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Preface

For decades, science has been intensively researching electrochemical systems that
exhibit extremely high, and previously unattainable, capacitance values (on the order
of hundreds of Fg™). Research has not only demonstrated the unsuspected possibili-
ties of supercapacitors, but also marked out a new direction for the development of
electrical energy storage systems [1]. With the recent development of new materials
and technologies, very large developed surfaces and very small inter-electrode dis-
tances have been achieved. Enormous pseudo-capacitance of several orders of magni-
tude larger than standard capacitors has been achieved for many materials, and such
systems are called supercapacitors or, less frequently, ultracapacitors) [2].

There are two types of supercapacitors, depending on the energy storage mechanism.
Electric double-layer capacitors use the electrostatic principle, and for pseudo-capacitors,
[3] the charge storage is caused by fast redox reactions [4]. Electrode systems using both
mechanisms are called hybrid supercapacitors. Supercapacitors are widely used due to
their fast charge and discharge, and a huge number of charge/discharge cycles [5].

Chapter 1 focuses on the need for further development and improvement of superca-
pacitor properties to power isolated systems (sensor networks, IoT), covering peaks
of electricity consumption, filtration and new, more efficient topologies in power
electronics. New technologies and materials, and their fabrication, modeling, charac-
terization and applications are also presented.

Carbon allotropes, including fullerenes, carbon nanotubes, and graphene-based
supercapacitors, are discussed in Chapter 2, while graphene-based nanocomposites for
supercapacitor electrodes are presented in Chapter 3.

Transition metal oxides (TMOs) are pseudo-capacitor electrode materials that show
high specific capacitance and are a better redox active material for energy storage
applications [6]. Chapter 4 examines developments in the fabrication of six TMO-
based electrode materials (NiO, ZnO, MnO2, SnO,, WOs, V,05) for enhanced electro-
chemical performance.

In Chapter 5, the authors show how various technologies are used to fabricate elec-
trodes and supercapacitors, and present several applications.

Zoran Stevic

Technical Faculty in Bor,

School of Electrical Engineering,
University of Belgrade,

Belgrade, Serbia
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Chapter 1

Supercapacitors: The Innovation
of Energy Storage

Zoran Stevic and Ilija Radovanovic

Abstract

In addition to the accelerated development of standard and novel types of
rechargeable batteries, for electricity storage purposes, more and more attention has
recently been paid to supercapacitors as a qualitatively new type of capacitor. A large
number of teams and laboratories around the world are working on the development
of supercapacitors, while their ever-improving performances enable wider use. The
major challenges are to improve the parameters of supercapacitors, primarily energy
density and operating voltage, as well as the miniaturization, optimization, energy
efficiency, economy, and environmental acceptance. This chapter provides an over-
view of new techniques and technologies of supercapacitors that are changing the
present and future of electricity storage, with special emphasis on self-powering
sensor and transmitter systems. The latest achievements in the production, modeling,
and characterization of supercapacitor elements (electrode materials, electrolytes, and
supporting elements) whose parameters are optimized for long-term self-supply of
low power consumers (low voltage, high energy density, and low leakage current,
etc.) are considered.

Keywords: supercapacitors, innovation, energy storage, application

1. Introduction

For decades, science has been intensively researching electrochemical systems that
exhibit extremely high capacitance values (in the order of hundreds of Fg~ '), which
were previously unattainable. The early researches have shown the unsuspected pos-
sibilities of supercapacitors and traced a new direction for the development of electri-
cal energy storage systems [1]. In recent times, with the development of new materials
and technologies, very large developed surfaces and very small inter-electrode dis-
tances have been achieved. In many materials, enormous pseudocapacitance is also
expressed, which achieves extremely large capacitances (several orders of magnitude
larger than standard capacitors), so such systems are called supercapacitors
(supercapacitors or, more rarely, ultracapacitors) [2].

There are two types of supercapacitors, depending on the energy storage mecha-
nism: electric double-layer capacitors and pseudocapacitors [3]. In the first case, it is
an electrostatic principle, and in the second one, the charge storage is caused by
fast redox reactions [4]. Some electrode materials have both one and the other
mechanism, thus so-called hybrid capacitors are formed on their basis.
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High needs for powering isolated systems (sensor networks and I0T), covering
peaks of electricity consumption, filtration, and new more efficient topologies in
power electronics require further development and improvement of supercapacitor
properties. More on this topic is given in Section 2 of this chapter.

New technologies and new materials in this area are presented in Section 3 of this
chapter. Fabrication, modeling, and characterization are presented in Section 4.

Supercapacitors are widely used due to their high-power density, that is, fast
charge and discharge, and a huge number of charge/discharge cycles [5]. Increasing
the performance of supercapacitors opens up new fields of application and attention
will be paid to this in Section 5. The growth of the industry in this area causes a drop in
prices, which will be discussed in Section 6.

2. Need for supercapacitors

Since the energy harvesting from renewable energy sources is highly actual today,
the studies are also focused on the diverse methods for storing this energy in the form
of electricity. Supercapacitors are one of the most efficient energy storage devices. As
they have many advantages, supercapacitors are continuously being used in devices
and systems that are eager for a high-power supply, opposite to the batteries. Recently
actual, supercapacitors’ applications are driven by their high performance and market
potential, placing them in many fields of interest, such as industrial control, power,
transportation, consumer electronic products, national defense, communications,
medical equipment, electric and hybrid vehicles [6-8].

Nowadays, with the rapid development of intelligent electronic devices, have placed
flexible energy storage devices in the focus of researchers. The industry requires energy
storage that are flexible and optimized but endowed with high electrochemical proper-
ties [8-10]. The advantages of the supercapacitors, such as charge-discharge cycle life,
size and weight, and environmentally oriented, suiting them for various applications.
Supercapacitors are being used more and more as applications require storing and
releasing high amounts of energy in short periods. Current industry applications include
the automotive industry, hybrid transportation systems around the world, grid stabili-
zation, utility vehicles, and rail-system power models [11].

The storing of energy is one of the main applications of supercapacitors. Following
their outstanding power characteristics, supercapacitors are vital for the energy sector
and their stationary applications. Additionally, the low maintenance requirements, as
well as the extreme conditions that supercapacitors are able to withstand, make them
suitable for renewable energy-related applications [12, 13]. Furthermore, the
supercapacitors provide substantial benefits to railway electricity systems and the aero-
space industry, since these sectors are trying to achieve a more electric power supply
[13, 14]. Furthermore, many systems in the industrial sector are using supercapacitors,
including small vehicles, such as forklifts, shovel trucks, agricultural machinery, exca-
vators, mining shovels, harbor cranes, and industrial lasers. Consumer electronics are
relying on supercapacitors, especially in real-time clock or memory backup, power
failure backup, storage applications in which supercapacitors are used instead of batte-
ries, and high load assistance to the primary electrical energy storage systems [13].

3. New technologies and materials for supercapacitors

Supercapacitors are increasingly used for energy storage due to their large number
of charge and discharge cycles, high power density, minimal maintenance, long life
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span, and environmental friendliness [15]. The only disadvantage over batteries, the
lower energy density, is decreasing more and more thanks to the intensive develop-
ment of new technologies and new materials. Hybrid electrodes that combine double-
layer (electrostatic) capacitance and pseudo (redox) capacitance are increasingly
being used [16].

The latest nanotechnologies have given rise to nanomaterials, such as 2D graphene,
1D CNT, and 0D fullerene [17]. There is a high trend in the research of carbon-based
electrode materials (CNT, graphene, fullerene and their composites with metal oxides,
etc.), copper sulfide and other metals, and metal oxides, all in combination with
appropriate electrolytes.

For years, the authors of this chapter have researched the possibility of using
natural copper minerals, primarily chalcosine [18] and coveline [19].

The latest research in the field of perovskite oxide applications for supercapacitor
electrode materials deserves special attention. Perovskite oxides based on lanthanum,
strontium, and cerium, etc. are being researched [20].

The researches with polymer materials are of great interest as well, which, in
addition to high power density, also has an acceptable energy density (Figure 1).
Conductive polymers are materials that contain a conjugated double bond, which
places them in the group of materials that exhibit good electrical conductivity. Apart
from showing electrical conductivity, these materials are characterized by redox
reactions that take place when the electrode is polarized in a certain potential range.
As a consequence of the redox reaction, constant currents are recorded in a wide range
of potentials, which indicates the continuous development of the redox reaction in the

3
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Figure 1.

Ragone plot shows the energy vs. power density comparison of supercapacitors with the other energy storage
devices [21].
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Figure 2.
Comparison of various materials according to their specific parameter for supercapacitor applications [21].

investigated potential range. The resulting response is similar to the electrochemical
response of charging/discharging the double layer and therefore these reactions are
called pseudocapacitive reactions. This property enables the application of these
materials in supercapacitors. In order to further improve the properties of conducting
polymers, attempts are being made to increase their electrical conductivity and
porosity [21].

In Figure 2 a comparative review of current supercapacitor electrode
materials has been provided. Carbon materials have a specific capacitance of up to
300 F/g, while polymer and metal oxide materials can have over 1000 F/g.
Composites of two or more of the above materials can have a very high specific
capacitance of over 2000 F/g. Recently, the predominant approach is the
development of binary or ternary nanocomposites of different capacitive
materials to determine and optimize the structures and physical and mechanical
properties of the electrode materials, in order to achieve improved supercapacitor
performance. However, the properties of composite electrodes, in addition to the
individual active components, also depend on the morphology and characteristics of
the interphase [21].

Special, often complex technologies are developed for the production of superior
electrode material. In Figure 3 one of them is shown. A schematic diagram of the
entire process of MnNi,O,@MnNi,S, electrode materials is presented. Ni?* and
Mn** form Mn-Ni precursors in the reactor and are then calcined at high tempera-
ture to produce oxides. Then, under the influence of sodium sulphide, ion exchange
is carried out at the appropriate temperature, i.e. oxygen is replaced by sulphur,
which is less electronegative. A core-shell structure is formed without changing the
morphology of the oxide. Metal ions react with KOH electrolyte in the Faraday redox
reaction [22].
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Figure 3.
The schematic diagram of the construction process for MnNi,O, ,@MnNi,S, electrode [22].

4. Production, modeling, and characterization of supercapacitors

Supercapacitors fill a wide area between storage batteries and conventional capac-
itors. Both from the aspect of energy density and from the aspect of power density this
area covers an area of several orders of magnitude. Materials, construction, produc-
tion technology, and test methods are chosen depending on the part of the area
covered by a certain type of supercapacitor.

