence
the theoretical modelling of a supercapacitor would usually consist of capacitor and
resistors differing from those of a parallel plate capacitor that gets charged and dis-
charged linearly.

2.3.1 THEe CirAssicAL EQuIVALENT CircuiT

This is the most simplistic model corresponding with the EDLC for practical appli-
cation avoiding the complex and undetermined parameters which would actually be
there to represent the true physical nature of the system [14]. According to this model,
(Figure 2.2(a)), the EDLC is represented with a capacitance (C) with an equivalent
series resistance (ESR) and an equivalent parallel resistance (EPR) wherein the EPR
and ESR model the ohmic loss and the leakage current during long-term cycling
respectively. However, the model is valid only for very low-frequency applications
and modified models are required to accurately simulate the system in wide range
of frequency [15].

2.3.2 THE THRee-BRANCH MODEL

The three-branch model usually consists of three branches with each of them hav-
ing a distinct time constant. The charge redistribution as the electrode/electrolyte

a) b)
’—/\/Rp\/\,—| j Rd R
__,W\I ) ﬁl= méaw cd o ga
1 1

FIGURE 2.2 The Classical Equivalent circuit (a), Three Branch (b) and Transmission Line
(c) models representing EDLCs.
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interface extends through the pores is also considered (Figure 2.2(b)) [16]. The first
branch (denoted as R;, the immediate branch), has the lowest time constant and it
influences the charge/discharge behaviour happening in the order of a few seconds.
A nonlinear capacitance is included which would vary as a function of voltage so
that the dependence of capacitance with bias voltage is taken into account. Hence,
it is modelled as a voltage-dependent differential capacitor consisting of a fixed
capacitance and a voltage-dependent capacitor. The second branch is denoted as the
delayed branch and here the characteristics in the range of a few minutes are mod-
elled. The third branch is the long term/slow branch influencing the self-discharge
behaviour of the circuit when the time is longer than ten minutes. Parallel to the RC
branches, a leakage resistor is also included (R,,,) so as to model the leakage current.
The parameters of the circuit are usually determined by the method illustrated by
Zubieta wherein the capacitor is subjected to a fast, controlled charge to examine
the successive charge/discharge behaviour. It is found that the three-branch model
exhibits an acceptable accuracy within the time range of 30 seconds when the volt-
age levels are above 40% of the rated voltage [16].

2.3.3 THEe Porous ELecTRODE THEORY

The electrode resistance and the double-layer capacitance are largely affected by
electrode porosity. The analysis of porous electrodes by de Levie was one the first
extensive analyses of this kind and, according to the porous electrode theory devel-
oped by the same group, it is assumed that all the pores in the electrode overlay are
non-interconnected and each of them are identical and cylindrical [17, 18]. Moreover,
the impedance of a single pore in this condition is adequate to model the whole sys-
tem. Hence, the impedance characteristic of a single cylindrical pore of length / can
be expressed by the electrolyte resistance (R,;) which is homogeneously distributed
and the double layer capacitance (C,).

In the assumption that R,, and C,, are expressed per unit length of the cylindrical
pore, the pore impedance could be calculated from the current and voltage.

z, | Ra coth(y[j-w-CuRa 1) @7
JW-Ca

2.3.4 TrANsMiISSION LINE MopEL (TLM)

Similar to the transmission line model of traditional capacitors, a transmission line
topology also exists for the EDLCs considering the porous nature of the electrodes
and the nonlinear relationship of their capacitance with the surface area (Figure
2.2(b)). It is also considered as the simplest approach to apply the impedance of
pores. In the model, each of the pores is modelled as a transmission line, modelling a
distributed electrolyte resistance as well as a double layer extending deeper into the
pores. A perfectly conducting electrode and straight, cylindrical and uniformly sized
pores are assumed so as to obtain the capacitive effects [19]. The relaxation time
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constant depends upon the pore width, the capacitance and resistance of electrolyte
in such a way that:

1= %(ZZRC) 2.8)

Hence, upon application of a DC potential to the pore opening, the penetration depth
increases with increase in time and when an AC potential is applied, the penetration
depth increases with a decrease in frequency.

The TLM is highly advantageous, firstly because the distributed nature of the
supercapacitor is caught physically and it considers the dynamic as well as long-time
behaviours. Moreover, simulation is possible over a wide range of frequencies and
other simulation software and/or tools can also be implemented [20].

2.4 ENERGY DENSITY AND POWER DENSITY

As in the case of any storage system, energy and power densities are the two major
figures of merit for supercapacitor devices. They are very well known for their ultra-
high-power profile which is the energy delivered as a function of time which in turn
is determined by the maximum voltage and ESR [21]. The right combination of ESR
and load gives the highest power density. A compared to typical lithium-ion (Li-ion)
batteries and fuel cells, supercapacitors have a much lower energy density which is
in the range of 5-10 Wh/kg while that of Li-ion cells and compressed hydrogen are
in the ranges of 80—150 Wh/kg and 39,444 Wh/kg respectively [22].

2.4.1 THe RAGONE PLoT

The Ragone plot is the typical representation of energy storage capacity of the sys-
tem as a function of power output and it compares various storage systems in terms
of their energy and power performances [23]. In a representative Ragone plot, energy
discharged in watt-hours is shown with respect to the power discharged in watts.
However, to represent the actual obtainable power and energy this representation
will not be sufficient, and a plot of energy density vs power density would provide
more insights into the actual scenario.

The major parameter that determines the Ragone plot is the load resistance, R;.
i.e., the plot represents energy and power that can be dissipated with the variation
in load resistance. In order to better understand the relations, a parameter «a is intro-
duced in such a way that 7 = a.to and R, + Ry = a.R;. If we assume R, to be constant,
at time 7 = 0, the initial peak power can be represented as:

Poo=Uj(a—1)/o’ /Ry (2.9)

When R;= R, and at time ¢ = 0, we can obtain the maximum peak power and is
given by:

Prax0 = Emax /270 = Ug /4 Ry (2.10)
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The available part of the stored energy can be obtained as the load power integration
as follows:

Ey = Epy (0—1) /0 (.11
For a particular given R,, the Ragone plot coordinates will be as follows:

E, =E,/M = Ep (0.—1)/o/M (2.12)

Pyo=Puo/M=2E(a—1)/0’ It/ M
(2.13)
=4Pp (0 —1)/ 0’ /M

With a load resistance lower than the internal resistance, even with the high current,
the voltage drop would be significantly reduced on the load. Subsequently, the power
delivered to the load will be small. It is evident from the Ragone plot that, on the
right side, there is an interruption on the curve at P, , the point at which the load
resistance equals the internal resistance of the device. The left side of the plot repre-
sents the lower power regime wherein the load resistance is considerably greater than
the internal resistance [24, 25].

2.5 ELECTRODE MATERIALS

2.5.1 AcTivateD CARBON

Activated carbon is the most common type of disordered porous carbon. Organic
precursors that are rich in carbon, such as coconut shells, wood, leaves, natural
fibres, pitch, coal, petroleum, coke, etc., are the natural sources of activated carbon.
Activated carbon is produced from these organic precursors through two steps: the
first step is the process of carbonization which involves the heat treatment of organic
precursors under an inert atmosphere and in the second step carbon precursor grains
are activated by partial controlled oxidation through a physical or chemical method
[26]. The process of activation helps to get a porous network, resulting in the forma-
tion of carbon particles with a high surface area. Activation can be done either physi-
cally or chemically. In physical activation, carbon precursor grains are subjected to
carbonization at high temperature (700-1200°C) under an oxidizing atmosphere (in
the presence of H,0, CO, or air). Production of activated carbon through a chemi-
cal method involves treating the carbon precursor grains with chemical activating
reagents such as KOH, H,SO,, ZnCl,, etc. A wide range of pore structures is pres-
ent in activated carbon, ranging from macropores (>50 nm), mesopores (2-50 nm)
and micropores (<2 nm). The electrochemical properties of an activated carbon
electrode are influenced by various parameters such as its surface area, the pore
structure, the pore size distribution and the surface functionality. Sometimes pore
volume becomes large as a result of excessive activation, which may lead to the loss
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of desired electrochemical properties. It is possible to produce activated carbon with
more advanced properties such as well-developed porosity and more uniform pores
and microstructure by using synthetic polymers (such as poly aniline, poly vinyl
chloride, polyfurfuryl alcohol, etc.) as the precursors. It was observed that an acti-
vated carbon-based supercapacitor electrode delivers higher capacitance in aqueous
electrolytes (100300 F/g) than organic electrolytes (<150 F/g) [27-29].

2.5.2 CarBoN NANOTUBES (CNTs)

CNTs have been widely studied as an electrode material owing to their high conduc-
tivity, good thermal and mechanical stability and unique pore structure. They have a
tubular structure and are most commonly grown through chemical vapor deposition
methods assisted by catalysts. Hydrocarbon-based gaseous precursors such as meth-
ane, acetylene, propylene and others are commonly used. CNTs are of two types;
single walled nanotubes (SWNTs) and multi walled nanotubes (MWNTSs). Both are
explored as an electrode material for supercapacitors [30, 31]. SWNTs are highly
flexible, but not easy to handle due to their tendency to form bundles. Compared
to SWNTs, MWNTs have a number of defects, which would result in a deviation
from their structure as well as their intrinsic properties, which in turn may lead
to higher resistance. MWNTs are longer in size and have a greater volume than
SWNTs. CNTs are highly conductive, and compared to other conductors there is no
heating up while conducting electricity (Joule heating). This is because conduction
in CNTs is through ballistic transport, i.e., charge carriers have a very high mean
free path and are not subjected to scattering, thus eliminating Joule heating. A major
limitation with CNTs is their low specific surface area compared to activated carbon.
The reported specific capacitance of pure CNTs is less than 200 F/g. It is possible to
improve charge storage properties of CNTs either by functionalizing or by composit-
ing with other components [32].

2.5.3 CARBON AEROGEL

Carbon aerogel is a highly porous and the lightest material obtained from a gel in
which the liquid component of the gel is replaced with a gas. The sol-gel method is
used to produce carbon aerogels by the polycondensation reaction of formaldehyde
and resorcinol. A uniform mesoporous structure is obtained when pyrolyzing in a
nitrogen atmosphere. The specific surface area of carbon aerogels ranges from 100
to 1000 m?/g and has demonstrated specific capacitance value of <50 F/g) (in KOH
and H,SO, electrolytes) [33]. Activation and introduction of functional groups on the
surface of carbon aerogel helps to enhance the specific capacitance value up to 200
F/g [34].

2.5.4 CarBoN NANOFIBRE (CNF)

CNFs are graphitized one-dimensional carbon nanostructures and they have a tower-
like morphology that arises as a result of the stacking of very small structural basic
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units of graphene [35]. CNFs can be synthesized through various methods like elec-
trospinning, chemical vapor deposition, template-assisted solvothermal method,
pyrolysis of biomaterial, etc., among which electrospinning is the most widely used.
The processing method largely influences the properties of CNF. The electrochemi-
cal properties of CNF can be enhanced by various methods such as adding a pseu-
docapacitive material, incorporating a highly conductive material, manipulating the
fibre morphology as well as the degree of graphitization or activation with a hetero
atom such as phosphorous, boron or nitrogen. For instance, a specific capacitance
of 175 Fg! was obtained when nitrogen was doped into the cross-linked carbon
network and an energy density and power density of 5.9 WhKg! and 242.2 WhKg~!
respectively, was delivered by assembled supercapacitor [36]. The electrical conduc-
tivity of CNF can be enhanced by incorporating CNTs or metal nanoparticles.

2.5.5 GRAPHENE

Graphene is a 2D allotrope of carbon. It is a one-atom-thick layer and other
dimensionalities like 0D Bucky balls, 1D nanotube or 3D graphite are obtained
by wrapping, rolling or stacking respectively. The properties of graphene such as
high specific surface area (2630 m?/g) and high intrinsic specific capacitance
(~550 Fg™') make it a suitable electrode material for double-layer capacitors [37].
Chemical vapour deposition, mechanical exfoliation, arc discharge method, chemi-
cal derivation method, etc., are some of the popular techniques used for the synthe-
sis of graphene. The specific capacitance value of graphene is strongly influenced
by factors such as the method adopted for synthesis, type of electrolyte used and
method of electrode design. High flexibility, compatible mechanical properties and
low ion transport diffusion resistance renders graphene as a preferred electrode
for flexible supercapacitors. But the major disadvantage associated with graphene
is its tendency of agglomeration. The restacking of single graphene sheets limits
the electrolyte ion diffusion which further deteriorates the electrochemical perfor-
mance [38]. This problem can be overcome by introducing a spacer, which helps to
increase the space between the graphene layers. These spacers can be made from
transition metal oxides, conducting polymers or carbon materials. By incorporat-
ing carbon black nanoparticles as a spacer, Wang et al. synthesized graphene paper
electrode which delivered a higher capacitance (138 Fg~! at 10 mV/s) than pure gra-
phene (83.2 F/g) [39].

2.5.6  FULLERENE

Fullerenes are carbon balls with pentagonal and hexagonal rings of carbon. They
have a small band gap and a high conductivity which allows fast charge trans-
fer. Fullerenes have been used to improve the performance of supercapacitor.
Incorporation of Cg, in graphene sheets enhances the charge transfer property of the
electrodes. Compositing fullerenes with transition metal oxides, conducting poly-
mers and layered chalcogenides helps to favourably modify the electron transfer and
ion diffusion property of the electrodes [40—42].
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Besides the aforementioned materials, hierarchical porous carbon, carbide-
derived carbon, onion-like carbon, mesoporous carbon, etc., are some examples of
popular carbon-based electrode materials [43—46]. The advantages of carbon-based
materials include higher power performance, environmental friendliness, low pro-
cessing cost, high temperature tolerance, etc. But the major disadvantage is their
limited specific capacitance value which is insufficient for practical applications.
However, the specific capacitance value delivered by pseudocapacitive electrode
materials (such as metal oxides and conducting polymers) is almost ten to 100 times
higher than that of carbon-based EDLC materials. Therefore, researchers have been
trying to explore more pseudocapacitive electrode materials for designing electro-
chemical capacitors.

2.6 ELECTROLYTE MATERIALS

Electrolytes have a pivotal role in determining the efficiency of EDLCs, as the charge
storage in EDLCs occurs via the adsorption of electrolyte ions on the electrode sur-
face and are hence considered to be an active part of the system. Parameters like
viscosity, electrical conductivity and electrochemical stability are especially crucial,
influencing the ultimate performance of the system. In order to obtain a high-power
profile for the device, low viscosity and high conductivity are required which would
impart a faster ion movement and high power. On the other hand, an electrolyte with
high electrochemical stability provides high operating voltages which improve the
energy density as well as power density of the system [47]. The dielectric constant,
melting/boiling point and salt chemistry of the electrolytes also play key roles in
determining the ultimate performance of the device. Hence formulation of an opti-
mized electrolyte satisfying all these criteria is really challenging. Another major
factor to be considered is the toxicity of the electrolyte as well as the decomposition
products, if any, to meet the chemical safety requirements.

Aqueous electrolytes of acidic, alkaline or neutral types are widely used in the
laboratory scale EDLC prototypes, owing to their low internal resistance and vis-
cosity; however, they do suffer from low electrochemical stability which limits the
potential window which in turn would limit the energy as well as power density [48].
Hence the recent trend in EDLC development, especially in the case of commercial
EDLCs, is to switch from aqueous electrolytes to organic electrolytes which would
allow an operating voltage up to 2.5-3 V and have a moderate viscosity and conduc-
tivity [49]. Aprotic solvents like acetonitrile or carbonate-based solvents are typi-
cally being used in this regard. However, there are several disadvantages including
the complex purification processes required, high flammability, toxicity, rising cost
and safety concerns. Moreover, the lower conductivity and low dielectric constant
would affect the power profile and capacitance values respectively [47, 49].

Another broad class of potential electrolyte material include ionic liquids, espe-
cially due to the wide operating voltage and also the various combinations of anions
and cations. Commercial devices with a rating as high as 1000 F could be achieved
with optimal cation and anion choice. However, the utilization of ionic liquid-
based electrolytes is limited to high temperature applications owing to their low
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conductivity (a few millisiemens per cm) [49]. For instance, carbon-based electrodes
in combination with a 1-Ethyl-3-methylimidazolium/bis(trifluoromethylsulfonyl)
imide (EMI/TFSI) ionic liquid (IL) electrolyte could exhibit a capacitance of 160
Fg! (and 90 Fcm™3) at 60°C [50]. Nevertheless, at the lower temperature region, (up
to 60°C), where conventional Li-ion batteries and supercapacitor work, ILs fail to
meet the standards owing to this low conductivity. However extensive research is
ongoing to optimize a suitable combination of anion and cation and also the right
electrolyte additives or organic solvents so that ILs do become a potential candidate
for future storage devices [51, 52].

2.7 SUMMARY AND OUTLOOK

Supercapacitors have been considered to be the most fascinating storage technol-
ogy for the past few decades. EDLCs can be considered to be the first generation
of supercapacitors and in spite of the booming of electrode innovations in terms of
materials as well as design, porous carbon-based EDLCs remain the leading can-
didates in practical applications. The chapter covers the basic principles and theo-
ries of EDLCs and also the current trends in choosing the electrode and electrolyte
materials to improve the efficiency of the system. Trends in the energy and power
performance of the system and the factors that determine these figures of merit are
also discussed.
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34 Supercapacitors and Their Applications

3.1 INTRODUCTION

As we prepare to witness the miracles of the Fourth Industrial Revolution where
hyper-connectivity decides the pace of transformation, the design and development
of efficient, powerful and better energy storage devices such as supercapacitors
becomes an urgent necessity. The intermittent nature of renewable resources such
as wind, solar energy, hydrothermal and geothermal energy necessitates fast and
efficient energy storage techniques so as to meet global energy demands. Moreover,
concern about the energy crisis coupled with environmental issues has impelled
researchers to develop efficient and sustainable energy storage devices capable of
delivering high power and energy densities [1-3]. Even though the first-generation
electric double-layer supercapacitors are expected to augment the high energy den-
sity of conventional batteries with their high power density characteristics, their low
energy density remains a challenge in practical applications [4—6]. This is especially
so when we try to further expand the technology so as to replace the conventional
storage devices [7, 8]. The development of pseudocapacitors addresses this concern
to a large extent as they exploit the redox processes at the electrode surface, improv-
ing the storage capability and capacitance value, which in turn would also improve
the energy density.

3.2 PSEUDOCAPACITORS

A supercapacitor device is mainly composed of four components — an active mate-
rial, suitable electrolyte, current collector and a separator. Among these, active mate-
rial plays a vital role in determining the performance of a supercapacitor device.
Based on the type of active material and the mechanism of charge storage in them,
supercapacitors are categorized into three: (1) electric double-layer capacitors
(EDLCs), (2) pseudocapacitors and (3) hybrid capacitors. Charge storage in EDLCs
is facilitated by the formation of an electrical double layer at the electrode/electrolyte
interface. It involves a non-faradaic process where no charge transfer happens
between the electrode and the electrolyte. When an external voltage is applied, elec-
trolyte ions are accumulated on the surface of the oppositely charged electrode as a
result of electrostatic attraction. EDLCs permit better power performance and with-
stand several charge/discharge cycles. However, owing to the lower energy density of
EDLC:s, several other electrode processes are included in the system to improve the
charge storage as well as energy performance, which together are called pseudoca-
pacitive processes. Pseudocapacitance is purely faradaic in origin, where the process
of charge storage is a result of highly reversible and fast redox reactions at or near the
surface. The difference of pseudocapacitive material from a battery type is that the
kinetics of the former is limited by surface-related processes [9]. The concept of
pseudocapacitance was first used by Conway and Gileadi in 1962 where the electro-
chemical adsorption of chemical species like O, OH or H ions on electrode surfaces
were found to be associated with a reversible capacitance. The capacitive electro-
chemical performance of hydrous RuO, was then reported in 1971 by Trasatti and
Buzzanca, which spurred extensive research in the field of various pseudocapacitor
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materials. The redox reactions in pseudocapacitors are compared to batteries and are
characterized by faradaic reactions wherein charges move across the double layer,
similar to what happens during the charge/discharge mechanism in batteries. For

pseudocapacitors, the derivative AA—‘q/ or j—‘q/, where A g is the charge acceptance and
A Vis the change of potential, gives the capacitance.

Pseudocapacitive behaviour of a material can be either extrinsic or intrinsic. An
extrinsic pseudocapacitive material exhibits pseudocapacitive behaviour only when
its size is reduced to nanoscale and not in bulk, whereas an intrinsic pseudocapaci-
tive material exhibits its pseudocapacitive property irrespective of the particle size
and morphology. Metal oxides and conducting polymers are the commonly used
pseudocapacitive materials [10]. Hybrid capacitors combine both faradaic and non-
faradaic types of charge storage. Combining the advantages from both, results in
high energy and power density, better rate capability and improved cycle life [11, 12].

Depending upon the processes involved, electrochemical energy storage origi-
nates by three different means: (i) through redox reactions at the surface, (ii) through
the intercalation/deintercalation of ions and (iii) conversion, decomposition or alloy-
ing reactions [12]. All these three processes are considered to be of faradaic origin as
they proceed via a charge transfer reaction across electrode/electrolyte interface and
Faraday’s laws are obeyed. A deeper insight into the electrode processes is beyond
the scope of this chapter and is discussed in Chapter 4.

3.3 ENERGETICS AND KINETICS OF PSEUDOCAPACITANCE

Out of the three different faradaic processes discussed in the previous section, the
surface redox reactions and ion intercalation/deintercalation are termed as pseu-
docapacitive since the energetics and thermodynamics of these processes can be
clearly depicted by the same mathematical models as those of the surface adsorp-
tion/desorption [13]. Irrespective of the mechanism involved, the extent of reaction &
has a linear (or almost linear) dependence with the potential V, so that the simplistic
thermodynamic definition of pseudocapacitance would be as A & /A V. It was also
proposed that the surface adsorption and coverage of these species have a linear
relation with the heat of adsorption [13, 14]. The concept was further modified by
Conway to fit with monolayer adsorption [15].

When we consider the electrosorption of a cation C* onto the surface of a sub-
strate S,

S+C*+e & Scy 3.1

considering the adsorbed species to follow a Langmuir electrosorption isotherm,

- =KC,e"" 3.2)
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where C, is the concentration f cation in the solution, € is the surface coverage of
Sc,q (1 —6) is the surface coverage of S, K is the ratio of forward and reverse reac-
tion rate constant, V is the electrode potential, T is the temperature and F and R are
Faraday constant and the ideal gas constant respectively [15].

Rearranging the equation to adopt the form of a Nernst equation (K is replaced by
the extent of adsorbate surface coverage) gives:

RT 1.0
E=E'+~"In|— 33
F H{KCA(I—G):I G

Here, the equilibrium potential of the redox couple is termed as E, whereas E° rep-
resents the standard potential of the redox process. Assuming that a charge ¢ is
required to complete a monolayer coverage, C,,., the pseudocapacitance is repre-
sented as follows:

do gF  KC,e"™ F
Co=gqon =40 BTa¢ _ 97 g(1-0) (3.4)
dv RT (1 + KCA€VFRT) RT

It is evident from Equation (3.4) that when 6 = %2, the pseudocapacitance reaches its
maximum and hence, for perfect Langmuir-type electrosorption, the pseudocapaci-
tance is a function of voltage applied and surface coverage [15]. According to this
formalism, the potential dependence of capacitance holds good even with multiple
redox reactions; however, there are also materials that may lack distinct faradaic
peaks. In order to accommodate the various material types, Costentin et al. sug-
gested a combined EDLC and pseudocapacitor mechanism with the assumption that
the electrochemically active surface area of the electrodes must be greater than the
physically measured surface area so that there is a bigger contribution from EDLC
mechanism [16]. Conway further extended his concept to intercalation as well as
redox active electrodes by replacing the surface coverage, 6 , with lattice occupancy
and concentration of oxidant respectively so that the dependence of applied poten-
tial is the only significant factor. He established the fact that the critical feature of
any pseudocapacitive material is the reversibility of the process over a wide time
domain with no limitations based on mass transfer and the absence of significant
phase transformation reactions like conversion or alloying that would happen in the
case of batteries [17].

3.3.1 THE DEFINITION OF PSEUDOCAPACITANCE

In spite of these kinetic and energetic formulations there has been an obvious evolu-
tion in the concepts, understanding and in fact the actual definition of pseudocapaci-
tance as these atomistic descriptions, quite often, could not have extended to a wide
range of materials and processes. For instance, Brousse et al. formulated a more
confined definition which is valid only for materials with a constant capacitance over
a wide potential range, so as to exclude materials like NiO in alkaline electrolytes
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being wrongly reported as a pseudocapacitive material with huge capacitance values
[18]. In another report, Simon et al. suggested a new nomenclature, extrinsic pseudo-
capacitance for nanostructured materials. It was proposed that when the intercalation
reaction does not involve a significant mass transfer, the diffusion length becomes
smaller than the square root of the diffusion coefficient multiplied by diffusion time
[19]. Moreover, as the number of redox sites at the electrode/electrolyte interface
constitutes a major fraction of the total redox sites in nanostructured materials, the
more dispersed sites across the interface cause a more capacitor-like electrochemical
performance. There are also several approaches where the surface adsorption and
intercalation pseudocapacitance becomes mechanically similar [20]. In short, the
actual interpretation of the concept “pseudocapacitance” from a mechanical per-
spective, remains a major lacuna in the field of electrochemical energy storage.

3.4 ELECTRODE MATERIALS

The nature of the electrode material is the most critical factor that decides the perfor-
mance of a supercapacitor; great emphasis is laid in the synthesis and optimization
of suitable candidates for the purpose. A wide spectrum of materials synthesized
through a variety of routes has been in use and the search for novel materials with
exotic performance is underway. There is a broad spectrum of materials used as
pseudocapacitor electrodes and the major classes of such materials are as follows.

3.4.1 MEeTaL OXIDES

Metal oxides are potential candidates for fabricating supercapacitor electrodes due
to their high conductivity and large specific capacitance. They have a better charge
storage efficacy than traditional carbon-based material due to the fast reversible fara-
daic reaction occurring at the surface and near the surface region. Specific surface
area, wettability, crystallinity and particle size are the prime factors that influence
the electrochemical performance of metal oxide-based electrode materials. RuO,,
MnO,, NiO and vanadium oxides are some of the most commonly used metal oxides.

3.4.1.1 Ruthenium Oxide (RuO,)

RuO, is the first reported pseudocapacitive material in the literature. The estimated
theoretical specific capacitance value for RuO, is 1400-2000 Fg' [21, 22]. It shows
high electrochemical reversibility, high conductivity and extensive cyclability. RuO,
exists either in amorphous or in crystalline form. Amorphous RuO, yields a higher
specific capacitance than its rutile structure. The charge/discharge process in RuO,
can be represented as follows:

Ru'VO, + xH" + xe~ < Rul” .Ru™0,H

During this process, a rapid transfer of electrons occurs, which is accompanied by elec-
trosorption of a proton at the surface of RuQO,. In nanocrystalline hydrous RuO, (RuO,.
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XH,0), structural water content plays a major role in determining the specific capaci-
tance and conductivity of the electrode material. RuO, facilitates electron transfer while
the role of water molecules is to provide the path for proton movement that contributes
to the charge storage mechanism [21]. There are different methods used for the synthesis
of nanocrystalline hydrous RuO, which includes sol-gel techniques, atomic layer deposi-
tion, anodic deposition techniques and the template-assisted hydrothermal method. A
major limitation with RuO, electrodes is its high cost and rare resource.

3.4.1.2 Manganese Oxide (MnO,)

As aresult of many attempts to find inexpensive and eco-green materials to substitute for
RuO,.H,0 as supercapacitor electrodes, researchers have found MnQO, as a potential can-
didate for supercapacitor electrodes since it is cost effective, environmentally benign and
exhibits high pseudocapacitance. During the reversible reactions, the transition between
oxidation states (III and IV) takes place. There are different crystallographic forms
of MnO, such as a, B, y and 8. The supercapacitive performance of MnQO, electrodes
depends on its morphology, crystallinity, conductivity, etc. Various synthesis routes, as
well as various morphologies, were reported for MnO,. In most of the reported works,
KMnO,, Mn(CH,COO), or MnSO, was used as the Mn precursors irrespective of the
synthesis method or morphology [23]. MnQO, electrodes can deliver a maximum specific
capacitance of 1300 Fg!. The charge storage mechanism in MnQ, can be explained in
two ways. The first case is the intercalation of alkali metal cations like Na, K, etc. (C*)
or protons (H*) upon reduction and deintercalation of protons and cations upon oxidation
[24]. This is shown below:

MnO, + H" +e~ < MnOOH or MnO, +C" +e < MnOOC (3.5)

The second mechanism is based on the surface adsorption of cations from the elec-
trolyte solution (C*) on MnO,. This can be represented as (MnO,) +Ct+e =
(MH027C+) surface*

But MnO, electrodes suffer from low conductivity, which can be addressed by
compositing MnO, with conducting carbons or other metal oxides. Hydrothermal,
sol-gel, coprecipitation and simple reduction are the most common methods used for
the synthesis of MnO,.

surface

3.4.1.3 Nickel Oxide (NiO)

NiO is considered as a promising candidate for pseudocapacitors among various
other metal oxides, because of its high theoretical capacitance, easy availability, cost
effectiveness and good thermal and chemical stability. The electrochemical reac-
tions of NiO in alkaline electrolyte can be expressed as follows [25]:

NiO+OH™ & NiOOH +e”

Various morphologies exhibited by NiO are nanosheets, nanocolumns, nanofibres,
nanoflowers, etc. By modifying the method and conditions of synthesis, it is possible
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to obtain NiO with different morphologies, specific surface area and pore size. The
processing method and morphology affect the electrochemical performance of NiO
electrodes. However, the experimental specific capacitance value is lower than the
theoretical value due to the low electrical conductivity. The conductivity of NiO
electrodes can be increased by compositing with carbon-based materials, conduct-
ing polymers or other metal oxides. By using the hydrothermal method followed by
a thermal treatment, Chongyong et al. synthesized 3D flower-like nickel oxide on
graphene sheets. Compared to bare NiO, the composite exhibited a high specific
capacitance value (778.7 F/g) [26].

3.4.1.4 Vanadium Oxides

Over the past years, vanadium oxides have been extensively used due to their unique
optical, electrical and electrochemical properties. Vanadium monoxide (VO), vana-
dium dioxide (VO,), vanadium trioxide (V,0;), vanadium pentoxide (V,0s) and
various other forms like V;0,, V,O,; and V,0O, are the different compounds that
vanadium creates with oxygen due to the variable oxidation states of vanadium.
Each of these materials exhibits its own specific properties. Among these, vanadium
pentoxide (V,0s) and vanadium dioxide (VO,) are being looked upon as promis-
ing cathode materials for electrochemical energy storage due to their high capacity/
capacitance, wide potential window and excellent cycling stability [27]. VO, is a
semiconductor with a low band gap of 0.7 eV. Compared to transition metal oxides,
it has relatively high conductivity. At about 68°C, it reversibly changes from mono-
clinic structure to triclinic structure and undergoes a transition from semiconductor
to metal [28]. 2D VO, nanosheets were synthesized by Rakhi et al. by hydrothermal
reduction of V,05 nanopowders. They tested the electrochemical performance of
VO, nanosheets by fabricating a symmetric supercapacitor using a liquid organic
electrolyte as well as flexible solid-state supercapacitors using alumina-silica-based
gel electrolyte. In both devices, only the VO, nanosheets were used as the electrode.
The former delivered an energy density and power density of 46 Whkg™! and 1.4
kWkg! respectively and the later exhibited a maximum specific capacitance of 145
Fg~!. It was also possible to light up red LEDs by connecting three solid-state capaci-
tors in series for more than one minute [28]. V,O; has a layered structure with a layer
separation of 10-14 A. This van der Waals gap provides easy path for the diffusion
of electrolyte ions.

Besides the above-mentioned transition metal oxides, cobalt oxides (Co,0,,
CoO0y), zinc oxides (ZnO), iron oxides (Fe,0,, Fe,;0,) and titanium oxide (TiO,) are
some of the commonly used metal oxides for supercapacitor applications.

3.4.2 BINARY AND TERNARY OXIDES

Binary metal oxides are composed of one transition metal ion and an electro-
chemically active ion. MCo0,0, (M = Mn, Ni, Cu, Zn, etc.), MMoO, (M = Ni, Co),
MFe,0, (M =Ni, Co, Sn, Mn), MnSO; (M = Ni, Co), NiMn,O, are some examples
of binary metal oxides which are extensively used as the supercapacitor electrode
material. It has advantages over pure metal ions and the synergetic effect from
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more than one metal ion, which helps to improve electrochemical performance.
They show superior conductivity, wide potential window, improved stability and
more redox sites. Investigation of ternary metal oxides has also been studied to
investigate effect of incorporation of more metals. In this way many different ter-
nary oxides such as Zn-Ni-Co oxide nanowire arrays on nickel foam, flower-like
Ni-Zn-Co oxide, nickel manganese ferrite film electrode, etc., have been used as
electrode material and could deliver a high specific capacitance value. Huang et
al. synthesized a Ni,Co,Mo,O electrode which was found to exhibit better perfor-
mance than Ni,Mo,O, Co,Mo,0 and Ni,Co,O. Commonly used methods for the
synthesis of binary and ternary metal oxides are solvothermal, microwave-assisted
method and electrodeposition.

3.4.3 CHALCOGENIDES

Metal chalcogenides (MX; X = S, Se, Te) are compounds composed of electroposi-
tive element (metal) and chalcogenides (sulphur, selenium and tellurium). They have
gained a great deal of interest due to their long stability and high power density. The
supercapacitive performance of chalcogenide-based electrodes is influenced by fac-
tors such as chemical composition, crystalline phase and morphology. Most of them
have a resemblance in their properties with pristine graphene. Not only binary, but
ternary and higher order chalcogenides have also been successfully synthesized as
electrode materials for supercapacitors. They can facilitate rich redox reactions and
can accommodate broad range of electrolyte ions in the tuneable gap between the
layers. Transition metal suphides such as nickel sulphides, copper sulphides, cobalt
sulphides, NiCo,S,, MnCo,S,, Bi,S;, La,S;, WS,, MoS,, metal selenides such as
NiSe,, CuSe, MoSe, and cobalt selenides are some of the metal chalcogenides used
as electrode materials for supercapacitors [18, 29, 30].

3.4.3.1 Nickel Sulphides

Nickel sulphides exist in several different forms such as NiS, NiS,, Ni;S,, Ni,S,,
Ni,S,, and NiySg and have different morphologies. Most of them are composed of
more than one phase; hence synthesizing pure phase nickel sulphides is compara-
tively difficult. Ni,S, nanostructures on nickel foam synthesized by Chou et al.
through the potentiodynamic deposition method delivered a specific capacitance of
717 Fl/g at 2 A/g [31, 32].

3.4.3.2 Cobalt Sulphides

Researchers have identified different nanostructures of cobalt sulphides as efficient
materials for supercapacitor electrodes. Synthesis of pure cobalt sulphides is compli-
cated, since they easily undergo phase transformation. During the synthesis of cobalt
sulphide, it is very difficult to control the reaction temperature as well as remov-
ing the impurities such as cobalt hydroxide and cobalt oxide. Some reported cobalt
sulphides for supercapacitor electrodes are Co,S,, CoS, CoS, and Co,S;. Patil et al.
synthesized reduced Graphene Oxide (rGO)-wrapped Co;0, nanoflakes capable of
delivering a high specific capacitance of 2314 F/g at 2 mV/s [33].



Fundamentals of Pseudocapacitors 41

3.4.3.3 Copper Selenides

Copper selenides are inexpensive, possess high electrical conductivity and are capa-
ble of delivering better electrochemical properties. CuSe/Cu electrodes synthesized
by Pazhamalai et al. as binder-free supercapacitor electrodes via the hydrothermal
method delivered a specific capacitance of 1037.5 F/g at 0.25 mA/cm? [34].

3.4.4 CoNDUCTING POLYMERS

Conducting polymers have been widely investigated as electrode material for super-
capacitors due to their high electrical conductivity, large theoretical specific capaci-
tance, low cost, ease of large-scale production and environmental friendliness. They
store charge by the faradaic mechanism. Since participants of the charge storage
process are polymeric chains, they are capable of giving high specific capacitance
and high energy density. An effective way of increasing the specific energy density
of conducting polymers is to incorporate a dopant. P-doping of a conducting poly-
mer with an anion is possible during oxidation while n-doping with a cation can
be achieved during reduction. Charging equations of these types of doping can be
represented as follows [10]:

Cp— Cp™* (A") +ne (p- doping)

Cp+ne — (C*) Cp"™ (n —doping)

Conducting polymer-based supercapacitors can be of three types. If both the elec-
trodes of the device are made of the same material, then they belong to type L. In
type II devices, the two electrodes are made from two different p-doped conducting
polymers. A type III device is composed of electrodes made of the same conducting
polymers, where one is p-doped while the other is n-doped. Selection of a potential
window is very crucial for the better operation of supercapacitors based on conduct-
ing polymers. Because they may either degrade (at more positive potential) or may be
transformed into an insulating state (at more negative potential). The major obstacle
faced by conducting polymer-based electrodes for practical applications is their poor
cycling stability, which is due to the swelling and shrinkage during a continuous
charge/discharge process. There are many ways that the researchers have been try-
ing to improve the cycling life of conducting polymers, such as compositing with
metal oxides/sulphides/hydroxides, altering the morphology and making the hybrid
of the polymers. Most widely used conducting polymers include polyaniline (PANTI),
polypyrrole (PPy) and polythiophene (PTh) [10, 13, 18, 35].

3.4.4.1 Polyaniline (PANI)

PANI has a number of advantages, such as environmental stability and ease of syn-
thesis when used as an electrode material for supercapacitors. The morphology of
PANI nanostructures strongly influences their electrochemical properties. Therefore,
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selection of an appropriate high-efficiency method is crucial for the synthesis of
PANI with suitable nanostructures. PANI has theoretical specific capacitance of
2000 F/g, but the experimental value is much lower than the theoretical value due to
the small percentage contribution of PANI towards capacitance ability. A superca-
pacitor device constructed by using PANI nanofibres synthesized by Sivakumar et al.
via interfacial polymerization delivered a specific capacitance of 554 Fg~' at 1 A-'.
However, the cycling stability of pure PANI still couldn’t meet the requirement for
practical applications. Researchers have been trying to composite PANI with carbon
materials/metal oxides to enhance its electrochemical performance [35].