4.1 Construction and production of SC

The construction of the laboratory prototype and zero series begins with the choice
of material and type of supercapacitor (asymmetrical - polarized, or symmetrical -
nonpolarized). The variant with a solid active material, which the authors of this
chapter have often used, is shown in Figure 4. The connection of the active material

Tin solder Contacts Araldite mass
Counter electrode
\_&\54 Separatorwit
§§§ electrolyte
| L pve
§§% box
.

e J‘W

Conducting glie

Figure 4.
Construction of supercapacitor prototype [23].
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Figure 5.
Configuration of supercapacitors in various casings: (a) in laminated cells and glass cells; and (b) in coin cells [24].

with the power supply is achieved by using conductive silver glue. The role of a
separator is provided by a Nafion foil soaked in a selected electrolyte.

Today, the active material is applied from a suspension, as well as the printing
techniques that are also applied for micro SC (Figures 5 and 6).

Figure 6.
(a—c) Schematic diagram of the fabrication process for micro-supercapacitors by laser scribing method. (d, e)
Flexible micro-supercapacitors with high areal density [25].

Outer insulating coating
Sealing resin

Misini cass Inner insulating coating

Partition film

Multilayered electrodes Electrolyte

Figure 7.
Structure of Murata’s supercapacitor (cross-section) [26].
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Supercapacitor engine start module [27].

After testing and optimization, a zero series is made, where the technological
processes of production are elaborated (and often simplified) and only then the mass
production could start. The appearance and structure of a commercial supercapacitor
of low power and capacitance are shown in Figure 7, and for higher powers, voltages,
and capacitances, it is shown in Figure 8.

Depending on the field of application and the set of parameters, the final structure,
production technology, and housing are selected. If the supercapacitor is used as a
replacement for a battery to power small consumers, in addition to the capacitance, it
is very important that it has a low leakage current. In contrast, when powering larger
consumers, it is much more important that the supercapacitor has a low series resis-
tance due to losses at high currents. Thus, the type of supercapacitor is defined. As an
example, in Figure 9. the types of supercapacitors are given for the different needs of
power supply backup.

4.2 Modeling and characterization of SC

In order to predict the behavior in different conditions, electrochemical processes
are modeled and simulated on the computer [2]. Most often, an equivalent electric
circuit with two or more RC branches is taken as a model (Figure 10) [29].

For many years, the authors of this chapter have done research in this area and
have developed their models. The simplified model will be presented here for the case
of sulfide minerals in an aqueous solution of sulfuric acid. The equivalent circuit,
shown in Figure 11, was adopted. Capacitors represent double-layer and diffusion
capacitance, and resistors correspond to electrolyte resistance, diffusion resistance,
and leakage current.
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added high-frequency inductance component, and E - model D expanded with n-branch RC circuits and voltage-
dependent main capacitance [29].
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Figure 11.
The equivalent electric circuit.
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Figure 12.

The circuit excitation and the response.

For the assumed equivalent electric circuit of the observed electrochemical system
and a short voltage pulse (of the order of 0.1 s for such systems), the response of the
system (current in this case) will be as shown in Figure 12. The following

parameters are:
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_ E . . .
I= ok, - quasi-stationary charging current.
Ry = %féﬁ% - eq. resistance of parallel connection R1, R2, and R3.

_ 7Uc10 o e .
Iio = g7, - initial discharge current.

— _ RoRRs ; :
Ry = RoRy 1 Roks (R0 - €Q- Tesistance of parallel connection RO , R2, and R3.

Ug, = Izc'.ft RszRz - initial discharge voltage of capacitor C1.

_ 7UC20 . . .
Io = g7 - quasi-stationary discharge current.

Ry = R}z‘flgg - eq. resistance of parallel connection RO and R3.

Uc, = & g4 - initial discharge voltage of capacitor C2.

71 = (R1 + Ro23)C1 - time constant of the first discharge phase.
73 = (Ry1 + Ro3)C, - time constant of the second discharge phase.

Based on the given analysis, the parameters of the electric circuit can be deter-
mined, and therefore, in the same manner, the physical parameters of the electro-
chemical system [30].

In order to check the provided model, an electrochemical system was formed.
Several experiments were performed using this method and it has been verified and
determined that it can be applied for rapid characterization of electrochemical
systems. The experiments were carried out using a system for electrochemical
tests based on a PC and the LabVIEW software package (Figure 13) [31]. The
system is designed to cover most electrochemical tests in wide ranges, both at the
level of the electrochemical cell, and at the level of the completed supercapacitor
(Figure 14) [32].

Modeling can also be done on a physical level. For example, a finite element model
for charge transport in conjugated polymers has been developed, but it is still being
refined [33].

Figure 13.
System for electrochemical testing.
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Figure 14.
Block diagram of the system for supercapacitor prototype characterization.

5. Use of supercapacitors

From the user’s point of view, the most environmentally friendly form of energy is
electricity. However, if we take into account the way in which this energy was
obtained, then it fully retains its ecological advantage only if it originates from solar
energy, wind, and wave energy, and to a considerable extent, from hydropower. In
the latter case, namely, significant harmful ecological effects may occur due to dis-
turbance of water regimes, such as surface waters. However, even when the electricity
comes from the burning of fossil fuels or from nuclear reactions, problems related to
the negative effects of by-products can be solved much more efficiently in one place
than, for example, in all vehicles that move using the appropriate energy. One of the
conditions for the use of electric energy in vehicles is the existence of such a device
that would have high specific energy but at the same time a high specific power,
which standard electric devices could not provide. The advent of supercapacitors has
made this application much more realistic.

In the case of supplying consumers with energy that comes from solar or wind
energy, it is necessary to have an appropriate method of energy storage for the period
when there is no sun or wind. In this case, supercapacitors have an advantage over
standard batteries because they can withstand a much greater number of charging and
discharging cycles.

From a very large number of possible applications of supercapacitors, current
examples will be listed where their characteristics are irreplaceable.

5.1 Energy harvesting

Monitoring of environmental parameters requires the installation of systems in
inaccessible and dangerous terrains. After installation, the system is expected to have
a lifetime as long as possible with minimal maintenance. In addition, energy con-
sumption is directly related to the lifetime of a wireless sensor network (WSN). It is
similar to other scattered and/or remote systems. Primary (non-rechargeable) batte-
ries, despite the application of modern energy management algorithms, have the
greatest impact on the limited lifetime of a wireless sensor node. Also, regular techni-
cal interventions in the field, primarily battery replacement, drastically increase the
cost of maintenance. With the aim of increasing the life span and reducing mainte-
nance costs, current research studies involve the use of secondary (rechargeable)
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Figure 15.
Environmental energy sources [35].

batteries and the so-called collecting energy from the environment, that is, “energy
harvesting” (EH), which contributes to WSM getting the self-powered prefix. Due to
the characteristics of secondary batteries that degrade over time, the increase in
lifetime is insufficient for multi-year monitoring of certain environmental parameters.
This is the reason why, instead of rechargeable batteries, capacitors with very large
capacities— supercapacitors—can be used to power the node. They represent revers-
ible electrochemical systems, and they are increasingly used to power sensor nodes.
For several reasons, supercapacitors are favorable for power supply, one of them
being the exceptional scalability that allows increasing capacity and performance with
increasing dimensions and weight. The characteristics of supercapacitors, such as
high-power density, fast charging, large number of charging cycles, temperature
stability, small equivalent series resistance, and low leakage current, favor the opera-
tion mode of most wireless sensor nodes. However, the lower energy density com-
pared to batteries contributes to the fact that they are discharged relatively quickly
and require frequent recharging. That is why it is necessary to provide a constant or at
least intermittent source of energy in the natural environment. It can be a solar panel,
piezo vibration transducer, thermoelectric generator, antenna, etc. [34]. Possible
sources of environmental energy are shown in Figure 15.

5.1.1 Piezoelectric effect

Piezoelectric materials have the property of converting energy through the direct
piezoelectric effect, the energy of mechanical deformations of the piezoelectric struc-
ture into the electric field, that is, voltage [36]. Two modes, that is, mode 33 and mode
31, are used in most developed EH applications (Figure 16). In both of these modes,
the electric field, and thus, the generated voltage on the electrodes, are oriented along
the direction of polarization 3, while external forces cause stresses in a single direc-
tion. In mode 33, this is the same direction as the stress (3), while in mode 31 the
stresses are along the normal (1) [37].
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Figure 16.
Operational modes of piezoelectric matevial for EH applications [37].

5.1.2 Electromagnetic conversion

Electromagnetic induction, described by Faraday’s law, is the creation of
electromotive force (EMF), that is, voltage on an electric conductor in a changing
magnetic field, a phenomenon that forms the basis of electric generators. The induced
EMF is proportional to the strength of the magnetic field, the speed of the relative
movement, and the number of turns of the conductor. If a conductor is connected to
an electrical load, the current will flow, thus generating electricity. This system is
often used as an effective tool for the realization of kinetic EH systems, where the
relative displacement of the permanent magnet in relation to the coil is caused by the
vibrations of the energy generation base [38].

5.1.3 Comparison of piezoelectric and EH devices with electromagnetic vibrations

The results of a thorough comparison of electromagnetic and piezoelectric vibration
EH systems, with identical volumes, seismic masses, natural frequencies, quality factors,
and excitation conditions, are given in [39]. Appropriate mathematical models of both
types of vibration EH devices were used for the calculation of output voltages and powers
(Figure 17) and depending on the intensity and frequency of harmonic dynamic excita-
tion, the recommended configuration of the most efficient vibration EH systems [39].

5.1.4 Magneto-strictive effect

Physically in a way similar to the piezoelectric effect. A characteristic property of
magneto-strictiveness is that the magneto-elastic coupling induces mechanical

13
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Figure 17.

Model of electromagnetic (a) and piezoelectric (b) vibration EH systems for output power analysis [39].
elongations if they are subjected to a magnetic field, while conversely, their magnetiza-
tion will change due to changes in the applied mechanical stresses. This effect can be used
in EH devices, however, an additional coil is required to obtain electrical energy [35].

5.1.5 Photovoltaic panels

Solar panels are easy to purchase and install. The price is getting lower, so they are
a good choice for collecting energy from the environment. Since the panels provide a
DC output, they can be plugged directly into the electronics’ power system. The
output power can be from mW to MW depending on the size of the panels as well as
the intensity of the light they receive. However, the main limitation is that they need
to be exposed to sunlight, so they can only work during the day. Batteries and/or
supercapacitors are necessary for power supply at night. Energy storage is also neces-
sary for cloudy or snowy days [40].

5.1.6 Thermoelectric systems for energy harvesting

In addition to mechanical energy, a temperature difference is also a very rich
source of energy; therefore, often considered a viable option for the development of
EH systems. To convert heat into electricity, thermoelectric generators (TEG) use the
available temperature differences between two surfaces [35].

Thermoelectric devices for energy production or cooling consist of two types of
thermoelectric materialsthermoelements. These are p-type and n-type semiconduc-
tors. Thermocouples are electrically connected in series and thermally connected in
parallel. The working principle of TEG is shown in Figure 18.

5.1.7 Wind energy harvesting

Wind-based energy harvesting is increasingly pursued due to the ubiquitous
nature of the source, as well as complementarity with other sources (e.g., solar). In
particular, vortex-induced vibrations (VIV) are investigated [41].

Vortex-induced vibration energy harvesting mechanisms can be divided into five
categories, namely, flutter, VIV, galloping, wake-galloping, and hybrid-type flow-
induced vibrations. VIV energy harvesters are designed for regions with low wind
speed [42].

5.1.8 Storaging of harvested energy by supercapacitors

Regardless of the source of clean renewable energy, it is necessary to have a circuit to
store the energy generated from the energy harvesting source. When a DC voltage is
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Figure 18.
Thermoelectric device principle [40].

applied to a discharged supercapacitor, it is charged, and thus stores electrical energy.
Since these are small consumers (sensors, transmitters, and [oT), today’s supercapacitor
can often replace batteries and be more durable and environmentally friendly.

Most consumers require a higher operating voltage than a single supercapacitor can
provide. In systems requiring higher voltages, supercapacitors are usually connected in
series. In series-connected supercapacitors, however, a balancing circuit such as this, is
required to distribute the voltages across the individual elements equally. There are two
types of balancing circuits: passive balancing and active balancing [43].

A team of scientists from the American UCLA and the University of Connecticut
[44] designed a system that is powered by electrical impulses from the human body. It
is a “biological supercapacitor” that uses charged particles and ions, from the fluids in
the human body. The device is not dangerous for the body and it can be used in
pacemakers and other implants that require a power supply (Figure 19).

The block diagram of a system for collecting the energy of light radiation (natural or
artificial) is shown in Figure 20. A supercapacitor with a capacity of 400 mF was used.

Another example of ultra-low power management, with a supercapacitor for
energy storage (1.5 F) is shown in Figure 21. MOSFETsS are used to rectify the output
voltage of a wind energy harvester exposed to low wind. The proposed algorithm
enables the monitoring of the maximum output power at time-varying wind speeds. A
microcontroller was used to provide a source and sink impedance matching [46].

5.2 Smart cities

Following the smart city concept, supercapacitors have the potential to be involved
in the creation of greener, sustainable, and efficient powering systems. One of the
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Figure 19.
Energy harvesting power management [44].
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Figure 21.
Interface circuit for the harvester [46].

most prominent examples is public transport. By using the distributed energy sources
in the urban smart environments, the power sources become DC based including the
photovoltaics cell, and fuel cell, etc. As the urban environments are designed with
many distributed power sources connected to the distribution lines, energy storage
takes a significant place in the system. Battery energy storage systems and
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supercapacitor energy storage systems, as well as hybrid ones, may be installed
both on large and small scales, which makes them the ideal fit for the smart city
concept [47].

The smart city concept cannot be imaginable without sensor networks and Internet
of Things devices and applications. As the energy requirement in sensor devices is
increasing, the energy has to be stored for the blackout periods. Considering that the
batteries are not a permanent solution, the supercapacitors serve as a solution for
high-energy storage applications that require high-voltage and high-current drive
[48]. Recent studies show that the supercapacitors are well suited for a wide range of
applications, such as IoT, consumer products, white goods, office automation, long-
term battery backup, and energy harvesting [48]. In order to overcome the powering
issues that may occur at the remote nodes, as well as in the extreme weather condi-
tions, fully functional IoT devices have been designed based on energy harvesting
with supercapacitors and batteries as storage elements [47].

5.3 Smart grid

In recent years, the economic trends have been dictating the renewable energy
sources generation of electric power. Therefore, the concept of the microgrid has been
introduced as an off-grid or grid-connected energy system that can work indepen-
dently or collaboratively with other microgrids [49]. In general, such a system can
provide electric power either from a single source or multiple sources, such as wind
and solar energy, adding energy storage to the system [50, 51].

The supercapacitors are being used to regulate the microgrid voltage and to
improve the system stability. In recent studies, the supercapacitor provides the error
component of the battery current in the proposed control scheme. This is an addition
to the microgrid, as it improves the microgrid voltage regulation capability, as well as
extends the battery lifetime [52, 53].

5.4 Energy systems

Supercapacitors are increasingly used in both AC power systems (EES) and DC
power sources. With the development of the voltage balancing technique of serially
connected SCs, a great improvement in the HVDC transmission system is expected.
The large capacity of SC provides enough energy storage for small consumers in a
short time, and their main advantage in energy systems is high power density, so they
can cover large consumption peaks. In combination with power electronics circuits,
SCs can inject energy into the EES at the right moment, thus opening a whole new
field of development of circuits and control algorithms. A large field of application of
SC in DC power supplies is low-pass filters with previously unimaginable parameters.

5.4.1 Quality of electricity in AC systems

Experts realized a long time ago that the quality of electricity affects the quality of
work and life. Many norms from that area were applied, but the real progress started
at the end of the last century. The problem began to be approached globally.
CENELEC (European Committee for European Standardization) was established [54].
Most European countries have accepted the CENELEC standard EN 50160 [55] for
voltage monitoring at the point of delivery to the consumers under normal conditions.
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The LEM corporation (NORMA, ELMES, ELSIS, and HEME) developed a series of
measuring devices MEMOBOX for monitoring the quality of electricity, and thus,
began a new practice supported by the EN 50160 standard, but also by newly created
standards (e.g., IEC 1000-3-6/71).

As connecting the national and European power systems is a necessity, it is also
necessary to adapt local legislation and standardization in this area. The specificity of
electricity is that its quality is influenced to a greater extent by consumers (non-linear
loads) than by producers. That is why the consumer is, to a considerable extent, a
partner of the supplier in ensuring the quality of electricity. At the same time as
electrical energy becomes dirty, the consumer is also sensitive to this kind of contam-
ination. From the point of view of the application of supercapacitors for the elimina-
tion of short-term disturbances, the following terms should be highlighted [55]:

5.4.2 Frequency change

Under normal operating conditions in the distribution network connected to the
power system, the ten-second mean value of the frequency during 99.5% of each week
must be within 50 Hz + 1% and 50 Hz + 4% / - 6% in the remaining 0.5% of the week.

In disconnected (island) networks, the limits are 50 Hz + 2% during 95% of the
week and 50 Hz £ 15% during the remaining 5% of the week.

5.4.3 Flicker

The need to define and measure that parameter is created from the fact that the
change in light intensity in the working or living environment negatively affects
people’s health, that is, their work and other efficiencies. Headaches, nervousness,
depression, and vision impairment, etc. occur. Flicker is defined as follows: If there
are 100 people in a room under equal conditions, and if the light intensity changes so
much that 50 of the 100 people notice it, the flicker is said to have an intensity of 1.
Flicker is a consequence of amplitude modulation supply voltage with frequencies in
the range from 1 to 33 Hz, where the amplitude is a direct function of that frequency.
For example, at a frequency of 8 Hz, the nominal voltage fluctuation amplitude is
about 0.256 % of the nominal value (e.g., 0.59 V from 230 V~).

5.4.4 Voltage failure

Voltage failures occur most often due to faults in the consumer’s facilities or in the
public distribution network. They are defined as follows: failure (partial loss of volt-
age) is sudden (unpredicted), short-lived (from 10 ms, up to 1 minute) reducing the
supply voltage to one of the values in the range of 90%, and up to 1% of the nominal
voltage, after which the nominal voltage is restored. The permissible guideline num-
ber of voltage drops during one year is ranged from 10 to 1000. Most of them must
have a duration of less than 1s and an amplitude of less than 60% of the nominal
voltage.

5.4.5 Power failure

It is a state in which the voltage at the point of transmission is less than 1% of the
nominal voltage. The following power interruptions are distinguished:
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* Planned interruptions of supply, about which consumers are informed in advance,
in order to enable the planned works to be carried out in the network, and

* Accidental interruptions caused by permanent or transient disturbances they
usually appear in conjunction with other disorders.

The following random interruptions are distinguished:
* Long-term interruptions (longer than 3 minutes), caused by permanent failure

* Short-term supply interruptions (up to and including 3 minutes), caused by a
transient fault.

Figure 22 shows an example of a short-term power failure.

Figure 23 shows the configuration of the system supercapacitor in the control area
of the power system. The converter (VSC) consists of a rectifier/inverter with 6-pulse
control and pulse width modulation (PWM) with an IGBT bridge. The PWM con-
verter and the DC-DC converter (chopper) are connected by a DC link capacitor. A
bidirectional DC-DC converter operates in step-up mode if electrical power is sup-
plied to the supercapacitor bank from the power system. Smoothing inductance is
used for current transfer and filtering [56].
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Figure 22.
Example of a short-term power failure [54].
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Figure 23.
Configuration of supercapacitor bank in the contvol area [56].

5.4.6 Supercapacitors in DC systems

Supercapacitors are most often polarized, and due to their enormous capacitance,
they are most often used in DC systems. The most application is in the accumulation
of electrical energy to cover shorter production stops and large consumption peaks,
but they are widely used in DC voltage filtration and other purposes in power elec-
tronics circuits.

An example of an independent photovoltaic system with supercapacitors for
energy storage is shown in Figure 24.

The operating voltage of the supercapacitor can be kept within range by properly
sizing the supercapacitor and monitoring the upper and lower limits of the charge and
discharge controller (SOC). The rate of change in the supercapacitor is proportional to
the charge current isc. To extract the maximum available power from a PV panel, it is
necessary to operate the PV at its maximum power point (MPP). The MPP monitoring
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Figure 24.
PV panel and supercapacitor contvoller system scheme [57].
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PV panel and supercapacitor connected on grid [58].

device is a high-frequency DC-DC converter, a chopper-voltage booster inserted
between the PV panel and the DC bus [57].