3.4.5 NANOSTRUCTURED CARBON

Nanostructured carbon materials have attracted a great deal of interest as a super-
capacitor electrode material due to their high specific surface area, good electri-
cal conductivity, fast electron transfer kinetics, corrosion resistance, environmental
friendliness, high temperature tolerance and low fabrication cost. The charge storage
in these materials is a result of surface adsorption of electrolyte ions at the electrode/
electrolyte interface following an EDLC mechanism, which is discussed in Chapter
2; however, it is a common practice to incorporate these carbon-based materials into
psudocapacitive electrodes to improve the conductivity and hence overall efficiency.

3.5 ELECTROLYTES

The electrolyte forms an integral part of any energy storage device apart from the
cathode and anode. An electrolyte is any substance (salt or the solute) that releases
ions when dissolved in a suitable solvent. It is the medium which helps the transfer
of ions between the cathode and the anode. It behaves as a vehicle that only ions can
ride on, not the electrons. Thus, electrons flow through the connecting wires carry-
ing power to the external load while the movement of ions through the electrolyte
completes the circuit. Both the solute and the solvent influence the behaviour of the
electrolyte and its suitability with a particular electrode material. While the elec-
trode materials determine the basic performance of a supercapacitor, the electrolyte
and separator determine the safety of the system.

3.5.1 CLASSIFICATION OF ELECTROLYTES

Electrolytes can be broadly classified into two types: solid-/quasi-solid-state elec-
trolytes and liquid electrolytes. Aqueous electrolytes, organic electrolytes and room
temperature ionic liquids (RTILs) are the different types of liquid electrolytes.
Aqueous electrolytes mainly fall into three categories, viz. alkaline (e.g., NaOH/
KOH), acidic (e.g., H,SO,) and neutral (e.g., Na,SO,). In spite of advantages such as
low cost, high ionic conductivity and environmental friendliness, narrow operating
voltage ranges limit their large-scale applications.

In order to transcend the limitations of aqueous electrolytes, alternatives such as
organic electrolytes and ionic liquids are being explored. Most of the commercially
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available supercapacitors use organic electrolytes such as those offering a wide
operating voltage window, as large as 2.7 V. However, high cost, toxicity and flam-
mability are some of the key factors that restrain the use of organic electrolytes as
compared to their aqueous counterparts.

Properties such as high electrochemical stability, negligible volatility and non-
flammability have made ionic liquids another potential candidate for supercapacitor
electrolytes. Their high viscosity and high cost are the factors that hinder the pos-
sibility of their practical applications.

3.5.2 CRITERIA FOR SELECTION OF ELECTROLYTE

The choice of the electrolyte is a crucial factor that affects the overall performance
of the supercapacitor device being fabricated. The main parameters that decide the
suitability of an electrolyte for a specific device include ionic conductivity, stable
operating voltage range, cost, safety, etc.

The electrolyte must possess high ionic conductivity so as to obtain maximum
, o . v , .
power density, as is evident from the relation P = R’ where R is the equivalent

series resistance (ESR) and V is the operating potential. The electrolyte resis-
tance is one of the major contributors to the ESR of the device, along with that
offered by the current collector and separator. Moreover, the ionic size of the
electrolyte ions should be compatible with the pore size of the electrode material
so as to improve the intercalation/deintercalation process during the charging/
discharging of the device. Hence, electrolytes with high ionic conductivity and
suitable ionic radius should be selected to enhance the overall performance of
the supercapacitor device. It is worthwhile to note that the electronic conductiv-
ity of the electrolyte must be negligible so as to force the free electrons to flow
through the external load during discharging, delivering power.Since the energy
density of a supercapacitor varies as the square of its operating voltage (V), as

represented by the relation, E = %CVZ, emphasis must be laid on selecting com-

ponents that provide a wide and stable potential window — defined as the voltage
range in which the electrolyte is not oxidized or reduced. The stable operating
potential window of a supercapacitor device largely depends on the nature of the
solvent used in the preparation of the particular electrolyte. In the case of aque-
ous electrolytes (such as KOH, H,SO,, Na,SO, and so on), the usable potential
window is practically limited to around one volt as water undergoes thermody-
namic decomposition at 1.23 V (vs Reversible Hydrogen Electrode (RHE)). As
the applied potential goes beyond this limit, oxygen gas is generated at the posi-
tively charged anode and hydrogen gas is liberated at the negatively charged
cathode as the result of the electrolysis of water, also known as water splitting.
Oxygen and hydrogen gases released during this process form bubbles around
the respective electrodes, causing surface hindrance and thus reducing the effec-
tive electrode area in contact with the electrolyte.
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3.5.3 ADDITIVES IN ELECTROLYTES

One method to compensate the reduced energy density due to limited operating volt-
age is to introduce suitable redox active substances such as K;[Fe(CN),] into aqueous
electrolytes. They contribute extra redox reactions in the system, resulting in enhanced
specific capacitance and coulombic efficiency [36]. Redox couples like halides (I-/13-
and Br/Br*-), vanadium complexes, copper salts, methylene blue, phenylenediamine,
indigo carmine, quinones (Q) and hydroxyquinone (HQ) etc., are also being explored.
The use of Fe(CN)*/Fe(CN)*~ as a redox additive in the electrolytes for supercapaci-
tors has been reported by many researchers. According to Nagaraju et al., introduction
of a small quantity of highly soluble and electrochemically active hexacyanoferrate
ions into aqueous KOH solution could considerably improve the specific capacitance of
Ni,Se,-based superapacitor devices [37]. A nearly twofold improvement in the specific
capacitance and energy density has been achieved in symmetrically activated carbon
supercapacitors by the addition of KI into H,SO, electrolyte [38]. Addition of Cu**/Cu*
couple in aqueous electrolytes has resulted in a tenfold increase in the specific capaci-
tance of supercapacitors based on porous carbon microspheres [39]. Gao et al. have
reported a substantial improvement in the capacitance of KI-H,SO, mixed electrolyte
A (=616 Fg!) compared to the H,SO, electrolyte (=184 Fg') [40]. The use of organic
compounds with functional groups such as quinone, hydroquinone, amine, etc., also
has been reported to have produced exotic results [41].

As no single electrolyte can have all desirable characteristics, optimization of
desirable properties is the key to formulate efficient electrolytes compatible with
different electrode materials. Extensive research is being carried out to explore new
electrolytes to improve the overall performance of supercapacitors.

3.6 SEPARATORS

The separator is a thin insulating membrane with submicron-sized pores that sepa-
rates the cathode from the anode internally. The main role of the separator is to
prevent short-circuiting the cell, i.e., it acts as a physical barrier to avoid the chance
of direct electrical contact between the cathode and the anode. By carefully choosing
separators with a suitable pore size, ions can be selectively passed through it while
preventing the flow of electrons. The desirable properties of a separator include high
porosity to electrolyte ions, inertness to electrolyte, mechanical stability, flexibility,
etc. Cellulose and its derivatives, synthetic resins like polypropylene (PP), polyethyl-
ene (PE), glass-fibre and PTFE are some of the commonly used separators.

3.7 CURRENT COLLECTORS

The role of current collectors is to conduct current between the electrodes and the
external load. Materials with high electrical conductivity, mechanical strength,
chemical stability and flexibility are suitable for use as current collectors.

Metals like copper, aluminium and nickel are commonly used as current collectors
in most of the commercial supercapacitors due to their high electrical conductivity
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and low cost. In addition to this, indium-tin-oxide (ITO), stainless steel, gold, tita-
nium, etc., are also used.

Nickel foam is one of the most popular among current collectors due to its porous
structure, compatibility with aqueous electrolytes and comparatively low cost. Xing
et al. have opined that the use of nickel foam as a current collector which often
results in over-estimation of the supercapacitor performance, especially when the
mass loading of the electrode is very low [42]

Metallic current collectors should be cleaned thoroughly before use to enhance
their performance. The oxide layers on their surface may increase the resistance,
thereby increasing the ESR of the cell. Rinsing with acid or dilute etchants is highly
recommended to overcome this issue.

3.8 CONCLUSIONS

Supercapacitors are being looked upon as the ideal candidate for meeting the ever-
increasing demand for sustainable, environmentally benign and efficient energy
storage systems coupled with high energy density and power density. Despite the
technological advancements in this field, the limited value of the energy density of
supercapacitors compared to that of batteries and fuel cells still remains a challenge
in their wider applications. Researchers continue their efforts to address this issue
by engineering suitable materials for various components of supercapacitors — the
electrode, the electrolyte, the current collector, separator, etc., which can improve the
capacitance as well as operating potential window of the device. In addition to carbon-
based electric double-layer systems and pseudo capacitance devices, nanostructured
composite materials are also being explored to design better supercapacitive devices
as they possess a high specific surface area, offer faster kinetics and provide more
electroactive sites for faradaic energy storage. Design, development and optimiza-
tion of efficient supercapacitor systems is vital for the improvement of energy storage
capability and power quality, facilitating faster access to the stored energy systems.
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4.1 INTRODUCTION

Electrochemical capacitors are considered as efficient and alternative clean energy
storage compared to batteries and fuel cells. They have found numerous applica-
tions in the field of electric vehicles, portable and wearable electronics, and other
energy storage systems owing to their extraordinary characteristics such as high spe-
cific capacitance, long cycle life, enhanced power and energy density, fats charge/
discharge, high-rate capability, and excellent reversibility. The different capacitor
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architectures give rise to different types of supercapacitors such as double-layer
capacitance, pseudocapacitors (PCs) and hybrid capacitors. The electrodes and
electrolytes employed will decide the energy storage mechanism in supercapacitor
devices. Generally, the charge/discharge systems at the electrode/electrolyte induce
the energy storage capacity of supercapacitors. The range of charge storage for con-
ventional capacitors displays a charge storage capacity within the micro to millifarad
range, while supercapacitors present a charge storage range between 100 and 1000
F with maintaining specific power and low series resistance (ESR). Compared to
batteries, supercapacitors also exhibit higher power density in several orders of mag-
nitude and significant specific energy, making them a feasible substitute in energy
storage systems. They also show reduced battery size, weight and cost, extended bat-
tery run time, provided energy storage and source balancing when used with energy
harvesters, and battery life, enabled low/high-temperature operation, and minimized
space requirements. They are also safe and have a greater charging/discharging
power rate.

A number of electrode materials are involved in supercapacitor assembly includ-
ing carbonaceous materials, transition metal oxides/hydroxides, and conducting
polymers. Among the metal oxides, NiO, MnO,, ZnO, and Co;0, are better materi-
als for pseudocapacitance where charge storage is accompanied by means of the fast
faradaic redox reactions. The incorporation of nanoparticles in the metal oxides can
also increase the capacitance and the rate of intercalation from the electrolyte to
the electrode and vice versa. Similarly, the capacitance of metal oxides can also be
enhanced with the addition of conductive carbon materials and conductive polymer
materials. The morphology, pore distribution, structure, and the type of electrolyte
employed also has a direct effect on supercapacitor performance.

This chapter discusses the effect of various electrode processes and electrode
materials on supercapacitor performance. It also discusses the structure and porosity
in the electrode performance and the methods for tuning or improving supercapaci-
tor performance.

4.2 FUNDAMENTALS OF ELECTRIC DOUBLE-LAYER
CAPACITANCE AND PSEUDOCAPACITANCE

The electrode material is considered a key component of supercapacitors which act
as the site for energy storage. The major parameters of electrode materials that influ-
ence supercapacitor performance are surface area, porosity, pore size distribution,
surface functionality, and electrical conductivity of the material [1]. In superca-
pacitors, charge storage mechanism occurs mainly based on two principles: electric
double-layer capacitance, which is based on electrostatic interaction, and the other
is pseudocapacitance which involves chemical reactions [2]. In electric double-layer
capacitors (EDLCs) the capacitance is improved by selecting an electrode mate-
rial with good electronic conductivity and a large surface area as the selection of
electrode material plays a crucial role to enhance the electrochemical performance
in supercapacitors. The energy density of supercapacitors is usually very low com-
pared to batteries. In terms of energy density there still exists a wide gap between
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supercapacitors and batteries. Effective methods are being tested to improve the
existing value by enhancing the active surface area of electrode materials in EDLCs
or by enhancing the operation voltage window with the use of organic electrolytes.
Researchers have been putting great effort into developing larger surface area mate-
rials, as with a larger active surface area the number of ions stored by forming the
Helmbholtz double layer increases which result in higher energy density. Thus, car-
bon-based nanostructured materials with excellent electronic conductivity and higher
specific surface area are usually preferred as electrode materials for EDLCs which
include activated carbon, graphene, carbon nanotubes (CNTs), etc. One of the major
limitations of EDLC-based supercapacitors is their lower energy density compared
to that of lithium-ion (Li-ion) batteries, even though cyclic stability is substantially
better [3]. However, PCs are capable of storing charge by means of electric double-
layer formation and also via reversible redox reactions which enable fast insertion
of electrolytes on the electrode surface. In supercapacitors, with pseudocapacitance,
the energy density can be increased by maintaining their cyclic stability (Figure 4.1).

Conway identified that the PCs show three different mechanisms which include (1)
underpotential deposition, (2) redox pseudocapacitance, and (3) intercalation pseu-
docapacitance [4]. Underpotential deposition occurs when an adsorbed monolayer
is formed on the metal electrode surface with an increased redox potential by the
cations present in the electrolyte. The conventional example of underpotential depo-
sition is lead deposited on the surface of the gold electrode at a specified potential
[5]. Redox pseudocapacitance occurs on the surface or subsurface of the electrodes
with concomitant faradaic charge transfer between the ions present in the electro-
lyte and the electrode [6]. The common classic examples of redox pseudocapacitive
materials are metal oxides such as MnO,, NiO, RuO,, and Co,;0, and also conduct-
ing polymers such as polyaniline and polypyrrole. Intercalation pseudocapacitance
consists of the intercalation of ions into the bulk layer or the tunnels of the redox-
active material along with a faradaic charge transfer and even after the reaction there

(a)

b C
-Au Pb2* &) RuO, layer (e Crystal host g
d -‘ \/ o —
P! e
b @ GO0 * 3
° ° ®©
\ S
] Ve §
&) : : g

@

FIGURE 4.1 Schematic representation of different mechanisms, (a) underpotential depo-
sition, (b) faradaic redox pseudocapacitance, and (c) intercalation pseudocapacitance.
Reproduced from Liu et al. [3].
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is no crystallographic phase change observed. Thus, in the electrochemical reaction,
it retains structure stability [7].

4.2.1 MATERIALS WITH PSEUDOCAPACITIVE BEHAVIOR

The pseudocapacitive materials exhibit Cyclic Voltammetry (CV) and Galvanostatic
Charge Discharge (GCD) profiles similar to that of EDLC materials showing lin-
ear dependence of charge storage with a potential window. This implies that they
can store charge via both surface faradaic and double-layer mechanisms. In pseudo-
capacitive materials, the charge storage can occur in two ways which involve, (a) a
surface redox reaction or (b) an intercalation type reaction [8]. Electrode materials
which exhibit pseudocapacitive behavior can be categorized into two types: one is
intrinsic PC materials and the other is extrinsic PC materials [9]. Intrinsic PC mate-
rials are capable of exhibiting capacitive charge storage behavior for a vast range of
particle sizes and morphologies [10]. Commonly known intrinsic PC materials are
RuO,, MnO,, Nb,O; hydrogen titanate, and TiO,(B). Extrinsic PC materials exhibit
pseudocapacitive behavior only when a substantial fraction of Li* storage sites are
available on the electrode surface for a battery material engineered at the nanoscale.
Common examples of extrinsic PC materials are V,0;, MoO,, and Li,CoO, [11]. At
the nanoscale, in extrinsic PC materials on the surface and near-surface region speedy
surface-dominated redox reactions occur that obey surface-confined electro-kinetics
instead of diffusion-controlled kinetics. Unlike intrinsic PC materials, in bulk state,
extrinsic materials do not display pseudocapacitive phase transformation and is sup-
pressed by enhancing the surface area via nanostructuring which in turn results in
reducing the diffusion distance and thus leads to increased high-rate behavior. There
are specific features used to characterize and analyze the pseudocapacitive behavior
of materials based on their response to: (i) a voltage sweep, in CV, (ii) constant cur-
rent, in GCD, and (iii) alternating current, in EIS. And by carefully analyzing their
response we determine whether the material exhibits pseudocapacitive behavior.

4.2.1.1 Intrinsic Pseudocapacitor Materials

Intrinsic PC materials are materials that deliver capacitance behavior across a wide
range of particle sizes and dimensions. The fundamental candidates explored as
intrinsic PC materials are transition metal oxides like RuO,, MnO,, etc., and conduc-
tive polymers [8]. Hydrous RuQO, is considered as the first material to exhibit pseu-
docapacitive behavior owing to its rapid proton and electron-conducting properties
[12]. RuO, is one of the most commonly used intrinsic PC materials. Though they
exhibited a charge storage process, their cyclic voltammogram displayed a rectan-
gular shape. RuO,.5H,0 displays various unique features that enable fast faradaic
reactions with enhanced capacitance: (i) Ru** cations redox behavior, (ii) faster elec-
tron transport due to the high metallic conductivity of RuO,, (iii) structural water
presence helps in ion diffusion with larger “inner surface”, and (iv) larger surface
area reduces the diffusion distances. Despite all these features, the high cost and
scarcity of ruthenium limit its application for large scale production. Later studies
reported improving the capacitance with porous structures, nanoscale architectures,
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and by identifying the significance of structural water in RuO,.nH,O (where n = 0.5).
A capacitance value of 720 F/g was obtained with the traditional slurry method for
a charge/discharge time of 8 minutes, which is about 50% of the theoretical capaci-
tance of RuO,.nH,0 [13]. The capacitance value obtained for 10 wt% RuO, dispersed
on 90 wt% activated carbon was 1340 F/g for a charge/discharge time of 1 minute
which is far closer to the theoretical capacitance value [14]. The effective exposure
of RuO,.nH,0 with the electrolyte resulted in enhanced capacitance and rate. In this
type of electrode architecture, the major limitation is its very low areal capacitance
values as the total mass loading of RuO,.nH,O per footprint area is small.

MnO, is the next most commonly used intrinsic PC material. Lee and Goodenough
studied the pseudocapacitive behavior of MnO,.nH,O in 1999, where they observed
a cyclic voltammogram of rectangular shape with a capacitance of 200 F/g in KC1
aqueous electrolyte. The pseudocapacitive charge storage in MnO, is due to the rapid
faradaic reactions and the redox reaction of Mn between +3 and +4 oxidation states
at its surface or into the bulk. MnO, displays electrochemical properties with the
characteristic of intrinsic pseudocapacitance. In manganese oxides their pseudoca-
pacitive properties largely rely on their crystallographic structures and crystallinity
[15]. Compared to RuO,, MnO, is easily available, abundant, and its low cost makes
it a better candidate for electrodes. The electronic conductivity of MnO, ranges from
107 to 10-3 S cm™ [16]. As charge storage in MnO, takes place inside the thin layer of
the surface and it gives rise to capacitance values ranging between 200 and 250 F g,
which is considerably lower compared to the theoretical capacitance value of thick
composite electrodes. In MnO, nanostructuring is found to be an effective method
for enhancing their specific capacitance as it is possible to access most of the MnO,
storage sites and thus MnO, ultra-thin films can exhibit specific capacitance greater
than 1000 F g' [17, 18]. Different strategies are being developed to enhance the
electrochemical properties of MnO,-based electrodes for supercapacitors. Brousse et
al. studied the relation between specific capacitance and surface area for amorphous
and crystalline MnO, compounds. The capacitance value of crystalline material was
about 250 F g! which was slightly higher compared to the capacitance value of
amorphous materials (~160 F g-!). Here it was found that lower surface area resulted
in higher capacitance values as crystalline MnO, possesses additional capacitance
from bulk ion intercalation [19]. The major limitation in using MnO, electrodes is
their poor electronic conductivity and lower cyclic stability, and thus various diverse
approaches need to be developed to enhance its overall performance.

4.2.1.2 Extrinsic Pseudocapacitor Materials

Extrinsic PC materials are those exhibiting battery-like behavior in its bulk phase
with strong redox peaks and plateau in their GCD profiles, though, in its nanophase
it reveals pseudocapacitive behavior. As nanostructuring enhances the specific sur-
face area of the electrodes and consequently the interfacial contact area between the
electrode and electrolyte is increased with more reactive sites. This in turn reduces
the ion-diffusion path and results in dispersion in the redox site energy [6]. The typi-
cal extrinsic PC materials in which PC behavior emerges at the nanoscale are V,Os,
MoO,, and Li,Co0,.



54 Supercapacitors and Their Applications

Vanadium oxides are an attractive candidate for electrochemical energy storage
due to higher values of oxidation state which enables storage of more than one elec-
tron per unit (+2, 43, +4, and 45 are electrochemically available) and their capability
to form layered structures. The pseudocapacitance behavior of high surface area
V,0; is heavily reliant on the exposure of active sites to the electrolyte. Vanadium
oxides are an attractive candidate for electrochemical energy storage due to higher
oxidation state values which enable storage of more than one electron per unit (+2,
+3, +4, and +5 are electrochemically available) and their capability of forming lay-
ered structures. The pseudocapacitance behavior of high-surface-area V,0; is heav-
ily reliant on the exposure of active sites to the electrolyte [20]. The pseudocapacitive
behavior of both amorphous and nanocrystalline V,0O5 can be confirmed from the
broad, featureless cyclic voltammogram and by the sloping charge/discharge curves
obtained at the time of galvanostatic cycling. A particular class of materials was
synthesized from V,0; gel using a solvent removal technique into xerogels, aerogel,
and ambigels. V,0; xerogels structures possess V,0O; bilayers spaced apart from each
other with a van der Waals gap of 12 A that accommodates water molecules. The
structure of ambigels and aerogels is identical to that of xerogels with a larger van der
Waals gap ranging from 10-14 A, as these larger gaps enable the insertion of a wide
variety of cations [21]. Aerogel electrodes synthesized via the traditional composite
electrode technique show a notable intercalation peak in their CV whereas V,O;
aerogels synthesized using the “sticky carbon” method display perfectly capacitive
CV. The V,0s aerogels exhibited a maximum capacitance of 1300 F g~! due to the
exposure of all active areas to the electrolyte [22].

MoO, is another common example of extrinsic pseudocapacitive material as it
belongs to the space group P21/c, that is made from a tunnel structure framework
which possesses a rutile-type structure with MoO, octahedra linkages. Along the
a-axis the MoOy octahedra linkages form 1D channels which are capable of insertion
and extraction of lithium ions reversibly. To attain higher capacity, a MoO, electrode
utilizes both conversion reaction and the intercalation process. During the conversion
reaction, the large volume expansion results in poor reversibility and slow reaction
whereas the one-electron lithium intercalation is found to be favorable for pseudo-
capacitive charge storage mechanism. In contrast, the material experiences phase
transformation during charging and discharging in the one-electron intercalation
process which leads to poor rate capability. The phase transitions result in reduced
conductivity. These limitations can be addressed by nanostructuring MoO,. Kim et
al. reported that MoO, is an exemplary material at nanoscale as the phase transfor-
mations are inhibited and in addition to that, nanostructure morphology offers short
ion diffusion path lengths. Nanoscale architecture of MoO, displays superior energy
storage kinetics than its bulk material [23].

4.2.2 INTERCALATION PSEUDOCAPACITANCE

Intercalation pseudocapacitance is a new form of charge storage mechanism which
relies on the cation (Na*, H*, K*, and Li*) intercalation/deintercalation in the bulk
of the active materials, however it’s not restricted by the cation diffusion within the
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crystalline framework of active materials. The intercalation PC electrodes exhib-
its higher rate capability than the battery-type electrodes as there are no crystallo-
graphic phase transformations in the intercalation electrode materials. Nevertheless,
the kinetics of intercalation pseudocapacitance is similar to that of the conventional
pseudocapacitance, but its electrode profile is identical to that of the battery-type
electrode where the charge-storage mechanism happens in too narrow a potential
window [24]. Most intercalation pseudocapacitive materials exhibit hardly any
dependence on the size of the particles and their morphology. The typical materi-
als that exhibit intercalation pseudocapacitance are TiO,-B, perovskite oxides, and
T-Nb,O,. Butin a few intercalation pseudocapacitive materials such as V,0s, LiCoO,,
and MoQ;, this behavior is exhibited only when the particle size is in nanoscale as
the ion diffusion distance decreases in nanoparticles and nanostructuring helps in
the suppression of phase transformation at the time of intercalation process which
reduces the energy barrier. Augustyn et al. studied the intercalation pseudocapaci-
tance behavior in T-Nb,Oy where it exhibited exceptionally high-rate capability, as
its crystal structure offers faster ionic transport. Within short periods of time high
levels of charge storage were possible as it showed two-dimensional transport path-
ways and minor structural change with intercalation [25]. In LiCoO, the intercala-
tion pseudocapacitance behavior became more prominent with decreasing size and
the capacitance enhanced when the particle size was reduced to nanoscale (not less
than 15 nm) [26].

4.2.2.1 Cation Intercalation Pseudocapacitance

The major rule for designing cation intercalation pseudocapacitance in electrode
materials is that it should possess a crystal structure with 2D rapid ion diffusion
pathways and ultra-structural stability to suppress phase transformations during the
intercalation process. Cations such as Na*, Lit, Mg?*, K*, and A1** exhibit intercala-
tion pseudocapacitance, delivering capacitance more than 300 F cm=. The ioniza-
tion energy and electronegativity reduce as the ionic radii of intercalated cations
increase. To overcome the limitation of cycling stability and rate capability Zhao et
al. intercalated appropriate alkali metal ions into the allowed layered structures [27].
Augustyn et al. demonstrated the pseudocapacitive mechanism of nanocrystalline
Nb,O; films in organic electrolytes, which exhibited a storage capacity of ~130 mAh
g7! [25]. The charge storage mechanism in Nb,Os can be described as:

Nb,Os + xLi* +xe™ <> Li,Nb,Os

Where the maximum capacity x = 2. In Nb,Os the intercalation pseudocapacitive
behavior can be attributed to the surface redox reactions along with rapid transport
of Li* ions through the crystal structure, which suppresses the phase change during
the electrochemical reaction [3]. The crystal structure of T-Nb,O5 possesses unique
open tunnels given by mainly vacant octahedral sites between (001) planes through-
out the a-b plane, which enables the rapid transport of Li* structures. Titanium oxides
and their compounds have been extensively explored as an electrode material with
intercalation pseudocapacitance, as a charge storage mechanism, and their storage
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ability rely on the crystal structure. Li et al. found that the Li* ions intercalated and
deintercalated into the TiO, lattice freely and reversibly. The intercalation mecha-
nism in TiO, can be summarized as:

Ti, + x(Li+ + e*‘) < LiTio,

Wang et al. demonstrated that in TiO, intercalation pseudocapacitance can be
enhanced by reducing the particle size. In addition to this at nanoscale these particles
displayed a faster charging rate compared to larger particles [28]. Various approaches
to enhance the intercalation capacitance of TiO, electrodes have been studied widely.
Dopants were introduced into the oxide lattice structure, composites with carbon
were prepared to address the issue of poor ionic conductivity of pristine TiO,.

4.2.2.2 Anion Intercalation Pseudocapacitance

Oxygen ion-induced intercalation pseudocapacitance is gaining wide acceptance
currently. In one charge/discharge cycle O?- is capable of storing twice the charge
with intercalation pseudocapacitance compared to the conventional Li* intercala-
tion. Thus, compared to monovalent-ion intercalation oxygen ion intercalation is pre-
sumed to possess higher energy storage capacity. In 1990, Kudo first demonstrated
the typical anion intercalation materials are perovskite oxides in aqueous alkaline
solution [29]. The typical structural formula of perovskite oxides is ABO,, where A
and B cations possess a total positive valence of 6, which is equal to the total negative
valence of oxygen anions. In the oxygen ion intercalation mechanism, initially from
KOH electrolyte to active electrode surface, oxygen diffusion occurs in the form of
hydroxide anions. Thereafter, with the diffusion of oxygen of hydroxide anions into
the lattice with the oxidation of B elements, the oxygen vacancy is intercalated. In
the meantime, in the electrolyte the proton is transferred to the hydroxide anion and
water is obtained as the yield product. Finally, the oxygen intercalates via diffusion
of B site elements into the perovskite lattice and surface of the lattice. Mainly there
are three factors that determine the oxygen ion intercalation pseudocapactive behav-
ior in perovskites which includes oxygen vacancy concentration, phase stability, and
electrical stability. Thus, higher oxygen vacancy leads to better electrochemical per-
formance of perovskite electrodes. Mefford et al. demonstrated oxygen anion-based
intercalation pseudocapacitance and oxygen intercalation for fast energy storage in
the perovskite LaMnO, with aqueous KOH electrolyte [30]. CaMnO; perovskite was
reduced in 7%H,/Ar gas atmosphere by Forslund et al. to obtain an electrode mate-
rial with higher oxygen vacancies [31].

4.2.3 CARBON-BASED ELECTRODE MATERIALS

Carbon electrodes are the most common EDLC materials where the capacitance is
fully contributed from the electrostatic charge accumulated at the electrode/electro-
lyte interface and thus their electrochemical features depend crucially on the surface
area of the electrodes [32]. Activated carbon is a carbonaceous material derived from
charcoal, characterized by a high porous structure and large specific surface area.
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The meso- and macropores permit the diffusion of charged species whereas micro-
pores support the accumulation of charged species and thus enhance the specific
capacitance [33]. Supercapacitors with higher energy density often exhibit relatively
lower power density. One of the highly challenging and crucial tasks is to attain a
compromise between energy density and power density. Thus, the design and control
of the microstructure and porosity of activated carbon-based electrodes are consid-
ered as one of the best approaches to tackle this issue. Wang et al. developed two
different porous structured electrode materials based on activated carbon with high
micro- and mesoporous texture. The results revealed that microporous textures with
high specific surface area exhibited higher specific capacitance than the mesoporous
texture electrode. In order to enhance the energy density of supercapacitors by main-
taining their power density and cycle life, designing activated carbons with narrow
pore size distribution, with short pore length, and continuously interconnected pore
structure would be an effective method.

4.3 EFFECT OF STRUCTURE AND POROSITY ON
ELECTROCHEMICAL PERFORMANCE OF SUPERCAPACITORS

Electrode materials, electrolytes, current collectors, and separators play a major role
in determining the electrical properties of a supercapacitor. Among these, electrode
features such as morphologies and compositions, are largely responsible for the elec-
trochemical performance of supercapacitors. Supercapacitors are of three types:
EDLCs, PCs, and hybrid capacitors can be identified based on the cell configuration
or storage mechanism. In comparison to electrostatic capacitors, EDLCs are pri-
marily based on high specific-surface-area nanoporous materials as active electrode
materials, resulting in a large capacitance and they can be controlled with respect to
the area between the electrode and electrolyte, while PCs are made out of conducting
polymer or metal oxide-based electrodes, as well as functionalized porous carbons.
When compared to EDLCs, PCs possess high specific capacitance values and PC
electrode materials have a short lifecycle [34].

The criteria for designing a high-performance supercapacitor electrode include
high specific capacitance, large rate capability, high energy and power density, high
cycle stability, as well as flow capacity. In addition, the toxicity and cost of the active
materials used in an electrode design should be taken into account as well. The afore-
mentioned properties are acquired by electrodes possessing the following features.
(a) High surface area per gram: since charges are stored on the surface of the super-
capacitor electrodes, an electrode with a higher surface area leads to an improved
specific capacitance. (b) Controlled porosity: porous structure of electrode greatly
influences the specific capacitance and the rate capability value. (c) Electroactive
sites: they enable pseudocapacitance. (d) High electronic and ionic conductivity: spe-
cific capacitance, power density, and rate capability depend considerably on both
electronic and ionic conductivity by maintaining the rectangular nature of cyclic
voltammetry curve and symmetricity of galvanostatic charging/discharging curves.
They also reduce the specific capacitance losses as scan rates/current densities are
increased. A distinctive approach to enhance the electronic conductivity include
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binder-free electrode design and nanostructured current collector design to provide
efficient electron pathways for charge transport. To increase the ionic conductivity,
precise control of pore size and prudent design strategies are used. (¢) Mechanical
and chemical stability: the cycle stability is greatly influenced by the mechanical and
chemical stability of electrode materials during cycling. Sensible electrode surface
protection may substantially boost the cycle stability [35].

Since the electrode material is the most important component of a supercapacitor
and controls the electrochemical performance, the development of new advanced
electrode materials with rational nanostructured patterns has become a research
hotspot in recent years. Many studies on supercapacitors have been reported that
use advanced electrodes with enhanced surface characteristics and porous texture
possessing high specific capacitance values with outstanding stability and cyclabil-
ity, but only a few studies were conducted that specified the relationship between the
structure and electrochemical performance of a supercapacitor. This section reviews
the advances in nanostructured supercapacitor electrode materials, with emphasis
on the understanding of the relationship between the structural as well as the porous
properties of the electrode with electrochemical performance.

4.3.1 ErrecT OF POROSITY ON ELECTROCHEMICAL PERFORMANCE

For supercapacitor applications, electrodes with specific pore size, surface area, size
distribution, etc., offer a major contribution to their performance. For an improved
electrochemical reaction, the kinetics of ionic diffusion within the medium, as well
as the electrolyte access, were greatly controlled by the porosity of a porous elec-
trode. The kinetics of the electrochemical accessibility depends on the electrode
surface, which in turn depends on the pores of different sizes. In order to design
the porous electrodes for the different power and energy requirements, it must be
taken accepted that not all pores in the matrix of a porous electrode are electro-
chemically accessible at the same time. In addition to the kinetic factors of the pore
size distribution, the electrical conductivity is another limiting factor for the power
density. The electrical conductivity or the ohmic resistance of porous materials is
closely related to their morphologies. In general, the higher the surface, the smaller
the particle size and the worse the conductivity should be. The mobility of the ions
within the porous matrix is responsible for the speed of electrochemical accessibil-
ity and obviously, the movement of the ions in smaller pores is more difficult than
in larger pores. Since the ionic diffusion in larger-sized pores is faster than that in
smaller pores, they will deliver high energy at higher speed thus can be used for
high-power applications [36].

According to the International Union of Pure and Applied Chemistry, pores were
categorized into three types: macropores (more than 50 nm), mesopores (between 2
and 50 nm), and micropores (less than 2 nm). Proper mesopores could reduce ion
transport resistance inside active materials during the charge/discharge process, pro-
viding a favorable pathway for quick movement of electrolyte ions due to their easy
accessibility, thereby improving power output and rate capability of electrode mate-
rials at high current density. For capacitance retention and efficiency, it is essential



Looking Deeper into Electrode Processes 59

to have a large average pore size and high mesopore porosity. But for porous carbon
materials specific surface area is found to decrease with increasing pore size, imply-
ing that there should be a balanced compromise between energy density and power
density in supercapacitors [37]. At low current densities, micropores can deposit
more electrolyte ions on their surface, which promotes in-depth interfacial contacts
and increases the EDLC, hence raising the achievable greatest specific capacitance
and energy density. The major characteristics that dictate the high performance of
double-layer capacitors are a large specific surface area, a hierarchically structured
pore size distribution, and a high proportion of micropores. Macropores, as a char-
acteristic microstructure with open gaps, can not only provide more sites for quick
intercalation and deintercalation of active species, but also operate as ion-buffering
reservoirs to reduce electrolyte diffusion distances and hence favor high capacitance
output at high current densities. Furthermore, they can improve the loading and dis-
persion of other active components used in the production of composites [38]. As a
result, it is vital to explain how to build acceptable porous designs. The electrolyte
access, ion diffusion, electron transport into porous structures, and availability of
active sites for electrochemical reactions are primarily determined by variables like
pore size, pore geometry and distribution, surface curvature and chemistry, electri-
cal conductivity, and the electrode/electrolyte interface. The electrical conductiv-
ity of active materials has a direct effect on electron transport, which affects the
charge/discharge efficiency and power density of electrodes made from them. For
inorganic material, increasing the preparation temperature improves crystallinity
and thus conductivity. Too high a temperature, on the other hand, may eliminate
existing organic groups on the surface of active materials. This would not only
diminish electrolyte contact at the electrode/electrolyte interface, but it would also
reduce organic groups’ pseudocapacitance contribution [39]. Surface wettability of a
porous electrode towards a given electrolyte is also an important factor to facilitate
the adsorption and transportation of ions from the electrolyte which can be obtained
by the introduction of surface functional groups, but this may decrease the electrical
conductivity as they might inhibit the transport of electrons within the electrode [37].
Chemical modification and doping can improve electrolyte access and pseudoca-
pacitance output by increasing the concentration of organic groups on surfaces [40].
Excessive organic groups, on the other hand, may cause interface electric resistance
and so reduce capacitance output. It is clear that increased porosity promotes electro-
lyte infiltration and ion diffusion, resulting in higher capacitance output. However,
excessive porosity may result in the breakdown of the electron transport network
in active materials, lowering capacitance performance. As a result, the hierarchical
porous structure with sufficient high porosity, electrical conductivity, an appropriate
amount of surface organic groups, and coexisting macro-, meso-, and micropores
should be the ideal construction for existing supercapacitor electrode materials to
have enhanced performance of the supercapacitor that should be well matched with
an electrolyte, and to have better electrochemical reaction activity. Jung et al. used
electrochemical exfoliation process for the fabrication of a graphene electrode with
meso- and macroporous structured aerogels with high specific surface area by opti-
mizing certain factors like electrolyte content and freezing temperature in order to
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have a supercapacitor with extremely low densities and superior electrical properties.
Resulting supercapacitor exhibited a specific capacitance of 325 Fg™!' at a current
density of 1 A/g and an energy density of 45 Wh/kg in aqueous electrolyte of 0.5 M
H,SO, [41].

4.3.2 EFrFeCT OF STRUCTURE ON ELECTROCHEMICAL PERFORMANCE

The nanostructuring of electrode materials is a feasible method to considerably
improve the surface area of the electrodes and hence the specific capacity. Typically,
nanomaterials can be classified into zero dimensional (OD), one dimensional (1D),
two dimensional (2D), and three dimensional (3D) categories. Particles which are
more or less spherical in shape with three dimensions that are constrained on the
nanoscale like fullerenes, quantum dots, nanoonions, nanoparticles, etc., are con-
sidered as OD. There are three subcategories of OD nanostructures used as elec-
trodes in supercapacitors: solid, hollow, and core—shell 0D nanostructures [42]. In
2011, Chen and co-workers created nanoporous gold/MnO, hybrid supercapacitor
electrodes to improve the electrical conductivity of MnO, and the resulting super-
capacitor electrode demonstrated a high specific capacitance of 1145 F/g at 50 mV/s,
which is due to nanoporous gold, that allows for easy and efficient access to elec-
trons and ions [43]. Because of their unique features, including low density, high
surface-to-volume ratio, and shorter paths for mass and charge transport, hollow
0D nanostructures have been identified as attractive options for electrode design
[44]. Because of their amazing advantage in regulating the size, form, and struc-
ture of the products, hard templating methods have been widely employed for the
synthesis of hollow 0D nanostrucures. Yang and co-workers in 2011 reported the
fabrication of hollow carbon nanosphere with a large surface area, large bimodal
mesopores, and large pore volumes generated by a silica sphere-assisted hard tem-
plating approach. A specific capacitance of 251 F/g at 50 mV/s can be achieved
with this configuration [45].