An example of a PV system connected to the distribution network, where
supercapacitors are also used, is shown in Figure 25. The power generated by the PV
panel is connected to the grid using buck converters and inverters. A buck chopper is
used to regulate the variable voltage from the PV panel. Its duty cycle is continuously
adjusted to instantly locate the maximum power output from the PV panel at varying
irradiance and temperature. To minimize the fluctuation in the generated power, a
bidirectional buck chopper is used to connect the energy storage to the DC link. The
energy storage (supercapacitor bank) is continuously charged and discharged by a
buck chopper to absorb or release the required power between generated and trans-
mitted to the grid. The step-up chopper controls the supercapacitor voltage and the
DC link voltage. An independent VSC active and reactive power regulator was
implemented to inject available power into the AC network [58].

A hybrid system for electrical storage based on supercapacitors and batteries is
shown in Figure 26. In a hybrid system, the peak load power is supplied from the
supercapacitor and the batteries provide lower constant power for a longer time.

Figure 26.
Supercapacitor-battery hybrid energy storage in PV system [59].
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Schematic of PV/batt/SC system.

The authors of this chapter have designed a sample PV system with
supercapacitors and batteries for energy storage (Figure 27). A system for monitoring
energy parameters was developed, and several algorithms of energy management and
MPPT were also implemented. In Figure 28 data acquisition block diagram is given.
Analog channel AIO monitors the temperature of the PV module in which the LM35
chip is installed. Channels Al1 to AI4 monitor voltages V1 to V4 (from Figure 27).
Figure 29 shows the basic LabVIEW monitoring application. Based on the measured
voltages, the currents and other relevant parameters are calculated. Additionally, all
the parameters and data are displayed, saved, and taken to further processing (imple-
mentation of the given algorithms).

The authors of this chapter have also set up a system with supercapacitors
for injecting energy into the DC link of the self-excited asynchronous generator -
rectifier - DC link with the supercapacitor - inverter - asynchronous motor
system. Engine start-up and optimal energy management were tested. Due to
the relatively high operating voltage (up to 300V DC), a bank of series-connected
supercapacitors with passive voltage balancing was used, the efficiency of
which was tested by thermal imaging (Figure 30). It is obvious that at point
Sp1 the heating is significantly increased (58.40C), which means that
passive voltage balancing should be improved (reduce the resistance of parallel
resistors).

LM35 »Al,
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Vi—>Al, cagnsoos [
V,—Al,

Figure 28.
Acquisition block diagram.
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LabVIEW block diagram of the monitoring system.
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Figure 30.
Photo and thermal image of sevially connected supercapacitors.

5.5 Electric vehicles

Vehicles with electric drive represent one of the most significant ecological
advances, bearing in mind the prevalence of this type of contamination of nature. In the
world, there is also interest in hybrid vehicles that have lower fuel consumption and
significantly lower emission of harmful products compared to classic vehicles. In the
most general form, hybrid vehicles can be described as vehicles that use a combination
of technologies for energy production and storage. It combines the good features of
conventional vehicles (long range and acceleration and excellent fuel supply network)
and electric vehicles (zero emissions, quiet operation, and use of braking energy).

Time has shown that it is not necessary to immediately build a complete network
of charging stations in order to increase the sale of electric vehicles since users are
ready to charge the batteries of their vehicles at home. The possibility of supermar-
kets, parking garages, and restaurants offering charging stations to customers is men-
tioned as the next step.
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5.5.1 Application of supercapacitors in EV

Certain characteristics of supercapacitors make these devices suitable for purposes
in which a combination of high specific energy and high specific power is required, or
a long service life expressed by the number of charging and discharging cycles.
Namely, supercapacitors retain the positive property of standard capacitors that they
can achieve an almost unlimited number of charging and discharging cycles.

From the point of view of the application, there are several groups of
supercapacitors. Depending on the place of application, different characteristics of the
supercapacitor come to the advantage more or less. Some of them are of crucial
importance for the selection of capacitors, and some may be unimportant. The
strictest requirements are set for capacitors used in electric traction, that is, in electric
vehicles. Batteries with a capacity of several hundreds of farads and with an operating
voltage of several hundred volts are already being made. In addition to high capaci-
tance and relatively high operating voltage, these capacitors must have high specific
energy and power (due to limited space in the vehicle). In terms of specific power,
they have a great advantage over storage batteries, but they are, therefore, incompa-
rably weaker in terms of specific energy. That is why the ideal combination is a
combination of accumulator and capacitor batteries (Figure 31). In steady mode
(normal traction), the vehicle’s engine is powered from the battery, and during sud-
den acceleration from the supercapacitor. Especially important is the fact that during
sudden braking, all mechanical energy can be returned to the system by converting it
into electricity only with the presence of a supercapacitor with high specific power.
For the above reasons, the internal resistance of such supercapacitors must be
extremely low. The leakage current is not relevant [60, 61].

The wheels are driven by a regulated electric drive. Regulated electric motor drives
are developing very quickly and are placing ever stricter demands on speed (and
position) and torque regulation before designers. From the energy point of view, it is
desirable that their participation be as large as possible, because, by setting the speed
of the drive to the optimal or necessary one, it is possible to save on the energy
consumed.

A typical variable speed electric motor drive contains [62]: A big challenge with
electric vehicles is the necessary increased operating voltage to power the electric
motor (due to the reduction of losses), so supercapacitors are connected in large series
strings. This reduces the equivalent capacitance, and also leads to voltage balancing
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Figure 31.

Block diagram of an electric vehicle with a hybrid power supply.B - accumulator, SC - supercapacitor; DC/DC -
converters of direct voltage; R - regulator; M-G - motor-generator (depending on the operation mode); and W -
wheels.

24



Supercapacitors: The Innovation of Energy Storage
DOI: http://dx.doi.org/10.5772 /intechopen.106705

problems on individual cells. The first problem is solved by connecting several series
strings in parallel, and the second by passive (cheap and bad) or active (expensive and
excellent) voltage balancing.

* Between the source and the motor, a converter that adapts the characteristic sizes
of the source: frequency, voltage, current, and number of phases to the needs of
the motor. By dosing that energy, engine control is also achieved;

* Between the engine and the load, a mechanical transmission that adjusts the
speed and torque of the engine to the speed and torque of the working
mechanism (load);

 Information from all the mentioned elements (source, converter, motor,
transmission, and from the load) is collected by the regulator (controller), which
is based on the set (desired) parameters, performs automatic control of the drive

In an asynchronous motor, at a constant frequency and amplitude of the supply
voltage, the rotor speed depends on the load moment, which requires complicated
control algorithms in cases where precise speed and/or position control is required. This
phenomenon is a consequence of the principle of operation of an asynchronous motor,
which is electromagnetic induction and requires a difference in speed between the rotor
and the rotating magnetic field generated by the stator in order for the electromagnetic
torque to exist. The electronics that realize the aforementioned algorithms were expen-
sive, therefore, it made it difficult to use asynchronous motors for such purposes.
However, today, with the low cost of electronic components and the use of computers
in the realization of regulation algorithms, they are increasingly used.

The introduction of supercapacitors and power electronics assemblies based on DC
voltage interfaces lead to a significant improvement in the performance of electric
vehicles, such as acceleration, use of braking energy, and reduction of dimensions.
Blocks of high-power supercapacitors are now also installed in large vehicles (buses
and rail vehicles). In Figure 32 a complete green energy system is presented, where
supercapacitors play an important role.
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Figure 32.

Green transport [63].
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5.6 Power electronics

Supercapacitors are, and in the future will be, increasingly used in power elec-
tronics assemblies of medium power, where they serve as reservoirs of electrical
energy in the transition mode. There is a real possibility that they will soon replace
bulky inductances, which are also huge sources of electromagnetic interference. In
such an application, the supercapacitor must have both high capacitance and a rela-
tively high operating voltage (which implies regular binding of the cells and all related
problems). The internal resistance must be quite small, and the leakage current is not
of major importance.

In Figure 33 a schematic of a buck-boost converter with a supercapacitor for
accepting braking energy is given.

In Figure 34 the scheme of the SMPS converter with supercapacitor is given and
Figure 35 shows the supercapacitor in the inverter circuit.
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Figure 33.
A typical modern supercapacitor system with a bi-directional converter with SC [64].
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Supercapacitor system with SMPS converter [65].
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Figure 35.
Supercapacitor system with switch mode vectifier in the inverter [66].

6. Economy efficiency

Nowadays, the industry is focusing on improving product performance and
reducing production costs. The supercapacitor components improve themselves, not
only in the manufacturing process and technology, but in the direction to find stable
and effective electrode and electrolyte materials, and to improve the performances, as
well as to reduce the cost [8].

Following their properties, various industries and applications use supercapacitors,
since they bring features, such as a safe, eco-friendly, and economical source of energy
to the industry. It has been noted that the global supercapacitor market is supposed to
attain US$ 8.3 billion by 2025. This market is predicted to enhance at a compound
annual growth rate (CAGR) of 30% until 2025 [65, 66]. As provided in the recent
reports, the cost of the material is a major constraint of market growth. Even though
these disadvantages inhibit the supercapacitors’ market growth, there is a high number
of research groups that are focusing on minimizing the overall cost, and improving the
supercapacitors adoption rate in the current market [66, 67]. CO, emission regulations
that have been regulated in many countries worldwide, also have stimulated the usage
of supercapacitors in the industry. This green agenda secures the future development of
the supercapacitors, improvement of their properties, and their further research [13].
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Carbon Nanomaterials Based
Supercapacitors: Recent Trends

Mohamed M. Atta and Rania M. Ahmed

Abstract

The increasing demand for renewable energy sources worldwide and the
predicted depletion of current fossil fuel sources need continuous energy storage and
conversion technology development. The use of supercapacitors (SC) as electrical
energy storage devices in consumer electronics items and alternative power sources
is an interesting and potentially lucrative area of application. Therefore, continuous
developments are conducted to improve SC performance using different composites
and nanocomposites. Carbon materials in SC are among the most important uses
of this material. This chapter provides a short communication on recent progress in
supercapacitor-based carbon materials. Various fundamental carbon allotropes were
presented and debated, including fullerene, carbon nanotubes, and graphene-based
supercapacitors.

Keywords: supercapacitor, graphene, carbon nanotubes, carbon, fullerene

1. Introduction

The increasing global energy demand due to a modern technology-dependent
lifestyle puts increasing pressure on traditional nonrenewable energy resources such
as fossil fuels [1, 2]. The global trend to use portable, flexible electronics and the
increase in global environmental awareness push toward the use and continuous
development of eco-friendly, sustainable energy conversion and storage devices
[3, 4]. Supercapacitors are essential devices among energy storage devices because
of their quick charging and discharging processes, high power densities, extended
cycle lives, minimal maintenance requirements, long lifespans, and environmental
friendliness [4]. Both the electric double layer capacitor, which stores energy by
electrostatic means, and the pseudocapacitor, which keeps energy through redox
reactions, are subtypes of the supercapacitor. In most cases, the hybrid electrodes
can store energy in electrochemical and electrostatic methods [5]. Similar to all
other devices, the performance of supercapacitors is highly dependent on the
characteristics of the materials they utilize. Continuous developments of carbon
materials are rapidly being employed in energy storage devices because of their
advantages, including the simplicity of modifying and manipulating pore structure,
surface functionality, surface area, and low cost. Furthermore, the structural integ-
rity of the carbon framework ensures that the electrode material’s cyclic stability and
capacitance retention are maintained throughout time [6].
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In recent years, significant progress has been made in developing carbon
nanostructure composites for high-performance energy conversion and storage
devices. The recent advancement of nanoscience and nanotechnology has created
novel graphitic carbon nanomaterials with multi-dimensions, such as two-dimensional
(2D) graphene, (1D) carbon nanotubes (CNT), and dimensionless (0D) fullerene [7].
This chapter introduces recent supercapacitor advancements based on fundamental
carbon nanostructures; graphene, carbon nanotubes, and fullerene.

2. Graphene

Graphene is an emerging carbon nanomaterial with an ideal 2D structure and
unique electronic properties. On the other hand, the word graphene wasn’t coined
until 1986. Graphene is a single layer (2D) honeycomb-arranged carbon atom con-
nected with sp” bonds. Graphene serves as the fundamental building block for the
structure of all other carbon allotropes. Geim and Novoselov made the groundbreak-
ing discovery in 2004 that single-layer and two to three-layer graphene nanosheets
can stably survive in the environment [8, 9]. The exceptional qualities of graphene
include its high electrical conductivity, high thermal conductivity (5000 W m 1K),
high intrinsic charge mobility (250,000 cm” V™" s™"), and very high surface area
(2630 m*g™"), and high Young’s modulus. Graphene also has a very high surface area
(1.0 TPa).

Due to its low mass density, extremely large surface area, great conductivity, and
high flexibility, graphene has widespread use in various sectors, including energy
storage and conversion, electronic devices, sensors, polymer additives, and biologi-
cal applications [10-15]. Different graphene synthesis approaches are reported as
mechanical filiation, epitaxial growth, chemical vapor deposition, and reduction of
graphene oxide [9]. The use of graphene and graphene composites as supercapacitor
materials was the subject of numerous publications. The following are examples of
recent research on graphene-based supercapacitors.

A high-performance supercapacitor was prepared based on a composite of carbon-
ized wood cell chamber-reduced graphene oxide@PVA (CWCC-rGO@PVA) [16].
CWCC-rGO@PVA revealed a high specific capacitance of 288F g™, capacitance
retention of 91%, energy density of 36 Wh kg™, and power density of 3600 W kg™

The Co;04/CoO nanoparticles were attached to reduced graphene oxide (rGO)
nanosheets by microwave irradiation. The rtGO@Co0;04/CoO electrode showed excel-
lent electrochemical performance of specific capacitance of 276.1 Fg™" and 82.37%
capacitance retention after 10,000 cycles [17].

As supercapacitor electrodes, 3D flower-like spheres of NiCo,S,@Ni-Mo layered
double hydroxide (LDH) nanocomposites grown in situ on reduced graphene oxide
(RGO) were developed using a simple hydrothermal method [18]. For comparison,
RGO@NiCo0254 and RGO@NiMo-LDH electrodes were also prepared. The redox
peaks in CV curves for the RGO@NiCo02S4@NiMo-LDH electrode were symmetric
and had identical profiles as the scanning rate increased, demonstrating excellent
pseudocapacitance behavior and rate capacity of the electrode. Charge—discharge
curve platforms were more pronounced at varying current densities, suggesting
the presence of a Faraday redox reaction. Capacity retention was very good for the
RGO@NiCo,S4;@NiMo-LDH electrode, with specific capacitances of 1346, 1336,
1305, 1294, 1283, and 1272 F g_lat 1,2,4,6,8,and 10 A g_l, respectively. The rated
capacity of RGO@NiCo,S,@NiMo-LDH was higher than that of RGO@NiCo,S,.
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RGO@NiCo,Ss@NiMo-specific LDH’s capacitance was greater than that of RGO@
NiCo,54 and RGO@NiMo-LDH taken separately, suggesting that the presence of
several NiCo,54 nanosheets on graphene sheets may give more growth spots for
NiMo-LDH nanosheets than a smooth graphene skeleton. It can be seen from the
symmetrical charge-discharge curve that it has good electrochemical reversibility.
The device can obtain a maximum energy density of 59.38 Wh kg ™" at a power density
of 808.19 W kg ™! and maintain an energy density of 25.24 Wh kg™" at a high power
density of 8055.32 W kg ™. The capacitance of the RGO@NiCo,S4@NiMo-LDH
electrode retained 80% of its initial capacitance after 10,000 cycles.

In another paper, graphene/MnV,04 nanocomposite was prepared using solvo-
thermal and liquid phase exfoliation processes. A maximum specific capacitance
of 348 Fg ™" and capacitance retention of 88% was achieved after 3000 cycles for an
optimal graphene/manganese vanadate ratio (1:8) sample [19].

A hybrid 2D platform was constructed from polypyrrole (PPy) /rGO and nickel-
tungsten metal oxides. The prepared electrode showed excellent specific capacitance
of 597 F.g™" with capacitance retention of 98.2% after 5000 cycles. The two-
electrode device using the same electrode platform showed a specific capacitance of
361 F.g™" [20].

New hierarchical porous hybrid architecture consists of biomass-based porous
carbon derived from Ganoderma lucidum residues (DDLG)/graphene composite
aerogel were synthesized by chemical self-assembly and Vitamin C as a reducing
agent [21]. Composites with 2.1, 3:1, 4:1, and 8:1 porous carbon ratios to GO were
prepared. The large interconnected pores of DDLG were confirmed from SEM
images. In addition, graphene aerogel retains the conventional three-dimensional
network structure, and the sheet-like form of graphene is orientated unpredictably.
Porous carbon/graphene composites feature a new three-dimensional hierarchical
porous structure when the ratio of porous carbon to graphene is between 1:1 and 3:1.
This ratio creates a densely packed structure. This is due to the graphene oxide sheet
reduction process to conductive reduced graphene oxide resulting in forming a porous
three-dimensional network structure around the BPC. When the ratio of porous
carbon to graphene is exactly one to one, a system of porous carbon and graphene
tightly packed together is produced.

Furthermore, the graphene self-assembled aerogel’s structure dominates through-
out the self-assembly process since just a few porous carbons are exposed owing to
the high graphene concentration, and graphene nanoflakes cover the porous carbon.
When the porous carbon to graphene ratio approaches 4:1, there are still two dif-
ferent types of porous structures, and the pore structure of porous carbon becomes
more visible as the percentage increases. Furthermore, when the mass ratio of porous
carbon increases to 8:1, graphene is shown to be distributed evenly throughout the
porous carbon.

EIS measurements were used to analyze and compare the resistance characteristics
of DDLGC and DDLGC/GO08. The DDLGC and DDLGC/GO8 ESRs were 0.53 and
0.46, demonstrating that the graphene-enhanced composite aerogel had significantly
improved conductivity. The DDLGC/GO8-based electrode has a lower interfacial
charge transfer resistance since the semicircle has a smaller diameter. A vertical line
indicates capacitive behavior near to ideal [22]. A virtually vertical line was seen in the
low-frequency region, suggesting high charge storage, rapid ion transport/diffusion,
and excellent electrical double layer capacitor (EDLC) properties.

CV curves of DDLGC/GOS at 5-100 mV s ~* show the creation of EDLC with
rectangular curve shapes. The electrode of DDLGC/GOS exhibited isosceles triangle
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shapes in the GCD plots at different current densities, demonstrating that the mate-
rial’s energy storage mechanism is a double-layer storage energy mechanism with
good electrochemical reversibility. The specific capacitances of DDLGC and DDLGC/
GOS8 at different current densities were calculated. At a current density of 1 A g ', the
specific capacitances of DDLGC and DDLGC/GOS were determined to be 365.6 F g™
and 366 F g7, respectively. DDLGC/GOS has a substantially greater rate capac-

ity at high current density than DDLGC, which may be attributed to the material’s
increased electron transfer efficiency at high scan rates [23] and the bigger average
pore size and higher effective surface area. These findings show that adding graphene,
another carbon element, may greatly enhance the capacitance characteristics of
biomass-based porous materials.

3. Carbon nanotubes

In addition to their high electrical conductivity [24], unique pore structures, and
improved power density in supercapacitors, carbon nanotubes (CNTs) have outstand-
ing thermal stability, superior mechanical qualities, and unique pore structures.
Powders made from commercially available CNTs are frequently used as collectors,
either in conjunction with other pseudocapacitive materials or on their own, or as
pseudocapacitive electrode materials [25]. Van der Waals force is the mechanism
that allows CNTs in the electrode to link to one another. This increases the electrode’s
resistance leading to self-discharge as a consequence of poor adhesion. To address
these risks, CNTs are grown on collectors, which can take the form of carbon cloth,
graphene, stainless steel mesh, or nickel foam [26]. The following are some instances
of research on the significance of CNTs in supercapacitor production.