Nanostructures with 1D are interesting due to their dimensionality dependence on
their functional properties. While keeping the benefits of 0D nanostructures in the
two nanoscale dimensions, the longitudinal axis of 1D nanostructures offer effective
transport of both electrons and ions. They can be nanotubes, nanofibers/nanowires,
nanorods/nanopillars, nanoribbons, and nanobelts. Nanowires have been explored
extensively as an electrode material because of their high surface area-to-charge
ratio for storing charges and efficient channel for transporting them [42]. Wei and
colleagues described a simple one-step template-free method for making polyaniline
nanowire arrays. The resulting polyaniline nanowire arrays at a current density of 1
A/g showed 950 F/g specific capacitance and 16% loss after 500 cycles [46]. Tubular
nanostructures often offer more surface area with less mass usage than nanowires,
resulting in more gravimetric specific capacitance. Because of their moderate to
high surface area, porous structure, superior electronic conductivity, and excellent
mechanical and thermal stability, CNTs have attracted a lot of attention as super-
capacitor electrode materials. In 2010 Kim and others employed a water-assisted
chemical vaporization deposition method to manufacture vertically aligned CNTs
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directly on conductive carbon sheets using an Al/Fe catalyst and shows a specific
capacitance of roughly 200 F/g at a current density of 20 A/g [47].

Typically, materials with a thickness of a few atomic layers and with the other
two dimensions beyond the nanometric size range are considered as 2D materi-
als. Graphene and many other layered van der Waals solids like metal oxides and
hydroxides and transition metal dichalcogenides and/or carbides and/or nitrides, etc.,
fall under the 2D category. The emergence of 2D materials, considering the relevant
parameters like diffusion ion length or electrolyte contact area, as well as the fact that
they only consider surface area for active material utilization in the performance of
electrochemical supercapacitors, has attracted considerable attention for the hybrid
2D configurations in electrode material design. Due to its chemical stability as well
as its unique intrinsic electrical, mechanical, and thermal properties, graphene is
currently the most common material used for 2D material-based electrodes in energy
storage devices. From various reports, reduced graphene oxide (GO) seems to be the
widely used highly conductive electrode material and the mechanism employed for
GO reduction become significant in the development of 2D electrode materials for
supercapacitors. Ruoff and colleagues synthesized chemically modified graphene by
the hydrazine hydrate reduction of suspended GO in water. In aqueous and organic
electrolytes, the resultant sheets had a surface area of 705 m?/g and yielded a specific
capacitance of 135 and 99 F/g, respectively [48].

Materials with three dimensions beyond the nanometric size range but still
preserving the advantages of nano size effect are regarded as 3D materials. For
effective supercapacitor electrodes, 3D porous architectures of active materials
provide a wide surface area, well-defined paths to electrolyte access, and mechan-
ical stability. 3D electrodes are often made by organizing active materials into
3D nanostructures or utilizing metal foam as templates. Metal foams and car-
bonaceous material like mesoporous carbon and graphene aerogel fall under the
3D category. Cao Gaoping and co-authors found that developing porous carbon
with suitable micropore size and adequate proportionate of mesopores is a more
effective strategy for achieving high power density and high energy density for
porous carbon-based supercapacitors. The carbon materials with mesopores and
macropores boost energy density and power density of the EDLC [49, 50]. Metal
foams like a Mn/MnO, core—shell with 3D macroporous structures were synthe-
sized from ordered polystyrene sphere templates. Porous architectures of core—
shell contribute several favorable features to effective supercapacitors, including
a higher surface area, strong electrical conductivity attributable to Mn, and high
capacitance of MnO,. At 500 mV/s, the electrode’s optimal specific capacitance is
found to be 996 F/g, keeping 83% of the capacitance at 5 mV/s [51]. Recently Mu
and coworkers carbonized waste polyethylene terephthalate to 3D porous carbon
nanosheets (PCS) which were then hybridized with MnO, nanoflakes to generate
PCS-MnO, composites. The resulting composite shows a specific capacitance of
210.5 F/g and a capacitance of 0.33 F/m? and also demonstrated an outstanding
cycle stability with 90.1% of retention of capacitance [46].

Thus, we can conclude that the combination of various dimensionalities to pro-
duce a composite combining the properties of both EDLCs and PC electrodes will
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be beneficial for an enhanced supercapacitor performance with high conductivity,
surface area, mechanical and performance stability, and capacitance.

4.4 TUNING THE PERFORMANCE OF SUPERCAPACITORS
BY UNDERSTANDING THE CONCEPTS

In past decades, batteries had been considered as the most preferred energy stor-
age systems for portable electronic devices owing to their great ability to store a
large amount of energy, and the ability is called energy density. The higher energy
density achieved with batteries astonished people and prevented them from explor-
ing new energy storage systems for a long time. However, the long time taken for
charging and discharging i.e., reduced power density is always a headache for bat-
tery researchers. The most demanding Li-ion batteries also can’t overcome this issue
even with the support of novel materials and technologies but resulted in increased
weight and size, high cost, reduced energy, and cycle life. A miracle device archi-
tecture is difficult to find. Researchers tended to develop more advanced energy
storage systems and it led to the fabrication of supercapacitors. Thus, supercapaci-
tors have gained the attention of both academia and industry as an efficient alter-
native to conventional batteries which showed extraordinary features such as high
specific capacitance from 1 mF to 10,000 F, Fast charge/discharge from milliseconds
to seconds, excellent cycle life with a span of 5000 to 50,000 hours, environmentally
friendly, low cost, wide operation potential and temperature, and the most important
one, the high-power density from 0.01 to 10 kW/kg and energy density from 0.05 to
10 Wh/kg [52]. They also reduced battery size, weight, and cost, provided energy
storage and source balancing when used with energy harvesters, extended battery
run time and battery life, provided peak power and backup power, improved load
balancing when used in parallel with a battery, lowered RF noise by eliminating DC/
DC-enabled low/high temperature operation, cut pulse current noise, and minimized
space requirements.

Despite the excellent features, supercapacitors show some restrictions to commer-
cialization. The important issue is the relatively high cost per watt-hour of potential
energy storage. Usage of high-cost and toxic electrode materials such as high-sur-
face-area carbon materials and metal oxide-based electrodes also hinder large-scale
production. The lower energy density with low-cost materials is also a major issue
to be confronted. In order to address these issues, a proper understanding of the
supercapacitor concept and device architecture is mandatory. This section discusses
the major concepts, device assembly designs, and the significant modifications to be
adopted for the fabrication of high-performance supercapacitors.

As mentioned in previous chapters, the capacitor assembly consists of two elec-
trodes, a cathode and an anode, a separator, and an electrolyte. The properties of the
material and electrolyte employed, and the mechanism involved decides the perfor-
mance of supercapacitors. In EDLCs, the charge storage performance relies on the
electrostatic interactions of ions at the electrode/electrolyte interface and the separa-
tion of charge takes place in the Helmholtz double layer. In EDLCs, carbonaceous
electrode materials are mostly employed. In PC designs, the fast faradaic redox
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reactions or intercalation processes take place at the electrode or in the vicinity of the
electrode and results in charge accumulation. In this case, doped and undoped metal
oxides, conducting polymers, nanomaterials, and other advanced state-of-the-art
materials are used for the fabrication. The third type of supercapacitor is the hybrid
supercapacitor constituted of the integration of the previous two which exhibits both
faradaic and non-faradaic types of modus operandi. Such hybrid supercapacitors
offer high energy density, a wide potential window, and high upper-limit voltage.
Several permutations and combinations of electrode configurations can be achieved
with the hybrid supercapacitors either as symmetric or asymmetric assembly. In gen-
eral, the supercapacitor performance depends on many factors such as double-layer
thickness characteristics of active electrode materials including morphology, size/
amount, microstructure, surface area, porosity, synthesis method adopted, and the
electrolyte employed. In the design of highly efficient supercapacitors, we must con-
sider the requisites and type of electrode/electrolyte materials needed for a particular
application.

4.4.1 METHODS FOR TUNING SUPERCAPACITOR PERFORMANCE

4.4.1.1 Nanostructuring of Electrodes

Normally, the active material used for the device architecture should possess a high
surface area and sufficient and well-defined pore geometry. The specific capacitance
and ionic conductivity mainly hinge on these parameters. A high surface area pro-
vides sufficient space for the electrochemical reactions and charge storage, thereby
increasing the specific capacitance. The higher pore size distribution of the cur-
rent collector provides efficient superhighways for charge transport and leads to
increased ionic conductivity. The precise control of pore size and provident design
strategies clearly indicates that more open structures assist higher ion transport. A
number of technologies have been developed for tuning the morphological specifi-
cations. Among them, nano structuring is the core technique used for the surface
modifications. The progressing nanotechnology is a blessing for the device fabrica-
tion. A variety of nanostructures such as nanotubes, nanowires, nanospheres, and
nanorods were implemented for supercapacitor applications. Selection of the appro-
priate structure for particular application is vital. Apart from the higher surface area
and well-defined geometry, the excellent stability of nanomaterials offers increased
cyclic stability and battery life. Highly stable nanostructures also act as a substrate
for many electrode designs and the highly porous nanostructured substrate is ben-
eficial for depositing less stable active materials in its well-defined pores, thereby
increasing the specific capacitance value.

4.4.1.2 Chemical Activation of Active Electrode Material

In the chemical activation method, the precursor solutions are impregnated with
a chemical reagent followed by a heating process under an inert atmosphere. As
we know, a vast range of materials is used as electrode materials, including several
carbonaceous materials, metal oxides, conducting polymers, etc. Among them, acti-
vated carbons are the most used electrode materials which possess an EDLC and a
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FIGURE 4.2 Schematic illustration of the ion diffusion pathways and specific surface areas
of carbon nanotube, reduced graphene oxide, and mesoporous carbon with KOH activation.
The performance of capacitance and the capability are also evaluated according to the result
of electrochemical tests. Reproduced from Xiong et al. [55].

faradaic mechanism. As per the environmentally friendly concept, biomass-derived
activated carbon production is gaining wide consideration. A number of biopolymer-
derived methods i being developed today where chemical activation is done with the
use of many reagents including ZnCl,, H;PO,, KOH, NaOH, etc., to enhance mor-
phology, pore distribution, and thus capacitance [53, 54]. Xiong et al. investigated
chemical activation of various activated carbons and studied the effect of spatial
characteristics of carbon precursors such as 1D carbon nanotube, 2D reduced GO,
and 3D mesoporous carbon on the chemical activation with KOH. The results pro-
vide significant information on chemical activation of carbon materials for optimiz-
ing the supercapacitive performance and is illustrated in Figure 4.2 [55]. Numerous
studies are in progress to develop highly efficient carbon materials with different
chemical activation methods as a reagent [56—58]. Elemental doping such as nitrogen
doping, boron doping, phosphorous doping, sulfur doping are also efficient strategies
to obtain high performance capacitor electrodes with improved morphology, poros-
ity, and chemical stability. The exfoliation method has also proven to be an effective
strategy for enhancing capacitor performance. In the exfoliation method, rich active
sites were introduced on a layered structure such as graphene for charged particle
diffusion, thereby increasing the capacitance [59].

Transition metal oxides are considered as a major supercapacitor electrode mate-
rial, with their remarkable theoretical specific capacitance for faradaic charge storage
compared to carbon electrodes. However poor electrical conductivity of most of the
metal oxides, thereby reducing rate capability and capacitance, is a huge challenge
[60, 61]. A variety of chemical methods has been adopted to activate electrodes. The
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introduction of oxygen vacancies and elemental doping acquired spectacular recog-
nition for improving poor electrical conductivity performance. Chemical exfoliation
methods are also a chief strategy to improve supercapacitor performance. Controlled
formation of oxygen vacancies in metal oxide materials has been established as an
effective strategy to increase the carrier densities and consequently electrical con-
ductivities. The chemical reduction and polarization method, together with metal
and nonmetal doping, result in oxygen vacancy creation. The introduction of defects
and element doping can greatly boost the electrical conductivity of transition metal
oxides, however, the effects on the ion diffusion rate in bulk electrodes is very weak.
Integration with unique 2D metal oxide structures via chemical exfoliation demon-
strates prodigious capacity for improving the ion diffusion problem [59]. Chemical
activation is found to be more efficient and convenient in synthesizing high quality
electrodes with superior electrochemical performance.

4.4.1.3 Physical Activation of Active Electrode Material

In a physical activation strategy, the precursor is carbonized at elevated tempera-
tures by passing oxidizing gases like CO,, H,O vapors, etc. [62]. Physical activa-
tion with CO, adsorption can be controlled without any difficulty and can produce
microporous carbon. Activation with H,O brings out a mesoporous structure with
evenly distributed pores. The direct and indirect CO, activation results in a dominant
micro/nanoporous structure with a limited number of large pores which is extremely
favorable for supercapacitor applications in terms of ion storage and transport. In a
typical procedure, the CO, gas activation produces the best physical properties for
the carbon electrode with a smaller density and higher carbon content than with H,O
[63]. The CO,-derived porous carbons with a huge volume of narrow small pores
enhances both the energy and power density of supercapacitor devices. The presence
of surface functional groups also plays a vital role in improving the electrochemical
performance.

As we discussed earlier, oxygen vacancies can also be created by thermal anneal-
ing of metal oxides in an oxygen-deficient environment, such as nitrogen or argon.
For instance, Salari et al. developed thermally treated rutile TiO, from anatase TiO,
in an inert atmosphere at an elevated temperature of 600°C. The lower partial pres-
sure of oxygen gas in the environment leads to oxygen-deficient vacancies in transi-
tion metal oxides [64]. The areal capacitance of TiO, treated in argon is found to be
521 puF cm? and was higher than the air annealed (30 uF cm™) at the scan rate of 1
mV s~'. Hydrogen treatment can also substantially increase the donor density, and
hence the specific capacitance of electrode material.

4.5 CONCLUSION

This chapter discusses the electrode processes, such as double-layer capacitance and
pseudocapacitance. Numerous materials have been employed for supercapacitive
electrode fabrication, such as carbonaceous materials, transition metal oxides, etc.
Each material has a different effect on supercapacitor performance. The selection
of a particular material defines the device mechanism. In addition, structure and
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porosity also have a very crucial role in deciding supercapacitor performance. A
high surface area and well-defined porous geometry enhance capacitor performance
and results in high conductivity and specific capacitance with improved stability.
The chapter also discusses the strategies adopted for improving electrochemical
performance. As technology is progressing, the research on supercapacitors gains
momentum day by day.
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5.1 INTRODUCTION

The depletion of fossil fuels accompanied by their harmful impact on the environ-
ment has caused a shift of attention to the development of sustainable energy stor-
age and conversion devices worldwide [1-4]. The different energy storage devices
include supercapacitors and batteries, and a Ragone plot illustrates their energy and
power densities; they are considered the leading electrochemical energy storage
devices. In fact, batteries have a high energy density and are hence recommended for
applications in many electronic devices. However, the relatively slow electron and ion
transport and resistive/heat losses of batteries makes them less competitive in many
applications [5-7]. On the other hand, supercapacitors have a fast-charging ability,
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stability of more than 10,000 cycles, and high power density compared to batteries,
which have triggered the growth in interest. The commercialization of supercapaci-
tors has been limited due to poor energy density (~5 Wh kg'), which is comparatively
lower than batteries (up to 200 Wh kg™') [8]. Extensive research is underway to pro-
duce a supercapacitor with high energy density, power density, and cyclic stability.
The crucial factors that influence the efficiency of supercapacitors are the design,
operation, and manufacturing of these energy storage devices [9-12]. Systematic
design and integration of electrodes, electrolytes, and current collectors could alter
the performance of electrochemical supercapacitors and batteries to a greater extent.
Thus, supercapacitor manufacturers can apply battery engineering to make the pro-
cess better and cost effective [13]. The current supercapacitors are expensive for ade-
quate applications; if supercapacitors are developed with inexpensive materials that
exhibit excellent specific capacitance, it could make the manufacturing process more
viable, driven by the need to be innovative, decrease manufacturing costs that limit
competition, and improve sales [14—15]. In order to account for the above-mentioned,
appropriate design, electrode, and electrolyte material are other factors required for
the construction of a supercapacitor with high efficiency are discussed in this chapter.

5.2 SUPERCAPACITOR SYSTEM DESIGN CONSIDERATIONS

Factors such as cell polarity, cyclic stability, and heat management give information
about the efficiency and performance of the device. However, more complex solu-
tions are to be looked into to realize their optimal performance. Among the many
design considerations, the important ones include cell voltage, frequency response,
humidity, lifetime and cycle charging, ambient temperature effects, efficiency, and
interconnection.

5.2.1 CEeLL VOLTAGE

Compared to batteries, supercapacitors work over a wider potential window, from
rated voltage to zero volts. The voltage rating depends on the series and size, which
is acquired by the electrochemical stability of the electrode and electrolyte mate-
rial. The amount of energy stored is given by the equation E = ¥2 Cv?, where
energy density is proportional to the square of the cell potential dependent on the
electrolyte potential window [16—18]. Thus, electrolytes have an essential effect
on the cell voltage window; while aqueous electrolytes have a possible window
around 1-1.5 V, organic electrolytes attain a high operational voltage of around 3
V. A typical electrochemical supercapacitor has several 2.7 V single cells arranged
in series for a continuous power supply. An extensive functional potential window
increases the overall efficiency of both storage and supply of energy. However,
if the cell is operated above the voltage for a long time, cell life is affected and
reduced, leading to electrolyte decomposition [19]. The damage done depends on
the voltage applied and the period the supercapacitor is exposed to the high voltage
scenario. The occasional spike, however, does not immediately affect the device.
The supercapacitor can acquire the maximum energy if it’s discharged to zero, i.e.,
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the system possesses a minimum threshold voltage that ultimately limits the lower
voltage at which the capacitor can discharge [20-22]. Currently, stored energy
up to 75% can be utilized when the supercapacitor is discharged from the initial
charge potential V initial to one-half of V initial [23].

5.2.2 FReQUENCY RESPONSE

The time constant (z) denotes the time to acquire 63.2% of energy from a non-charged
state or discharge 32.8% from an ultimately charged state. The factor frequency
response for an electrochemical supercapacitor is entirely dependent on its calculated
time constant [24, 25]. Based on the electrode, electrolyte material, and cell configura-
tion, the frequency response is in milliseconds to seconds. They ultimately contribute
to the capacitance and the equivalent series resistance (ESR) [24]. Thus, increasing the
capacitances and decreasing the resistance make supercapacitors applicable in pulse
power applications requiring fast responses with limited power losses.

5.2.3 AMBIENT TEMPERATURE

One of the advantages of supercapacitors is their vast temperature capability, i.e.,
their operating temperature ranges from —40 to around 65°C, making them suitable
for different regional and environmental conditions [26]. Organic electrolytes have a
lower freezing point and are considered more favourable compared to aqueous elec-
trolytes. The changing temperature does not affect the capacitance as energy storage
or charge is not a chemical reaction. However, the resistance is co-dependent on the
mobility of ions within the electrolyte. The mobility decreases as the temperature
drops, thereby resulting in higher resistance [27]. The high operating temperature
may affect the capacitance, diminishing the efficiency and altering the positive effect
of ESR reduction. The surface area to volume ratio is also an essential factor. It is
observed that the electrochemical supercapacitor stack is affected by the tempera-
ture effects due to their higher surface area-to-volume ratio [28, 29].

5.2.4 PoLARITY

Electrochemical supercapacitors are differentiated as electric double-layer superca-
pacitors, pseudo supercapacitors, and hybrid supercapacitors. Electric double-layer
supercapacitors are symmetric devices where both the anode and cathode are com-
posed of the same material and hence theoretically have no polarity [30]. For consis-
tency purposes, while manufacturing, the intended terminal polarity is indicated by
using stainless steel casing. If the supercapacitor is conditioned for charge in a par-
ticular direction, switching its path can lower the life; however, it would not cause a
severe failure. In the case of the asymmetric supercapacitors, the anode and cathode
materials are different, and thus, polarity matters. Other electrodes have different
chemical reactions leading to varying potentials and different polarities. The mark-
ing of contradiction is necessary for asymmetric supercapacitors to indicate their
performance in specific operation voltage windows.
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5.2.5 LireriIME AND CycLE CHARGING

Compared to batteries, a supercapacitor has unlimited life, ultimately affecting the
cell potential and temperature. The repeated charging and discharge at constant cur-
rent may lead to the exponential decay of capacitance, causing a rise in internal
resistance [31]. Based on a particular datasheet, the lifecycle is deemed to end if the
capacitance drops by 30% and the internal resistance doubles. Their performance
falls below the expected standard of the application requirements that could vary for
different datasheets.

In the case of cycle charging, commercial supercapacitors have a life more signifi-
cant than 500,000 cycles with slight performance loss [32]. The charge to discharge
current ratio is called coulombic efficiency, which may reach 100% in extreme
winds. For practical applications, the charge and discharge currents are maintained
to be the same to have maximum coulombic efficiency. This efficiency, however,
does not entirely correspond to maximum energy efficiency.

5.2.6 Humipity

Supercapacitors can work in high levels of humidity. However, the mainstream prod-
ucts are advised to be used within six months after the opening of the vacuum seal,
as their exposure to moisture can lead to oxidation of the soldered leads, leading to
corrosion. If all the collected cells are not used, the oxidized ends can be removed
carefully using an abrasive emery cloth with proper precautions [33].

5.2.7 EFFICIENCY

During charging and discharge, supercapacitors have almost the same efficiency
as batteries. The efficiency losses are only contributed to by internal resistance
(IR) causing IR drop during cycling. Though in most cases, the efficiency of
supercapacitors is around 90%, only at high current and power applications is the
efficiency affected.

5.3 SINGLE CELL MANUFACTURING

5.3.1 ELECTRODE

The source for energy storage and one of the significant parts of supercapacitor
devices is the electrode. The interaction between the electrode/electrolyte interface
is responsible for the charge storage. The area, porosity, and conductivity of the
electrode affect the energy density drastically. As the active surface area increases,
the energy density increases as the number of ions stored during the formation of the
Helmbholtz double-layer also increases. The most popular candidate for the electrode
is activated carbon, as they show sufficient capacitance in both organic and aqueous
electrolytes [34-36].

The electrode is a significant component of the supercapacitor system and is a
site for energy storage. At the electrode/electrolyte interface, the ions will interact
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with the electrode material and are stored at the active sites of the electrode. The
principal parameters of a supercapacitor electrode are porosity, area, and conductiv-
ity. Such electrode parameters have a considerable influence over the energy density
[37]. Optimization of such parameters will lead to high-functioning supercapacitors
and the application in existing electronic devices such as laptops and mobile phones.
For the supercapacitor electrode, the amount of energy stored depends mainly on
the electrode surface area; considerable research is going on globally in search of
materials with a large surface area for their application in energy storage devices.
With the increase in the active surface area, the number of ions that can be stored by
forming a Helmholtz double layer will also increase, which leads to higher energy
density. Activated carbon is a good candidate for electrode material as it shows ade-
quate capacitance with both aqueous and organic electrolytes. Significant properties
of carbon-based electrodes like high conductivity, high surface area (1-3000 m?/g),
good corrosion resistance, high-temperature stability, controlled pore structure,
compatibility for composite formation, and relatively low cost make them eligible
support for energy storage application [38—40].

The increase in surface area-specific capacitance also increases proportionally.
However, a large surface area does not always ensure high specific capacitance. It
depends largely on the accessible surface area and pore size of the electrode mate-
rial. Electric double-layer capacitors (EDLCs) are usually made of activated carbon,
graphene, and carbon nanotubes (CNTs) [39]. In comparison, pseudocapacitors are
generally composed of metal oxides and conducting polymers. High specific area
electrode materials are commonly carbon-based materials like carbon fibres, aero-
gels, and CNTs. They have high conductivity, high surface area, high temperature
stability, high corrosion resistance, and good compatibility. These materials have a
high specific place with meso- or macropores, which facilitate rapid ion transport
throughout the carbonaceous matrix, making them have excellent electrochemical
performance.

Activated carbon is prepared via the thermal or chemical treatment of
carbonaceous material to improve its surface area. The porous structure of activated
carbon consists of micropores (diameter <2 nm), mesopores (diameter 2—50 nm), and
macropores (diameter >50 nm). Smaller micropores cannot support the diffusion of
an electrolyte, thus inhibiting certain pores from charge storage. Activated carbon,
being cheap compared to other carbon-based materials, is used extensively in EDLCs.

Carbon black particles are spherical, and the size is in the range of colloidal
particles. They are frequently used as filling materials in the electrodes of both
batteries and supercapacitors. They have high porosity and chemically clean surface
area, which enhance the electrochemical activity of EDLCs. The specific capacitance
of carbon black is about 250 Fg~! for EDLCs.

Also, carbon fibres synthesized from cellulose, polyacrylonitrile, pitch-based
materials, and phenolic resin, thermosetting organic materials with high adsorption
capacities and high adsorption rates are also recognized as promising electrode
materials for ELDCs. Due to the presence of pores, good accessibility to active sites
1s achieved. However, the drawback is that the contact resistance between individual
fibres is high, and their cost is much higher than other carbonaceous products.
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Carbon aerogels are synthesized by the polycondensation of resorcinol and
formaldehyde and followed by pyrolysis. They have a large surface area, uniform
size, higher density, and excellent conductivity. Carbon aerogel activation can
improve the active surface area via thermal, electrochemical, and chemical vapour
impregnation.

CNTs are synthesized via the catalytic decomposition of hydrocarbons. They
are of two types: single-walled CNTs and multi-walled CNTs. The surface area of
CNTs compared to activated carbon is much lower; however, they have a specific
capacitance of 15-18 Fg~! which can be enhanced up to 130 Fg~! when the surface
texture is altered via oxidative treatment. Their conductivity, surface area, thermal,
and chemical stability make them suitable as electrode materials for supercapacitors.

Transition metal oxides and conducting polymers can have fast reversible redox
reactions on their surface, making them suitable electrode materials for pseudoca-
pacitors. Moreover, compared to carbon-based materials, these materials exhibit
higher specific capacitance. Due to their high capacitance at small resistance, metal
oxides like RuO,, NiO, Co;0,, and MnO, are studied as electrode materials. The
specific capacitance of hydrous RuO2 in sulphuric acid was 750 Fg~! owing to the
fast transfer of electrons and protons absorbed on the electrochemical surface. The
specific capacitance of about 256 Fg~! is observed for NiO, prepared by the sol-gel
technique. Compared to other metal oxides, MnQO, is environmentally friendly and
less expensive [36, 37].

In addition, various conducting polymers, polyaniline (PANI), polyethyleneimine
(PEI), polypyrrole (PPY), Poly (3,4-ethylene dioxythiophene) (PEDOT), polythio-
phene (PTH), and poly (p-phenylene vinylene) (PPV), are also used as electrode
materials in supercapacitor applications [38]. They enhance electrical conductivity
due to the presence of overlapping m-conjugated polymer chains in the backbone.
They have higher conductivity, high capacitance, and low equivalent series resis-
tance than carbon-based material, and they are more environmentally friendly and
cost effective than transition metal oxides. The doping of ions onto polymers has
been shown to enhance the capacitance of the conductivity polymers significantly.
Factors such as type of dopant, monomers, electrolyte, pH, and deposition condi-
tion play an important role in influencing the capacitance value of the conducting
polymer film. Due to lower cyclic stability as sound degradation caused by over-
oxidation, conducting polymer as an electrode material is limited.

5.3.2 ELECTROLYTE

An electrolyte is usually composed of liquid gel or solid, which facilitates the move-
ment of ions/electrons to and from the electrode under the applied voltage. The elec-
trolyte influences the performance of the supercapacitor in terms of energy/power
density. The parameters that influence the electrolyte performance are ion size, ionic
conductivity, chemical reactivity, solvent molecule, and viscosity [40—43]. The electro-
lyte should be stable both chemically and thermally. In general, inert electrolytes are
used in the EDLC system to increase the long cycle stability of the supercapacitor sys-
tem. For a fast reversible redox reaction in pseudocapacitance-based supercapacitors,
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the electrolyte must have chemical compatibility with electrode material and elec-
trode functional groups solvent molecules [41]. Ionic conductivity relies on the con-
centration of electrolytes; conductivity decreases as the number of ions decreases at
a low concentration of electrolytes. At higher electrolyte concentrations, collisions
occur among the solvated ions due to their dense distribution, which influences the
ionic mobility, and thus the power density is also affected [42]. Therefore, ionic con-
ductivity depends on the type of solvent and their size as well as their concentration.

The different types of electrolytes are aqueous, organic, and ionic electrolytes.
Solid electrolytes are solids or gels with ions and are easier to synthesize but have
much lower conductivity than the aqueous electrolyte [41-47]. The aqueous electro-
lyte has only operational cell voltage up to 1 V, which decreases the energy density.
Beyond 1.2 V, supercapacitor performance declined due to the dissociation of water
into hydrogen and oxygen, increasing electrolyte viscosity, and decreased ion mobil-
ity. They have low specific resistance and high power density. The commonly used
aqueous electrolytes are acidic and essential. A high concentration of electrolytes
improves the conductivity and reduces the equivalent series resistance. Concentrated
sulphuric acid is a prevalent electrolyte for RuO, to avoid electrolyte depletion prob-
lems during charging. Mild aqueous KCI electrolyte is also used for MnO, elec-
trodes. Other commonly used electrolytes are potassium electrolytes, NaOH and
NaCl. They are less expensive, and their purification and drying processes are com-
paratively less stringent and cheaper [41, 42].

On the other hand, organic electrolytes are composed of acetonitrile or propylene
carbonate, which operates in the voltage range of 2.5-3 V. However, the specific
resistance of organic electrolytes is much higher than aqueous electrolytes and reduces
the low power density. They require stringent purification and drying production,
which may otherwise lead to self-discharge due to recombination reactions. They
are comparatively more expensive and have higher resistivity than the aqueous
electrolytes. The electrode should have a greater pore size as the organic molecules
would have a considerable extent; this ultimately decreases the power density of
the supercapacitors. Among the available electrolytes, tetraecthyl ammonium salts,
acetonitrile, and N-methyl-2-pyrrolidone (NMP) are more suitable candidates
for electrochemical supercapacitors due to their excellent conductivity, solubility,
and higher dissociation potential. Ionic electrolytes are bulky organic anions and
cations, and they don’t have solvent molecules, unlike others that dissolve salts in
the molecular solvent. Supercapacitors employed with ionic electrolytes can exhibit
a large potential window up to 3.4 V and hence show high energy and power density.
Ionic electrolytes are thermally/chemically stable, with negligible vapour pressure,
and are generally liquid. But being highly expensive, the use of ionic liquid-based
supercapacitors is limited for commercialization.

5.3.3  SEPARATOR

Separators are ion-permeable that allow ionic charge transfer to occur but hinder the
electrical contact between two electrodes. To have improved and better function-
ing of the supercapacitor, the choice of a separator is crucial. Ionic permeability,
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porosity, high electrical resistance, low thickness, proper interfacial contact, thermal
and chemical stability, and the sustainability of electrolytes are characteristics of a
suitable separator. The thickness of the separator is a crucial factor for supercapaci-
tor performance [44]. For instance, bacterial cellulose has a thickness of 1-100 um,
while separators like polyester, polycarbonate, and nylon are in the range of 20-350
um. Due to their low mechanical strength, a separator thickness less than 1-10 ym
would tear easily during the fabrication process. If the consistency is more, there
will be a considerable increase in the inter-distance between the electrodes, lead-
ing to low capacitance and power density due to the ESR. Porosity is also crucial
as pore size matters. Pore size should be greater than the electrolytes’ ionic radius
for a better flow of ions between the electrodes [45, 46]. Still, it should be smaller
than the size of the electrode material to avoid short circuits. Ceramic/glass fibre
and polymers or paper act as separators in supercapacitors run with aqueous and
ionic electrolytes. Thus, there is a need for an appropriate selection of separators for
the proper functioning of the supercapacitor and to attain adequate energy density,
power density, self-discharge, and maximum cycle life.

5.3.4 CoOLLECTOR PLATE

In general, collector plates for both batteries and supercapacitors are inexpensive
and highly conductive copper, nickel, iron, and aluminium, ensuring the proper flow
of electrons from the active electrode to the external circuit. The connecting link
between the collector plates should be highly conductive, have adhesive contact with
an electrode material, and have excellent stability during charge/discharge cycles.
The appropriate thickness of the collector plate is 20—80 um. However, due to the
low corrosion potential, at high potential, while charging, they may undergo cor-
rosion affecting their contact with the electrode material. Hence, conductive layers
like a polymer or titanium or zirconium nitride are inserted between the electrode
material and the collector plate. Polymers like polypropylene incorporated with
about 50% of fine carbon were also favourable due to their conductivity and stability.
Tolerable resistance for a conductive layer is up to 100 Q/cm [47, 48].

5.3.5 SEALANTS

Sealants play an auxiliary role in avoiding performance loss in the hybrid superca-
pacitor assembly. They block contaminants like moisture, air, and chemicals, which
cause surface oxidation of the electrode and electrolyte degeneracy. Hence, it is nec-
essary to ensure proper sealing or lead shunt resistance between the cells linked
to the assembly. Sometimes lead shunt resistance may alter the overall efficiency
of the system as well. For a monopolar arrangement, a hermetic seal based on the
electrolyte material is ideal for preventing the entry of gas and water. In the case of
bipolar structures, shunt current passage is avoided by edge sealing. Shunt current is
responsible for the decay in the efficiency of charging and short circuiting. Polymeric
materials with high flexibility and excellent moisture resistance are ideal candidates
for sealant. Thermosetting epoxy polymer, polyurethane, polyester, and polyacrylate
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are well-known curable polymers used as sealants to achieve a moisture-resistant
and mechanically strong seal in bipolar stacks, preventing short circuits in multiple
layers. Rolled cells contain different sealant materials; the internal seal is composed
of a curable polymer placed onto the top of the metal casing before it is closed and
mechanically crimped shut. To avoid unplanned discharges and create an external
barrier against moisture, insulating shrink wrap is used to seal the outer casing elec-
trode. Insulating shrink wrap is made of loosely fitting preformed bags composed
of polyolefins (Polypyrrole (PP), Polyethylene (PE), reinforced PE) surrounding the
metal casing, followed by heat causing the plastic to shrink and seal around the case
insulating the cell. For pouch cells, a multilayer polymer is placed and laminated to
bind and seal between the bag layers [49].

5.3.6  DIrreRENT CONFIGURATIONS

As far as a single-cell supercapacitor is concerned, there are three distinct classes
of system configurations based the composition of electrode materials: symmetric,
asymmetric, and hybrid supercapacitors, even though the distinction between
asymmetric and hybrid supercapacitors remains controversial.

5.3.6.1 Symmetric Supercapacitors

Symmetric supercapacitors, as the name suggests, are composed of identical mate-
rials on both electrodes, whether it is a carbon-based EDLC electrode or a pseudo-
capacitive electrode. The majority of commercial devices are asymmetric, based on
activated carbon, in combination with an organic electrolyte, with a voltage rating
of 2.7 V [50]. This is especially so, owing to the restricted potential window of
aqueous electrolytes (1.2 V) which in turn would affect the energy profile of the
device. Extensive research is underway to widen the potential window of aqueous
electrolytes to so as to exploit the advantages of the same in terms of conductivity,
safety, viscosity, dielectric constant, and cost. For instance, Beguin et al. reported
an activated carbon-based asymmetric capacitor in 2 M Li,SO, which could reach
up to 1.9 V [51]. In a similar study by Hu et al. the device could exhibit a value as
high as 2 V [52]. In these studies, the high over-potential due to hydrogen storage
mechanism is being explored. In another work by Xia et al., a symmetric pseudoca-
pacitor was fabricated based on RuO, which could attain an operating voltage of 1.6
V owing to the high over-potential of the electrodes for oxygen evolution. Hence, a
careful selection of electrode and electrolyte materials would be an efficient strat-
egy to improve the potential window and overall performance of symmetric capaci-
tors [53]. It is worth noting that even though both the electrodes are composed of
similar materials, the mass loading of the electrodes is different, and it is carefully
balanced by considering the ion absorption chemistry at the respective electrodes
during the process.

5.3.6.2 Asymmetric Supercapacitors

Asymmetric supercapacitors typically use two different electrodes: a carbon-based
EDLC-type electrode and a pseudocapacitive electrode. A combination of activated
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carbon and MnO, is considered to be one of the most extensively studied configura-
tions in this regard [54]. For example, in one such configuration by Brousse et al., a
real energy and power density of 10 Wh kg™! and 3.6 kW kg™! could be achieved in
0.65 M K,SO, [55] A similar design of AC/K,SO,/MnO, by Qu et al. exhibited an
energy and power density of 17 Wh kg™! and 2 kW kg™! respectively [56]. A wide
range of materials and combinations has been explored in addition to the AC/MnO,
in terms of materials as well as morphology. CNT/MnO,, NiMoO,/AC, graphene
foam (GF)/CNTs, GF/CNT/PPY, V,O/electrospun carbon fibre composite, and elec-
trospun carbon fibre [57-60], etc., are a few examples.

5.3.6.3 Hybrid Capacitors

Hybrid capacitors are similar to asymmetric capacitors; however, the pseudocapacitive
electrodes here are replaced by battery-type electrodes. Ni- and Co-based electrodes
are widely used as the battery-type electrodes. Out of the different battery-type
electrodes being investigated, PbO, is considered to be one of the best choices owing
to its high voltage (2 V) and low cost, especially when combined with the typical
activated carbon counter electrode and sulphuric acid electrolyte [54]. According
to Yu et al., such a system in 5.3 M H,SO, could deliver a capacitance as high as
71.5 Fg~! with an energy density as high as 32.2 Wh kg™! [61]. However, the overall
efficiency of the device is limited by the lower cyclic stability and power performance
of the PbO, positive electrode. Efforts are under way to improve the performance by
various means like nanostructuring and novel electrolyte formulations. Ni(OH), is
another promising candidate in this regard and a hybrid system with AC/Ni(OH),
fabricated by Park et al. could attain a specific capacitance as high as 540 Fg~!
and a specific energy density of 25 Wh kg™ [62]. There are many such designs
in both aqueous and nonaqueous electrolytes reported in the literature, like AC/
Ni(OH),, AC//LiMn,0,, AC/graphite, etc. [63—65]. In most cases, the device, at
lower discharge current densities, shows battery-like behaviour whereas at higher
discharge rates they exhibit capacitor-like behaviour. The major challenge associated
with these systems is to improve the cyclic stability of the device which is adversely
affected by the battery-type electrodes and research is directed in the direction of
improving the same.