Nitrogen-doped multiwalled carbon nanotubes (N-MWCNT) and carboxy-
methylcellulose (CMC) were combined by a hydrothermal process [27]. An
N-MWCNT/CMC composite had an ultrasonication-mediated solvothermal
reaction to produce the material. The good electrochemical characteristics and
rapid redox reaction of the composite electrode in the presence of the PVA/H,SO,
gel electrolyte are deduced from the approximately rectangular shape of the cyclic
voltammetry (CV) curves. The N-MWCNT/CMC composite electrode displayed
a more significant current than the pure N-MWCNT, demonstrating its superior
electrochemical performance and the crucial role of the CMC matrix inclusion on
the CNTs in enhancing the electrode’s capacitance. According to the galvanostatic
charge-discharge (GCD) cyclic stability analysis performed for up to 4000 cycles
at a scan rate of 2 Ag™', the N-MWCNT/CMC nanohybrid composite retained
96% of its initial capacity. The charge transfer (Rct) of the electrodes during
the first and the one-thousandth cycles, as determined by the Nyquist plots, is
approximately 0.9 and 35, respectively. The steady electrochemical characteristics
are influenced as a result of this factor. At low frequencies, it was noticed that the
phase angle for the impedance plot of the composite electrodes was greater than 45
degrees; this indicates that the composite electrodes have electrochemical capaci-
tive capabilities.

The closed tips and fewer active sites of CNTs can limit their electrochemical
performance. Therefore, Zhang and Xie [28] investigated a successful trial to open
the tips of CNTs with oxygen and nitrogen functional groups by an effective chemical
acid-etching method. The chemical vapor deposition (CVD) technique was used to
perform the acidic treatment on the CNTs fabricated. Li*-based electrolyte provided
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the best electrochemical performance of the functionalized and tip-open CNTs
(FTO-CNTs) compared to the other investigated types of ions as Na* and Mg*'.

The areal capacitance obtained from GCD curves for the FTO-CNTs indicates
improved electrochemical performance. Compared to CNT growth on carbon cloth
(CCC) and carbon cloth (CC), FTO-CNTs have the highest areal capacitance due
to their largest CV area as determined by CV curves at a scan rate of 20 mV/s. The
functionalization and tip-opening of the CNTs may explain the higher capacitance
of FTO-CNTs compared to that of CCC. The higher number of oxidation-reduction
reactions is responsible for the greatest charge—charge transfer resistance between
ions and electrons (R.) in FTO-CNTs. The movement of ions from the open tip into
the interior of the CNTs may be responsible for the higher diffusion resistances (c)
exhibited by FTO-CNTs compared to those of CCC. Since there were more entrance
locations for the diffusion of ions in the FTO-CNTs due to their open tips, a scan
rate of 10 mV induced a greater diffusion-controlled capacitance (75%) higher than
CCC (65%).

Yang et al. developed an innovative method for dealing with polymer waste and
high-value-added recycling of resources [29]. In this study, the researchers investi-
gated a great success in treating polypropylene face mask wastes, a source of environ-
mental pollution, to be useful by carbonizing them into CNTs. Yang et al. proposed
employing the manufactured waste face mask CNTs as electrode material in super-
capacitors to achieve extra financial benefits. The CNTs were produced using Ni-Fe
bimetallic catalysts with varying molar ratios NiFeX (X = 1 to 5 and NiFe/Al = 1).

CV curves of CNT samples appeared in approximately rectangular patterns with
broad redox peaks. The development of broad redox peaks explained by the insertion
of functional groups comprising nitrogen and oxygen on the surface of carbon nano-
tubes. The best value of the ratio capacitance was detected in the CNT-NiFe; sample.
For the CNTs sample, the electric double-layer capacitance features were proved
by results obtained from capacitance performance (CP) curves which provided an
isosceles-like triangle at a current density of 1 A/g and a range from —0.8 V to zero
V. After 10,000 cycles, CNT-NiFe; electrodes have high cycling stability with capaci-
tance retention of 85.41% from the initial value. Also, within a current density of 1
Ag™’, they attain a specific capacitance of 56.04 F/g. Due to the bamboo-like shape of
the carbon nanotubes, CNT-NiFe; can be purified to achieve the maximum specific
surface area and N-doped concentration.

A green, simple processing protocol proposed by Bathula et al. [30] utilizing
mechanochemical grinding to synthesize hybrid nanostructures of cobalt oxide on
nitrogen-doped multiwalled carbon nanotubes (Co304-NMWCNT). The NMWCNT
in its original form exhibited wire-like geomorphology; however, Co;O4 consists of
clusters of pieces, and the NMWCNT-Co;0, composite includes an interconnected
tube structure. The electrochemical properties of symmetric devices made with
NMWCNT, and NMWCNT-Co;0, electrodes were studied. CV curves of both elec-
trodes verified the EDLC behavior and Faradic reaction, respectively. The enclosed
area of the CV of the NMWCNT-Co;0, device is nearly twice that of the NMWCNT
device, indicating that the Co304 and NMWCNT have a synergy effect. Both materi-
als have remarkable rapid charging and discharging potential. Random CV curves
illustrated that the form of CV curves for Co;0,-NMWCNT was maintained across all
cycles (indicating exceptional structural stability).

In another article, a composite of polypyrrolopyrrolethieno thiophene (PDPT)
and carbon nanotube (CNT) was created by Bathula et al. [31] to test its viability as
a hybrid electrode material. The structure of PDPT is based on DPP (n-conjugated
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polymer), which includes moieties of both sulfur and nitrogen heterocyclic. DPT
accumulates a donor-acceptor (D-A) interface utilizing chemical exfoliation sug-
gested for electron-accepting bulk. Ultrasonic vibrations caused exfoliation in this
particular investigation. To obtain an intermolecular hydrogen connection and neces-
sary D-A and p-p packing, the authors investigated a successful mixture between
CNTs and bulk DPT nanofibers. Afterwards, a standardized PDPT-CNT composite
suspension was produced from the accumulation of the insoluble DPT. The GCD
results showed the specific capacitance of PDPT-CNT and PDPT are 126, 90, 60, 30,
and 10; and 42, 26, 16, 12, and 5 F/g, detected at current densities of 0.5, 1, 2, 3, and
5 A/g, respectively. Moreover, at a power density of 450 W/kg, the PDPT-CNT device
has a maximum energy density of 15.7 W.h/kg.

Zhang et al. [32] constructed a novel wire-shaped coaxial supercapacitor with
exceptional performance, made of carbon wires (CW) @MnO,/PVA-KOH/carbon
nanotubes (CNTs). For the inner electrode, copper wire was utilized as a current
collector to solve the problem of the low electric conductivity of MnO,. However,
carbon nanotubes generated via in-situ chemical vapor deposition (CVD) served as
the outer electrode, with cobalt-based catalyst particles uniformly dispersed across
the surface of SiO,. Then, the device was created by removing the SiO, layer and
filling it with a polyvinyl alcohol-KOH (PVA-KOH) gel electrolyte, simultaneously
using the hydrothermal method. At a power density of 37 mW cm >, the wire-shaped
supercapacitor had the highest volumetric energy density of 0.16 mWh cm™, drop-
ping to 0.12 mWh cm™ at 62.6 mW cm > power density. The asymmetrical quasi-
rectangle shape of a wire-shaped supercapacitor obtained from CV curves indicates
its exceptional electrochemical performance. The observed semicircle in the Nyquist
curve of electrochemical impedance spectroscopy (EIS) for the wire-shaped super-
capacitor at high frequencies describes the resistance of the charge transfer, which
has a value of 1815 W. The equivalent internal resistance value was 22.79 W, deduced
from the semicircle’s intercept with the real axis at high frequencies. The capacitance
retention continued high and stable; after 4000 cycles of charging and discharging,
the capacitance of the wire-shaped supercapacitor exhibits excellent retention of over
90.38%. From the Ragone plot, at a power density of 37 mW cm?, the wire-shaped
supercapacitor has the greatest volumetric energy density (0.16 mWh cm?®). More
significantly, it may continue to be 0.12 mWh cm’ even when the power density
reaches 62.6 mW cm’.

4, Fullerene

Fullerenes or Buckyballs are a novel class of carbon nanomaterials. The basic
elements of fullerenes are called isomers. Their homologs range from the lower
homologs that have received the most attention, such as C60 and C70, to higher
fullerenes, such as C240, C540, and C720. They have shown to be valuable in various
scientific domains, including separating and identifying different chemical species.
Fullerene was first produced by Kroto, Curl, and Smalley via laser-induced evapora-
tion of graphite. As a result, the discovery of Buckminsterfullerene, also known as
C60, resulted from a research study that connected synthetic chemistry, microwave
spectroscopy, and radio-astronomy. Fullerene was born from the search to reproduce
poly acetylenes discovered in interstellar space [33].

Fullerenes have a structure composed of sp2 carbons with distinct chemical
and physical characteristics and a highly symmetrical cage with varying widths
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(C60, C76, etc.) [34]. Thanks to their excellent electrochemical stability, small
size, unique shape, and well-ordered structure [35], they enable their use in energy
conversion systems.

Thanks to their excellent electrochemical stability, small size, unique shape,
and well-ordered structure, they enable their use in energy conversion systems.
Fullerenes’ distinctive 0D structure makes them valuable building blocks for supra-
molecular assemblies and micro/nano functional materials used in drug delivery [36],
photovoltaic devices [37], optoelectronics [38], sensors [39], catalysis [40], and other
fields.

The fullerene molecule C60, which has a structure of 60 carbon atoms, 12 pen-
tagonal C5-C5 single bonds, and C5 = C6 double bonds (20 hexagons), is the most
often employed in supercapacitors. The following are some studies on the importance
of fullerene in supercapacitor manufacture.

Activated fullerene (A-C60) decorated over zinc cobaltite (A-C60-ZCO) has
been synthesized by a solvothermal approach as a supercapacitor electrode [41].

The greater enclosed area of the CV and the well-defined redox peaks suggest that
A-C60-ZCO has a high specific capacitance and a strong pseudo capacitive nature. It
was reported that the specific capacitance value is better for the 10 wt.% of A-C60 in
ZCO loading than for the 2, 5, and 15 wt.% loadings. So, a composite with 10 wt.%
A-C60 loading is the best for further electrochemical studies [41]. The character

of the CV curve of A-C60-ZCO stays the same, except for a shift in peak position
even at a higher scan rate (100 mV/s), indicating that the as manufactured material
possesses rapid and reversible faradic performance. At scan speeds of 1, 5, 10, 20,
40, 50, 70, and 100 mV/sec, the A-C60-ZCO has volumetric specific capacitances of
593.2, 554.18, 506.2, 412.3, 332.7, 296.584, 260.696, 221.76 F/g. With an increase in
scan rate, specific capacitance decreases as internal resistance becomes more domi-
nant. The pseudocapacitive character of the active material is firmly confirmed by all
GCD curves, resembling separate plateau areas compared to CV curves. Because of
the partial ion migration toward the core of the active material, which may be con-
trolled by limiting the loading quantity of active material, the specific capacitance
value at higher current densities shows a small decline.