5.3.7 INTERCONNECTION

A single cell is not enough for large-scale applications, but multiple cells placed in
series are required. Due to the slight difference in the capacitance of the manufac-
tured cell, it may lead to leakage of current and resistance, resulting in an imbalance
of the cell potential of the supercapacitors stacked in series. Single cells can have
capacitive variation of +/— 20%, and hence the overall variation can be much higher
than 40%. A proper cell balancing scheme could prevent the above-listed problems
and eliminate the imbalance.

There are two techniques of balancing: passive balancing and active balanc-
ing. In passive balancing, to compensate for the differences in parallel resistance,
a voltage-dividing resistor parallel with each cell reduces current leakage. Passive
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cell balancing is recommended wherever the cost is to be considered, or the cell is
charged/discharged infrequently, and hence they are inefficient. According to some
design recommendations, balancing resistors should accommodate current flow 50
times the supercapacitor’s worst-case leakage current. Higher resistance resistors
can be employed in applications where circuit loss is a significant factor. Although
more substantial resistance components offer lower power losses, they slow down the
voltage balancing process. The circuit loss and the speed of voltage balancing dimin-
ish as resistance rises. The impressed voltage of a supercapacitor limits the most
significant resistance value that may be employed. With an increase in impressed
voltage, the maximum resistance value drops. Passive voltage balancing is typically
employed in systems with a low duty cycle. Supercapacitors used in applications that
utilize limited energy sources or higher cycling can operate active voltage balanc-
ing circuits since they draw a much lower current steady state. Only when the cell
voltage is out of balance are larger currents essential. An operational amplifier or
specific Interconnectors (ICs) can be used to implement active balancing control.
Although operational amplifiers are more expensive than passive amplifiers, they
are often cheaper than a specialized IC. The op-amp and technical IC-based systems
have similar convergence rates.

5.4 SUMMARY

Supercapacitors have enormous potential as efficient and green energy storage
devices. This chapter discusses essential design considerations like cell voltage, fre-
quency response, lifetime and cycle charging, polarity, heat and temperature effects,
and humidity, along with material and manufacturing requirements and implementa-
tion methods. Materials used for electrode, electrolyte, separator, and collector plate
and the number and arrangement of the single-stacked cells also impact energy stor-
age capabilities. Electrode materials and the design of supercapacitors are the focus
of future research to reduce cost, increase energy density, and expand the opportuni-
ties in the application field of supercapacitors.
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6.1 INTRODUCTION

Electrochemical energy storage technologies presently exhibit a pivotal and promis-
ing role in addressing energy-related issues globally [1]. Globally, energy security has
become the highest priority among individuals and governments. Over the past few
decades, researchers and scientists have been focusing on the development of super-
capacitors with high energy and power density, high-surface-area novel electrode
materials [2]. From time to time, researchers have made several attempts to recognize,
tackle, and eliminate the uncertainties caused by the traditionally used instruments,
calculation methods, major influencing performance factors, and parameters closely
related to the performance evaluation of supercapacitors. A variety of techniques has
been employed to measure and evaluate the characteristic parameters of superca-
pacitors with high precision and accuracy, both in the research and industrial fields.
Some of the major parameters for evaluating the performance of supercapacitors are
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operating voltage, power density, cell capacitance, energy density, equivalent series
resistance (ESR), and time constant. Standard test procedures are necessary to eval-
uate detailed and reliable information regarding the electrochemical performance
of supercapacitors. The common characterization techniques used to measure the
performance of supercapacitors includes cyclic voltammetry, galvanostatic charge/
discharge curves, and electrochemical impedance spectroscopy.

Cyclic voltammetry (CV) is an electrochemical technique that helps us to investi-
gate information such as the charge-transfer kinetics of electrodes, the formal poten-
tial, and its strong correlation with the standard reduction potential of redox couples,
the diffusion coefficient of redox couples, and chemical reaction mechanism [3].
Galvanostatic charging/discharging or the chronopotentiometry technique has been
extensively used to evaluate and characterize the electrochemical performance of
supercapacitors owing to its comparably direct physical relationship to the capacitive
charge. In the case of an ideal capacitor, with constant current a triangular response
with a slight deviation at the vertex due to the solution resistance is predictable. This
method also helps us to evaluate the longevity of the electrode materials and the
cyclic stability of the supercapacitors [4].

Electrochemical impedance spectroscopy (EIS) is an extremely sensitive charac-
terization technique used to evaluate the capacitance of energy storage devices [5].
EIS measurements comprise an electric potential via a specific frequency about the
working electrode. Electrochemical impedance is the ratio of amplitudes of oscil-
lating potential and oscillating current and is measured as a potential drop [6]. The
modelling technique is a mathematical method used to evaluate and predict the per-
formance of supercapacitors. Currently, modelling is crucial for the design and pre-
diction of performance and lifetime of supercapacitors. The cell parameters, design
constraints, or electronic device characteristics have a profound impact on the cur-
rent and potential measurements, which affects the accuracy of measurements. The
inaccuracy of measurement using these techniques remains a source of controversy.
This chapter summarizes the different characterization techniques used to evaluate
the electrochemical performance of supercapacitors.

6.2 CYCLIC VOLTAMMETRY (CV)

The basic electrochemical characterization method for materials is CV [3, 7, 8].
Owing to its versatility, it is widely exploited in the electrochemical analysis of
materials. It has been properly employed in laboratory-scale testing as it enables
qualitative/quantitative/kinetic studies by scanning over a broad range of scan rates.
However, it is technically difficult to use these techniques in commercial-scale test
cells, as it leads to ominously large magnitudes of current. In this technique, the cur-
rent is recorded by sweeping the voltage back and forth between the chosen limits.
Many significant inferences regarding the material and its capacitive properties, the
reversible/irreversible/quasireversible behaviour of the electrode system, etc., can be
properly achieved by the analysis of the cyclic voltammograms obtained.

In CV operation, the electrical voltage is linearly varied with time between the
reference and working electrodes for three electrode systems, while in two electrode
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systems the voltage is linearly varied between the positive and negative electrodes.
The integration of the electric current with respect to time gives the amount of total
charge accumulated at the surface; the total charge divided by the voltage window
gives the capacitance. The range of voltage change is called the voltage window and
the rate of voltage change is called the scan rate or sweep rate. During operation,
the current is simultaneously recorded with cathodic and anodic sweepings, in order
to characterize the corresponding electrochemical reactions. The results are plotted
as voltage vs current or sometimes voltage vs time. Thus, in simple terms, we can
say that the application of a potential ramp to a device or an electrode between two
potential limits and the measurement of the resulting current describes the basic
principle of CV.

The electrochemical reactions during the charging and discharging process of a
supercapacitor can be easily deduced from the shape of CV curves. When a super-
capacitor is charged from zero potential, an initial increase in current occurs, which
decreases further upon increasing the potential.

An ideal double-layer supercapacitor with a slight resistance shows a perfect rect-
angular shape for the CV curve and is given in Figure 6.1. Scan rate-dependent
behaviour is often exhibited by ideal supercapacitors. However, it is impossible for
an ideal capacitor that addresses all concerns to exist. The real supercapacitors suf-
fer from various limitations and imperfections and thus deviate from the expected
regular rectangular shape as given in Figure 6.1. Thus, a real capacitor is represented
as overall capacitance C and internal resistance R combined in series. A proper volt-
age window is there for the proper working of a supercapacitor; voltages outside
the window damage the device through electrolyte decomposition. By continuous

Real Carbon based
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Redox Reactions
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FIGURE 6.1 Schematic diagram showing cyclic voltammetry characteristics of superca-
pacitors [9].
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adjustment of the voltage window in a three-electrode system, it is easy to determine
the suitable operating voltage window for supercapacitive materials. There are aque-
ous and non-aqueous electrolytes for supercapacitors. Though aqueous electrolytes
are normally harmless and easy to handle, supercapacitors with aqueous electrolytes
suffer from a narrow potential window in comparison with non-aqueous electrolytes.

The integration of the CV curves helps in the calculation of specific capacitance
and energy performance of the supercapacitive materials [10]. Thus, the capacitance
(C) values in units Fem= can be calculated from the CV curves by using Equation
(6.1).

Vi

1
C—AV(VZ_VI)J.I(V)dV 6.1)

Vi

where A is the area of the working electrode in cm?, v is the scan rate in Vs~ and
(V,=V)) is the potential window expressed in V. In electrochemical char-
acterizations, capacitance is usually measured at altered scan rates. The
capacitance values obtained at higher scan rates are lower than the same at
lower scan rates, owing to the reduced diffusion of the electrolyte ions at
higher scan rates.

The equal process can also be utilized for supercapacitor devices to calculate the
total cell capacitance.

The energy stored in a supercapacitor E is directly proportional to its capacitance
C and is given by Equation (6.2).

E= %cv2 6.2)

The energy utilized per unit of time gives the power. The internal components of
the capacitor contribute to a resistance, which is calculated as the ESR and thus the
maximum power, P for a supercapacitor can be calculated by Equation (6.3).

V2
" AxESR

Prax 6.3)
The CV technique utilizing a three-electrode configuration is considered as the most
promising one to determine the charge storage mechanisms of supercapacitive mate-
rials. The shape of CV curves helps in the prediction of capacitive behaviour of the
electrodes, whether it is EDLC or pseudocapacitive. For EDLCs and most pseudoca-
pacitive materials, the shape of CV curves is rather rectangular. Pronounced redox
peaks in a highly reversible fashion may occur in the case of some pseudocapacitor
materials. Therefore, we cannot discriminate between the materials as EDLCs or
pseudocapacitive merely by the shape of CV curves. A more quantitative and trust-
worthy method is developed by Trasatti for deducing the contributions from EDL
and pseudocapacitive mechanisms separately from the CV data [11, 12]. A linear
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relationship exists between the reciprocal of capacitance (C') and the square root of
scan rate (v'/?), as given by Equation (6.4).

1
C™' = constant *v2 +C;™' 6.4)

Here C, C, and v represent calculated capacitance, total capacitance, and scan rate
respectively. Thus, the reciprocal of the y-intercept of the C~! vs v/ plot equals the
total capacitance, which is the sum of pseudocapacitance and electrical double-layer
capacitance.

The calculated capacitance (C) and the reciprocal of the square root of scan rate
(v"12) are also linearly related by Equation (6.5).

1
C = constant *v 2 +Cgp,. 6.5)

Here C, Cgy,,, and v are the calculated capacitance, maximum electrical double-layer
capacitance, and scan rate, respectively. The y-intercept of the C vs v='"2 plot equals
the maximum electrical double-layer capacitance. The awareness of total capaci-
tance and maximum electrical double-layer capacitance helps in the calculation of
maximum pseudocapacitance. The percentage capacitance contribution can be cal-
culated by Equations (6.6) and (6.7).

CEDL% = %Xloo% (66)

Co% = % «100% ©7)

Although CV is helpful in the evaluation of cyclability of an electrode or a superca-
pacitor device, galvanostatic charge/discharge cycling is favoured while executing
such studies.

6.3 GALVANOSTATIC CHARGE/DISCHARGE
OR CHRONOPOTENTIOMETRY

The galvanostatic charge/discharge (GCD) technique is a reliable strategy used to
determine the electrochemical capacitance of electrode materials where continuous
charging and discharging is performed for a supercapacitor device or a single elec-
trode (in a three-electrode system). A GCD test helps us to determine the durability
of the electrode material, or it gives us the stability of the electrochemical stor-
age devices. GCD uses a constant current to charge or discharge the device. The
charge/discharge cycles are recorded as a function of time with varying potential.
The charging and discharging rates affect various parameters such as capacitance,
resistance, and cyclability. This technique is also called chronopotentiometry.
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The voltage variation with respect to time is given by the following equation:

V(r)= Ri+éi(V) ©6.8)

where Ri is the series resistance and C is the capacitance of the supercapacitor, V is
the voltage window and ¢ is the discharge time. The capacitance, power density, and
energy density of the supercapacitor device can be calculated from the discharge
curve. The slope of the charge/discharge curves of chronopotentiometry gives the
capacitance of the supercapacitor and this can be calculated from the GCD curves
using Equation 6.10.

ot

C= IW(F) 6.9)
”t

C=1- v (F) (6.10)

where [ is the set current, V is the voltage window, A ¢ is the discharge time and C is
the capacitance in farads. From the voltage drop (V,,,,) across the current inversion
(I), the series resistance can be derived.

_Varop
R Y (Q) 6.11)
In this technique, the shape of the resultant curve delivers relevant information con-
cerning the charge storage mechanism, percentage contribution to faradaic and non-
faradaic charge storage, and effective series resistance of the supercapacitor. Here a
Ragone plot is constructed by repeating the charge discharge process for different
discharge times [4].

In EDLCs, when a constant current is applied the potential varies linearly with
time and thus a linear plot is obtained as a result of interfacial charging between the
electrode interface and the electrolyte during the non-faradaic process [4]. Figure
6.2(a) shows the schematic diagram of a typical charge/discharge curve or galvano-
static curve on an EDLC. An instantaneous voltage jump is observed by applying
a constant current. The presence of series resistance initiates a voltage drop via the
ohmic current flow in supercapacitors. With time, the voltage increases linearly until
the preset voltage boundary, preceded by a sudden voltage drop owing to the disap-
pearance of the current is described as IR drop. Due to self-discharge redistribu-
tion, the voltage may drop during the rest time between charging and discharging.
At higher current densities this redistribution of charge phenomenon is found to be
more dominant. When the supercapacitors are fully charged, the remaining ions try
to diffuse into the unoccupied areas on the surface of the electrode. This diffusion-
controlled process continues until the charges are uniformly distributed all over
the surface of the electrode. Normally this type of self-discharge occurs soon after
charging is finished and this lasts for a while based on the structural properties of
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FIGURE 6.2 (a) Typical charge/discharge galvanostatic charge discharge curve and (b) cho-
ropotentiogram for charging process with faradaic reaction.

the electrode materials. Consequently, a slow voltage drop is witnessed when charge
redistribution takes place.

Unlike in EDLC, pseudocapacitors or hybrid capacitors exhibit a non-linear
nature for the voltage vs time graph due to the faradaic reactions. In general, during
charging, the voltage increases linearly at the initial stage of charging in a chronopo-
tentiogram. The increase in voltage decelerates as a result of the faradaic reactions at
the electrode/electrolyte interface until the reactants in the electrolytes are depleted
and the diffusion of reactants is no longer adequate to maintain the reaction. Thus,
in this range, the chronopotentiogram exhibits nonlinearity (Figure 6.2(b)). It shows
a non-linear chronopotentiogram for a pseudocapacitor and the capacitance from a
non-linear V-t curve can be calculated by integrating the inverse slope, A /A V as
shown in the following equation:

[ a
C= 1_[ a0 6.12)

where [ is the constant current, A V is the potential difference, and A ¢ is the time
for the voltage changes.

The specific energy of supercapacitor devices can be calculated using both CV
and GCD techniques [3]. The chronopotentiogram of EDLC and pseudocapacitors
displays a nearly linear charge/discharge curve making a symmetric triangle. During
measurement a constant current is applied, the specific energy can be determined
from the following mathematical expression given below from the GCD technique.

Q
Es = J‘ Vodq = lV()Q = lV()ItC (613)
0 2 2

where V; is the peak potential value, Q is the net charge obtained by the device by
applying a constant current over a charging time of z.. Thus, specific energy can be
calculated after measuring these parameters from the GCD technique. But for non-
linear chronopotentiogram, Equation (6.13) cannot give the specific energy of the
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supercapacitor device as it is difficult to get simple solutions for integration as the
current varies non-linearly [13].

6.4 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

EIS is considered to be a valid technique for the electrochemical characterization of
power sources and energy storage materials. The impedance method was first devel-
oped from the conventional dielectric systems in the early 1950s [14]. In the 1980s,
frequency response analyzers and AC impedance spectroscopy became a familiar
tool for the electrochemical characterization of energy storage systems [15].

The evaluation of capacitor behaviour is mainly based on the frequency-response
characteristics, quantification of ESR, and modelling of equivalent circuits and in
turn depend upon various parameters such as the intrinsic nature, surface area, pore-
size distribution, and thickness of the active material and also the nature of elec-
trolyte. EIS helps to measure the frequency responses and power limiting internal
resistance with great accuracy. Moreover, as the electrochemical processes vary in
accordance with their own time constant, the measuring technique should cover a
wide range of time and the EIS method enables the same as it covers a large time
range from microseconds to hours. Additionally, the method gives high precision
values as it receives sufficient acquisition times as the measurements are established
under steady-state conditions [16].

In the EIS technique, the perturbation of the system is accomplished by applying
a small amplitude of the alternating signal of about 5-10 mV to get a linear response
and observing a return of the system to a stationary state. The technique can be per-
formed either by controlling the current or the voltage and measuring either voltage
or current. In most cases, the voltage control technique is employed, however, the
same conclusion can be obtained by the current control method.

The voltage control technique is accomplished by setting the voltage of the elec-
trochemical system (Vs) and a sinusoidal signal of small amplitude is applied, and
the measurement is monitored at different frequencies (f = w /27 ). d v and & i are
the amplitudes of the voltage and the current, respectively. Since the signal is very
small, a linear relationship can be derived between current and voltage for each pulse
applied (Equation (6.14)).

V=2Zi(V) 6.14)

where V is the voltage, i is the current, and Z is the impedance.

In the case of an ideal electrochemical cell with a particular amplitude and fre-
quency of applied voltage, the cell gives an alternating current response at the same
frequency. However, in real systems, the current response may be complex owing to
the contributions of other frequencies arising from the components. Furthermore, the
frequencies of the applied perturbation signal are also prone to a deviation between
the mHz and kHz ranges. Thus, a shift in amplitude and time between input and out-
put signal with applied frequency can be observed. These factors rely on the rates of
physical process in the electrochemical cell and the response of the system towards
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the oscillating signal. As there are different electrochemical processes occurring in
a system, different frequencies can separate the processes with different time scales.
For instance, at higher frequencies, a change in the direction of the applied field
occurs much faster than the chemistry response, thus capacitance contribution at
higher frequency was dominated by the charge/discharge process of the electrical
double layer. However, at lower frequencies, slow electrochemical reactions such as
diffusion dominate with the alternating signal [17].

As we discussed earlier, in real systems, the resulting impedance formed from the
superposition of a sinusoidal signal and observing the magnitude and phase angle of
the resulting AC current was represented as a complex quantity as in Equation (6.15).

Z(O)) =7 ((o)+jZ"(o)) (6.15)

where Z' and Z” are the real and imaginary parts of Z(w), respectively.

From the equation, it is evident that the EIS technique is suitable for the linear-
ization of complex electrochemical systems as well. The impedance measurements
also aid in modelling an analogous electric circuit known as the equivalent circuit
that portrays the behaviour of the electrochemical cell that has been studied. The
circuit represents the fingerprint of the active material and provides much valuable
information about the physical and chemical properties of the active material, elec-
trode/electrolyte interface, and reaction kinetics. As there are many equivalent cir-
cuits that can fit the experiment data, we must take care to select a particular circuit
that matches the electrochemistry of the system. Figure 6.3(c) denotes the Randles
equivalent circuit which is most commonly used to explain simple electrochemi-
cal systems. The circuit includes a series resistance (R, ) related to bulk electrolyte
resistance, a double-layer capacitance (C,) related to the accumulation of charge at
the electrode/electrolyte interface, and charge-transfer resistance (R,,) related to the
current exchanged which defined using Butler—Volmer equation. The charge-trans-
fer resistance is in parallel with the double-layer capacitance. The component Z, is
the Warburg impedance which represents the polarization of electrochemical cells
caused by diffusion limitation [15]. The Randles circuit also serves as a building
block for more complex circuit models. For instance, Masarapu et al. used a modified
Randles circuit to study the capacitance of carbon nanotube supercapacitors [18].
The examination of impedance by EIS spectra is done by using either Nyquist or
Bode plots. As mentioned earlier, the impedance Z(®) consists of a real part and an
imaginary part. The Nyquist plot is obtained by plotting the real part on the x-axis
and the imaginary part on the y-axis. Here the y-axis is negative and each point in
the plot gives the value of impedance at one particular frequency. The impedance
Nyquist plots of an electrochemical system show two different frequency-dependent
regions consisting of a high frequency region on the left followed by a low frequency
region on the right.

In EDLCs, the high frequency region is comprised of a semicircle and low fre-
quency region is comprised of a vertical line. The semi-circular region corresponds
to the charge-transfer reactions of the electrochemical system and is attributed to
the double-layer capacitance parallel to the charge-transfer resistance (R,) at the
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FIGURE 6.3 (a) Nyquist plot of an ideal electrical double-layer capacitor and (b) Nyquist
plot of an ideal pseudocapacitor [16]. (c) Schematic illustration of Randles equivalent circuit
and (d) Bode plot of an ideal pseudocapacitor.

electrode-electrolyte interface and is calculated as the diameter of the semicircle.
The series resistance (R, ) which is accounted as the sum of internal resistance of the
active material, electrolyte resistance and the contact resistance at the solid/liquid
interface determined as the x-axis intercept at high frequency region.

The linear part in the low frequency region is clearly related to the diffusion
resistance/Warburg resistance of the electrolyte into the interior of the electron sur-
face and ion diffusion into the electrode surface [19]. At higher frequencies of the
applied potential, the Warburg impedance has a very small value as the reactants
can’t move to longer distances. However, at lower frequencies, the diffusing reac-
tants move further, thereby increasing the Warburg impedance. The Nyquist plot for
an ideal electrical double-layer and pseudocapacitor is shown in Figure 6.3. Figure
6.3(a) represents the behaviour of an EDLC, which can be described by a series
resistance (R, ) and a capacitance (C,). Figure 6.3(b) represents the behaviour of
the pseudocapacitor, which is explained by electrolyte resistance and double-layer
capacitance in parallel with the charge transfer resistance involved in the faradaic
process. In this case, the capacitance is related to the accumulation of charge at the
electrode/electrolyte interface which is different from pure EDLCs. Here the charge
transfer resistance exists, and mass transfer limitation could also appear. The Bode
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plot consists of two plots in a single plot. The logarithmic scale of the frequency is
plotted on the x-axis. Logarithms of the impedance on one y-axis and phase shift ¢
on the second y-axis. A Bode plot gives a clear idea about the capacitor in parallel to
aresistor as the peak in the phase shift. Unlike the Nyquist plot, the Bode plot doesn’t
show frequency information (Figure 6.3(d)).

The important advantage of the EIS technique is the use of very small AC signals to
investigate the electrical characteristics without disturbing the properties of the system.
However, as a comparison with other techniques, the resistance value obtained from
the EIS technique is smaller than the resistance value obtained from the constant cur-
rent charge/discharge technique and thus limited in explaining the power performance
of supercapacitor devices. However, EIS can be considered as a potential technique to
determine the impedance, charge transfer, specific capacitance, mass transport, and the
mechanism of charge storage in supercapacitor devices using a three-electrode system.

6.5 MODELLING TECHNIQUES

Modelling an electrochemical system like a supercapacitor refers to the mathemati-
cal representation of various aspects of supercapacitor performance for describing
and analyzing the system. It is always a prerequisite for researchers and engineers in
order to fulfil a specific purpose regarding their assumptions and requirements that
will help in the improvement of materials and processes employed for supercapacitor
manufacture [20]. As the experimental approaches are usually time consuming and
expensive, physical modelling could ease the optimization of electrode morphology
as well as the identification of the best electrolyte in a more systematic approach.
Thus, modelling is essential for the prediction of design, performance, lifetime, cost,
etc., of a supercapacitor for its control synthesis. Modelling is important to imple-
ment the electrochemical principles and to optimize the incorporation and manage-
ment of a supercapacitor in an entire electrical system. As such, many models are
reported in various works for various purposes, like capturing electrical and thermal
activities, self-discharge, simulation of ageing, etc. A review of the main modelling
progress is discussed in this chapter identifying the core strengths and weaknesses
as well as the most sensible properties of each model [21, 22].

Basically, three supercapacitor modelling approaches are in common practice:
a mathematical or electrochemical model, an electric circuit or equivalent circuit
model, and a non-electric circuit model, each having their own advantages and dis-
advantages. The mathematical modelling approach is highly precise but possesses
complicated computations and demands a lot of parameters that need to be experi-
mentally recognized as they define real reactions inside the supercapacitors at the
cost of coupled partial differential equations. Moreover, it does not usually have a
clear physical meaning and cannot easily be incorporated into a circuit diagram and
thus hinders their use in real-time energy control and management in the whole sys-
tem. The non-electric circuit models also have the same limitations as the mathemat-
ical modelling. In contrast, electric circuit models are simpler to implement and need
only low computational efforts but can define the behaviour of supercapacitors in
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comparatively lesser condition criteria making them a real-time energy management
synthesis. They are derived from empirical and experimental data subject to certain
conditions and make them insufficient for expressing the supercapacitor dynamics
under a wide range of conditions, causing model mismatch problems. Also, they are
not able to incorporate all the parameters and cannot study different physical rep-
resentations simultaneously, so no internal information will be available. To have a
more accurate and ideal model, it is advised to develop modern theories for superca-
pacitors that can support the experiments and are achieved with the help of molecu-
lar dynamics and advanced computing software [22-24].

In this chapter, we reviewed the progress developed so far in the electrochemical
modelling of supercapacitors. Novel characterization techniques develop complex
signal outputs whose relation to the fundamental structure or physical phenomena
benefits from computational modelling. It is expected that the novel spectroscopic
methods give a boost to the theoretical approaches to the limit and further devel-
opment of more advanced techniques are required that treat more precisely the
dynamic interaction between electrons and between electrons and rapidly varying
external potentials. The following classes of models are proposed by researchers
for an electrochemical supercapacitor: empirical models, dissipative transmission
line models, continuum models, atomistic models, quantum models, and simplified
analytical models [25]. Each modelling approach was developed generally based on
the equivalent-circuit approach or porous electrode theory and for a distinct purpose
and, thus, displays various advantages and limitations [26].

6.5.1 EMPIRICAL MODELLING

An empirical electrical equivalent model is considered to have three branches and
the immediate branch capacitance is assumed to be voltage dependent whereas the
long-term branch accounts for a maximum 30 minutes charge variation. Empirical
models offer a better description of the electrical characteristics than a simple RC
circuit. In addition, it enables the engineers to easily incorporate the model into the
simulation system and it could also be used to characterize parameters such as self-
discharge, diffusion controlled self-discharge, and current leakage. Experimental
records are simulated to obtain specific capacitance and ESR values which in turn
can be used to calculate the energy and power density. The simulated parameter
values obtained considering both voltage-independent parallel leakages and solvent
decomposition could be utilized for the thorough understanding of supercapacitors
charging and discharging behaviours as well as the performance/efficiency losses
through experimental validation. Limiting workable cell voltage can also be calcu-
lated with these models [27].

Zubieta and Bonert reported the first empirical models that addressed the rate of
change of capacitance or terminal voltage. Simulated results were in good agreement
with the experimental data for operating voltages greater than 1 V and when volt-
age is decreased, the error is found to be increased for the same charge cycles [28].
These models are very useful but have setbacks as well as they are not derived from
the fundamental basis of physics. For the operating condition that differs from those
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intended for parameter extraction and for the longer time intervals where the internal
temperature rise alters the electrical characteristics of the supercapacitor, the results
from empirical modelling seem inaccurate. Thus, these models cannot be employed
to calculate the lifespan of a particular supercapacitor [29].

6.5.2 DissIPATION TRANSMISSION LINE MODELS

The dissipative transmission line model’s main advantage is that it offers a direct
correlation between pore structure and time response and imparts a first-order
approximation of the exponential decay/rise in the voltage level assuming a
constant current charge/discharge cycle. These are built based on the physical
structure of the electrode/electrolyte interface, thus are utilized mainly for pur-
poses like electrode synthesis improvement, prediction of the electrode’s surface
impedance, the study of self-discharge behaviour, etc. It is also helpful to find the
relationship between electric and physical characteristics, as well as to simulate
the frequency response and relaxation time dependency on several parameters of
a supercapacitor. The electrode’s porous structure which restricts the ion move-
ment to interfacial sites situated within a pore is the central reason for the nonlin-
ear rise of terminal voltage [30, 31]. Thus, one must have a model that explains the
steady-state and transient response of the porous electrode region. The transmis-
sion line considers the apt representation of the electric circuit for a supercapaci-
tor. The porous electrode model was first created by de Levie. He considered the
interfacial capacitance of an electrode wall with pores as a dissipative transmis-
sion line and as a distributed RC circuit. He defines the variation of current, I and
voltage, V with respect to position x and time ¢ along the pore by the following
Equations (6.16) and (6.17) [32].

vV _ R (6.16)
dx
ﬂ =—C dl 6.17)
dx dt

where R and C are resistance and capacitance per unit length, respectively. De Levie
presumed that the solution concentration and hence the capacitance is constant all
through the pore. Usually, capacitance is found to be maximum at low frequency and
minimum at higher frequency. In conclusion, for a given voltage, current and energy
are found to be relatively larger than that predicted by classical experiments in the
case of constant capacitance. The performance of the supercapacitor is analyzed
with an impedance spectrum analyzer [33]. To explain the dependences of tempera-
ture, voltage, and frequency, Rafik et al. produced a simple equivalent electrical cir-
cuit using a combination of the Zubieta voltage model and De Levie frequency model
with an extra circuit that accounts for the temperature dependence of supercapacitors
at low frequency. It was figured out that temperature has zero effect on capacitance
at lower frequencies [27].
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This modelling approach considers only a low number of interfacial dynamics
and their major disadvantage is that it is challenging to measure capacitance when
number of cells are connected in series or parallel combination.

6.5.3 CoNTINUUM MODELS

To represent the electrolyte/electrode interface, the continuum modelling approach
exploited the use of the Poisson—Nernst—Planck concept of electro diffusion, and
the physicochemical parameters were used as functions of their vicinity owing to
the high electric field at the interface instead of keeping it a constant [34]. Based on
continuum theory a 3D model was developed by Hainan Wang and Laurent Pilon
for the simulation of electrode double-layer supercapacitance with an electrode with
ordered mesoporous structures. They set a new boundary condition for the Stern
layer without simulating it in the electrolyte regime and it is then used to simulate the
morphology of electrode CP204-S15 carbon with mesoporous, manufactured and
characterized by Woo et al. [35, 36]. The continuum model is also used to study the
combined effects of diffusion coefficient for intercalation, scan rate, and electrode
thickness. It also accounts for the variation of pseudocapacitance along with the
electrode thickness [34].

6.5.4 AtomisTiC MODELS

An explanation for most of the electric double-layer system uses classical and quan-
tum molecular dynamic (MD) simulations and uses parallel high-performance cal-
culations that allow the development of realistic models of such systems. Such a
classical model satisfactorily describes the ionic subsystem of the electrolyte. But
it failed to provide information regarding the materials of the electrode’s electron
subsystem. Remaining models are simulated based on Monte Carlo (MC) molecular
simulation technique.

An MD simulation is considered as a basic platform for the analysis of molecular
interactions and is used widely for the electro osmotic flow modelling and to con-
sider the importance of high charge density in EDLCs. MD has been used to study
the influence of temperature on capacitance, and detailed information of the capaci-
tive behaviour of room temperature ionic liquid-based supercapacitors possessing
various forms of carbon electrodes are provided. Theoretical and experimental work
shows that capacitance has a positive, negative, and even complex relationship with
temperature. MD simulation on an Onion Like Carbon (OLC) based supercapacitor
shows that capacitance increases with temperature while that of on carbon nanotube-
based supercapacitors show the weak dependency of capacitance on temperature in
agreement with experimental data. Similarly, MD simulations by Vatamanu et al.
on graphitic-based supercapacitor show a negative dependency of capacitance on
temperature [37].

The MC study showed that a change in the counter-ion’s position and packing
of ions on the charged surface has a significant role in the temperature dependence
of the EDLC near a porous charged electrode [38]. MC simulations by Boda and
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Henderson, show the dependence of capacitance on temperature as bell-shaped.
Future work in molecular modelling should consider ionic transport and the kinet-
ics of different charging/discharging rates, and improvement in the performance of
electrodes in order to optimize power and energy densities.

6.5.5 QuANTUM MODELS

The Car—Pirandello approach based on ab initio molecular dynamics and electron
density functional theory (DFT) is the suitable method of quantum modelling for a
consistent exploration of the properties of an electrolyte’s ionic subsystem and an
electrode’s electron-hole subsystem in a single calculation [39]. The main postulate
of DFT is that the energy of the electron subsystem is a function of the electron
density, and the ground state energy is considered as a minimum. Lankin et al.
constructed such a model in which quantum molecular dynamics based on DFT
were used in the last stage of calculations to define the exact distribution of charges
under applied voltage. It described the electrical double layer (EDL) at the electrode
(carbon)-electrolyte interface and also the properties of the electrolyte and electron
hole subsystem of the solid electrode [40].

Based on DFT, several studies have been conducted like the joint DFT for elec-
trodes used for pseudocapacitors and hybrid capacitors. Recently, DFT was employed
to determine the quantum capacitance (QC) of different electrodes using the density
of states for supercapacitor applications. The specific capacitance of an electrode can
be calculated by the following equation (6.18) and represents the importance of QC:

where Cp), is the EDL capacitance.

It is clear from the equation that specific capacitance will be increased on increas-
ing QC, thus the use of electrode materials possessing high QC will significantly
increase their capacitance. Classical density functional theory (CDFT) is widely
employed to study the structure of EDL in an aqueous electrolyte but not used for
the study of differential capacitance of non-aqueous electrolyte/electrode interface
and the dependency of pore size on EDLC. CDFT approaches are widely used for
the complete energy storage process in EDLC, i.e., from pore characterization to
structures of EDL, and shows a good agreement with the experimental observation,
hence verifying its importance in the ionic system [25].

6.5.6 SIMPLIFIED ANALYTICAL MODELS

Simplified analytical models use a set of mathematical equations like partial dif-
ferential equations for the characterization of electrical performance that defines
the physical properties like the flow of charged particles and the reaction rate at the
interface of a supercapacitor [20]. This approach consists of only low experimen-
tation and is highly flexible so that new sets of equations and parameters can be
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included, and it could not predict the ageing process as the analytical models do not
consider the non-homogeneous character of electrolytes at the interface and thermal-
coupling variables. The most commonly used analytical models are RC circuits, the
multi-branch model, and the dynamic model [41].

Kazaryan et al. constructed a simplified analytical model for asymmetric superca-
pacitors for the calculations as well as for the improvement and control of the energy,
capacitance, conductivity, power, etc., for the secure and lengthier operation of different
design and types of heterogeneous EDL electrochemical supercapacitors, on accounting
for the electrical, physical, and electrochemical properties of materials, designs, and spa-
tial structures of electrodes and separator simultaneously [42]. An electric circuit model
has to be simplified in order to nullify the complexity in mathematical representation as
well as for an accurate prediction of supercapacitor behaviour.

6.6 SUMMARY

Globally, countless inconsistencies persist in the evaluation of the electrochemical per-
formances of supercapacitors due to the differences in testing and evaluation approaches,
difference in testing instruments, electrode-fabrication, experimental set-up differences
like three-electrode and two-electrode configurations, and the various test conditions
applied. Some standard international protocols must be utilized for the performance
evaluation of energy storage devices such as supercapacitors and batteries. One of the
major challenges in the field of energy storage is to develop supercapacitors with higher
energy density and batteries with higher power density. But it’s necessary to establish
appropriate methods and techniques for the adequate evaluation of the electrochemical
performances of electrode materials in the field of energy storage.
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7.1 INTRODUCTION

The concept of supercapacitors is blooming as a complementary technology or replace-
ment of batteries in sectors that demand high power density, high cycle life, fast charging,
grid-scale power stability, and enhanced power-to-weight ratio, and the high indus-
trial demand makes it highly significant to look into the design and operation of fully
functional supercapacitor prototypes. The design and assembly of a supercapacitor are
planned based on the appropriate rating and application. A complete cell consists of a
pair of electrodes insulated by a separator, sandwiched under constant pressure between
current collector electrodes. The most common commercialized supercapacitor is in the
shape of a cylinder or of a coin. The fundamentals of all supercapacitors are consistent,
while their packaging differs based on their manufacturers and applications.

7.2 CONSIDERATIONS AND TRENDS FOR
SINGLE-CELL SUPERCAPACITORS

The simplest way to construct a single cell is by using a coin cell. Cylindrical and
prismatic design are other widely followed ways of fabrication of supercapacitors.
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One of the critical factors in making a single cell is the choice of suitable electrode
materials, which should have a higher surface area and provide higher electrochemi-
cal performance. To improve the energy density of the supercapacitors, it is vital to
increase the surface area of the electrodes. Furthermore, researchers need to identify
the new electrode active material and electrolyte materials which can give energy
density as that of the battery. The voltage and net capacitance can be varied by con-
necting the supercapacitor cells either in series, parallel, or both.

Due to the rigid electrodes, the traditional supercapacitors are limited to the shape
of the device. With the rapid rise of wearable and portable electronic devices, the
trend is moving towards flexible energy storage devices, which has attracted the
attention of researchers. So, a flexible supercapacitor is one of the next-generation
portable energy storage devices. To achieve it is essential to the design and manu-
facture of flexible electrodes, fluid collectors, and packaging shells which give the
supercapacitor an option to fit into any design of shape and size, thus improving their
potential for applications in flexible and wearable fields [1].

Considering the fact that the single supercapacitor cell cannot meet the require-
ments as those of a single battery at present, improvising the materials and design
is required [2]. Currently, miniaturized electronic devices are the focus of inter-
est amongst the consumers, hence micro energy devices are in great demand [3].
Advancement in microsupercapacitors (MSCs) will endow applications in nanoro-
botics, wearable devices, portable sensors, etc. [4]. Stamping MSCs with planar
interdigital configurations is also promising printing design [5]. Another design
technique is a 3D printing which involves fused deposition modelling (FDM) to
prepare the frame for a supercapacitor [6]. So, at present growing demand and user-
friendly design for requirements of the supercapacitor, data-driven software model-
ling is emerging. The Gaussian process regression and molecular dynamics (MD)
simulations envisage and optimize the design and efficiency of the electrodes [7].