Under the same current density, -C60-ZCO has the longest charge/discharge time
among ZCO, A-C60, and C60, indicating that A-C60-ZCO has the highest specific
capacitance. At a current density of 2 A/g, the specific capacitance of A-C60-ZCO,
ZCO, A-C60, and C60 electrodes is determined to be 269.81, 124.05, 34.41, and
24.18 F/g, respectively. The synergistic impact of the pseudo capacitive ZCO and A-C60
increases specific capacitance. All of the GCD curves have plateaus, which is strong evi-
dence that the active material is pseudo capacitive and consistent with CV curves. The
calculated specific capacitance values were 269.81, 144.36, 106.53, 84.06, 33.03, 27.89,
23.11, and 19.56 F/g at a current density of 2, 3, 4, 5,7, 8, 9, and 10 F/g respectively.

In another work, a composite from polyaniline (PANI)/fullerene derivative
(PCBM) Phenyl-C60-butyric acid methyl ester was constructed and tested as superca-
pacitor materials [42]. By varying the ratios of PCBM, different PANI/ PCBMx (where
x = 0, 2.5, 5, and 10) were prepared. It was concluded that the PANI/PCBM electrodes
had a higher specific capacitance than PANI due to the synergetic effect of PANI and
PCBM. Also, it was found that the PANI/PCBMS5 had the highest specific capacitance
of 2609 F/g compared to 1216, 1882, and 1770 F/g for pure PANI, PANI/PCBM2.5, and
PANI/PCBM10. The decreasing of specific capacitance of nanocomposite electrodes
with PCBM content higher than 5 wt.% is ascribed to a larger size of PCBM, which
decreases surface area.
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3D pore structure produced C60 molecules into graphene sheets by hydrothermal
approach to enhance their electrochemical performance [42]. The CV curves of
mC60/graphene composite revealed the EDLC and pseudocapacitors. The electro-
chemical dependence on mass ratio, temperature, and reaction time was studied.

It was found that typically when the mass ratio of C60 to GO is 1:8, reaction time is
12 hr., and temperature is 1500C, the specific capacitance reaches 332.3F/g compared
to 215.1 F/g for pure reduced graphene oxide. It was concluded from GCD curves
that the mass ratio of C60 to GO is 1:8 is the best for optimizing the composite
charge/discharge performance. C60 molecules into graphene sheets by hydrothermal
approach to enhance their electrochemical performance [43]. The CV curves of
mC60/graphene composite revealed the EDLC and pseudocapacitors. The electro-
chemical dependence on mass ratio, temperature, and reaction time was studied.

It was found that typically when the mass ratio of C60 to GO is 1:8, reaction time is
12 hr., and temperature is 150°C, the specific capacitance reaches 332.3F/g compared
to 215.1 F/g for pure reduced graphene oxide. It was concluded from GCD curves that
the mass ratio of C60 to GO is 1:8 is the best for optimizing the composite charge/
discharge performance.

A novel supercapacitor electrode was created using a carbon nano-
onion(multilayer fullerene) /manganese dioxide/iron oxide (CNO/MnO,/Fe;O0,)
nanocomposite [44]. The electrochemical performance of prepared supercapacitors
composed of MnO,, CNO, MnO,/Fe;0,4, and CNO/MnO,/Fe;04 nanocomposite was
investigated. The rectangular shapes of CV curves of electrodes were established. The
rise in super-capacitance of the CNO/MnO,/Fe;0, electrode is due to the increased
surface area of the CNO and the presence of MnO, and Fe;O,4, which increases the
adsorption/desorption of cation and onion on the nanocomposite surface. The super-
capacitive current of the CNO/MnO,/Fe;0, was higher than metal oxides electrodes
due to the presence of CNO with a high surface area. It was observed that the Metal
oxide electrodes have less symmetry than those containing CNO. Furthermore, The
CNO/MnO,/Fe;0, nanocomposite electrode’s longer discharge duration implies
improved electrode quality. The calculated specific capacitance of CNO/MnO,/Fe;0,
electrodes was higher than other electrodes. At 1, 2, 3, and 4 A/g, CNO/MnO,/Fe;04
had a specific capacitance of 1130, 972.50, 900, and 730 F/g, while MnO,/Fe;04 had
571.25, 537.50, 442.50, and 400 F/g. Specific capacitances were 487.5 F/gat1 A/g,
415F/gat2 A/g, 375 F/g at 3 A/g, and 340 F/g at 4 A/g for CNO. MnO,’s capacitance at
1to 4 A/g was 382.94, 326.14, 285.12, and 202.59 [44].

Using the stacking interactions of graphene with aromatic rings of functionalized
fullerenes created and produced several unique graphene-based nanomaterials. To
assure strong contacts and stable assembly of fullerenes on the surface of graphene,
C60, C70, and ScAN@CB80 fullerene derivatives containing biphenyl, naphthalene,
phenanthrene, or pyrene moieties were produced [45]. Graphene coated with bis-
naphthalene C; fullerene malonate (G-BN7) revealed a 15% higher capacitance than
graphene before modification, with a specific capacitance value of 56.15 F/g. Thus,
naphthalene is the most suitable substitution for introducing fullerene derivatives on
the graphene surface via n—x stacking. Additionally, compared to C60 and Sc3N@Cgo,
the Cy fullerene core delivered the greatest results.

The low long-range conductivity of fullerene severely hinders the performance
of supercapacitors that use this material. It is therefore anticipated that active car-
bons based on fullerene will have large capacitances when they are developed. By
manipulating fullerene self-assembly with a cobalt tetramethoxy phenylporphyrin
(CoTMPP) and pyrolysis, mesoporous carbon composites doped with varying
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concentrations of cobalt (Co) and nitrogen (N) were synthesized by Jiang et al.

[46]. Cq crystals encapsulated COTMPP, which underwent carbonization to become
actively-bound Co-N in the carbon structures. The ratio of CoTMPP in Cg crystals

and the distribution state in superstructures influence the concentration of Co-N.

The electrochemical performance of porous carbon composite was greatly improved

by Co-N. The fabricated carbon composite demonstrated an improved specific

capacitance of 416.31 F g ™" at 1 A g ™', which is over ten times greater than that of the
pristine C60, and had no activity loss after at least 5000 cycles.

Orderly mesoporous fullerene/carbon hybrids were synthesized by combining
the fullerene precursor in chloronaphthalene with varying quantities of sucrose

Electrode material Specific/ Volumetric Cyclic stability Ref
capacitance
ZnFe,0,4- RGO 1419 F/g 93% retention after [48]
5000 cycles
Poly (3-hexyl-thiophene-2, 5-diyl)/ 2458 F/g 80.5% retention after [49]
CNT 1000 cycles
Graphene/ MoS, 290 F/ cm® 90% retention after [50]
10,000 cycles
PANI/CNT 541F/ g 90% retention after [35]
25 cycles
PANI/fullerene 2201 F/g 96% retention after [42]
1000 cycles.
Ag/Bi nanoparticle anchored CNT 1372F/g 101.3% retention after [51]
10,000 cycles
MnO,@CNT 386F/ g 93.6% retention after [52]
5000 cycles
MoS,/Mn- metal organic frameworks 862.73F /g 71.4% retention after [53]
(MOF)/CNT 5000 cycles
CeO,/graphene 782 F/g 82% retention after [54]
6000 cycles
nitrogen-doped carbon nano-onions 205F/g 96% retention after [55]
(N-CNO) 5000 cycles
MXene/graphene 183.5F/ cm® 75% retention after [56]
3000 cycles
CNT@PANI 138F/g 86% retention after [57]
1000 cycles
RGO/MWCNT/ZrO2 357F/ g 98% retention after [58]
5000 cycles
MnO,/CoWO,/ nitrogen-doped 536 F/g 96% retention after [59]
carbon nanoonions (NCNO) 3000 cycles
RuO, quantum dots / RGO 1120F/ g 89% retention after [60]
10,000 cycles
Tetraaniline(TA)/porous RGO 856 F/g 104.7% after [61]

10,000 cycles

Table 1.
Some latest fabricated carbon-based supercapacitor electrodes.
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and employing mesoporous silica SBA-15 as a template [47]. Different samples
MCgo@C-X, where X denotes the weight ratio of the fullerene Cqo and sucrose were
prepared. The ideal EDLC behavior was observed for all samples as deduced from
CV curves. By decreasing the C60/sucrose ratio from 2 to 1.33, the calculated specific
capacitance increased and then reduced as the ratio fell to 0.8. The highest specific
capacitance of 213 F/g at 0.5 A/g was achieved for the MCqy@C-1.33 electrode, which
is higher than pure mesoporous fullerene prepared without sucrose molecules. Using
superior textural parameters, the authors of this study demonstrated that incorporat-
ing carbon into the fullerene matrix enhanced the electrical transport and diffusion
of the electrolytes. In addition, the research findings suggested that the presence of
carbon layers between the fullerenes helped to strengthen the connection between the
molecules of fullerene and promoted the electronic transition.

Table 1 summarizes some features of carbon-based supercapacitor electrodes that
have been recently reported.
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Abstract

The demand for engineering and advancement of supercapacitor electrodes are
increasing globally. To address the production and storage capacity of the superca-
pacitor electrodes, the development of new kind of composite materials are highly
needful. To design materials with high surface area, excellent conductivity, porosity,
and mechanical stability are the main critical points that need to be addressed. Various
strategies have been utilized to fabricate excellent composite materials for superca-
pacitor electrodes. The effect of many composite materials was found to enhance the
cyclability and storage capacities of the supercapacitor electrodes. In a class of materi-
als, graphene-based nanocomposites and their derivatives were found to be the most
excellent and suitable candidates to design and fabricate supercapacitor electrodes. The
alliance of several active materials when analyzed with graphene and its derivatives was
found to improve further the performance and stability of supercapacitor electrodes.