7.2.1 CoIN CELL SUPERCAPACITOR

Coin cell supercapacitors are very compact and possess high capacitance. It is asso-
ciated with electric double-layer storage that can store energy more and longer than
conventional batteries. A coin cell is known to withstand nearly 500,000 charge/
discharge cycles or stay up to 10 years without a compromise in energy in each cycle.
Based on the termination requirements they are of three types, radial, horizontal,
and vertical configurations. Usually, a single coin cell is designed containing carbon
material as anode and cathode material and organic electrolyte. This cell can be
stacked in series to achieve 5.5-11 V using conductive rubber and sealant to meet the
requirements. The surge voltage is usually 5.8 V and capacity range of 0.1-1.5 F. The
operating temperature range can be from —25 to —70 °C. Commercial coin cell super-
capacitors have capacity attenuation of <30% and equivalent series resistance (ESR)
change <4 times. Although coin cell batteries are well known and used widely, coin
cell supercapacitors have different fabrication and testing requirements. Mainly, the
rate of charge/discharge is faster in supercapacitors than batteries. During fabrica-
tion the amount of pressure applied to stack the materials, inclusion of conductive
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fillers, thickness of current collectors, and package is to be considered for enhancing
the rate capability of a supercapacitor [8] [9]. Coin cell supercapacitors are used in
routers and switches, utility meters, computers, and peripherals.

7.2.2  CyLINDRICAL CELL SUPERCAPACITOR

A cylindrical cell supercapacitor features a cylindrical design to wind the anode,
cathode, and electrolyte materials inside a cylindrical case [10]. This cell comes
initially with 2.7 V and goes out to 3.2 V. The best part is that it can be combined
with a battery to produce 4 V with good pulse capability. The capacitance range is
from 30 to 220 F with 4 V surge voltage and can operate from —25 to 70°C. They
come in either board mounted or threaded terminals but due to their cylindrical
shape the empty space will always be associated in the region where the corners are
located in other designs. Hence, the application in compact portable devices is not
recommended. Nevertheless, they are used in wireless sensors and actuators, peak
power support for drug delivery systems, and a short-term battery replacement.

7.2.3  PrismATIC CELL SUPERCAPACITOR

A prismatic cell supercapacitor is a “pouch like” design known for very low-profile
footprint design which may go up to 0.4 mm thickness [11, 12]. This design can
withstand high pulse power and has very low ESR. Moreover, it can operate at a
temperature range of —40-70°C when compared to other designs. The energy
density and power density are delivered from a wafer-thin, robust, compact, and
lightweight design package. The advantage is that it can be either be used singly or
in combination with primary/secondary batteries which gives instantaneous backup
during battery failure. It has high radiation efficiency and is easy to implement in
portable devices. Therefore, it is mainly applied for assisting battery, energy, and
power holdup, handling pulse power, and energy storage [13, 14]. Furthermore,
incorporation of activated carbon in the positive electrode, instead of metal oxides
like lithium cobalt oxide will result in inhibiting thermal runaway reaction.

7.3 PARAMETERS AFFECTING PERFORMANCE

To meet the demand in the fields of varying power input to temperature, the
performance of a supercapacitor can be tailored by tuning the time constant,
operating voltage, specific capacitance, energy and power density, and ESR (see
Figure 7.1).

The three main electrical characterizations for supercapacitors involve electro-
chemical impedance spectroscopy (EIS), cyclic voltametric (CV), and galvanostatic
charge/discharge (GCD) methods. CV and GCD output from a battery, asymmetric
supercapacitor, and a hybrid capacitor. In a battery, the CV and GCD exhibit redox
behaviour showing charge/discharge plateaus. The rectangular-shaped CV curve
and triangular mirror image-shaped GCD curve result from capacitive behaviour
in asymmetric supercapacitors. The hybrid behaviour obtained by the combination
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FIGURE 7.1 An illustration of key performance metrics, test methods, and major factors
affecting the evaluation of supercapacitors. Reproduced with permission from [15], Wiley
publication. Moreover, for fabrication of products based on commercial requirements
material, weight, design, flexibility, operating temperature, operating current, and voltage
are to be fixed. The performance criteria of supercapacitors is shown in Figure. 7.1.
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of capacitive and redox properties which deviates from ideal capacitive behaviour is
observed in the CV and GCD curves.

Supercapacitors are known for having low ESR or initial leakage current because
when it is uncharged a sudden power is drawn from the supply. This instance would
be fine in small equipment, but when in grids or sensitive circuits will lead to
significant voltage drop due to instantaneous power drawn by supercapacitor, system
failure, and software reset. Hence, charge-limiting circuits are necessary to control
the fluctuations. Supercapacitor performance depends on factors such as specific
capacitance, charge/discharge stability, and time constant. So, the electrode material
is designed considering the following aspects. (a) Surface area: the higher the
surface area the higher the specific capacitance because it can store more charges.
(b) Enhanced electronic and ionic conductivity reduces the loss during scanning
GCD and CV at high current density and scan rates, respectively. Binder-free
electrode coating on the electrode reduces electronic losses. The increased porous
structure will provide channels for ionic conductivity thereby increasing the specific
capacitance. (c) Mechanical and chemical stability: the reason for low performance
is due to side reactions of active materials, phase change and brittle surfaces. A
design comprising from 0D to 3D structures is one of the emerging domains
[16]. Designing an electrolyte for its utilization in a supercapacitor is based on its
performance expectations. The main indicators are similar to electrode materials
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which are capacitance, charge storage, rate performance, time constants, voltage
window, cyclability, characteristic resistances, and safety. Furthermore, factors
affecting the electrode/electrolyte interface region and the bulk of electrolytes such
as ionic conductivity and mobility, solvation, diffusion coefficient, the radius of
hydrated spheres, dielectric constant, electrochemical stability, thermal stability,
and dispersion interaction as to be studied before designing an optimized electrolyte
[17]. The electrolyte choice depends on design and application need as there are
three types, liquid electrolytes, solid-state or quasi-solid-state electrolyte, and
redox-active electrolytes. In liquid electrolytes: water-in-salt electrolyte, aqueous
electrolyte (acid, alkaline, neutral salts), and non-aqueous (organic, ionic liquid,
mixtures). Solid electrolytes consist of mainly dry solid [18], gel polymer [19], and
inorganic materials. Redox electrolytes consist of materials like aqueous KI, ionic
liquid ([EMIM][I]*, organic (Et,N),B,,F, H/propylene carbonate, and gel polymer
(PVA + KI in H,O or rGO/conducting polymer [20, 21].

7.4 OPERATION OF FUNCTIONAL SUPERCAPACITOR

7.4.1  SELF-DISCHARGING

Despite their many benefits, such as fast charging and discharging, long cycle life,
environmental friendliness, high power density, and high safety, supercapacitors
have some demerits that may limit their practical employment. Self-discharge occurs
when the voltage of charged supercapacitors drops spontaneously over time. The
phenomenon of self-discharge adversely affects the characteristics of the capacitor
i.e., power and energy density. Hence it is essential to comprehend the mechanism of
self-discharge to enhance the efficiency of supercapacitors.

In comparison to discharged or partially discharged supercapacitors, fully charged
supercapacitors have a higher free energy state. Therefore, the virtual driving force
due to certain processes may provide a path for the spontaneous decrease of the
energy. However, there is no mechanism for self-discharge for an ideally polarizable
electrode, and hence the extent of charge is constant with respect to time. However,
such an ideal behaviour is practically impossible in most cases. Generally, there are
three phenomena that can control the self-discharge of supercapacitors.

i. Ohmic leakage: it is one of the explicit phenomena in which a resistive path
between the electrodes emerging due to construction faults results in self-
discharge. Ohmic leakage resistance and capacitance influence the rate of
self-discharge in a supercapacitor. It might be due to incomplete sealing or
inter-electrode contacts [22, 23].

ii. Faradic reactions: the presence of certain impurities can cause oxidation or
reduction reactions resulting in the discharging of the capacitors. Electrolyte
anions balance the positive charge on the positive electrode in the double
layer. Any impurity species that oxidize on the positive electrode will pass
their electrons across the double layer into the electrode surface, lower-
ing the positive charge on the electrode surface resulting in self- discharge.
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Similarly, electrolyte cations balance the negative charge on the negative
electrode and therefore any reduction reaction on the surface tends to the
self-discharge.

For, example, in sulphuric acid-based electrolyte, iron is the most
common contaminant, and it can oxidize on the surface of positive metal
electrodes, thus causing self-discharge. Similarly, in the case of carbon-
based materials, on the surface of negative electrodes, oxygen-containing
functional groups can cause a reduction reaction on the negative electrode
resulting in self-discharge.

Chemical reactions for the above example are given below:

M" +HSO; + Fe** - M +HSO; +Fe* (7.1

4M™+H" +0, - 2H,0+4M (7.2)

Based on the concentration of the reactants, there are two types of
faradic reactions for supercapacitors: activation-controlled reactions and
diffusion-controlled reactions. When the reactant species concentration is
high enough, the influence of concentration on the faradic reaction can be
omitted. Hence the activation-controlled reaction dominates the process of
faradic reaction-induced self-discharge. On other hand, when the concen-
tration is low enough, the time taken by the reactants to transport through
the electric double layer takes a long time to get reduced or oxidized on the
surface of the electrode. Hence, in this case, a diffusion-controlled reaction
dominates the self-discharge mechanism [23-25].

iii. Redistribution of charges: after the removal of the external power supply
to the electrode, charges will not have sufficient time to distribute evenly
in the pores of the porous electrode materials like carbon-based materials,
and hence, most of them will adhere to the tip of the pores and later they
proceed towards the depth of the pores on account of concentration gradient
of charges. As a result, the tip of the pore will experience a potential drop
causing self-discharge of the electrodes. Here, the size of the pore plays a
crucial role [25].

iv. Hybrid mechanism: the complex nature of each component of supercapacitors
causes the self-discharge process to be regulated by the combination of
different mechanisms like leakage current, faradic reactions, and charge
redistribution [25].

The self-discharge potential is assessed by a two- and three-electrode system with
time in an open circuit [22].

Various strategies are followed to suppress the self-discharging of the superca-
pacitors so that the efficiency of the supercapacitors can be enhanced as there is
a possibility of 5-60% of self- discharge within two weeks. Some of the reported
methods to reduce the self-discharge rate are modifying the electrode material, mod-
ulating the electrolyte, and tuning the separator.
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Carbon allotropes like graphene derivatives, carbon nanotubes, activated carbon,
etc., are the most widely used electrode materials because of their high surface area
and porosity for the fast movement of ions. However, the presence of impurities
and functionalities can cause self-discharge by ohmic leakage and faradic reactions.
In addition, porous structure of some of the carbon-based material causes charge
redistribution leading to the self-discharging of electrode. Hence there is a need
to overcome these hindrances by modifying the structures. As reported earlier,
a number of oxygen functional groups can be reduced by high temperature H,
treatment as well as treating with molten salt at 600°C and hence it can suppress the
self-discharge. Besides, hybridizing with polymeric materials is another approach
which can reduce the self-discharge rate controlled by ohmic leakage and a parasitic
faradic reaction [25].

The rate of self-discharge depends on the electrolyte as well. The size of the
ions and viscosity of the electrolyte has a large impact on charge redistribution and
faradic reactions. Aqueous electrolyte is the most used low energy density due to a
narrow window limiting its practical utilization. The decreased amount of dissolved
oxygen in the electrolyte and contamination adversely affects the supercapacitor by
accelerating the self-discharge. A reduction in oxygen concentration in the electrolyte
can be resolved by treating with sulphuric acid in the presence of O, and H, gas. Iron
is the most common contaminant found in electrolyte and it can cause self-discharge
by faradic reactions. Combination in the aqueous solvent of certain additives such
as clay and potassium acetate is another way to hamper the self-discharge. Recently
organic electrolytes, i.e., combination of an organic solvent with a salt are favoured
in commercial applications due to their high and stable voltage window. A relatively
large size organic molecule makes it difficult to approach the electrode surface. The
high viscosity of these organic solvents makes the supercapacitor more vulnerable to
temperature. The addition of certain materials that can decrease the viscosity of the
solvent can decrease the rate of self-discharge.

The contribution of separators towards the self-discharge is significant and
cannot be neglected. A Nafion separator is quite commonly used due to its long
life, electrochemical stability, and selectivity in allowing migration of H, of ions
only. Even if the shuttle effect is inhibited to a certain extent in the latter separa-
tor, it is unsatisfactory. Modifying the separator and thus inducing either positive
or negative charges is one of the techniques to inhibit the corresponding shuttle
effect [25].

7.4.2 CeLL AGEING AND VOLTAGE DECAY

Supercapacitors undergo ageing after a prolonged period resulting in slower charg-
ing and discharging time, decreased capacitance, and increased resistance. As
per industry standards, the life of supercapacitors is specified by 30% decrement
in capacitance and 100% increment in ESR. The performance of supercapacitors
degrades over a period and after a certain time its performance does not suit the
application requirements. The deterioration in performance can also be indicated by
a decreasing of the energy, an increase in power loses, and some of the macroscopic
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phenomena such as gas evolution, electrode swelling, and loss of elements due to
redox reactions.

Voltage decay is a result of cell ageing. Charging voltage and temperature
influence the cell ageing and voltage decay significantly and the voltage decay
due to self-discharge is not treated as voltage decay. A slight increase above the
rated voltage and temperature can increase the rate of electrochemical reactions,
accountable for cell ageing. An increase in the rate of adverse chemical activities such
as electrolyte and electrode decomposition is enhanced at elevated temperature and
voltage. In carbonaceous electrodes, containing metal and oxygen functionalities,
decomposition products obtained from redox decomposition of electrolytes can
block the pores and reduce the capacitance. Moreover, the pores of the separator get
blocked due to the decomposition products thus causing increased resistance. Water
contamination in organic electrolyte is another factor that can cause macroscopic
affects [26, 27].

7.5 SUPERCAPATTERY

Low power density in batteries and low energy density in supercapacitors has led to the
new area of research which offers the hybridization of batteries and supercapacitors
into a single device. A supercapattery is a generic term for various hybrid devices
combining the merits of a rechargeable battery and supercapacitor as it is considered
a third-generation energy storage device. Their performance is comparable to that of
a supercapacitor with a higher energy capacity and a rechargeable battery, but with
more power extended charge/discharge durability and capabilities. A supercapattery
is the combination of a Nernstian negatrode and a capacitive positrode, i.e., it is
accomplished by pairing a supercapacitor electrode with a battery electrode in a
balanced manner, making the electrodes from active materials capable of both
capacitive and Nernstian charge storage or adding redox species to the supercapacitor
electrolyte so that the device can store charge using both capacitive and Nernstian
mechanisms. In the mid-1990s Varakin et al. [28] reported a single device which had
a battery electrode (NiO,) and capacitor electrode (carbon fibre) that showed eight
to ten times more performance than a symmetric device. The key to enhanced cycle
life and potential is to combine suitable battery and capacitor hybrid electrodes [29].

In supercapattery-type electrode systems, the rate capability is less than pure
redox electrode material as it involves faradic reactions occurring deep inside the
crystal structure. Table 7.1 depicts the capattery device with different electrode
materials and electrolytes.

In the case of scalable supercapatteries, electrode materials and fabrication meth-
ods are equally important in the performance of the resulting devices. For instance,
bipolar stacking with multiple supercapattery cells can achieve high energy density
storage by reducing almost half of the auxiliary materials (current collectors) by
ensuring the permeability of the bipolar plates. Ultimately, supercapatteries have
attracted much attention as they can balance one device’s energy capacity and power
capability. The advancement of battery and supercapacitor materials can aid the
progress of supercapatteries in this regard.
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TABLE 7.1

Summary of Pairing the Electrode Materials of Different Charge Storage
Mechanisms* into Supercapacitor, Supercapattery, Supercabattery, and
Battery, and the Performance Metrics of the Representative Cells Using
Different Electrolytes [32]

Negatrode Electrolyte Positrode References
Li IL + LiClO, Act-C (activated carbon) [30]
Li PEO-LiTFSI | LTAP | 1.0 M LiCl aq. MnO, [30]
C-MnO,-CNT LiPF, CNT@MnO, [30]
Activated carbon 6.0 M aqueous KOH Ni(OH),,CuCo,S,/Ni [31]
Act-C KCl1 PPy-CNT [32]
G/AC KOH MXene/NiS [33]

7.6 STACK MANUFACTURING AND CONSTRUCTION

Supercapacitors are used in applications where there are often high load-current
fluctuations and high voltage demand. Stack manufacturing of supercapacitors either
in series or parallel or a combination of both are necessary to meet this intended
application [34, 35]. Accordingly, the manufacturers have designed the stacking of
supercapacitors as coin, pouch, or cylindrical forms. The materials and shape used
during the manufacturing such as sealants, casings, and electrode materials must
meet temperatures, operating voltages, and power requirements and the stacking
method must be well defined. The major challenge is to reduce the weight-to-energy
ratio and improve energy and power densities. Usually, series stacking is preferred
over parallel stacking as it occupies less space and reduces the weight-to-energy
ratio. The maximum stored energy (W,,,,) in the stacked supercapacitor which gives
information about maximum energy storage during charging and energy deliverable
to the load is shown in Equation (7.3):

Ceq Umax

2

where W, is the maximum energy storage capacity, C,, is equivalent capacitance of
the supercapacitor stack, U,,, is maximum voltage of the supercapacitor stack [36].

Some of the stacking designs, like the bipolar design, minimize the volume of
the stack, resistance from solder joints, and interconnects, thereby enhancing the
supercapacitor performance [37]. In bipolar design a coat with electroactive mate-
rial on both sides of a highly conducting plate are stacked using a separator. One
side of a coated conducting plate acts as the anode while other side as the cath-
ode. Multiple coated conducting plates are sandwiched a separator with gasket and
sealant to avoid a short circuit. The space between the electrodes is filled with
either liquid electrolyte or solid polymer electrolyte. A bipolar supercapacitor fab-
ricated using graphite/vertically aligned carbon nanotubes (VACNTSs) electrodes

Wmax = (7' 3)
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FIGURE 7.2 (a) Schematic of VACNTSs grown using conventional CVD, with Fe catalyst
and Al,O, diffusion barrier layer beneath. (b) VACNTs grown using odako-growth, with Fe
and Al,O; on top of the VACNT array. (c) Conventional cold-wall VACNTs CVD setup, with
VACNTs grown on a Si chip placed on a graphite heater. (d) Joule heating CVD setup, with
VACNT:s grown directly on the graphite foil used as the heater. Finally, schematics of devices
(e) 1%, (f) 2x and, (g) 1X + 1X. Reproduced with permission from [38], Elsevier publication.

by a chemical vapour deposition (CVD) setup is shown in Figure 7.2. When more
working voltage is required, the supercapacitors are connected in series; however,
this form of stacking decreases the capacitances and increases the ESR — moreover,
it is essential to ensure the equal distribution of cell voltage. The cells are connected
in parallel for higher energy density or power density, increasing the capacitance
and decreasing ESR. Series stacking is more feasible than parallel stacking dur-
ing stack creation and packing. Individually packed cells are serially incorporated
into a multi-unit stack by external metal bars or soldering connecting the cells to a
printed circuit board.

Uncased jelly rolls may be used to save space and weight in the package. Stacking
can result in large-scale resistance due to electrode resistance and inter-cell contact
when scaling the module designs. It may also lead to uneven charge distribution,
which can be rectified by passive and active balancing. [39]. The voltage provided
to each cell must be limited to its rated voltage, which necessitates a cell voltage
balancing circuit. Controlling overvoltage between supercapacitor cells and balanc-
ing the charge on armatures may be done in various ways. The following balancing
and overvoltage protection circuit types are used in practical applications: resistive
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dividers, dividers with switched resistors, Zener diode peak limiter, rectifier diode
peak limiter, electronic balancing circuits [40].

The simplest circuit for voltage balancing is a resistive divider composed of
parallelly connected identical resistors ensuring proper voltage distribution after
charging. The downside of this method is that when the charging circuit is turned
off, the capacitor discharges through the balancing resistor. By removing balancing
resistors after the capacitor has charged, dividers with switched resistors overcome
the disadvantage mentioned above. When the diode’s threshold voltage is achieved,
parallel-linked Zener diodes are used to restrict voltage. When the voltage drop
across cells is less than the diode threshold voltage, the current value of this circuit is
insignificant. In forward conduction, rectifier diodes (p-n junctions) can also be used
to create voltage balance. This method can be effectively restricted when the current
travels through a linked capacitor and reaches a set potential. The energy efficiency
of this technology is as high as 92%. Electronic balancing circuits incorporating
DC/DC converters that assure consistent voltage distribution between the cells are
linked between neighbouring supercapacitors. These converters actively equalize
the voltages of the cells. In this situation, power losses are decreased (the converter’s
power losses are eliminated), but expenses increase (hardware implementation and
control are costly). One could summarize that a supercapacitive balancing solution
is different for dissipative balancing circuits as well as non-dissipative solutions. The
dissipation balancing circuit is divided into passive balancing and active balancing.
Passive balancing makes use of parallel resistor and Zener diodes, while active
balancing utilizes switched parallel resistors as well as op-amp output current. In
non-dissipative balancing circuits, there is indirect balancing that uses a buck-boost
converter/charge pump, whereas direct balancing comprises a flyback converter
and a forward converter. The thumb rule for EDLC supercapacitors derived from
a manufacturer datasheet states that the cell lifetime doubles in a specified voltage
range with every 0.2 V decrease [41].

The speculated voltage is halved as voltage increases every 0.1-fold balancing
significantly affects the cell lifetime and efficiency. The lifetime prediction of
cell with passive and active balancing is 50-80% and 90-95%, respectively. The
efficiency for passive balancing is 70-80% and 90-95% for active balancing. The
lifetime prediction and efficiency of direct/indirect balancing are 95-100% and
90-95%, respectively. The applied voltage by the number of connected cells should
not surpass 85% of the rated cell voltage without external voltage dividers. Aqueous
electrolyte-based low voltage (approx. 1.8 V) supercapacitors do not require
balancing on higher voltage modules as the change in applied voltage on a large
number of interconnected cells is not crucial [42].

7.7 SUMMARY AND OUTLOOK

The fundamental aspects of supercapacitor fabrication and properties like single-cell
manufacturing, self-discharging, cell ageing, voltage decay, stack manufacturing,
etc., are discussed in this chapter. The advancement of single-cell manufacturing
via micro-printing, 3D printing, computer modelling, and asymmetric combination
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of electrodes has attracted the attention of lead researchers. Nevertheless, due to
the high voltage operations and fluctuations in the current, supercapacitors are sub-
jected to self-discharging, ageing, and voltage decay phenomenon which need to be
addressed during fabrication. A supercapattery device, as a hybrid device, is of great
interest and serves the need of high power and energy density when compared to
batteries and supercapacitors. Nonetheless, the scope for commercialization of this
device is promising. The requirement of constant high voltage without affecting the
egrid for long charge/discharge cycles, stack manufacturing is increasing instead of
conventional solder joints either in series or parallel connections. Hence, the perfor-
mance of supercapacitors basically depends on their design construction materials
and working conditions.
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8.1 INTRODUCTION

Research on new, reliable, renewable, and sustainable sources of energy has paved the
way for the design and development of novel energy conversion and storage devices.
The energy storage, conversion, and utilization based on energy-efficient technolo-
gies such as windmills, solar cells, and fuel cells, have become the need of the day
in meeting the basic requirements of man in modern life. Many of these renewable
and sustainable energy-efficient technologies mainly rely on environment-friendly
energy storage devices like batteries and supercapacitors (SCs) [1-3]. However, the
advanced energy storage technologies based on batteries like lithium-ion, lithium-
sulphur, aluminium-ion, metal-air, etc., developed so far lack high power densi-
ties [4, 5]. SCs, on the other hand, function as reliable and efficient energy storage
devices that deliver high power when compared to batteries. SCs are thus emerging
as promising electrochemical energy storage devices, which cater to the demands of
global energy consumption [6, 7].
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SCs are electrochemical capacitors that utilize electrical double layer and pseu-
docapacitance to attain higher order capacitance [8, 9]. Fast charging and discharg-
ing, long cycle life, high power density, safe operation, easy maintenance, and zero
pollution are some of the typical advantages of SCs [10, 11]. They are also capable
of repeated charging and discharging without any deterioration [12]. Recently, nano-
composites have been introduced into the synthesis of SCs to achieve increased
power density and energy density simultaneously. The performance of nanocom-
posite electrodes, which is the sum of performances of individual components, is
preferred to that of capacitors developed from the individual counterparts [13, 14].
Reasonable selection and design of materials is critical in improving the perfor-
mance of SCs.

SCs have earned their significance in applications to power electric vehicles,
electronic systems, smart devices, etc., requiring electrical energy for operation, by
increasing their reliability and energy efficiency [15—17]. The introduction of hybrid
electric vehicles has increased the potential applications of SCs further, given their
extended energy support for the management of such vehicles. Many intelligent
electronic systems have emerged in the industry, such as smart sensors, Al-based
systems, robots, smart home technologies, smartphones, and allied microsystems.
Matching energy storage devices are needed for integrating these microelectronic
systems into the devices for various applications [18-22].

Industrial system managers are in continuous search of fool-proof energy storage
systems. SCs had a huge impact on energy-related issues on applications like traction
drives, power grids, consumer electronics, renewable energy, etc., and they emerged
as a solution for most of the troublesome systems [23-25]. The uninterrupted growth
in the field of portable, as well as wearable, electronic devices, has stimulated the
need for safe and reliable power supply units. Successful advancements and wider
commercialization of SCs can bring about enhanced market considerations. SCs
have a broad prospect in future applications and some of the advanced applications
of SCs in load levelling, regenerative braking, cranes, lifts, and trucks, and portable
electronic systems are addressed in detail in this chapter.

8.2 LOAD LEVELLING

8.2.1 INTRODUCTION

An uninterrupted and frequent power supply has become a need for all and it has
become an essential minimum requirement of modern life. All our energy distri-
bution systems should be free from frequent voltage fluctuations and sudden load
changes. SCs have a great role in smoothening the load pattern in power distribu-
tion systems by decreasing on-peak and increasing off-peak loads. This is generally
referred to as ‘load levelling’ [26—32]. Many reliable and cost-effective power sup-
plies now face threats from power demand fluctuations. Renewable energy resource-
based distributed power generation often results in unpredictable and stochastic
power supply due to accelerated weather change and unexpected power outages [32—
42]. For example, during rainy seasons, solar photovoltaic (PV) energy production
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will be greatly reduced. This discrepancy in energy production due to sudden cli-
mate change may cause power quality problems. When injected into the grid, it may
further result in power system instability. Since the SC-based energy storage systems
offer power quality, power and voltage smoothing, peak shaving, and load-levelling
benefits, they can be successfully integrated into these power distribution systems,
for better efficiency, reliability, and power grid stability [43-51].

8.2.2 SUPERCAPACITORS IN LOAD-LEVELLING APPLICATIONS

SCs or electric double-layer capacitors are very attractive for load-levelling appli-
cations mainly because of three reasons. (1) The power densities of these SCs are
approximately ten times higher than those of normal electrochemical batteries. (2)
Compared with conventional aluminium electrolytic capacitors, the energy density
of these SCs are approximately 100 times higher. (3) SCs have an extremely large
number of charge/discharge cycles (~106) [52-55]. Because of these reasons, SCs
are advantageously employed as storage devices for applications where high power
is required for short time. The widespread applications of SCs include regenerative
braking in hybrid electric vehicles, power smoothing in elevator applications and
ropeways, and voltage sag compensation in unified power quality controllers. SCs
can also be used as storage devices that could be applied as an energy buffer to the
electric power system of overhead cranes (OCs). SCs filter higher frequencies to
smooth Variable Renewable Energy Source (VRES) generation and they provide
low voltage ride-through and remove the need for a DC/AC converter [56—61]. One
of the biggest advantages of SCs, when compared to other energy storage technolo-
gies, is their fast response and high cyclability. If compared with other Electrical
Energy Storage (EES) technologies like compressed air energy storage systems,
pumped hydro storage, and batteries, it exhibits better cycle life. It can mitigate many
problems associated with distributed VRES [60, 61]. Every distributed EES sys-
tem requires low maintenance and has a long life to decrease costs associated with
replacements, maintenance, and operations. Since it qualifies all the desired criteria,
the SCs are considered as reliable and acceptable systems for any EES applications.

8.2.3 HYBRID SUPERCAPACITORS IN LOAD-LEVELLING APPLICATIONS

Hybrid SCs are energy-efficient SCs that can deliver or receive energy based on
the power requirements. All our available energy storage systems can be integrated
with SCs to prepare the ‘hybrid capacitors’. One of the most common hybrid SC
assemblies is the battery-SC-based hybrid system on which the SC functions as the
load-levelling device for the batteries. Here, the SCs store the surplus energy from
the battery during low load demand periods, and they provide the required extra
current during high load demand periods [60—62]. The hybrid system offers almost
100% cycle efficiency (ratio of energy output to input), which makes them suitable
for energy storage in a situation where frequent charge/discharge occurs. Such an
assembly of SC-battery-based hybrid systems can meet the high peak-to-average
power demand in electric vehicles. Here, it functions by dividing the overall power
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demand into high and low-frequency components. The high-frequency component
will be taken care of by the SC and the low-frequency part will be supplied by the
batteries. At a given point in time, the power provided by the hybrid system will be
stable and the output voltage will be equal to the overall power demand.

All modern portable electronic devices which suffer from a highly fluctuating
load profile now rely on the battery-SC hybrid systems which stabilize the energy
loss due to the rate capacity effect. The hybrid system which is constructed in
parallel configurations generally contains a large SC to minimize the batteries’ peak
discharging current and to relieve the effect of rate capacity on batteries. The overall
energy density must be compromised in cases where the inclusion of a large SC
degrades the overall energy density. However, in constant-current regulator-based
hybrid systems, isolating the battery from SCs, relieves the rate capacity effect even
with the use of smaller SCs [62-65].

8.3 REGENERATIVE BRAKING

8.3.1 INTRODUCTION

Braking energy is one of the most readily available forms of energy in vehicles, which
is wasted most of the time. Due to friction losses, this energy is wasted in the form
of heat in normal vehicles. But in electric vehicles, which make use of regenerative
braking energy technologies, the kinetic energy generated by the motor during the
braking process is utilized. The kinetic energy associated with the braking process
can be converted and stored with the help of energy storage devices. Here, the motor
functions as a generator, and the available kinetic energy is harvested. The harvested
energy is stored with the help of necessary switching and energy storage systems.
The stored energy can be used again for charging the vehicle’s battery or can be
stored in a capacitor or both. The stored energy can be converted again to kinetic
energy with the help of controllers and can be used for starting, or acceleration of the
electric vehicles [66, 67].

So far, many energy storing devices are used for storing the braking energy.
Among them, the first used are mainly resistor energy dissipation types. Even though
these types are reliable in operation and have the lowest cost, they have been phased
out mainly because of the pollution and the associated energy wastage. The next
used is the energy feedback-type devices which possess advantages like effective
utilization of the braking energy, but they are also rejected because of the difficulties
associated with coordinating the energy feedback system with the power grid. The
battery-type storage devices which were developed later resolved almost all the issues
associated with the earlier devices and received special attention in the market. But,
due to the low power density, short lifetime, and high energy device, the batteries
are not found to be as successful as expected. For instance, the braking feedback
transient current in an electric vehicle that runs at a very high speed can reach up to
200 A, which can cause damage to the batteries even with lithium-ion batteries [55,
67, 68]. The recent scientific innovations in the field have proved that SCs can be
advantageously employed for this purpose. Since they possess high power density,
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the braking energy can be quickly converted from kinetic energy to electric energy.
Now, SC-based energy storage devices have become the research hotspot. They
exhibited specific advantages like good compatibility, rapid charge/discharge rates,
long cycle life, and high power density (P > 10 kW kg'), which ultimately improved
energy savings and extended the driving range of electric vehicles [55, 67-71].

8.3.2  SUPERCAPACITORS IN REGENERATIVE BRAKING APPLICATIONS

SC-based regenerative braking technologies which are utilized in modern electric
vehicles function with the following principle. When the brake is applied in electric
vehicles, the required brake torque is produced by an in-wheel motor. According to
the braking current intensity, the recovery direction of braking energy will be con-
trolled by DC/DC controller. If the braking current is less than the charging current
threshold, the braking energy is stored in the battery pack directly. Otherwise, the
braking energy is stored in the SC [67-73].

SCs have been used quite extensively for regenerative braking applications
in battery- or hybrid-powered cars, trains, lifts, etc. [74—84]. They are used as
independent energy sources in vehicles particularly for short-distance electric vehicles
such as city buses, terminal trucks, and tunnel trucks [85—88]. Recent developments
in electric vehicles highlight the composite structures based on lithium-ion batteries
and SCs to increase energy efficiency and to improve vehicle safety. Vehicles using
normal batteries suffer a short running distance in one battery charge cycle and
this is also limited to the vehicle size and load-carrying capability of the vehicle
[81, 89-93]. Since the regenerative braking energy can be treated as an alternative
energy source, this energy can be effectively integrated for charging the batteries
with the help of a SC. Recent research developments have proved that graphene-
based SCs are excellent energy storage systems that can store regenerative energy
during braking/deceleration modes. They function as an auxiliary power source to
drive electric vehicles. The studies highlight the potential use of a composite/hybrid
SC for ideal electrical energy storage and conversion systems for next-generation
electric vehicles [94-96].

8.4 CRANES, LIFTS, AND TRUCKS

8.4.1 INTRODUCTION

Cranes, lifts (elevators), and trucks are the equipment of importance in commercial
and industrial processes. They are used for heavy operations like loading, earth-
moving, lifting, transportation, etc. Conventionally, these are powered by engines
working on the combustion of fossil fuels. Electrochemical batteries are used for
starting engines and internal combustion engines are used for the power of propul-
sion [97]. But the over-dependence of this heavy machinery on batteries and fos-
sil fuels creates pollution as well as greenhouse gas emission issues [98]. Hence,
major improvements in the design and operation of cranes, lifts, and trucks are now
focusing on the reduction of energy consumption. Environmental aspects, as well
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as energy problems, have become a pressing need in the context of the promotion
of renewable energies and energy saving. The use of storage devices for potential
savings is considered remarkable for energy recovery and global efficiency. Here,
SCs are becoming an interesting choice for the said heavy equipment based on the
application considered [99].

The high-power density of SCs makes them attractive for uses where high power
is required for short time. SCs find general applications in cranes, lifts, and trucks.
It can be used for;

e Short term energy storage

e Protection of batteries from power fluctuations

¢ The key component of regenerative braking

e Transmission and lighting

¢ Burst mode power delivery for ignition and engine cranking

In the case of internal combustion (IC) engines, a SC functions with starters to
provide immediate energy bursts for ignition and gives the battery a longer life. For
example, hybrid SCs can be linked to IC engine cranking by providing rapid energy
bursts. The compatible SC and starter motor lower the cost of maintenance than
that of lead-acid batteries [100]. The usage of SCs for transportation is motivating
and improves energy efficiency to overcome the wastage of energy as heat. Here,
SCs will function as regeneration devices that recover the energy released by the
repetitive and constant movements of machines [101]. Hence, we can find SCs in
cranes, trucks, and lifts or in the braking systems of hybrid or electric vehicles. This
innovation can reduce the consumption of fuel as well as the emission of carbon
dioxide. The transportation industry alone is responsible for about 30% of global
emissions of greenhouse gases, especially from cargo transport [102]. This means
that any energy efficiency enhancement in cargo transportation will inevitably
have a global-level impact. Hence, SC-based energy storage systems are promising
innovations to improve the efficiency of transportation.

8.4.2 SUPERCAPACITORS IN CRANES

Overhead cranes are a major component of cargo handling apparatus found in
industrial and commercial applications. The operating mechanism of overhead
cranes has been a topic of discussion among entrepreneurs as well as researchers
[103, 104]. The combustion of fossil fuel is the prime source of electrical energy for
cranes working in all manufacturing and logistics units [105]. The burning induces
the emission of greenhouse gases and air pollution. This necessitates improvement
in crane operation strategies focused on energy efficiency.

The main area of the energy flow in a crane is the ‘hoist’. A raised payload buffers
a notable amount of potential energy. During the lowering of a payload, the energy of
gravity is ineffectually squandered as heat energy in the brake or brake resistor [106].
SCs based on double-layer-electrolyte ability can be effectively used for storing such
energy after converting it into electrical energy. The energy brought about when a
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container is lowered is usually burned in the braking resistors. The excess energy can
be detained and reused to help lift the containers with the presence of a SC-powered
system [107]. This solution for cranes decreases energy consumption as well as fuel
usage.

Cost-effective SCs are mainly useful in loading and unloading heavy cargo
containers at seaports. SCs have certain definite functions during loading operations
and unloading as well. One important function is to capture the energy that may
otherwise be wasted as heat during repeated up-and-down movements. Lifting a
load generally needs a arge amount of energy. But some amount of energy can be
saved during lowering which can be used for improving energy efficiency [108, 109].
The second important function is to permit a size reduction in the primary source
of power which is usually an IC engine. This is called peak shaving. The engine is
designed to operate at average levels of power by sizing the SC [110]. This can reduce
gas emissions and thus improve the quality of air.

SCs can be used alone or in combination with batteries or any other storage
system to offer enhanced power efficiency and improved cycle life for applications
in heavy vehicles, cranes, etc. [111, 112]. Another application of SCs is related to
starters by providing pulse power to start the IC engine, which is now reduced due to
the discouraging of fossil fuel power.

8.4.3 SUPERCAPACITORS IN TRUCKS AND LIFTS

SCs are used in heavy vehicles, traction lifts, ropeways, and elevators for engine
starting, power modulation, and regenerative braking [113—115]. Dangers and health
concerns make all-electric forklift trucks very common. These vehicles may have a
battery or a fuel cell for energy storage. In addition, SCs will act as power sources
supporting operations and as a device for recovering braking energy [116]. Usually,
secondary cells are used for engine cranking applications in heavy vehicles. But
SCs with the capacity to produce rapid energy bursts can be used to start large
diesel engines effectively during difficult conditions like low temperature [117-119].
Also, high power density and rapid charging and discharging of SCs make them
suitable for capturing kinetic energy as a vehicle slows down [89, 120, 121]. SCs can
release the energy for bursts of acceleration, especially during the gear changing
of mechanical transmission by bridging up the gap in the delivery of power. SCs
can discharge during acceleration and recharge during braking [122]. Trucks use
batteries and fuel cells as primary energy storage units, while SCs are used for
regenerative braking purposes. SCs, when paired with batteries, can extend the life
of batteries in electrified commercial vehicles such as buses or trucks.

For cranes and lifts, SCs can provide emergency power during unexpected power
failures. This may reduce the risk of sudden stoppage and consequent accidents. Also,
SCs can be employed for load-levelling applications where fluctuations of power are
expected. They can recover energy during the lowering of the cage in cranes and
lifts, which may otherwise be lost as dissipated heat. SCs act as power-smoothing
devices in elevators and ropeways. The braking energy of lifts can be stored in SCs
and the lift makes use of this energy, consequently reducing the consumption [123,
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124]. This can be achieved without much alteration in the design and control system
of the lift. A system for the recovery of kinetic energy is an ideal application of a SC.

Carbon-type SCs have been successfully used in combination with lead-acid
batteries in trucks [125]. SCs integrated with fuel cell-powered vehicles have
advantages like functioning without interface electronics. SCs are a promising
energy storage technology for refuse trucks experiencing thousands of start/stop
cycles in a day. The capacity of high power, exceptional efficiency, and the ability to
operate in challenging environments, low maintenance, decreasing price, safety, and
long lifetime of SCs make them a wonderful option for potential applications in the
field of vehicles, passenger, and traction lifts.

8.5 CONSUMER ELECTRONICS

The durability, high output power, and enhanced energy density of SCs have estab-
lished the possibility of SCs being used to power portable electronic equipment.
Among the various energy storage systems, SCs with surface charge storage mecha-
nisms are capable of providing high power density within a short time [9, 126-128].
SCs, unlike conventional capacitors, make use of the total capacitance contributed
by electrostatic double-layer capacitance and electrochemical pseudocapacitance.
They receive and deliver charges much faster than batteries and contribute greatly
towards the replacement of rechargeable batteries. A detailed discussion of the appli-
cation of SCs in portable electrodes is beyond the scope of this chapter and is pro-
vided in Chapter 9.

8.6 SUMMARY AND OUTLOOK

The abstract idea and success of SCs in the fields of load levelling, regenerative
braking, and portable electronics have attracted the attention of the world of sci-
ence and technology since the beginning due to the outstandingly high capacitance
and unlimited cycle life of charging and discharging shown by SCs. The capacity
of incredible energy storage, ultra-fast charging, and rapid discharge helped SCs
to render such exceptional power-related applications. Current technologies are
far more advanced than their conception in the 19th century, with the potential
for advanced energy storage technologies demanded by the present. Innovative
technologies based on SCs are already used by giant electronics companies for
transportation and energy solutions. At present, the applications of SCs are con-
fined to utility vehicles, power banking, rail power systems, hybrid vehicles as
well as other automotive and grid stabilization, owing to their capacity to enhance
the performance of the production systems and ability to improve the energy effi-
ciency and reliability of electrical systems. Based on the capacities of SCs, enor-
mous research activities are underway with a motive to improve the performance
of various electrical systems engaged in industrial processes. In the future, SCs
with increased energy density will be more preferred to batteries and other energy
storage devices due to the demands of high power, time saving, green technology
regulations, and clean energy requirements.
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Energy storage systems, based on SCs or electric double-layer capacitors (EDLCs),
are now becoming an essential tool for solving the issues of high-power technologies
related to industry. This is the contribution of researchers working with power grids,
electric traction, and power generation using renewable technologies. Integration of
EDLC technology with energy storage systems may pave the way for futuristic appli-
cations including:

Electric traction in vehicles on road and rail
Renewable energy generation including wind energy, tidal energy, and solar
PV energy
Power grid connection applications like grid regulations, micro-grids, fre-
quency compensation, and voltage compensation

Research is getting closer towards the development of standalone SC batteries which
take up only a fraction of the space of lithium-ion cells. They can be charged more
quickly and can be recharged more than 25,000 times. The achievements so far
are thrilling realizations of the present-day technologies which will be replaced
with more feasible devices in near future. The concept of lightweight SCs with very
high energy storage capacity (up to 500 F/g) made of graphene is an innovative
technology to be explored for changing portable electronics as well as the total
capacitor business. The most auspicious future may be the blending of a double-layer
charging interface with fuel cells, batteries, or other conventional energy sources for
use in hybrid electric vehicles. Continuous improvements in load-levelling systems
will also have an impact on the harmony of the global community rather than for a
commercial consumer.

We have witnessed great progress made by science and technology in the
development of SCs in the last decade. The data from the most relevant publications
of the last five years indicates the direction of progress of SCs towards cost-effective,
safe, and sustainable devices with enhanced storage capacity. SCs can emerge with
exciting results for solving issues regarding environmental hazards, portability,
increased fuel prices, and intrinsic safety. New developments like smart homes
and 5G technology increase the need for ideal energy sources where SCs can offer
excellent solutions. The successful creation of high-performance SCs will empower
researchers to produce eco-friendly portable systems of extended durability.

Various discussions regarding novel systems for energy storage indicate that
a combination of batteries and SCs will be dominant in the future. These hybrid
systems can deliver performance greater than the sum of individual operations. This
is deemed to be beneficial to high-power electric motors with plug-in hybrids, where
the limiting of the weight and size of batteries is almost impossible. The successful
development and future marketing of electrical and mechanical components of
hybrid vehicles are very dependent on the quality of energy storage systems designed
in the future. Asymmetric SCs are also definitely research-directed towards the
development of environment-friendly systems at affordable prices. Future research
work may focus on developing and optimizing environment-friendly procedures
involving simplified doping or activation of natural precursors.
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Researchers can start thinking of seamless integration of self-powered appliances
like sensors and circuits with flexible and durable materials. Devices working on
sweat power can be successfully integrated into modern technologies like robotics,
IoT, augmented reality, virtual reality, and smart home technologies enabling the
establishment of a better link between humans and technology. Now, people are
paying attention to consuming energy that is harmless to the environment. The rapid
development of consumer electronics also demands portable power supply sources
with higher-order capacities. This could drive the development of SCs leading to
broad market perspectives.
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9.1 INTRODUCTION

In the present era, we can’t even imagine a world without modern portable electronic
gadgets like smartphones, wireless devices, smartwatches, laptops, cameras, etc.
Nowadays, the significance of flexible, wearable, and portable electronic devices is
increasing in various sectors like smart electronics, consumer goods, sports, mobil-
ity, security and defence, medical and biomedical, green environment, clean energy,
etc. [1-3]. Smart devices launched recently include not just computers or smart-
phones but every component of smart home technology.

Smart electronic devices generally require huge energy and need to be powered
by efficient energy storage devices [2]. Conventional batteries help devices run for a
long time on a single charge. The expeditious growth of smart and portable electron-
ics demands flexible, lightweight, small, and wearable power sources. Capacitors
are now becoming a key component of basic portable electronics as well as the
most modern smart/hybrid electric vehicles by providing rapid delivery of energy
despite their poor storage capacity [4]. Researchers are still working hard towards
technologies to increase the storage ability of capacitors, strictly maintaining the
green energy protocol. Supercapacitors (SCs) are found to be a better choice for
addressing the energy issues of the portable electronic device industry. SCs bring
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various benefits to electronic circuits. They help to (i) store energy to make charg-
ing/discharging faster, (ii) handle high voltage applications, (iii) filter out unwanted
frequencies/fluctuations, and (iv) handle power loss situations [5].

Considering the advantages of SC systems including their stability, life span, and
high power density without compromising the power density [6—9], the present chap-
ter considers the various aspects of their application in portable electronics.

9.2 PORTABLE ELECTRONICS

SCs are emerging energy storage options with the potential to bridge the gap
between rechargeable batteries and typical capacitors. SCs are the media of DC
energy storage with short high-power storage of electrical charge. They are conven-
tionally used to protect electronic devices during power cut situations as stabilizers
of power supply analogous to UPS in computers. Owing to their ever-improving
performance, SCs are regularly upgraded in their applications in energy systems
of enhanced sustainability and lifetime. Based on their size, they are employed
in various portable electronic devices such as personal digital assistants, satellite
navigation devices, handheld devices, Wi-Fi appliances, etc. SCs work both as pri-
mary as well as a secondary sources of energy in systems with or without primary
power sources. Remote controllers were initially powered by batteries which are
being quickly replaced with SCs which have the capacity to induce rapid power
outputs [1]. Also, SCs are used in digital cameras to produce flashes. Portable
speakers working with wireless connectivity like Bluetooth are also powered by
inbuilt SCs [2].

SCs can be used either as in combination with batteries or as a standalone
power source wherever a sudden boost in current is needed [3]. Hybrid devices
with battery/SC combinations are the best in supplying power for mobile electronic
devices. This lightweight hybrid energy device can be fitted into small appliances
like watches, mobile phones, sensors, headphones, other wireless communication
equipment, etc. There have been many such small-scale combinations of batteries
and capacitors in portable electronics [4]. Assemblages of SCs alone and in combi-
nation with batteries have been successfully employed to dispense energy backup
to portable electronic devices like mobile phones, music players, tablets, remote
controllers, laptops, screwdrivers, portable speakers, and portable palm-top scan-
ners [5].

Earlier, SCs were used for memory backup for semiconductor memories, system
boards, or microprocessors, and actuator applications in electronic devices including
sensors. Later, they were replaced by microsupercapacitors (MSCs) with relatively
small volumes and high electrochemical performances. tackle the need for com-
pact and reliable power stabilizers in highly integrated portable devices, advanced
wearable devices, and various sensors owing to their small size, high flexibility, low
internal resistance, high charge and discharge rate, and light weight. MSCs are suc-
cessfully applied in advanced sensors and related devices used for biological and
medical purposes [6]. MSCs are used to energize various sensors as well as sensor
integrations for different applications [7, 8].



Portable Electronics and Microsupercapacitors 139

Portable gas sensors coupled with MSCs can detect the presence of surrounding
gases in real time and can be used for monitoring air quality measurements and
human health. An MSC-gas sensor system was developed by Yun et al. by combin-
ing a graphene-based sensor with carbon nanotube (CNT)-based MSC [9]. Also,
Song et al. introduced an assembly of piezoelectric sensors and MSC for detecting
pressure in real time [10]. Moreover, MSCs have been successfully integrated with
strain sensors, UV sensors, solar cells, etc., to extend their potential application [11].

Flexible and transparent SCs made of ultrathin graphene film are used in transparent
electronic devices [5]. Various transparent electronic appliances like active-matrix
LCD devices, active-matrix OLED devices, value-added glasses, and other cutting-
edge products such as transparent smartphones are now using transparent SCs
[12-14]. Also, transparent graphene film can be printed on substrates for portable
and wearable electronics, with the potential for exciting future applications. Flexible
SCs matching with the finish of electronic products may be the pointer towards the
development of next-generation storage devices.

9.3 SUPERCAPACITORS IN WEARABLE ELECTRONICS

Wearable electronic technologies are intelligent devices attached to the surface of
the body for detecting, analyzing, and transferring relevant information. Recently,
carbon-based lightweight SCs are becoming new trends in the market of wearable
electronics. These SCs can be integrated with advanced wearable technologies like
smartwatches, biosensors, health monitoring devices, high-security clothing, and
e-textiles [15]. Flexible SC devices have become popular with the rapid advance-
ment of such technologies.

Wearable SCs are of different types based on their type of design and construc-
tion. They include:

e Coin or pouch SCs, used in smartwatches, etc.

e Printed SCs, printed in paper or fabric by technologies like screen or 3D
printing

¢ Yarn-based SCs, used in e-textiles

The excellent lifetime and capacity to adapt to mechanical deformations exhibited
by wearable SCs make them suitable for the area of wearable electronics [16, 17].
Wearable systems require energy autonomy which necessitates the presence of
storage devices with enhanced energy density. Recently, high energy density flexible
SCs based on graphene-graphite polyurethane composites have been developed
successfully. They have found extensive applications in LEDs, wearable sensors, high
torque motors, actuators of prosthetic limbs, etc. Paper-based electronic systems,
consisting of piezoelectric generators and paper-based SCs, are found to be meeting
the consumption requirements of novel electronic devices. They get activated on
the movement of paper documents or the flipping of pages. These systems have
been converted into a wireless interaction system that is capable of the management
of documents and smart reading. This could support the Internet of Things (IoT)
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in communication and IT as well as the essentials of upgraded green electronics.
A self-powered system with the capacity of simultaneous energy harvesting and
sensing was developed from ultrathin piezoelectric hybrid nanogenerator (PNG) and
paper-based SCs [18]. This exhibited a lot of potential applications for the IoT.

A polymer-based wearable SC has been developed on cloth that uses the wearer’s
sweat as the electrolyte by a sweat trap technology. The cloth in the system used
flexible PEDOT:PSS polymers doped with some impurities and performed many
cycles of charge and discharge without any deterioration. This has potential
applications in robotics, IoT, and virtual reality [19].

Flexible SCs integrated with textiles have been successfully developed into
mobile phone charging systems through the generation of piezoelectric charges.
These SC-powered wearables can be charged by the movement of the wearer and can
be ultimately used for charging mobile phones [20, 21]. Textile electronic articles are
now used in sportswear, treadmill suits, military camouflage, work clothes, personal
protective equipment (PPE), safety suits, and similar clothing. Printed SCs also find
application in intelligent packaging as a power source [22]. Hence, we can assume
that flexible SCs will expand their application to all future microelectronic products
[23-25].

SCs played the role of energy source for smaller devices owing to their high power
density, fast charge and discharge rates, along with long cycle lives. However, a fast-
developing world demands electronic devices in their miniature forms for opera-
tional convenience and handling purposes. Therefore, much research is involved in
designing and developing high-performance miniaturized SCs and their fabrication
methods. Such SCs are known to be MSCs and the fabrication methods can be micro-
fabrication. Some of such microfabrication methods are discussed below.

9.4 MICROSUPERCAPACITORS

9.4.1 FUNDAMENTALS OF MICROSUPERCAPACITORS

In general, a SC is composed of electrodes, an electrolyte, current collectors, and in
many cases, a separator. The earlier stage of MSC fabrication was similar to thin-film
capacitors with two film electrodes stacked with solid electrolytes in between giving
a sandwich-like design whereas an interdigitated planar structure was developed
later [26, 27].

9.4.1.1 Sandwich-Like Design

The concept was first demonstrated by Lim et al. in 2001 where a symmetric
configuration with RuO, electrodes on both sides was sandwiched between lithium
phosphorous oxynitride-based solid electrolyte. The system delivered a volumetric
capacitance of ~380 pF-cm™. Thin-film fabrication includes sputtering, chemical
vapor deposition (CVD), layer-by-layer deposition (LBL), etc., and will be employed
here to fabricate the electrodes [28]. However, the design has some practical drawbacks
like the possibility of short circuits due to small distances between electrodes results
in increased ion transport resistance in cells and leads to power loss.
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9.4.1.2 In-Plane Interdigitated Design

The in-plane design is composed of finger electrodes in the same plane as that of
the current collectors confiscated from each other by the narrow interspace with
a gap width in the range of tens to hundreds of micrometres [29]. The electrolyte
would be coated on top and also between the electrodes so as to guarantee ion
transport which occurs along the basal plane of the electrodes. The design has more
dominant advantages over the sandwich structure, and the most significant factor is
that the peculiar structure provides a customizable performance matrix. Moreover,
the diffusion length of the ions can easily be controlled by toggling the electrode
width and the interspace which would alter the electrochemical series resistance
(ESR). The in-plane configuration also prevents electrode short circuits [30, 31]. As
organic binders and polymer separators are excluded in the configuration, planar
interdigitated MSCs gain excellent mechanical and electrical properties. Therefore,
the in-plane interdigital electrode design fabrication attained importance and
dominance in the field of manufacture.

9.4.2 FABRICATION TECHNIQUES FOR INTERDIGITAL MICROSUPERCAPACITORS

Some general fabrication methods employed for the fabrication of planar MSCs are
listed and discussed below [32].

i) Screen-printing method
ii) Ink-jet printing method
iii) Selective wetting-induced micropatterning fabrication method
iv) Microfluidic etching-assisted patterning fabrication method
v) Photolithography method
vi) Laser-irradiation-assisted patterning fabrication method

The screen-printing method is a simple and low-cost method used to print patterns
on cloth and paper, where a woven mesh is used as an ink-blocking stencil to
obtain desired images. It is considered to be the easiest and cheapest method for
scalable production of MSCs [33, 34]. The mechanism of the process is quite simple,
wherein ink pastes are penetrated through a patterned mask under a pressing force.
The technique is widely used. For instance, Liu et al. fabricated a solid state MSC
based on N-doped graphene and the electrode inks were screen printed into planar
electrodes [35]. An areal capacitance of 3.4 mF-cm~2 with good rate capability was
delivered. The quality of the process depends on the ink quality (viscosity and shear-
thinning behaviour) and the resolution of the mask being used.

The ink-jet printing method is a simple patterning technique achieved with the
help of a computer by propelling droplets of ink onto paper and plastics to achieve
planar MSCs. Ink-jet printing does not need a mask or stencil and the ink droplets
of micrometre size are ejected onto their appropriate position in the substrate using
a micronozzle [36, 37]. The droplets are generally formed by thermal excitation.
Piezoelectric excitation can also be used to generate the droplets. Li and co-workers
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reported a full-inkjet printing method in 2017 to fabricate MSCs based on graphene
[38]. Ink-jet printing of graphene has been extensively studied and various kinds of
pristine and hybrid graphene inks have been developed and successfully employed
along with this technique.

The selective wetting-induced micropatterning fabrication method can be
obtained for electrode-active materials dispersed in a hydrophilic solvent. Initially,
in the fabrication process, an interdigitated pattern is made on a Si wafer. On to this
interdigital finger-like microchannels cast polydimethylsiloxane (PDMS) [39, 40].
The number, width, and interspace between the interdigital microchannels can be
altered to modify the performance of MSCs. The patterned side of the PDMS slab
was exposed to oxygen plasma, making it hydrophilic. Peel off the micropatterned
PDMS an aqueous multi-walled carbon nanotubes (MWNTSs) suspension was
carefully micropipetted into this interdigital finger-like microchannels. Then several
drying-refilling-drying processes were continued to isolated microchannels of
MWNT-patterned electrodes. The next process is drop-casting of a sufficient amount
of PVA/H,PO, solution onto the pattern. Once the mixture is solidified, peel off the
PVA/H,PO, film to obtain a flexible substrate with a solid electrolyte. Such devices
exhibit excellent flexibility and long-term cycle stability with high power output and
make a good candidate for high power on-chip energy storage applications [39].

In the conventional photolithography method, the patterns would be coated
following the traditional photolithography process, whereby visible light is passed
through a patterned mask into the resist coated substrate [41]. For instance, Au
or Pt microelectrode arrays maintaining 50 um width will be initially fabricated
parallelly on Si substrate using photolithography and the wet-etching method. On
these, conducting polymers such as polypyrrole (PPy) and poly-(3-phenylthiophene)
(PPT) will be coated along with different electrolytes such as 0.1 M aqueous-
based H;PO, electrolytes and 0.5 M non-aqueous-based Et,NBF,/acetonitrile [42].
Cell performance and capacitance will be improved by altering the electrolytes
and polymers. Microfluidic etching-assisted patterning is an easy soft lithography
method, used to fabricate planar pseudo-MSCs. In one such approach, nanofibre-
based MnO, film was prepared on a micro-Au-electrode collector deposited on a glass
slide using the electrospinning technique [43]. The MnO, layer was then transferred
to H,PO,/polyvinyl alcohol films acting as the electrolyte as well as the substrate. On
to this network, a thin film of indium tin oxide (ITO) was evaporated using magnetic
sputtering. Finally, MnO,/ITO interdigital fingers on the solid electrolyte film were
fabricated using the microfluidic etching method.

Laser-irradiation assisted patterning fabrication also achieves much more
attention as an easy and cheaper alternative in this regard. For instance, Gao et al.
reported a scalable fabrication of rGO-GO-rGO MSCs with in-plane and sandwich
geometries based on CO, laser-patterning of free-standing hydrated graphene oxide
(GO) films. Such monolithic MSCs by laser reduction and patterning of graphite
oxide films is operationally convenient [26]. Using one-step and environmentally
friendly ways, flexible energy storage devices can be fabricated using laser-assisted
methods. The direct laser writing method has been widely applied to the fabrication
of graphene-based, in-plane interdigitated MSCs, prepared on various substrates
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like free-standing GO paper (10 mm thick). Compared to conventional lithographic
techniques, laser fabrication is faster, cost effective, and scalable. Another example for
microfabrication is the fabrication of ultra high rate, all solid state, planar interdigital
graphene-based MSCs manufactured by methane plasma-assisted reduction [44].

9.4.3 ELECTRODE MATERIALS

There is scope for an additional blend of different electrode materials with numerous
planar MSCs with superb electrochemical execution. The feasibility and advantage of
SCs are the materials used in the devices. For example, graphene and its derivatives
are associated with some fine properties such as elasticity, porosity, transparency,
intrinsic strength, conductivity, surface area along with light material nature.
However, the major challenge associated with graphene-based ink is the restacking
of individual sheets and much of the research is directed towards avoiding this issue.
For instance, CNT fillers could effectively enlarge the inter layer spacing of graphene
which would also improve the active surface area and energy profile [45]. Poly
(3,4-ethylenedioxythiophene): poly (styrenesulphonic acid) (PEDOT:PSS) is another
potential electrode material which would stabilize graphene, while also improving
the electrochemical performance by acting as an active electrode component [46].
GO is another graphene-based ink for printing MSCs and is highly advantageous as
the surface oxygen functional groups of GO would allow the formation of a well-
dispersed ink in polar solvents like water, acetone, ethanol, and ethylene glycol [47].
One of the most recent trends in the field is the development of a unique class of 2D
layered materials: M Xenes, which are carbides or nitrides of transition metal oxides.
They have the general formula M, ,, X, T, where M is a transition metal (typically Ti,
Mo, Tb, etc.), X is C or N, and T, is a functional group (like OH, F etc.). Mxenes have
several advantages. (1) They act as the active material as well as current collector
owing to high conductivity. (2) The transition metal forms a reversible redox couple
which imparts a pseudocapacitive storage mechanism, enhancing the storage
capacity. (3) The hydrophilic groups on the surface of the layers avoid the need for
any surfactant or additive to form a stable viscous and well dispersed ink [48].

9.5 SUMMARY AND OUTLOOK

There is an ever-increasing demand for novel and more efficient portable electronics
and the market is growing rapidly. The chapter reviews the recent developments
and trends in the field with particular emphasis on wearable electronics. In the
context of the rapid development of miniature devices, a detailed discussion on the
principles, fabrication, and material aspects of MSCs have also been included in
the chapter. EDLCs as well as pseudocapacitive electrodes are being explored as
potential candidates for MSC electrodes, whereas the major criterion is to make a
well-dispersed ink in the case of planar MSCs. It is considered that configuring the
device components into a 3D architecture could considerably improve the energy
performance of the device; however, the developments in this regard are still in their
infancy and efforts are to be focused in this direction. Further developments are to
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be aimed at integrating MSCs with micro-miniaturized devices, which in turn would
require better materials and methods like leakage-free electrolytes and efficient
patterning techniques. The increasing number of practical applications would surely
encourage the researchers to address these challenges.
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10.1 INTRODUCTION

We are going to exit the fossil fuel era. It is inevitable.
Elon Musk

Expeditious urbanization caused a tremendous increase in the population of cit-
ies, which crucially increased mobility and vehicles on the roads. An increase
in the number of vehicles caused increased CO, emissions. An ordinary vehi-
cle evaporates heat during utilization of 85% of fuel energy in terms of CO,,
one of the greenhouse gases that causes global warming. Eventually climate
changes cause environmental problems [1]. In order to solve this problem, we
need advanced technology in the transport sector. So electric vehicles (EVs) are
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the best contemporary solution due to zero emission. EVs are vehicles that are
either partially or completely powered by electric power. In order to decrease the
carbon footprint and pollution there is no doubt EVs are the future of the world
for sustainable development [2].

You might wonder what is the importance of supercapacitors (SCs) in EVs? Why
are we discussing EVs? We know the common energy storage system (ESS) in vehi-
cles is batteries. But batteries are not enough for today’s energy demands because
of low efficiency. So, SCs are the best alternative to solve these problems. SCs are
used in utilization, where we need to store or release a large amount of energy in a
short time. Due to high efficiency, high charge acceptance, as well as easy charge/
discharge properties, SCs are the future [3]. Nowadays SCs are used mainly in EVs,
fuel cell vehicles like trains and cars. Another area of application is in electronic
devices such as uninterruptible power supply (UPS) and volatile memory backups in
computers. The third area of application is in energy harvesting systems like, wind
turbines and solar panels. Recently Tesla bought Maxwell Technologies which is the
one of the best manufactures of SCs in the world. Both batteries and SCs can be used
for charging EVs, but batteries will take average time of 12 hours, and SCs take 30
minutes to charge fully. Due to their large charge and discharge property, they can
accelerate a vehicle faster [4].

10.2 MODERN ELECTRIC VEHICLES

EVs are the vehicles that make use of one or more electric motors for propulsion.
Nowadays EVs are not restricted to roads, they are included in electric railways,
electric spacecraft too. The history of EVs starts from more than 100 years ago.
In 1828, Anyons designed an early type of electric motor, and created a small
car. After that, officially the first electric car was made in 1884. In history the
EV was awarded the unique significance of becoming the first manned vehicle to
drive on the Moon; it was the Lunar Roving Vehicle, which was first developed
during the Apollo-15 mission. Even though mass production of EVs started with
the introduction of the Toyota Prius in Japan in 1997, another factor which helped
EVs on their long journey was Tesla Motors, a small Silicon Valley startup started
producing a luxury electric sports car that could go more than 200 miles on a
single charge [5, 6].

10.2.1 Major Types oF ELECTRIC VEHICLES

One of the major advantages of EVs are their better energetic performance, EVs use
less energy than conventional vehicles which directly depend upon the type of EV.
Based on the primary energy used for the production of electricity, five types of EV
are identified and are given in Scheme 10.1 [7].

10.2.1.1 Hybrid Electric Vehicle (HEV)

HEVs are vehicles that make use of more than one method of propulsion, combining
a fuel engine along with an electric motor. One of the main advantages of hybrid
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SCHEME 10.1 Classification of electric vehicle based on primary energy used for energy
production.

vehicles are they use less fuel and emit fewer greenhouse gases than conventional
vehicles. HEVs usually have an engine with a fuel tank, a motor, and a battery.
The electric system gives higher acceleration performance at low speed. The flow
of power in and internal combustion engine (ICE) is unidirectional, from engine
to wheels, but in HEVs it can be bidirectional, this means from motor to wheel and
wheel to battery. In order to find how much power is shared, the hybridization factor
(HF) is introduced, which is defined as follows:

Sum of Power of Electric Motors

- Sum of Motor Power + Engine Power

On the basis of degree of hybridization, HEVs can again be classified into three [8]:

a) Micro hybrid vehicle (WHV). It is the least electrified type, usually used
for continuous idle-stop or stop-start mode operations. It is a normal ICE
vehicle with huge starter motor (about 3—5 kW at 12 V) to aid the starting
of the ICE. Even though the motor cannot move the vehicle, it can assist
components like air conditioning and power steering [9].

b) Mild hybrid vehicle (MHV). Like a uHV motor (about 7-15 kW at 60-200
V) alone cannot move the vehicle, but can support the starting of the engine,
regenerative braking, and also give sufficient torque when high power is
needed during acceleration.

¢) Full hybrid vehicle (FHV). It can run only in electric mode which needs a
large capacity motor (about 3050 kW at 200-600 V). Energy savings of
this type of vehicle are about 50%.

A comparison of different types of HEVs is given in Table 10.1.
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TABLE 10.1
Comparison of Different Types of Hybrid Electric Vehicles

Micro Hybrid Mild Hybrid Full Hybrid

Motor Power 3-5kW 7-15 kW 30 kW
Motor Voltage 12V 60-200 V 200-600 V
Hybridization 1-10% 10-30% 40%

IC Engine Conventional Downsized Downsized
Energy Savings 5-10% 20-30% 30-50%
Cost (relative) Low Medium High
Examples Mercedes Smart Honda Insight Toyota Prius

10.2.1.2  Plug-In Hybrid Electric Vehicle (PHEV)

Plug-in hybrid electric vehicles (PHEVs) have almost same powertrain as HEVs.
The main difference is that PHEVs usually use batteries to power an electric
motor and use another fuel; gasoline, to power an ICE. The batteries can be
charged using a charging station, by the ICE, or through the regenerative break-
ing. PHEVs run on electric power until the battery is exhausted, and then the
vehicle instantly switches to use the ICE. Compared to standard HEVs, all elec-
tric ranges are greater for PHEVs. Due to high fuel efficiency, they have a more
extended driving range than EVs, less running cost, etc. PHEVs are environ-
mentally friendly. The Ford CMax Energi, Toyota Prius, and Chevy Volt are
examples of this category [3, 9, 10].

10.2.1.3  Fuel Cell Hybrid Electric Vehicle (FCHEV)

Fuel cell hybrid electric vehicles (FCHEVs) have a series hybrid arrangement in
which a fuel cell energy transfiguration system and battery or SC are the ESS to
provide acceleration power. FCHEVs generate electricity using a fuel cell, which
is powered by hydrogen, instead of producing electricity only from the battery. At
present FCHEV technology is very expensive and too early. The Honda Clarity and
Hyundai Santa Fe FCHEVs are on the market so far.

10.2.1.4 Battery Electric Vehicle (BEV)

Battery electric vehicles (BEVs) (or all-electric vehicles) are accelerated by electric
motors by using energy stored in batteries. BEVs and ICE vehicles are almost similar,
but in the case of the recharging of BEVs, they must systematically be plugged into
an external source. Different models such as Nissan Leaf, Renault Twizy, Citroen
C-Zero, and Tesla, are available on the market [6].

10.2.1.5 Range Extender Electric Vehicle (REXEV)

Range extender electric vehicles (REXEVs) are vehicles which are propelled mainly
by electric propulsion but use an ICE to assist the battery and extend the range. The
range extender is an independent power unit put onto pure electric drive vehicles to
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increase their operational range. There are only few examples, like Chevrolet Volt,
Opel Ampera, etc. [6].

10.3 STORAGE SYSTEMS FOR ELECTRIC VEHICLE APPLICATIONS

In order to reduce CO, emissions and increase the use of renewable energy resources,
we need a highly efficient ESS. An ideal ESS should provide a continuous and
flexible energy supply to support and intensify energy as a result of crowding and
interruption of the transmission line for extra energy demands. In addition, it could
guarantee service to consumers during power outages due to natural disasters. In the
case of EVs, they are put off use of fossil fuels and try to reduce CO,. So, for EVs
high-potential ESSs are necessary. The most common choices are ultracapacitors
and batteries. Batteries have high energy density, whereas ultracapacitors have high
power density. EVs need a combination of these two properties [11, 12].

ESSs can be classified into chemical, electro-chemical, mechanical, electrical,
thermal, and hybrid. According to formation and compositional materials these sys-
tems can again be divided. Here we will discuss fuel cell and SC storage systems. A
simple diagrammatic representation in shown in Scheme 10.2.

10.3.1  FueL CeLLs

Chemical conversion systems are those which transform the chemical energy
present in a substance to energy and other components through chemical

> Battery &
Supercapacitor Sreee Supercapacitor < Lead Acid
Superconducting ) Hyceogen storge > Battery & Fuel cell < Nickel Based
+ Biofuel . %
Magnetic Energy + Synthetic Natural > Suzer 0‘;93'3“0" & < Air Based
Storage(SMES) s Fuel Cel < Zinc Based

> Battery, < Sodium Based
Supercapacitor & < ZEBRA
Fuel cell < Lithium Based
< Vanadium Redox

SCHEME 10.2 Diagrammatic representation of different types of energy storage system.
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reactions. Fuel cells are electrochemical devices, without any intermediate step
they can directly convert the chemical energy to electrical energy. As electro-
chemical conversion is not involved any other mechanical movement for the pro-
cess leads to higher efficiency and a longer lifetime. Compared with an ordinary
process, where the fuel’s chemical energy is first converted into heat then into
other useful forms, in the case of fuel cells, chemical energy is converted directly
into electricity, so the fuel cell energy transformation process is not limited by
the Carnot efficiency. However, the fuel cells also produce heat energy, but can
be used for other purposes.

Fuel cells consist of two electrodes: cathode and anode, separated by an electro-
lyte. The major role of electrolytes is to enhance the transportation of cations and
anions. The fuel cell operating temperature depends upon the type of electrolyte
used. Reactions in different electrodes are as follows:

At anode:

2H, = 4H" +4e”
At cathode:
0, +4e” +4H" = 2H,0
Overall reaction:
2H, + 0, = 2H,0

With the evolution of different types of materials, different types of fuel cell can be
constructed for various applications. The naming of the fuel cell is mostly based on
the type of electrolyte used. Based on the electrolyte, fuel cells can be divided into
five types [13], they are:

1. Alkaline Fuel Cell (AFC)

2. Polymer Electrolyte Fuel Cell (PEFC)
3. Phosphoric Acid Fuel Cell (PAFC)

4. Molten Carbonate Fuel Cell (MCFC)
5. Solid Oxide Fuel Cell (SOFC)

Among these types, a PAFC uses a medium temperature fuel cell (FC). And due to
high efficiency, ease of design, and low emissions, these are very useful in trans-
portation. SOFCs and MCFCs usually perform at high temperatures, about 600—
1000°C. Because of this characteristic, these are widely used for large-scale energy
storage and generation and grid applications. SOFCs have better stability as well as
high fuel efficiency compared with others. That’s why SOFCs are mostly used in
EVs as a potential auxiliary power source.
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10.3.2 HysrID STORAGE SysTeM (HSS)

Based on characteristics and the diverse applications of different ESSs, its possi-
bility for hybridization should researched. Some of the features are response time
and efficiency balancing, life cycle, energy density, and power. So HSSs consist of
two ESSs, like fast response ESSs and low response ESSs, high cost ESSs and low
cost ESSs, etc. We can classify the HSS into battery and battery hybrid, battery
and ultracapacitor (UC) hybrid, FC and battery hybrid, battery and superconducting
magnetic energy storage (SMES) hybrid, battery and flywheel hybrid, FC and UC
hybrid, etc. The most common one is battery and SC hybrid combination. HSSs have
lots of benefits over other ESSs, like increase in system efficiency, longer lifetime,
cost reduction, large storage capacities. Normally in EVs, battery-FC and battery-SC
hybrids are used for better performance. For powering EVs, FC, battery, or UC can
be used. Based on the EV properties and requirement, nickel-based batteries, silver
batteries, sodium-sulfur batteries, lithium-ion batteries, lead-acid batteries, and SCs
are used [11, 14].

10.3.3 HyBRID SUPERCAPACITORS FOR EV APPLICATIONS

The conceptualization of hybrid SCs evolved to improvise the energy density of SCs
to a range of 20-30 Wh kg™! thus building an ESS with both energy and power effi-
ciency [15]. The hybrid SCs are made by coupling an EDLC and pseudocapacitors
by retaining or improving the excellent characteristics and eclipsing the limitations
of their individual components [16, 17].

The energy storage mechanism of hybrid SCs is the combination of charge stor-
age in the double layer of active material from the EDLC portion and fast repetitive
faradaic redox reactions between the electrode and electrolyte from the pseudoca-
pacitive portion. Such a hybrid capacitor system exhibits high energy and power
density, wide operating voltage windows, and thus higher capacitance compared to
their individual components, resulting in ameliorated performance in energy storage
applications [18, 19]. A schematic illustration of a hybrid SC with a carbon electrode
and lithium-ion insertion electrode is shown in Figure 10.1.

Like conventional SCs, hybrid assembled capacitors can also be symmetric or
asymmetric depending upon the electrode configuration employed in the device fab-
rication [21-24]. Better results are achieved with asymmetric SCs where two differ-
ent electrodes with different active materials have been used [25, 26]. The higher
specific capacitance value with a wide potential window is achieved with the hybrid
configuration, unlike conventional EDLCs, whereas excellent cyclic stability with a
greater extent of affordability is achieved with the hybrid SC which is accounted as
the limiting factor of pseudocapacitors [27].

The wide operating temperature and potential range and long charge/discharge
cycles together with enhanced capacitance and exceptional energy storage ability
of hybrid SCs make them superior candidates in EV applications over batteries and
FCs [4]. The hybrid SCs can easily produce a high current in a short time, generating
an instantaneous power pulse which is the essential requirement for charging in EVs
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Electrolyte ,  Separator

Li-based salt Li*ions

FIGURE 10.1 Schematic illustration of a hybrid supercapacitor [20]. Reproduced from
Chen, X., Paul, R., & Dai, L. (2017). Carbon-based supercapacitors for efficient energy
storage. National Science Review, 4(3), 453—489 under the terms of the Creative Commons
CC BY license [20].

or HEVs. Toyota and Mazda manufacture cars based on efficient hybrid SCs. The
Toyotas Yaris and PSA Peugeot Citroéns are based on these hybrid SCs for starting
and stopping and also for energy bursts which ensure fuel saving together with faster
primary acceleration. Large EVs also use hybrid supercapacitors (HSC) with a rapid
charging facility. One of the giants of the EV industry, Aowei Technology Co., Ltd
(Shanghai, China), introduced electric trolley buses exclusively made up of hybrid
SCswith a hybrid configuration of Ni(OH),-AC offered a distance range of 7.9 km
with a maximum speed of 44.8 km/hr and a charging time of 90 sec [28]. The tram
car introduced by CSR Co. Ltd (Puzhen, Nanjing city; China) with EDLC configura-
tion provides a 3-5 km distance range with a charging time of 30 sec.

Regenerative braking technology using SCs is another important strategy towards
the improved performance of EVs. In this technique, the braking energy is captured
by stopping the vehicle. The technology was well used by trams in Switzerland,
France, and Belgium by installing one-ton hybrid SC assembly and combining 48
SCs respectively, which exhibited a charging time of 20 sec. The regenerative brak-
ing mechanism needs a rapid energy storage device with a high cycle rate and thus
hybrid SCs are ideal candidates for the application. The braking energy obtained is
utilized instead of burning diesel engine and results in speeding up of the EVs with
energy saving of up to 30%. Jung et al. introduced a SC and explored their perfor-
mances in a 42-V automotive electrical system [29]. A 6-kW power-boosting/regen-
erative braking was achieved with the SC modules. Public transportation such as
buses and trucks utilize the SC for acceleration purposes by reducing the heat energy
wastage during the stop though the engine is running. This helps to minimize fuel
combustion and thus CO, emission. The Sinautec company introduced electric buses
with charging stations at bus stops, which is more convenient for the customers.
Furthermore, the Airbus 380 jumbo jet evacuation slide operation and emergency
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door operation confirms the potential use of hybrid SCs in EVs. The light metro intro-
duced by CSR Zhuzhou Electric Locomotive Corporation of China uses hybrid SCs
mounted on the roof for its operation [19]. Many researchers are investigating various
materials and configurations for efficient hybrid SCs for EV applications. Dong et.
al fabricated safe, high-rate, and ultralong life zinc-ion hybrid SCs that can be used
for EV applications [30]. Nawa technologies (France) claims that the hybrid capaci-
tors will be capable of doubling the range of existing EVs to 1000 kilometers with a
battery that can recharge to 80% in five minutes. They also declared that the system
is able to last for over 1,000,000 cycles compared with lithium-ion batteries which
last for only between 300 and 500. Research is going on to fabricate efficient hybrid
capacitors for EVs. Thus there is an ever-increasing scope for electrifying vehicles.

10.4 THE MODELING OF SUPERCAPACITORS IN EVS

SCs have high energy density, about 1000 times greater than a conventional capaci-
tor. The structure of a basic SC cell is cylindrical, even though due to the achieve-
ments of technology commercial pouch SCs are also available on the market. We
already discussed the basic principles and working of SCs in previous chapters. For
high power automobiles, we need to connect SCs in parallel with the battery. In order
to improve the life cycle and performance of SCs in EVs systems, the development
and simulation of models are very important [4, 31, 32].

10.4.1 ELecTRIC MODELS

Different SCs are developed for different applications. A model has been proposed by
Faranda et al. This model contains three branches. First branch is R, and represents
the fast response of SCs in terms of seconds. The second branch consists of capaci-
tor and resistance. The second branch analyses the long-term nature of SCs in terms of
minutes. The simple equivalent circuit model is shown in Figure 10.2(a). But there is a

a) b)

Access Transmission line Complementary
resistor (n RC branches) branches

R, Rin Rin Rin R, R,
B ~| cm% cm% cm% c,% c,% —
FIGURE 10.2 (a) Equivalent circuit model [34]. Reproduced from Sedlakova, V., Sikula,
J., Majzner, J., Sedlak, P., Kuparowitz, T., Buergler, B., & Vasina, P. (2015). Supercapacitor
equivalent electrical circuit model based on charge redistribution by diffusion. Journal of
Power Sources, 286, 58—65 with permission from Elsevier [34]. (b) Multi-branch model
[35]. Reproduced from Logerais, P. O., Camara, M. A., Riou, O., Djellad, A., Omeiri, A.,
Delaleux, F., & Durastanti, J. F. (2015). Modeling of a supercapacitor with a multibranch

circuit. International Journal of Hydrogen Energy, 40(39), 13725-13736 with permission
from Elsevier [35].
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considerable (about 10%) error for this model. [32, 33]. In order to minimize drawbacks,
we can use a multi-level branch model, which is shown in Figure 10.2(b). Thus, second
type of electric model is for evaluating SC behavior. Name of this model is the Thevenin
battery model, which has higher accuracy than previous ones due to non-linear behavior.
Another model is also proposed based on electrochemical characterization of SCs on
electrode and electrolyte level. One thing we should keep in mind is this model needs lot
of test procedures to determine model parameters, which can only be carried out by a
chemist. So, we can’t use this model for vehicular applications.

In the case of the first two models, parameters can easily be found out by the elec-
trical method. But due to complexity and simulation time, it is very difficult to use
in HEV applications. So, there is an interesting alternative model in real application,
called the RRC model. Where C,, is a constant, ESR is equivalent series resistance,
Ck = k*V varies with SC voltage. This model is very suitable for application, where
energy storage in the capacitor is of primary importance. A circuit diagram of the
RRC model is shown in Scheme 10.3.

10.4.2 THERMAL MODELING

Based on thermal-electric analogy, the thermal model determines the SC tempera-
ture inside and at the surface. This developed model can easily be implemented in
different simulation programs. This model helps to study the heat management in
SCs. This model consists of number of series or parallel arrangements of cells. The
aim of this model is to locate and calculate the maximum temperature in order to
size the cooling system [3, 36]. A simple representation of the thermal-electric model
of SC is shown in Figure 10.3.

With the thermal model, we can find the temperature on the external surface on
SCs depending on the power, the ambient temperature, and heat transfer coefficient.
The total power dissipated in SC, can be calculated by using the equation:

P(t)=ESRxI(t)
Where ESR is the equivalent series resistance of the SC and I(z) is the Root Mean

Square (RMS) current passing through the SC. In circuit model R, represents heat
conversion between the SC surface and atmosphere air.
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SCHEME 10.3  Circuit diagram of RRC model [32]
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FIGURE 10.3 Circuit diagram of thermal-electric model of a supercapacitor [32].
Supercapacitor reproduced from Zupan, I, Sunde, V., Ban, Z., &Kruselj, D. (2021).
Algorithm with temperature-dependent maximum charging current of a supercapacitor
module in a tram regenerative braking system. Journal of Energy Storage, 36, 102378 with
permission from Elsevier [32].

10.5 SUMMARY

This chapter discusses the major EVs, their energy storage mechanisms, and mod-
eling of novel configurations. The integration of onboard ESSs with enhanced SC
devices can lead to significant advancements in EVs with regard to enhanced perfor-
mance, environmental impact, energy economy, and extended battery life. Diverse
device architectures are established to resolve the economic and technical drawbacks
to achieving improved results. However, for the increased demand for EVs, limita-
tions such as high cost, low driving range, and lack of charging stations must be
overcome. SCs already aid in the fast charging of electric buses with their drives from
stop to stop. Such charging systems are not made on a commercial scale; neverthe-
less, people buy the vehicles with a belief that the development of large-scale SC
chargers will likely happen. So, we can hope that SC charging points and wireless
charging pads will be available at stations, like a petrol pump able to fill up a car in
minutes. The idea can be developed to get a wireless zip line charging facility on the
road which ensures charging during driving. The core objective of this chapter is to
explore the future market scenarios of various kinds of EVs with an economic balance
with conventional cars. Additionally, the environmental prospects and improvement
in driving range are very important as they are key factors in the promotion of EVs.
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11.1  INTRODUCTION

Energy harvesting, also known as power harvesting, uses renewable energy to power
small electronic or electrical devices. An energy harvester that can produce energy
in every circumstance and its integration with a storage device is fundamental to
meet the increasing energy demands of modern society.

Among the renewable energy resources photovoltaic (PV) power generation is
the most attractive energy harvesting solution. The average power density of solar
radiation impinging on the earth’s surface is sufficient to charge the devices in a

DOI: 10.1201/9781003258384-11 161


https://dx.doi.org/10.1201/9781003258384-11

162 Supercapacitors and Their Applications

short time from everywhere. But PV power generation depends highly on weather
conditions, making solar power intermittent and is available only for few hours. This
fluctuation in generation can be overcome by using a suitable energy storage device.
Rapid changes in PV power due to rapid changes in illumination conditions can be
smoothed using energy storage devices by delivering power when the solar supply
is scarce [1, 2].

Wind turbines are another widely utilized renewable energy resource. The
amount of energy produced by a wind turbine is proportional to its rotational speed.
However, due to the continuous change in wind speed, consistent power production
from wind turbines is never attained, and they cannot be directly linked to the grid
[3]. This problem can be solved by connecting an energy storage device to the tur-
bine output in parallel. Despite the fact that blue energy is not widely employed in
current power systems, substantial progress has been made in this field recently. To
be more specific, the energy created as fresh water mixes with saline water is used in
capacitive energy extraction by utilizing the salinity gradient [4]. In view of current
climate change, these strategies are becoming increasingly important.

Supercapacitors [5-7], lithium batteries [8—11], lead-acid batteries [12], redox-
flow batteries [13, 14], etc., are the commonly studied energy storage devices com-
bined with PVs, wind turbines, blue energy, etc. Among these energy storage devices,
supercapacitors have advantages over the abovementioned devices, like high energy
density, ultrafast charging and discharging, wide operating temperature range, and
long cycle life. So, the integration of PV cells with sustainable supercapacitors
became the promising hybrid system for the harvesting and storage of renewable
energy [5, 6]. This helps to reduce transmission losses and the variability in power
output caused by solar radiation fluctuation [1].

11.2 INTEGRATED SOLAR CELL-SUPERCAPACITOR SYSTEM

The configuration of solar cells with supercapacitors can be done in two ways: by
integrating the solar energy conversion part and the electrical energy storage unit
either in one device or by sharing a common electrode as a connection. So, there
must be a front electrode for the solar energy harvesting followed by conversion and
a counter electrode for the supercapacitor. Upon light illumination, the photocharg-
ing process takes place. i.e., the photo anode harvests and converts the solar energy
into electrical energy and charges the supercapacitor. The discharging process hap-
pens when the capacitor supply power is connected to an external load [1, 2, 15, 16].

11.2.1 DEVICE ARCHITECTURE

The first prototype of a hybrid device for solar energy conversion and storage was
introduced in 1970 [17]. It was a two-electrode planar integrated device, and the
electrodes were directly in contact with each other. The storage efficiency of such
devices was low because of the large resistance loss as a result of contact between
the storage electrode and other electrodes. Upon introducing a cation-specific mem-
brane in between the electrodes, the integrated system yielded a storage efficiency
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of ~90%. According to the number of electrodes used in a planar integrated system,
the devices are classified as two-electrode [18, 19], three-electrode [20, 21], and four-
electrode [22, 23] units. Among them, the three-electrode unit monolithic structure
is the most often reported architecture. Upon rolling up the planar structure gives
rise to integrated fiber-shaped devices with common electrodes. The hybrid system
looks like a core shell with a fiber shaped solar cell and supercapacitor part [24].
These fiber structures showed better photon absorption from reflected and scattered
light and hence a better performance. A schematic of the conventional integration of
the solar cell and supercapacitor, planar three-electrode configuration with common
electrode, and a coaxial fiber structure is shown in Figure 11.1.

Silicon solar cells are the most commercially successful PV technology to date.
These first-generation cells have attained an overall efficiency of 25% and have com-
pletely dominated the terrestrial PV market. However, they are rigid devices and
hinder their application in flexible and portable electronics. After several years of
research, third-generation solar cells including dye-sensitized solar cells Photo con-
version Efficiency (Photo conversion efficiency (PCE) = 14.1%), organic solar cells
(18.4%), perovskite solar cells (25.8%), quantum dots solar cells (18.1%), etc., were
introduced. These new-generation solar cells can be fabricated on flexible substrates
via low temperature processing and are compatible with weaving and ideal for porta-
ble and wearable electronics. This part of the chapter discusses the hybrid energy stor-
age and conversion devices by integrating solar cells with supercapacitors. Among the
three generations of solar cell, organic solar cells, silicon solar cells, dye-sensitized
solar cells, etc., have been successfully coupled with supercapacitors for fabricating a
self-powering system and these hybrid devices can be called “solar capacitors”.

11.2.2  INTEGRATED SILICON SOLAR CELL—SUPERCAPACITOR SYSTEM

A silicon solar cell consists of p-type and n-type silicon layers placed one above the
other. At the junction the electrons from the n-type side move into the p-type side
where holes are present and form a depletion zone. The n-side of the depletion zone
contains holes, and the p-side contains electrons. The presence of opposite charges
creates an internal electric field. When solar radiation falls on silicon PV cells, the
field will move electrons to the n-type side and holes to the p-type side and is col-
lected at the electrodes to the external circuit [25, 26].

Pint et al. in 2014 developed a silicon supercapacitor [27]. This was done by inte-
grating an active material for energy storage on the back of the commercially avail-
able PV device. The aluminum current collector of commercially available silicon
PV device was dissolved using KOH followed by electrochemical etching using HF
on the p-type side to the solar cell. To complete the hybrid structure, a PEO and
1-ethyl-3-methyl imidazolium tetrafluoroborate-based solid state electrolyte was
sandwiched with a single crystal silicon counter electrode. The device was tested
using a galvanostatic charge/discharge method with a current of 0.4 A/cm? and a
cutoff voltage of 0.55 V, yielding an 84% coulombic efficiency and a total capaci-
tance of 0.14 F/m2. But etching on the rear side of the silicon solar cell may affect
the current collection.
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FIGURE 11.1 (a) Conventional integration of photovoltaic cell and supercapacitor, (b) pla-
nar or monolithic three-electrode structure, (c) coaxial fiber parallel structure, (d) schematic
of an on-chip integrated energy storage system with crystalline silicon solar cell [28], (e)
schematic of a coaxial flexible energy fiber [34], and (f) schematic of a three-electrode sand-
wich structure [39].
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Min Gu and team reported a concept of an on-chip integrated energy storage system
with a crystalline silicon solar cell employing a graphene oxide (GO) film laser-scribed
on the rear side of the cell [28]. The structure of the device is shown in Figure 11.1(d). A
CO, laser beam was used to scribe GO on the commercial silicon solar cell. The laser
beam induced the conversion of GO to rGO. Defects were generated in the graphene
layer during laser scribing resulting in the formation of porous structures. The conductiv-
ity measurement of laser-scribed GO film with laser power showed an increase in trend
with a maximum value of 10* S/m. To avoid the problem of leakage and volatilization, an
ionogel electrolyte was utilized. A layer of SU-8 was used as insulation between the solar
cell and the supercapacitor part in order to avoid the impact from scribing.

From the individual analysis done on the solar cell part and supercapacitor part,
it was found that an improvement in the solar cell performance was found due to the
anti-reflection layer on the rear side. For the supercapacitor, a coulombic efficiency
of 68% was observed with a V,_ of 0.38 V. The device has shown a long self-dis-
charge time. But the output of the supercapacitor was very low when compared to the
V.. of the solar cell and the main loss was due to the contact resistance at the current
collection tape and the Laser-scribed Graphene Oxide (LSGO). The device showed
an energy density of 51 Wh cm™ and the power density is around 4.6 Wem=. The
self-discharge study performed showed that the charge was detained for more than
10 days which is not common in commercial supercapacitors.

11.2.3  INTEGRATED OSC—SUPERCAPACITOR SYSTEM

An organic solar cell (OSC) commonly known as a polymer or plastic solar cell con-
sists of thin layers of organic semi-conducting materials [29, 30]. A photoactive layer
consisting of two different types of semi-conductors — donor and acceptor material is
sandwiched between two thin film electrodes. This photoactive material forms the het-
ero-junction in inorganic solar cells. When light is impinged on the semi-transparent
electrode, electrons get ejected from the photoactive donor material leaving behind a
hole. These two charge carriers immediately bind together to form an electron—hole pair
known as exciton. The exciton then moves towards the interface of donor-acceptor and
gets separated into charge carriers. These charges get collected at the respective elec-
trodes and then to the external circuit. OSCs with the highest efficiency of 18.4% were
reported in 2021 [31]. The fabrication of OSCs on flexible substrates was possible via
low temperature processing. Also, the lightness and printability makes them promising
candidates among different generations of solar cells.

By incorporating OSCs and supercapacitors, a printable photo-supercapacitor
was introduced by M. Srinivasan using single-walled carbon nanotube (CNT)
[32]. The photoanode for the solar cell part is made of spin coating poly(3.4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) on ITO substrate.
On top of this a mixture of poly(3-hexylthiophene) and [6,6]-phenyl-C61-butyric
acid methyl ester is spin-coated to form the photoactive material. Aluminum cath-
odes are deposited by thermal evaporation. To integrate the supercapacitor with
the OSC, a CNT solution drop-casted on the aluminum cathode functions as one
of the electrodes for symmetric supercapacitors. A free standing PVA-phosphoric
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acid electrolyte was then sandwiched between two CNT electrodes to obtain the
device. Upon illuminating the photoanode side of the device, P3HT absorbs the
light energy and excitons are produced. The work function difference between
the electrodes acts as the driving force that helps the holes to migrate towards
the anode and electrons towards the cathode. The hybrid system, with a common
integration platform, results in a thinner and lighter device. When the two devices
— supercapacitor and OSC — were externally connected using wire, the internal
resistance was found to be 220  and for the design discussed above, the inter-
nal resistance was found to be 115 Q. i.e., a 43% decrease in internal resistance
was obtained. However, the energy storage capacity of a photosupercapacitor was
lower. Two OSCs were linked in series to enhance the charging voltage to get
maximum storage capacity to the supercapacitor. A specific capacitance value of
79.8 F g~! was observed for this modified hybrid system.

An indoor optimal photo-rechargeable system was developed by Arias et al. with
a total efficiency of 2.9% which is sufficient to power low consumption electronic
devices [33]. PEDOT:PSS acts as the hole transport layer, polyethylenimine ethox-
ylated (PEIE) as the electron transport layer with PCDTBT:PC71BM as the active
layer. Under 1 sun illumination, a PCE value of 6.2% was attained and cells opti-
mized for indoor conditions attained 7.6% of PCE. Upon integrating the OSC with a
fully printed supercapacitor, a total energy conversion and storage efficiency of 1.7%
was achieved under 1 sun (26 mJ energy and 4.1 mW power). Under simulated indoor
conditions, an efficiency of 2.9% with an energy value of 13.3 mJ and a power of
2.8 mW were obtained. To enhance the efficiency of the OSC under indoor light, the
dark current of the cell has to be minimized.

Peng et al. introduced an all-solid-state flexible energy fiber for energy conver-
sion and storage purposes [34]. The coaxial structure favors fast charge transport
and the use of flexible and transparent multi-walled carbon nanotubes (MWCNTSs)
as electrodes provide effective photoelectric conversion and energy storage. In this
configuration, titania nanotube-modified Ti wire acts as one of the electrodes and
aligned MWCNT acts as the second electrode for the supercapacitor and OSC.
Poly(3-hexyl thiophene):-phenyl-C 61-butyric acid methyl ester and poly(3,4-ethyl-
enedioxythiophene) forms the photoactive layer in the OSC. Poly(styrene sulfonate)
(PEDOT:PSS) and PVA-H,PO, gel acts as the electrolyte in OSC and supercapacitor
respectively. A schematic of the hybrid device is shown in Figure 11.1(e).

The efficiency of the energy fiber can be calculated by multiplying the photoen-
ergy conversion efficiency in the OSC and the energy storage efficiency in the super-
capacitor part.

M= Neamversion ™ Nstorage
(11.1)
= Eps*Sps = Egc ™ SSC/(Pin * f*SPc)
where E .. energy storage efficiency, S surface area of the ES part, P, illumi-
nated light-energy density, #: photocharging time, and S, effective area in the OSC
part respectively.
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The device showed a high electrochemical stability and from the galvanostatic
charging/discharging curve, the specific capacitance with respect to length was cal-
culated to be 0.77 mF cm™! with 1.61 * 107 Wh cm™ of energy density. A study
on the dependence of the MWCNT thickness on efficiency study showed that with
increase in thickness of the MWCNT layer from 0.5, 2, 5, and 10 to 20 pm, the effi-
ciency of the energy fiber increased from 0.20, 0.35, 0.40, and 0.66 to 0.82%. Upon
further increasing the thickness, the efficiency remained unchanged. Upon bending
this energy fibers flexible energy fiber for 1000 cycles, they showed only a slight
decrease in efficiency of less than 10%. These flexible structures can be woven with
fibers to form flexible textiles.

11.2.4 INTEGRATED DSSC—SUPERCAPACITOR SYSTEM

Michael Gratzel and Brian O’Regan demonstrated the first dye-sensitized solar cells
(DSSCs) using titania nanocrystals [35]. In DSSCs, the photoreception and charge
transport were implemented by different components which are contrary to a con-
ventional PV cell. A DSSC consists of a sandwich structure with a photoanode and
counter electrode with electrolyte in between. The photoanode is typically a trans-
parent conducting oxide (TCO) coated with a mesoporous oxide layer sensitized with
a monomolecular layer of organic or organometallic dye. The electrolyte is a redox
couple that helps in the regeneration of dye and the electrolyte during the operation
and the counter electrode is a TCO coated with a catalyst [36, 37].

A DSSC makes a suitable energy conversion unit because of its easy fabrication,
low cost, its ability to harvest energy under diffuse light, and flexibility [36, 37].
But the converted energy has to be successfully stored and the supercapacitors are
attracting considerable attention in this area because of their high power density
and durability when compared to batteries. The simple charge storage mechanism,
generation of less heat, and use of aqueous electrolyte promise sustainable charge/
discharge cycles before decay. Thus, the integration of DSSC and supercapacitor
devices for the harvesting, conversion, and storage of energy are a great choice.

The first self-charging capacitor with the help of solar radiation was introduced by
Miyasaka and is named a photocapacitor [38]. It was a two-electrode sandwich-like
structure consisting of a photoanode, a liquid electrolyte (redox free), and a counter
electrode with an area confined to 0.64 cm?. The photoanode is a Ru dye-sensitized
TiO, layer on a TCO substrate. A hole-trapping layer was added at the semiconduc-
tor nanoparticle—activated carbon interface. Platinum-deposited TCO, onto which a
layer of activated carbon is coated, acts as counter electrode. The gap between the
electrodes is filled with electrolyte solution. The photogenerated positive and nega-
tive charges are stored on the surface of activated carbon on the photoanode and
cathode as a double layer respectively. The hybrid device with a charging voltage of
0.45 V achieved a capacitance of 0.69 F cm™ per area. Upon discharging, the cell
voltage exhibited a constant decrease with time, by an initial internal resistance drop.
In this configuration, a high internal resistance is reported which retards the dis-
charge process. To avoid this loss a three-electrode configuration was demonstrated
by introducing an internal bifunctional electrode between the working and counter
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electrodes [39]. The cell structure consists of a photoanode (Ru dye-coated TiO,/
TCO substrate), an inner electrode which consists of Pt-plate coated with activated
carbon, and a counter electrode (Pt-coated glass covered with activated carbon) as
shown in Figure 11.1(f). The internal electrode is a junction that acts simultaneously
as cathode and anode for the outer electrodes. This internal electrode stores charges
on one side and conducts the redox electrons on other side.

A capacitance of 0.65 F cm™ was obtained with a small decrease in the voltage
during the beginning of discharge. The internal resistance was reduced to 330 €2 for
a three-electrode hybrid cell when compared to the two-electrode system having 2.6
kQ. An enhancement in performance was due to the efficient transfer of electrons
and holes at the bifunctional region in the inner electrode. The energy densities of
discharge per unit area of 47 mW h cm™2 and a charging voltage up to 0.8 V was
obtained with this configuration which was better than the two-electrode photoca-
pacitor. However, a low coulombic efficiency was reported due to the back-electron
transfer at the inner electrode resulting in the quenching of holes collected at the
activated carbon by iodide anions.

The conducting polymers are widely used as supercapacitor materials because of
their excellent specific capacitance. Among them, PEDOT showed the highest elec-
trode-specific capacitance approaching 5 F cm™. But its mass specific capacitance
is relatively small. A flexible plastic photo-rechargeable capacitor with a common
Pt electrode and (poly(3,4-ethylenedioxythiophene) (PEDOT) polymer films as the
supercapacitor material was introduced by Kuo-Chuan Ho [40] with a specific capac-
itance of 0.52 F cm2. Also, the high conductivity and surface area of the PEDOT-
conducting polymer leads to a lower internal resistance of 160 Q. This is about half
the internal resistance reported for the first three-electrode devices reported by
Miyasaka. The light harvested electrons flow from the DSSC to the supercapacitor
part where it gets stored in the PEDOT layer. The same group used poly(3,3-diethy
1-3,4-dihydro-2thieno-[3,4-b][1,4]dioxepine) — PProDOT-Et2, another derivative of
poly(3,4- alkylenedioxythiophene)s — (PXDOTs), and the photocapacitor showed
a photocharged voltage of 0.75 V, an area-specific capacitance of 0.48 F/cm? with
an energy storage efficiency of 0.6%. The diethyl substituent of the polymer cre-
ated enough space for the facile movement of the ions during the redox process that
enhanced the redox property and stability of the device.

An integrated flexible power fiber that incorporates a DSSC and supercapacitor
was introduced by Zou et al. They used a polyaniline-coated stainless steel wire as
the electrode which has a dual function: as the counter electrode for fiber DSSCs
and electrode for fiber supercapacitors. Fiber supercapacitors consist of two parallel
working electrodes made of polyaniline-coated stainless steel wire and in order to
prevent short circuits from occurring between the two electrodes, one of the working
electrodes is surrounded by a helical space wire at a certain pitch. The photoanode of
fiber-DSSC consist of Ti wire coated with TiO, sensitized with dye. A switch exists
between the photoanode and the working electrode of the supercapacitor. Upon illu-
mination the electrons are stored in the supercapacitor and during discharge the
switch is manually disconnected. The integrated system attained a photocharged
voltage of 0.621 V and the total energy conversion of the power fiber is 2.1%.
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Peng et al. introduced an integrated device using MWCNTs and MWCNT-
polyaniline composite films as electrodes in integrated device [41]. The device used
well aligned and free-standing MWCNT films as electrodes and exhibited an overall
conversion and storage efficiency of 5.12%. The high performance of the device was
attributed to the aligned structure and high surface area of MWCNTs. The photo-
voltage of the integrated device attained a value of 0.72 V. The specific capacitance
of the device was found to be 48 F g-!, and a storage efficiency of 84%. By incorpo-
rating polyaniline into MWCNTs, the specific capacitance of the device was further
improved to 208 F g~

The same group introduced a coaxial energy fiber that consisted of an aligned
CNT sheet wrapped around an elastic rubber fiber which is then coated with a thin
layer of gel electrolyte made of polyvinyl alcohol-H;PO,. It is then covered with
another sheet of CNT electrode to form the energy storage component. The super-
capacitor part is then inserted into an elastic tube. A third sheet of CNTs is wrapped
around this plastic elastic tube that forms the cathode of the photo-conversion sys-
tem. The entire assembly is then incorporated into a TiO, nanotube-grown helical Ti
fiber which acts as the photoanode. The resulting device is inserted into a polyethyl-
ene tube filled with the redox electrolyte. In this coaxial structure, the solar energy
was converted in the sheath and the electrical energy was stored in the core. The
photoelectric-conversion efficiency of the energy fiber is calculated to be 6.47% and
the voltage of the storage component attained a value of 0.65 V. The high electro-
catalytic activity of the aligned CNT sheets helped in the improved performance of
the device. This flexible structure showed an overall conversion efficiency of 1.83%
which is maintained even after stretching and bending.

11.3 WIND TURBINES

Wind power production systems distinguish themselves from other types of power
facilities for their input power control strategy that employs a turbine drive actuator,
whereas the active and reactive powers of typical fossil-fuel-based power plants are
controlled by the fuel injection system at the inlet and the automated voltage regula-
tion system, respectively. However, because of the varying wind velocity reliant on
the climate, the traditional active power regulation approach is unable to employ in
wind turbines. Furthermore, owing to rapid fluctuations in wind speed, the power
output from the wind turbines is never certain, it may result in a slew of difficulties
and system instability.

For power system applications, energy must be dissipated promptly without sacri-
ficing power quality, especially in emergency power applications. On the other hand,
for applications such as power management, including load curve levelling and peak
shaving, the energy must be discharged for several hours. Large-scale energy storage
systems may be implemented using a variety of approaches. Because all energy stor-
age techniques are costly, economic calculations are very essential.

Non-flat power demand is one of the most critical challenges in power sys-
tems. This mandates the use of backup power production technologies to supple-
ment the power grid during peak hours. The issue may be addressed by utilizing
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storage devices, which can also contribute to an increase in clean energy usage,
improved active and reactive power regulation, a reduction in voltage fluctuations,
and improved power quality and system stability [42]. Supercapacitor-based energy
storage methods are described in the following sections, with a focus on storage for
wind energy application.

11.3.1  WIND TUrBINE POWER CHARACTERISTICS

In terms of wind speed, the power characteristic of the wind energy installation
equates to the mechanical performance characteristic of the wind energy installa-
tion. To acquire this characteristic, first, we need to compute the mechanical power
of the wind turbine.
The kinetic energy (E,) in the wind is calculated as follows:
L s

E, =Emv(D (11.2)

According to Equation (11.1), wind power is equal to:

P, o 2 pAV, (11.3)
where P, is wind power, p is air density in kg/m?, A is sweep area in m?, m is object
mass in kg, and V,, is the linear wind speed in m/s [43]. Even though Equation (11.2)
describes wind power, the power transmitted to the wind turbine is decreased by
the power coefficient (C,). As a result, the following is the connection between wind
power and mechanical power supplied to the turbine shaft is:

P,=C,P, (11.4)

C, is affected by wind speed, turbine rotor rotation speed, and the angular position of
the turbine rotor blades (# ). According to the Betz limitations, this coefficient has a
theoretical maximum value of 0.59 [42]. In other words, in principle, around 59% of
the kinetic energy of the wind may be turned into mechanical energy. The ideal effi-
ciency factor for modern three-bladed wind turbines is in the region of 0.45-0.55. C,
is represented as a function of tip speed ratio (4 ) and pitch angle in different designs
(). The tip speed ratio is denoted by the following equation:

_ rr®,,

A (11.5)

Vo

where ®,, and 7 are the rotational speed of the blade and the radius of the turbine
rotor, respectively. The mechanical power supplied to the turbine shaft is expressed
as follows by combining Equations (11.4) and (11.5):

P, :%pACp(/l,,B)Vj (11.6)
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For the majority of wind turbines, the power coefficient is represented as Equations
(11.7) and (11.8):

i

C,(MB)=c {?—c;ﬁ—c4}ex’+cﬁx (11.7)

o1 003 aLe)
A A+0.088 PP+l

11.3.2  SuPERCAPACITORS LINKED TO WIND FARMS

Supercapacitors are used in wind turbines to keep the DC connection voltage stable
and to reduce output power variations. To put it another way, a supercapacitor in
the electrical output from a wind turbine compensates for power variations caused
by irregularities in the wind speed. The electrical structure of supercapacitors used
in wind turbines is made up of a supercapacitor bank and a two-switch DC/DC
converter that is linked to a Doubly-fed Induction Generator (DFIG) through a DC
connection [42]. The active power output is regulated using a buck-boost converter.
For this, reference power is initially identified, when the network power exceeds the
reference power, the supercapacitor charges, and the converter enters buck mode. If
the network power is less than the reference power, the supercapacitor discharges
and the DC/DC converter operates in boost mode. The capacity of the supercapacitor
bank is computed as:

2PT
Cess = ;
Uge

(11.9)

where C,, is in farads, P, is the rated power of the DFIG in watts, V,_ is the voltage
rating of the supercapacitor bank in volts, and T is the intended period in seconds that

the energy storage system can supply/store energy at the rated power of the DFIG.

11.4 BLUE ENERGY: CAPACITIVE STORAGE

11.4.1 INTRODUCTION

There are countries (like India) with a large number of rivers that flow throughout
the country and blend into the ocean. This geographical advantage can be effec-
tively utilized to generate clean and pollution-free electricity. The salinity difference
between sea and river water has recently been identified as a possible source of clean
energy known as blue energy or osmotic energy [44]. When a river flows into the sea,
the spontaneous and irreversible mixing of fresh and salt water raises the entropy of
a system. A portion of the entropy shift can be translated from fluid thermal energy
to electrical energy [45]. It is estimated that about 0.8 kWh m= can be produced
as a function of this entropy change at the sea/river interface. Various methods for
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extracting energy from a salinity gradient have been suggested, including pressure-
retarded osmosis (PRO), reverse electro-dialysis (RED), concentration electrochemi-
cal cells, and devices that exploit differences in vapor pressure [46—50]. Researchers
have recently investigated electrochemical capacitance-based blue energy extraction
technologies.

11.4.2 THEORETICAL ANALYSIS

The energy that can be extracted from blue energy by combining river and sea water
can be better understood if the reverse process “distillation” is considered. In distil-
lation, energy is provided to acquire freshwater from sea water. So theoretically the
reverse process of distillation should potentially liberate energy [51, 52]. As a result,
the Gibbs energy of the mixture A,,;,G represents the non-expansion work generated
by blending a concentrated brine solution s (sea water) with a dilute brine solution r
(river water) with constant pressure p and absolute temperature 7' to form a brackish
solution m [53-55]:

A,xG =G, —(G,+G,) (11.10)

If both solutions are completely diluted, the Gibbs energy of the blending process
may be computed from the variance in molar entropy (i.e., A ,,;,,H = 0):

AG = —(ny+n,)TAiS, = (=1,T A S — 1, TA,S,) (11.11)

where n denotes the quantity (moles) and A,,;,S denotes the role of mixing molar
entropy to the overall molar entropy of blending electrolyte solution:

ApisS = —RZC,- InG, (11.12)

R stands for the universal gas constant, which is 8.314 J/mol K, and c stands for the
mole fraction of component i (/ = Na*, CI"). The change in Gibbs free energy among
mixed and individual solutions prior mixing may be computed as a function of the
volumetric fraction of sea water, x, as illustrated below:

ApiiG =2RT [cm In(C,)) - xC, In(Cy)~ (1-x)C, 1n(c,)] (11.13)

The maximal amount of energy that may be extracted from surplus saltwater is A G
~ 2500 JL! of freshwater (x ~ 1). This indicates that a power station treating 400
m3S~! of freshwater every second might generate up to 1 GW of electricity. The
world’s biggest river (the Amazon) has an annual average flow rate of 179,000 m3/s,
theoretically, this process will create as much as 437.5 GW when it reaches the sea
which is 19 times that of The Three Gorges Dam, the world’s biggest hydroelectric
facility.
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11.4.3 CapacimivE ENERGY EXTRACTION: ELECTRIC DOUBLE LAYER

“Capacitive energy extraction” is a novel and intriguing approach for convert-
ing the energy generated by combining fresh and salt water into electricity.
This relatively new capacitive energy extraction method is rooted in the electro-
chemical double layer (EDL) capacitor technology. The Gouy—Chapman—Stern
model presently describes EDL, which represents the ions spreading near to the
electrodes as the combination of an adsorbed EDL and a diffuse EDL [56-59].
Charged ions in the diffuse EDL attain an equilibrium amongst diffusion, which
attempts to equalize ion concentration and electrostatic force, which tends to
exacerbate charge imbalance near to the surface. The charge is entirely shielded
at a considerable distance from the electrode; thus, the electric field is only pres-
ent within the diffuse EDL [55, 58].

The following equation defines the relationship between the potential difference
@ between the electrode, the surface charge density s, and the bulk solution:

o= 25T Ginp-t [“] (11.14)

e \,SCNAgogrkBT

The equation holds for asymmetric, monovalent electrolytes like NaCl, where kj
is the Boltzmann constant, 7 is the temperature, e is the electron charge, N, is the
Avogadro constant, g, is the electric constant, €, is the relative dielectric constant,
and C is the electrolyte concentration. According to Equation (3.5), the connection
between charge and voltage is depicted in Figure 11(a). A reduction in concentration
results in a rise in potential. While an EDL capacitor composed of active carbon
electrodes is submerged in brine, the charges are stored in the EDLs, which are
composed of counter ions and electrons distributed near the electrode/electrolyte
interface.

Brogioli developed an EDL capacitor in 2009 to harvest energy from the salinity
of the water. He suggested using porous carbon electrodes to preferentially com-
bine liquids in a four-stroke charge—desalination—discharge—resalination cycle, akin
to a Stirling thermal engine operating an expansion—cooling—compression—heating
process [45]. The cell has two electrodes and is loaded with the changeable editable
liquid, as shown in Figure 11.2(b). Both water tanks with dissimilar concentrations
of NaCl, which stand for saltwater and freshwater, are linked to the cell via pumps
that are triggered successively, such that the concentration of the fluid inside the cell
can vary from low to high and vice versa. In Brogioli’s work, highly porous and
conductive electrodes of activated carbon are shaped into discs with a diameter of 2
mm and a thickness of 0.1 mm. The switch can swiftly switch the electrodes between
charging and discharging modes. The resistor of 1 kQ represents the load, through
which the charging and discharging currents travel.

The second version of the lab-scale Brogioli EDL capacitor, which includes dense
graphite current collectors (250 pm) porous carbon electrodes (270 pm, porosity
65%), and open-mesh polymer spacer (250 um). Before shredding the complete stack
of all layers, all materials are chopped into 6 X 6 cm? pieces and assembled. The
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FIGURE 11.2 (a) Charge-voltage cycle at different EC-voltages VO, represented by dotted
lines. The area enclosed by each cycle represents the extracted electrical energy from switch-
ing between 1 mM and 500 mM salt solutions. The lines labelled with “sea water” and “fresh
water” represent the charge-voltage relations obtained from GCS theory, respectively, for 500
mM and 1 mM with n = 0.99 [56]. (b) Schematic view of the device. The cell contains two
electrodes made of porous activated carbon, constituting a capacitor, which can be charged
and discharged. The cell is filled with a NaCl solution, coming from one of the reservoirs.
(c) Representation of the cycle on the potential versus charge graph. The area represents the
extracted energy: in this case, it is 5 pJ. (d) Cycle for extracting energy from salinity differ-
ence. (a) Scheme of the four phases of the cycle [58].

aqueous NaCl solution is driven into a tiny hole (1.5 X 1.5 cm?) in the center of the
heap, where it runs via the spacer channel and exits the cell on all four sides. In all
tests, the overall flow rate of 1 mL s~! remained the same. The circuit contains a
potentiostat that simulates the EDLC and operates with a voltage V,, and a resistor of
11 ©Q which acts as a load and is connected with the flow cell [57].

The extracted energy in the experiment with the second-generation configura-
tion is roughly 2 J for EC voltages of V, > 0.5 V, which is 10° times the quantity
extracted from the microscale prototype previously [18, 20]. Though the energy
extraction performance is far from real, it offers a solid foundation for future
improvement. Furthermore, if the solution cycle speed of dissimilar frequencies
can be obtained, the power generation will get diverse orders to meet various
applications [60]. By appropriately structuring the structure of the porous elec-
trode material, the energy and power performance of EDL capacitors may be
increased even more.
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11.4.4 CapaciTIVE ENERGY EXTRACTION: FARADAIC PSEUDOCAPACITOR

A pseudocapacitor is built on the charge accumulation given by the Faraday charge
transfer mechanism of the capacitive electrodes [61, 62]. The pseudocapacitor is
made up of two reversible electrochemical systems, the reactants of which are elec-
trolyte salts and electrodes. Ions are stored on the electrodes during this process [63,
64]. The pseudocapacitor has a greater energy density and is less complicated to
build than EDL capacitors [65, 66]. Cui introduced a unique pseudocapacitor based
on Equation (11.15) to extract free energy from the salinity of the water:

5MnO,+2Ag+2NaCl <> Na,Mn;0,,+2AgCl (11.15)

Two different electrodes are used in this device: an anionic silver electrode, which
interacts selectively with CI-; it is a cationic electrode of MnQO,, which interacts
selectively with Na*. These electrochemical reactions at two electrodes can be writ-
ten as follows:

SMnOy, + 2Na(+g) +2e” < 2Na,MnsO,, (11.16)

2AgCly +2¢ <> 2Ag, +2CI; (11.17)

where a is the Na, ,Mn,O,, phase, ¢ the electrolytic phase, ' the AgCl phase, and o’
the silver phase. With respect to the typical hydrogen electrode (NHE), the potential
of the two processes is given by:

E.=E., +RT1n[“N“} (11.18)
F aNa,a
E =E_,— %m[aa,s] (11.19)

where E, and E_ are the electrode potentials, E, (, and E_  are the standard electrode
potentials, a y, , » @ y,. » @ ¢, are the activity of sodium in the solid phase (¢ ), and
sodium ions in the electrolyte (@ ), and chloride ions in the electrolyte (a ) respec-
tively and A E is the potential difference between the two. If the sodium activity is
constant in the solid phase (no current), then:

AE = AE, ., + 2R—FT In[ Cyucr |+ 2%111 [Ywact | (11.20)

where A E| is the standard cell voltage, CNaCl is the concentration of NaCl, and
y NaCl is the mean activity coefficient of NaCl, where A and B are the constants,
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FIGURE 11.3 (a) Schematic representation of the working principle behind a complete
cycle of the mixing entropy battery, showing how energy extraction can be accomplished:
Step 1, charge in river water; Step 2, exchange to sea water; Step 3, discharge in sea water;
Step 4, exchange to river water. (b) Typical form of a cycle of battery cell voltage (A E) vs
charge (¢) in a mixing entropy battery, demonstrating the extractable energy [54].

according to Debye-Hiickellaw, y NaCl dependency on CNaCl can be stated as
follows:

Ay/Cyaci

- 121
1+B CNacl

In [YNacz] =
As seen in Equation (11.21), increasing the NaCl concentration raises the A E. As a
result, in Cui’s device electrodes are charged in a low ionic strength solution (such
as river water) after the initial removal of the Na* and CI- ions from the electrodes,
corresponding Step 1 of Figure 11.3(a). The lesser ionic strength electrolyte is subse-
quently replaced by a concentrated electrolyte (sea water), causing a rise in cell open
potential (Figure 11.3(a), Step 2). As the anions and cations are reincorporated into
their respective electrodes, the “salinity pseudocapacitor” discharges at a greater
open potential (Figure 3(a), Step 3). The high ionic strength solution is then with-
drawn and replaced with the diluted electrolyte (river water), reducing the potential
difference between the electrodes (Figure 11.3(a), Step 4). The interchange of solu-
tions might take place through a powerful process, which could be useful for large-
scale power generation. The energy of water salinity can be extracted in the cycle
depicted in Figure 11.3(a), as in Figure 11.3(b) by a diagram of the expected shape
of the voltage of the pseudocapacitor (E) as a function of the load (g) during a cycle
in the closed cycle is during Steps 2 and 4 neither generates nor consumes energy.
The capacitor requires energy in Step 1 to expel the ions from the crystal structure,
whereas the capacitor creates energy in Step 3 by introducing the ions. As a result,
the energy savings result from the fact that the same amount of charge is released at
a greater voltage in Step 3 than was spent in Step 1.

W = —(ﬁ AEdq (11.22)
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The geometric area of the electrode in contact with the solutions in the laboratory-
scale salinity pseudocapacitor was 1 cm? with a 1-cm distance between the positive
and negative electrodes. The pseudocapacitor was charged and discharged at 250 pA
cm for 20 minutes. The energy density generated by the prototype device is about
29 mJ cm™ (power density 105 mW m™2) in the case of sea water (0.6 M NaCl solu-
tion) and river water (0.024 M NaCl solution) [54].

Although the performance of a pseudocapacitor for energy extraction from water
salinity is still far from practical application, with the optimization of the capacitor
structure and materials engineering, the pseudocapacitor can be a promising tech-
nology that can make a significant contribution to renewable energy production.

11.5 SUMMARY

The chapter provides a brief review on self-powering units based on hybrid superca-
pacitor systems. A discussion on different designs, common materials used, work-
ing mechanisms, and performance of the integrated devices were presented. Solar
cells of different generations, like silicon solar cells, OSCs, and dye-sensitized solar
cells have been integrated with supercapacitors and the challenges encountered upon
integration were listed. These hybrid varieties are highly desirable for next-gener-
ation electronics. Likewise, a discussion on the integration of wind turbines and
blue energy was also presented. As discussed earlier, due to the variation in wind
speed, the energy output from wind energy generation systems fluctuates. Therefore,
to smoothen the output power, energy storage systems such as supercapacitors are
a necessity before connecting to the grid. Blue energy generation using capacitive
techniques is a relatively new method.
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12.1 INTRODUCTION

The application of various supercapacitor (SC)-based energy storage systems is
emerging as an easy and viable solution to present-day power distribution system
applications, owing to the advancements in the field of energy storage technologies
and tailored devices as well as the flexibility in design and configuration it can offer
[1-5]. At the same time, there are challenges to be addressed in the power sector as
well as the technology solutions, especially since the market itself has had a transi-
tion from regulated pattern to a much deregulated one recently and is centralized to
localized systems [6—8]. The major constraints include maintaining a real-time flow
of electricity while also addressing a range of concerns from faults in the distribu-
tion systems and inconsistencies in the renewable energy sources, to environmental
sustainability and operational flexibility [9, 10]. This chapter deals with the various
market considerations, innovative technologies in the field and also discusses the
challenges to be addressed.

12.2  MARKET CONSIDERATIONS

The SC market has comfortably positioned itself such as to fill the gap between the
capacitor market and battery market, two large industries, extended across the globe,
which would obviously oblige the battery manufacturers and capacitor manufactur-
ers to enter the SC market [11-13]. SCs offer a higher energy density compared to
conventional capacitors and a higher power density compared to batteries. In the
application perspective, SCs have marked their presence in a broad spectrum of end
uses ranging from consumer electronics and communication systems to renewable
energy and the automobile industry. In 2020, the global SC market was valued at
USD887 million and it is expected that by the end of 2026, it could reach about
USDI1870 million at a compound annual growth rate (CAGR) of 13.5% during this
period [13].

Considering conventional energy storage solutions, the introduction of SC tech-
nology can either augment existing battery systems or it can replace traditional
batteries and/or capacitors. It can also be positioned and proposed in independent
industrial and automobile applications [10, 14, 15].

12.2.1 DemMAND CREATION IN THE EXISTING MARKET

12.2.1.1 Hybrid Energy Storage Systems

One of the early applications of first-generation SCs includes the augmentation of the
battery market. The SCs are used here for load-levelling so as to take up the peak
power requirement by assisting banks of lead-acid, nickel-metal hydride or lithium-
ion (Li-ion) batteries [16, 17]. Such hybrid systems are gaining attention in various
applications like electric vehicles, electric grids and electric construction machinery.
The inclusion of SCs in the system is highly advantageous owing to their higher rate
capability, specific power values, low internal resistance and long cycle life which
would enhance the life expectancy of the system to a great extent.
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12.2.1.2 Replacement of Traditional Battery Systems

By far the largest market for SCs is in consumer electronics like video players and
televisions wherein the coin cell double-layer SCs based on carbon are employed
for clock functions, replacing Li-ion batteries. Such SCs are comparable to Li-ion
batteries in price while ensuring much longer life expectancy and are discharged
at a slower rate, enabling clock functions to continue even during a power outage.
However, the replacement of batteries in broader application areas still remains a
challenge and efforts are underway to improve the energy density of SCs and hence
extend their application areas [18].

12.2.1.3 Replacement of Traditional Capacitor Systems

The high energy densities of supercapacitors as compared to conventional aluminium
electrolytic capacitors (AECs) make them a potential replacement for AECs which in
turn would reduce the size of electric circuits. Research is already underway into this
for different applications like starter motors, base line stiffeners and AC line filters
[19-21]. For instance, AECs are used as AC line filters in most of the line-powered
electronics to attenuate the leftover AC ripples on DC voltage busses, while they are
usually the largest component in the circuit and replacing the AECs with different car-
bon-based electric double-layer capacitors (EDLCs) has shown promising results [22].

12.2.2  MARKET CONSIDERATIONS SPECIFIC TO END USERS

The ever-increasing demand for a sustainable energy future while also addressing
environmental and safety concerns has increased the pace towards novel energy
generation and storage systems [2, 5, 23]. This is mainly achieved by a progressive
replacement of fossil fuels with renewable energy sources like the sun, tide and wind
[24-26]. However, efficient energy storage systems are required to surmount the
intermittent and unpredictable nature of these renewable energy sources and in most
of the cases batteries are the technology of choice [27, 28]. However, the safety con-
cerns, low power density and low cyclic stability of battery systems make SCs one of
the highly sought technologies addressing these issues, for energy generation as well
as other applications like automobile electronics, power grids, consumer electronics
and other industrial electronics [1-5].

12.2.2.1 Automobile Electronics

Road transportation-related industries including electric vehicles (EVs) and hybrid
electric vehicles (HEVs) are one of the fastest expanding markets, replacing the
internal combustion engine [29-31]. It is expected that over 50 HEV models will be
on the road by 2030, with an outstanding 300% growth rate which in turn would last
at least for a half decade [32]. Apart from being a green technology, other factors
like the emergence of driverless technology as well as the evolution of grid infra-
structure and other public conveyance systems such as light rail also act as driving
forces for moving towards EVs and HEVs [33, 34]. Development of a dual power
source for traditional automobiles is another highly sought technology owing to the
new electronic systems involved, like navigation units, active suspension and radar
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circuits. For example, load-levelling by the inclusion of a SC would be a very promis-
ing approach. In a broader context there are several applications also related to the
automobile industry where SCs are placed including actuators, electric power steer-
ing and gasoline engine starters. For instance, with the introduction of electric power
steering which would require a SC system of 30-50 F and 16 V, about 1.5 gallons
of gas can be saved per mile [35]. Similarly, gasoline engine starting or EV starting
could be aided by SC systems in multiple domains like load-levelling of the batteries,
aided acceleration, retrieval of braking energy, etc. [36]. SCs rated between 10 and
15 V could also be used as audio base line stiffeners in the audio systems of vehicles
for levelling the load from an enormous base line so that other electrical systems are
not affected. The application of the SCs would also need the right choice of design
and configuration as apart from the first generation EDLCs, the market for pseudo-
capacitors and hybrid capacitors is expanding rapidly as perfect candidates for EV
and HEV applications owing to their high energy density maintaining power density.

12.2.2.2 Industrial Electronics

There are various industrial applications like locomotive engines and marine engines
that would incorporate SCs of wide voltage and capacitance ratings ranging from 10
to 300 V and 1 to 250 F respectively [37]. Few of the applications include the engine
circuit. In most cases, a bank of AECs is included as these industrial engine circuits
range from 150 to 300 V with a capacitance requirement of 0.1 to 2 F. SCs are being
widely projected in this context as a replacement to aluminium capacitors (AECs)
[19, 20]. There are other applications also like switches and actuators, uninterrupted
power supplies, etc. [38, 39].

12.2.2.3 Consumer Electronics

Portable devices and consumer electronics hold one of the largest shares in the SC
market. They are becoming smaller and thinner and require high power capabili-
ties owing to the multiple functional trends being developed at the device level that
require variable power profiles [40]. Conventional Li-based battery technologies
are becoming less capable of providing the high power density needed and SCs are
emerging as a potential solution in this regard.

12.3 INNOVATIVE TECHNOLOGIES AND FUTURE PERSPECTIVES

12.3.1 NOVEL MATERIALS

The innovative ideas in the development of SCs are mostly centred around the develop-
ment of novel electrode materials as it is the most determining factor in any SC system.
To augment the overall performance of SCS, researchers have put great effort into find-
ing novel electrode materials whose properties play a vital role in enhancing the perfor-
mance of SCs [41]. Efforts are being put into finding better alternatives for conventional
electrode materials based on carbon, transition metal oxide and conducting polymer.

In recent years, metal organic frameworks (MOFs) are among one of the trending
electrode materials for SCs, and this could be attributed to their fascinating properties
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including diverse structure, tuneable porosity, flexibility in making composite struc-
tures with faradaic materials and controllable chemical composition. In one of the
early attempts in the field of MOFs based on Ni as the redox component reported a
specific capacitance of 634 Fg! [42]. In order to address the low electrical conduc-
tivity of typical MOFs, Ni;(2,3,6,7,10,11-hexaiminotriphenylene), (Ni;(HITP),) with
high electronic conductivity (45,000 S m') was presented as a free-standing EDLC
electrode and a capacitance value of 111 Fg~! was attained with triangular traces [43].
Efforts are underway in further improving the performance of MOF-based SCs by
further modifications [44].

Covalent organic frameworks (COFs) constitute yet another class of interest-
ing electrode material which are highly porous and crystalline polymers wherein
organic building blocks are carefully arranged into an ordered 2D or 3D array with
atomic level precision. Strong covalent bonds like B-O, C-N, B-O-Si are formed
through highly predictable organic reactions which provide flexibility in the molecu-
lar design, porosity as well as surface area. The incorporation of redox active mol-
ecules could also overcome the low hydrolytic and oxidative stability of the COFs.
For example, redox-active 2,6-diaminoanthraquinone (DAAQ) was included in the
COFs by beta ketoenamines to impart explicit redox reactions [45]. Similarly, a
TaPa-Py COF is a pyridine-containing COF which shows well defined redox pro-
cesses in 1 M H,SO, electrolyte [46].

Considering their high electronic conductivity, metal nitrides of V, Ti, Ga,
Mo, etc., are also considered as promising electrode materials [47]. For instance,
VN possesses multiple advantages in terms of conductivity, theoretical capacity
(4200 Fg'), high overpotential for hydrogen evolution and multiple oxidation
states of vanadium enabling fast redox processes. When combined with different
acidic, neutral and alkaline aqueous electrolytes of H,SO,, NaNO; and KOH,
specific capacitance of 114, 45.7 and 273 F g~! respectively were obtained [48].
G-Mo,N and NbN-based electrodes could exhibit 111 and 73.5 F g7! but with
a narrow potential window. Areal capacitance value up to 23.11 mF cm™ was
observed for GaN in acidic electrolyte which could be further improved with the
presence of oxynitrides.

2D nanostructures are one of the most fascinating classes of electrode material
owing to their high surface area and flexibility. Black phosphorous is one of the
newest members in this class and has been attracting the attention of researchers
as it possesses a very unique structure and chemical as well as physical proper-
ties and efficient electrochemical performance as a SC electrode [49]. In one of
the recent studies, Hao et al. designed a flexible solid-state SC with exfoliated
black phosphorous flakes as the active electrode material [50]. Volumetric capac-
itance up to 17.78 Fcm™ was attained with a capacitance fade of less than 30%
after 30,000 cycles. More interestingly, oxygen functional groups are formed
on the surface of black phosphorous in the presence of water which in turn can
serve as active sites for intercalation/deintercalation of protons enhancing the
capacitance values. Novel electrolyte formulations are also being developed to
further improve the storage efficiency, rate capability and cyclic stability of vari-
ous SC systems.
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12.3.2 TecHNOLOGICAL DEVELOPMENTS

12.3.2.1 Flexible Supercapacitors

With the drastic advances in the field of portable devices and wearable electronics,
flexible energy storage technologies have become a hotspot for research [51, 52].
While the unbending nature of conventional storage devices restrict the shape and
size of such consumer electronic devices, flexible SCs with high electrochemical
performance can be considered to be one of the major developmental areas in the
field of energy storage research. This is particularly important when the wearables
include e-textiles while the inclusion of an externally powered storage device like a
battery is not a feasible approach [53]. All the constituents of the system including
cathodes, anodes, fluid collectors and packaging units should be flexible; however, in
the functional aspect, development of a suitably flexible electrode is the major chal-
lenge and research is being focused on this area. Flexible SCs were primarily based
on a flexible and conducting carbon network serving as current collector as well as
active electrode material [54].

12.3.2.2 Micro Supercapacitors (MSCs)

Micro supercapacitors (MSCs) have drawn considerable attention in the recent years,
especially due to the advancement in smart microelectronics. MSCs are miniatur-
ized SCs with their size ranging from few micrometres to centimetres and could
be easily integrated with diverse functional devices like MEMS, wireless networks
and potable and wearable electronics [55]. Owing to the better power density pro-
vided by MSCs compared to microbatteries, that too in a smaller space, makes
them highly suitable in this context. Moreover, MSCs have very long cyclic stability
which gives them higher practicability, especially for certain applications [56]. For
instance, when used in powered biological implants like biochips the longer lifespan
of MSCs addresses the most important challenge of frequent replacement associated
with microbatteries. Along with the economic and environmental benefits this would
also iron out the difficulties of invasive methods like a surgery associated with the
replacement [57].

Looking deeper into the technology, MSCs can be of three different configura-
tions: Traditional sandwich structures, inter-digital type and fibrous type; however,
the pros and cons of each of these configurations depends upon the specific applica-
tions and requirements. For instance, the interdigitated configuration has better effi-
ciency and compatibility in on-chip applications owing to the facile integration on
plane, better ion diffusion efficiency, etc., while fibre-type MSCs are more beneficial
in wearable electronics due to structural advantages [58].

Research is underway in developing various components of MSCs like elec-
trodes, electrolyte separators and current collectors to improve efficiency; nev-
ertheless, electrodes are the central constituent that largely affects the overall
performance of the system and tremendous progress has happened over recent
years in EDLCs as well as pseudocapacitor electrodes. Porous nano/micro archi-
tectures are being developed; for example, to improve the double-layer capacitance
of MSC systems wherein there will be an increase in number of active sites. Li et
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al. fabricated a MSC system that could deliver a stack power of 232.8 W cm™ at a
scan rate as high as 1000 mVs~! and a MOF-CVD-based method was followed for
the synthesis of porous carbon coated interdigitated gold electrodes [59]. Similarly,
He et al. developed another microfabication approach for influencing the arrange-
ment of nanostructured building units by which multi-walled carbon nanotubes
(MWCNTs:) are arranged on the surface of pyrolyzed carbon microelectrodes to
obtain areal and volumetric capacitance of 4.8 mFcm= and 32 Fem™ respectively
[60]. Such ordered arrangements would impart an increased active area on the
electrode overlay by avoiding overlapping of individual units (CNTs in this case)
which would increase the number of active sites as well as the contact area of
electrolyte ions, which in turn would improve the energy density of the system.
Moreover, there has been a multitude of works based on graphene and its modifica-
tion via doping or composite approaches to be used as MSC electrodes [61].

Pseudo MSCs are getting much attention owing to their higher energy perfor-
mance compared to EDLC MSCs while research is being focused on improving the
power density and cyclic stability of such systems. For instance, Lee et al. developed
a one-step laser fabrication of self-generated nanoporous metal/oxide electrode for
MSC:s [62]. Hetero metal oxides (manganese and iron oxides) were used as the active
materials, whereas porous structures of nanostructured silver self-generated on a
polymer film acted as efficient current collectors. A volumetric energy density of
16.3 mWhem™ was achieved at a power density as high as 3.54 Wem™. Moreover,
an asymmetric configuration was used which could increase the operating voltage.
In yet another work by Kurra et al., poly(3,4-ethylenedioxythiophene) (PEDOT)-
based electrodes were synthesized following photolithography combined with elec-
trochemical deposition and ultra-high rate capability was achieved with an areal
capacitance of 9 mFem [63]. Remarkable performance was observed with a tune-
able frequency response applicable for AC-line filtering applications.

12.3.2.3 Hybrid Capacitors

Hybrid SCs, which are the assemblage of EDLC and faradaic capacitor exhibit
enhanced characteristics compared to the components combined. This is considered
to be one of the most efficient ways to improve the energy density of SCs. Metal-ion
capacitors are the most studied and developed area with lithium-/sodium-/potassium-
ion capacitors exhibiting a high energy as well as power performance with ultra-long
life span. For example, a sodium-ion hybrid capacitor was developed by Wang et al.
based on carbon with a high energy density of 168 Wh kg~! and the highest power
density going up to 2432 W kg~! (@ 98 Wh kg!) and a capacitance retention of 85%
at the end of 1200 consecutive cycles [64]. Storage mechanisms using polyvalent ions
are one of the very recent developments in this regard involving zinc-, magnesium-,
calcium- and aluminium-based batteries to compete with the Li-ion battery technol-
ogy and the trend has been extended to polyvalent ion hybrid capacitors with zinc-
ion capacitors (ZIC) taking the lead. Efforts are being made to improve the cyclic
stability while preventing the disadvantageous like dendrite growth in ZICs. Yin et
al. designed a ZIC by incorporating hydrogen and oxygen redox reactions in aqueous
ZICs to enhance storage capability and a high capacitance of up to 340 Fg~! could be
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obtained along with a power density of 48.8 kW kg! at an energy density of 104.8
Wh kg~!. Interestingly, the cyclic stability was also very high with a cycle life as long
as 30,000 cycles with less than 1% capacitance fade [65].

Apart from the metal ion capacitors, hybrid capacitors can also be asymmetric
systems with EDLC/metal oxide configurations. A few such examples include car-
bon-based materials combined with metal oxide or conducting polymer-based pseu-
docapacitor electrodes where an activated carbon-lead oxide system is considered to
be the best configuration. Other most common designs include Co- or Ni-based oxide
or hydroxide electrodes being the positive electrode and a C-based negative electrode
like activated carbon, rGO, carbon aerogel or carbon nanofibre. The Ni(OH),-rGO
system devised by Mohammed et al. could yield a specific energy close to 64 Wh
kg™! with a corresponding power density of 1 kW kg=! [66]. Similarly, an interfacial
polymerized PANI-PMo,, hybrid material could deliver a specific capacitance rang-
ing from 68.8 to 172.4 Fg~' depending upon the synthesis conditions [67].

Hybrid SCs have found various applications ranging from public sector and EV/
HEV applications to military and biomedical applications. Initially, the public sector
usage of SCs wes limited to actuator and memory backup applications. Then dif-
ferent SC systems applicable to remote controls, flashes of digital cameras, security
systems, etc., evolved. Maxwell Technologies, one of the leading SC manufacturers
replaced AAA batteries in remote controls with fast charging SCs and it is projected
that they could even exceed the lifetime of the remote. Similarly, when used in por-
table speakers the in-built SC assembly could provide a play back time of six hours
after five minutes charging [68].

The integration of new and renewable energy sources like wind, tide and sun with
SCs is another leading application field of SCs. Nippon-Chemi-Con were providing
eco-friendly street lighting in Japan by combining SCs with solar cells from as early
as 2010 [75]. As discussed earlier, the most fascinating application of SCs is in the
automobile sector. Hybrid SCs are used for power bursts in Toyota’s Yaris Hybrid-R,
for example. Aowei Technology Co., Ltd. (China) pioneered e-buses and trolley
buses with quick charging ability [69]. The trolley buses use Ni(OH),-AC hybrid
configuration and with a charging time as low as 90 seconds, they can achieve an
average distance 7.9 km, with the speed being about 44 kmh-! [70]. Hybrid SCs are
also widely used in regenerative braking applications. Different defence applications
like sensors, navigators, radar systems, torpedoes and different communication tools
are all run by batteries and most of them could be easily replaced with hybrid SCs of
optimal designs and configurations. They have also found applications in computers,
memory chips, biochips, ventilator backups and electricity grids.

12.3.2.4 Piezoelectric SCs

Piezoelectric SCs are self-charging devices that are capable of directly converting
mechanical energy to electrical energy and have been rapidly gaining interest owing
to the advancements in wearable and stretchable electronics. Making use of their
outstanding flexibility and mechanical stability, functionalized carbon clothes are
being extensively used in this regard. In one of the recent works, carbon clothes
are used as both electrodes along with polarized PVDF films and H,SO,/PVA gel
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electrolyte. A specific capacitance as high as 357 Fm=? was attained at a current
density of 8 Am~2 with a good rate capability. Under constant compressive force of
4.5 Hz frequency, the voltage could be increased to 100 mA within 40 seconds [71].
Utilization of redox material is also being thoroughly investigated. One such con-
figuration includes a symmetric design of MnO, as both the electrodes and a PVDF-
ZnO separator become piezoelectric material. The voltage of the device was found
to increase from 35 to 145 mV in 300 seconds upon the compressive stress caused by
constant palm impact [72].

12.3.2.5 Shape Memory SCs

Shape memory SCs constitute yet another class of novel storage device wherein spe-
cific shape memory materials are incorporated so as to regain the shape and/or size of
the device followed by irreversible distortions that may happen in practical conditions.
Shape memory materials can be based on alloys (SMA) or polymer materials (SMP).
After deformation the SMA-based materials recovered when heated to specific tem-
peratures, by removing all the plastic deformations. Making use of the most studied
shape, SMA, NiTi, as the negative electrode after coating with graphene and a thin
MnO,/Ni film as positive electrode, a specific capacitance of 53.8 Fg~! was attained
and after heating to ambient temperature, the deformed device could recover its origi-
nal shape within 550 seconds [73]. SMPs exhibit much more interesting properties as
they memorise multiple shapes and can be recovered after deformation by subjecting
to various stimuli, like temperature, electric current, magnetic field, light, etc. For
instance, aligned CNT sheets were wrapped in a polyurethane based SMP and used
in wire shaped MSCs and at the end of 500 cycles of deformation and recovery (50%
strain), electrochemical performance remained unchanged indicating outstanding
stability [74]. However, the maximum specific capacitance was limited to about 42
mFcm?. Hence researchers are putting in effort to improve the storage performance
by the incorporation on faradaic materials into such systems.

12.3.2.6 Transparent Supercapacitors and Others

The rapid growth in the field of optically transparent portable and wearable intel-
ligent devices like phones, tablets, displays, panels and other touchable devices
requires fast progression in the development of matching power sources. Transparent
and flexible SCs are the most suitable choice owing to their good optical transmit-
tance together with flexibility and efficient electrochemical performance. Various
functional nanostructures in the pristine and composite form including graphene,
CNTs, conducting polymers and metal oxide thin films are a hotspot research area
to be used in transparent supercapacitors (TSCs), in their thin film form on suitable
transparent current collectors. Owing to their efficient electrochemical performance,
tuneable morphology and porosity, facile fabrication techniques and high electrical
conductivity, carbon-based electrodes are the most sought out electrode materials
for TSCs in spite of their transparency being limited. Hence, research is underway
to improve the transparency of such electrodes. A CNT-based electrode was devel-
oped by King et al. with ferrocene as the source material and the film exhibited 90%
transparency and a sheet resistance of 41 Qs/q [75]. Owing to their better energy
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profile metal oxide-based thin film electrodes are also being widely investigated.
Self-supporting ultra-thin micro-nanometal grid/nano-manganese oxide composite
electrode materials were developed by Xu et al. along with a water base gel elec-
trolyte, PVA/LiCl [76]. An ultra-thin electrode could be fabricated with the device
thickness being <20 pm with excellent storage efficiency and cyclic stability and
80% transparency. The device could also exhibit exceptional mechanical flexibility
and could even be kneaded into a ball. In spite of the considerable number of efforts
on the topic, development of efficient TSCs with good chance of scalability still
needs better research focus and constant effort that would also be beneficial in terms
of safety and environmental friendliness.

There are more innovative technologies based on SCs being proliferated with the
advent of intelligent electronics as it demands the intelligentization and better con-
trollability of energy storage devices. They are expected to be multifunctional and
customizable making them more user-friendly providing personalized interaction
with electronic devices. For instance, a water-activated storage device was assem-
bled by Yin et al. from biodegradable materials [77]. In another interesting work,
the concept of edible SCs was projected by Wang et al., by fabricating capsule-sized
fully functional SC units [78].

Solar energy is the most environmentally benign and renewable energy source;
integrated devices of SCs and solar cells is another fast-growing area in SC research.
This is especially significant considering the unpredictable nature of the source.
Hence different configurations of photo self-charging SCs are being evolved. For
instance, Yu et al. developed a fibre photo-SC where a fibre shaped DSSC in inte-
grated with a fibre shaped MSC [79]. The two constituent electrodes, Ti wire and
CNTs were twisted together, and the overall photoelectric conversion and storage
efficiency was found to be about 1.5%.

12.3.3 DEVELOPMENTS IN THE APPLICATION SCENARIO

12.3.3.1 Social Demands

While the rapid developments in the electronics industry demand better and multi-
functional storage devices, research and people across the globe are working to make
the solution cleaner and more environmentally benign. Hence the advancements in
SC technology are a social need and have a broad market prospect. The initial target
of the US Department of Energy while entering into SC research was to achieve an
energy density of 5 Wh kg!in 1992 which was already reached. A specific energy of
6 Wh kg™! with a power density of 1.5 kW kg~! was then attained which could easily
meet the requirements of electrochemical cells as well as fuel cell EVs. The target
now is to reach an energy density of 20 Wh kg~! that would be ideal for hybrid cars
which is primarily aiming at social advancement [80].

12.3.3.2  Scalability

Considering the application prospects, scalability is another most important factor
to be considered and along with the improvements in the performance of the prod-
uct, it demands better control over the production cost. This would require a careful
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choice of raw materials, optimizing easier methods of fabrication and production
equipment. For instance, in order to lower the overall cost, low-price raw materials
can be combined with high-cost raw materials so as to maintain product quality.
Hence, future research should also consider the social requirements along with the
technological aspects.

12.4 CHALLENGES ASSOCIATED WITH
DEVELOPMENT OF SUPERCAPACITORS

12.4.1 TecHNICAL CHALLENGES

The most crucial factor associated with the development of SCs is to optimize the
energy and power density with long cycle life and stability, meeting the demands for
next-generation electronic applications. In spite of the higher energy profile of SCs
compared to the traditional parallel plate capacitors, it is not even comparable with
batteries and fuel cells. Hence the various facets of SCs are all aimed at a single
point: Improving the energy density without compromising the power density and
cyclic stability. The performance of SCs can be attributed to various key parameters
such as potential operating window, equivalent series resistance (ESR), full cell volt-
age and time constant. The fabrication and commercialization of SCs still needs a
better understanding of these parameters while investigating the structure of elec-
trodes, electrode/electrolyte interaction, and the mechanism involved. Commonly,
the overall performance of a SC mainly depends on various key components includ-
ing electrode materials, electrolytes and device configuration. Researchers also give
attention to the choice of cheaper materials and methods so that it is economical
when incorporated in respective electronic designs.

Apart from these challenges, in general there are specific research areas to be
developed to match specific applications. For example, a better modelling of the
system is needed so that many of the non-ideal parameters, which are insignificant
otherwise, have to be taken into account. For instance, the resonance caused by sig-
nal and filter would have significant impact in certain power supply applications like
satellites and spaceships. Similarly, the impact of various factors on the stability of
the system should also be taken care of while establishing a model [81].

12.4.1.1 Electrode Materials

In EDLCs, carbonaceous electrode materials are mainly utilized due to their unique
properties and none among the various carbon-based electrode materials can be
considered as impeccable. Activated carbon electrodes are the most widely used
carbon-based electrode material due to their tuneable porosity and high surface area;
however, they suffer from lower electrochemical performance and electrical conduc-
tivity. Various strategies are utilized to enhance the electrochemical performance of
activated carbon like using ultrasonic radiation modifying the Fermi level position,
doping sulphur and oxygen functionalities, surface modification of activated carbon
via oxidation process, fabricating composite of the electrode with other carbon mate-
rials or by inserting polymers into the carbon substrate [82]. CNT electrodes exhibit
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comparatively low ESR and higher power than AC electrodes owing to their specific
mesoporous internal network which helps in easy and faster diffusion of electrolyte
ions [83]. Though they act as potential material for high-power EDLC electrodes,
one of the major demerits associated with CNTs is their low specific surface area
(<500 m? g!). The CNT-based electrode exhibits specific capacitance less than 200
F g7! and thus one of the commonly adopted methods to improve specific capaci-
tance of CNTs via addition of functionalities into the CNT matrix. Graphene-based
electrodes address most of the concerns raised by other carbon-based electrodes and
they exhibit unique properties like novel morphological structure, superior mechani-
cal properties, good electrical conductivity, high carrier mobility, large specific sur-
face area, etc. Graphene films have also been employed as stretchable electrodes
[84]. Nonetheless, unfortunately, agglomeration of graphene nanosheets by virtue of
a strong van der Waals interaction limits the direct access of graphene surface which
in turn results in the increase of ionic resistance in the electrode [85]. Another major
drawback with the commercialization of graphene electrodes is the difficulty in reli-
able production of high-quality graphene from a scalable and cost-effective method.
Hence the development of suitable carbon electrodes which do not compromise per-
formance or cost still remains a challenge.

Transition metal oxides (TMOs), conducting polymers and other redox-active SC
electrodes exhibit higher specific capacitance (100-3000 F g') and higher energy
density compared to carbon electrodes [86]. One of the most ideal pseudocapacitive
electrode materials is RuO, but its higher price and toxicity limits its application.
RuO, possesses high theoretical capacitance (2000 F g!), high chemical and thermal
stability, good electrical conductivity and a large voltage window. In order to reduce
the cost of RuO, electrodes various composites of RuO, are synthesized, such as
carbon material-RuQ, electrode, metal oxide-RuO,, metal sulphide RuO,, etc., and
other metal oxide and metal chalcogenide systems are also being investigated widely
[87]. In spite of the advantages in terms of storage efficiency and energy density,
the prime causes that make metal oxides less attractive is that they possess a strong
bonding force with the electrolytes as it results in poor regeneration. They also suf-
fer from low rate capability and also capacitance deterioration on cycling which
reduces the lifespan. Moreover, synthesis of effective metal oxide nanostructure is
challenging and costly. Thus, researchers are focusing on the study to improve the
performance of transition metal oxides and also to design new materials to address
these concerns. MXenes are another class of novel electrode materials, fascinating
the researchers as they possess outstanding mechanical, electrical and electrochemi-
cal properties [88]. Despite the unique properties of M Xenes, there are several draw-
backs associated with them in the practical scenario. For instance, it is very difficult
to maintain a balance between the electrochemical performance and mechanical
properties of MXenes when they are used in flexible SCs. Another major concern
is the tacking of individual layers which impart a significant hindrance to ionic dif-
fusion in the vertical direction which in turn would affect the rate performance of
electrodes [89]. The tendency of MXenes to oxidize is another major issue which
would be further facilitated in the presence of defects on the surface or at the edge of
the flakes and the crystalline MXene undergoes degradation.
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12.4.1.2 Electrolytes

The formulation of an ideal electrolyte is challenging as umpteen requirements
are to be considered like a wide potential window, chemical stability, wide
operating temperature, low volatility, inertness when in contact with current
collectors, packaging elements and separators, low flammability and cost. An
electrolyte to meet all these requirements is hard as each formulation will have
its own pros and cons. Most commonly used electrolytes are based on aqueous,
organic or ionic liquids and they are further categorized into a myriads composi-
tions. For instance, aqueous electrolytes can be acidic, alkaline or neutral and
each of them behave differently [90]. When combined with acidic electrolytes,
surface-quinone functionalities produce pseudocapacitive effects involving pro-
tons while it behaves as a pure EDLC electrode in alkaline electrolyte. While
the redox performance is helpful in enhancing the energy density, it affects the
power density [91]. Some of the best-performing neutral electrolytes like hexa-
flourosilicic acid or tetraflouroboric acid possess serious safety concerns [92].
The type and concentration of electrolytes would also affect the ESR value, spe-
cific capacitance and gas evolution reactions. When used in higher concentra-
tion, alkaline electrolytes can cause corrosion of the active electrode overlay in
spite of the better ionic conductivity. Widening the voltage window and avoiding
the unwanted side reactions the two major aims concerned with aqueous electro-
lytes and neutral electrolytes can solve these issues while also reducing electrode
dissolution. However, the low energy density of the neutral electrolytes remains
a challenge.

Even though aqueous electrolytes are being widely investigated in the research
and academic aspect, the SC market is dominated by organic electrolytes as their
potential window is significantly high (2.5-2.8 V) [90, 93-95]. However, they do
suffer from many disadvantageous like lower specific capacitance as well as conduc-
tivity and higher volatility and flammability, raising safety concerns. Furthermore,
they have higher cost and require complicated procedures for purification and assem-
bly and a controlled environment which would also add to the cost. Moreover, the
electrode surface area is usually improved by the introduction of micropores, which
is not practical with organic electrolytes as larger ions will leave the pores unuti-
lized. The higher voltage window, while improving the energy and power density,
could also be detrimental while using faradaic electrodes as the metal oxides may
get oxidized which in turn would affect the performance and stability. The presence
of trace water, if any, can also cause self-discharge.

ITonic liquid-based electrolytes can also be used which are also capable of pro-
viding a higher potential window along with other potential merits like thermal
and chemical stability, low volatility and inflammability [96, 97]. They can also be
tuned with the limitless available combinations of cations and anions. Even with
these distinct benefits, they suffer from the higher viscosity and lower conductivity
causing higher ESR and also lead to lower specific capacitance values. Solid-state
electrolytes are being widely investigated as a leakage-free material while they also
possess advantages in terms of a facile assembly process. However, most of the solid
electrolytes developed so far are polymer-based materials and they largely suffer
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from the lower conductivity and rate capability [98, 99]. Inorganic solid materials
are considered to be better alternatives in this regard, but the available literature on
this area is highly limited.

12.4.2 CHALLENGES IN THE APPLICATION PERSPECTIVE

Considering the pace at which the SC industry is growing and SCs, being a novel
storage technology, the developments in the market should be carefully monitored
and practical standards should be set. Various standards are to be considered, rang-
ing from a naming method and safety requirements to material specifications and
electrical performance test details. Non-technical details like transportation and dis-
posal requirements should also be specified. While doing these, efforts are needed
to make the whole process green and cost effective especially in disposing of the
various components and recycling which are also a requirement of society. Similarly,
in an application point of view, depending upon the specific requirement, different
parallel and series connections would be necessary and hence consistency should be
maintained in the specification of individual capacitors in the connection.

12.5 SUMMARY AND OUTLOOK

In the domain of energy storage technology, SCs are emerging as one of the most
potential candidates as a replacement to traditional batteries and/or to augment
existing battery technology. With varying design, configuration and specifications
they have found numerous applications and end users ranging from automobiles
and consumer electronics to renewable energy technology and defence applications.
Considering the market requirements, drastic advancements in the field with the
development of novel materials, processes and designs are also underway. However,
the successful scaling and commercialization of the technology still faces several
technological as well as societal challenges, and the energy research of the future
will surely be centred around addressing these issues.
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