Keywords: graphene, nanocomposites, supercapacitor, electrodes, metal oxides

1. Introduction

Supercapacitor is an attractive electrochemical device that fulfills the requirement
of all advanced electronic and electrical devices [1]. Supercapacitors have gained a lot
of attention and have been employed in various fields, including various electronic
devices, power supplies, and electric vehicles due to their high-power densities, rapid
charge/discharge rates, and exceptional cycling stability [2-5]. Supercapacitors are
divided into two categories depending on their charge storage capacity: 1) electrical
double-layer capacitors (EDLCs) made of various carbon-based materials, while
2) pseudocapacitors made of transition metal oxides and other conductive polymers as
active materials [6-9]. lons are arranged on the interface of the electrode and electro-
lytes in EDLC charge storage. In this mechanism, ions adsorb and desorb quickly at
the electrolyte-electrode contact, resulting in high power density. Furthermore, no
chemical reactions are involved in this charge storage process; simply the transport and
adjustment of ions occur during the process [10]. The energy storage of pseudocapaci-
tors, on the other hand, is caused by the fast redox reactions or faradaic mechanisms
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of the electrochemically active materials in the electrode [11]. When EDLCs and
pseudocapacitors are merged into a single device, a new subcategory known as hybrid
capacitors is constructed [12]. The most important components of supercapacitors are
the electrode materials that are used in cathodes and anodes [13]. The essential compo-
nent of a supercapacitor is the electrode material, which directly influences the electro-
chemical performance [14]. As a result, the development and application of innovative
electrode materials are critical for improving supercapacitor performance.

Graphene-based composite electrodes are regarded as one of the most effective
electrode materials because of their impressive chemical, mechanical, and physical
properties, such as excellent electrical conductivity, electrochemically active surface
area, thermal conductivity, good mechanical strength, and optical transmittance
[15-20]. Graphene can be combined with different metals to make its composites for
supercapacitor electrodes. In this chapter, we mainly focus on different graphene-
based composite electrode materials for supercapacitor applications.

2. Graphene based nanocomposites for supercapacitors electrodes

Graphene and its composites are the most attractive choices for increasing the
functionality of supercapacitors through improving electrode conduction character-
istics. Graphene has been evaluated for high-performance supercapacitor electrodes,
whether as a single layer or as a beneficial component to make its nanocomposite
for electrodes [21]. Composite materials are materials that combine two or even
more materials with different characteristics to generate a final product consisting
of remarkable properties. As previously stated, graphene has a variety of different
attributions, any number of which might be exploited to create excellent composites.
The presence of graphene allows for the creation of composites with exceptional
properties, which ultimately improves the conductivity and mechanical strength of
bulk material [22]. To make high-quality composites, graphene may be combined
with polymers metals, ceramics, and some other active materials. Graphene compos-
ites have such a broad range of applications, and much research is being conducted to
develop novel and fascinating materials.

2.1 Graphene/manganese dioxide composite

MnO, is regarded as a significant electrode option because of its significant spe-
cific capacity of about 1370 F g™/, relatively inexpensive, and nontoxicity [4, 23-25].
Unfortunately, the conductivity of MnO, is low, and the practical specific capacitance
is substantially lower than the theoretical value-specific capacitance [26]. Graphene
a 2D material has the ability to enhance the electrical conductivity of MnO,-based
electrodes [27]. The large surface area and outstanding electrical conductivity of
graphene enhance the interconnectivity of conductive paths for MnO,, and the
subsequent MnO,/graphene nanocomposites demonstrated better electrochemical
capacitive performance and increases the performance of energy production and
storage devices.

Xia Li et al. used the electrostatic self-assembly technique to synthesize HG/
MnO, composites. A holey approach for graphene opens up additional ion channels,
improving rate capability in supercapacitors. Furthermore, the electrostatic self-
assembly of holey graphene and MnO, nanosheets significantly improves electron
transport channels, leading to a high value of specific capacitance. Furthermore, the
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electrostatic self-assembly technique has the ability to regulate the mass ratio of gra-
phene and MnO, throughout the final composite. At 0.5 A/g, the obtained HG/MnO,
composite electrode containing a 14.8% holey graphene composition shows a specific
capacitance of about 219.3 F g™, and also at 10 A/g, it shows good capacity retention
of more than 61.4%. [28].

M. Zhang et al. [29] Developed a simple alcohol-improvement methodology
based on electrodeposition to synthesize MnO, and MnO,/RGO composite electrode
materials. Following alcohol treatment, the accumulated MnO, on the substrate has
even more homogeneous thickness as well as looser dispersion, whereas RGO has
a broader depositing area having a higher compact distribution. Furthermore, the
rate of capability, cycle performance, specific energy, and specific power have all
been significantly enhanced. At 1 A/g, the prepared MnO, electrode shows a large
value of specific capacitance about 270 F/g having a retention of a capacity was
approximately 83.9% and also the MnO,/RGO electrode exhibits a good specific
capacity of about 467 F/g at 1/g having 93.1% capacity retention was achieved after
2500 cycles.

M. Zhang et al [30]. used a solution-based ultrasonic-assisted technique to prepare
graphene-MnO2 composite. The porous MnO, microspheres coated in graphene
nanosheets with such a large specific surface area, allowing for rapid ion diffusion/
transport. At 0.5 A/g the graphene-MnO, composite electrode shows an excellent
electrochemical performance having a specific capacity of about 1227 F/g and keeping
capacity retention at approximately 90% of its first cycle. Furthermore, the asymmet-
ric supercapacitor depending mostly on graphene-MnO, composite exhibits a large
energy density of about 19.6 Wh kg™ at even a power density of about 351 W kg™,
indicating a strong prospective as an electrode material supercapacitor.

2.2 Iron oxide-graphene composite

Iron oxides (FeOx) are attractive electrodes among transition metal oxides due to
their large capacitance, low price, varied oxidation states, and environment friendly
nature [31-34]. While the poor conductivity of iron oxide has hindered its super
capacitive applicability, combining Fe;0, with graphene can be regarded as a viable
solution technique. [35]. Graphene has the ability to improve the performance of iron
oxide-based electrodes.

Siyu Su et al. [36] prepared Fe;04/NG composite by using a simple one-step
green and scalable dry technique. The generation of C-O-Fe bond shows that Fe;0,
nanoparticles are closely linked with the layers of graphene, resulting in good stability
and electrical conductivity. The obtained Fe;0,/NG composite exhibits remarkable
electrochemical capabilities, including a large value of specific capacitance of about
740 F/g even at 1 A/g, exceptional cycle stability, and significant rate capability.

AJ. Khan etal. [37] effectively manufactured nanodisc-shaped Fe;04/rGO
composites using a quick and simple hydrothermal technique and a brief annealing
procedure. The electrochemical characteristics of a Fe;0,4/rGO composite have been
improved for use as electrode material for supercapacitor applications. The prepared
Fe;0,/rGO composite outperforms the Fe;04 nanodiscs in terms of electrochemi-
cal operation, achieving a high specific capacitance of about 1149 F/g at 1.5 A/g.
Furthermore, after conducting consecutive 10,000 cycles at 10 A/g, the obtained
Fe304/rGO composite demonstrates good cyclic stability of 97.53% and amazing rate
capability of 87%. Figure 1 shows the FESEM and TEM images of the Fe;0,4/rGO
composite.
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Figure 1.

(a, b) FESEM pictures of Fe;0,/rGO nanodiscs electrode composite at various resolutions; (c, d) TEM picture of
Fe,0,/rGO composite; and (e, f) HRTEM pictures of Fe30, nanodiscs and Fe;0,/rGO nanodiscs. Reprinted with
permission from vef [37] Elsevier Copyright @ 2020.

Siyu Su et al. [38] used an effective and sustainable pyrolysis knowledge to pro-
duce nitrogen-loaded porous graphene decorated with Fe;0, nanoparticles (NPGF).
The NPGF nanohybrids have an equally dispersed pore architecture and a very pure
content that is free of contaminants, according to structural and compositional evalu-
ation. Furthermore, electrochemical characterization confirms the excellent electro-
chemical efficiency, which includes specific capacitance of about 713 F g* even at 1
A g™, remarkable capability rate having retention of capacity of about 77.3% and also
shows best capacity retention of approximately 67.9% whenever the current density
is rapidly increased from 1-10 and 20 A g™, as well as exceptional cycling stability
(after 3000 it shows a capacitance retention about 94.3% .

By using a chemical reduction-high-temperature process, Zhang et al. [39] created
graphene/Fe30, (GN/Fe;0,) nanocomposites as the electrode of supercapacitors. The
surface of graphene is routinely decorated with Fe;O, particles of equal size. At 0.5
A/g, the obtained GN/Fe;0, composite electrode delivers a good specific capacitance
about 265.6 F/g. Ultimately, the button supercapacitors were built using the produced
composite materials as electrodes. After 100 consecutive charging / discharging
cycles, the nanocomposites demonstrate constant capacitance efficiency. After 500
charging/discharging cycles, the capacitance efficiency remains above 80%, suggest-
ing that the nanocomposite has outstanding cycle stability.

Mustafa Aghazadeh et al. [40] used a simple one-step electrochemical approach
to create 3D N-combined porous graphene/magnetite nanoparticles hybrids on nickel
foam (Fe;0,4/3D-NPG/NF electrode). Three-dimensional nitrogen combined with
porous graphene are electrophoretically synthesized on Ni foam in this process, while
magnetite particles are electrochemically deposited on the surface of 3D-NPG layers.
In contrast, clean Fe;0,4/NF and 3D-NPG/NF composite electrodes was produced by
depositing Fe;0, particles and N-doped graphene individually over Ni foam. At2 A/g,
after 5000 GCD cycles, the obtained Fe;0,/3D-NPG composite electrode shows good
specific capacity value about 715 F/g and also delivers cycle life about 94.3%.
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2.3 Cobalt oxide—graphene composites

Co;0, is one of the extensively investigated transition metal oxides for superca-
pacitor applications because of its long-term cycle performance, wide surface area,
high conductivity, superior corrosion resistance, and natural availability [41-45].
However, Co;0, has weaker electronic conductivity dramatically reduces its practical
applicability. To address this issue, through a growth mechanism, Co;0, is mixed with
electrically conductive carbon-based materials to produce a hybrid nanocomposite
[46, 47]. Because of its large surface area and exceptional electrical conductivity,
graphene is the most suitable candidate to combine with Co;0, to enhance the electro-
chemical characteristics of the Co;04 electrode.

Venkatachalam et al. [48] used a hydrothermal technique to produce a 1D/2D Co;0,/
rGO composite. The Co;04/rGO composite electrode demonstrated greater specific
capacitance and improved cycle stability than the conventional Co;0, electrode. At 0.5 A
g, the composite material provided an exceptional supercapacitance of about 916.6 F g ™.

S. Sagadevan et al. [49] used a straightforward hydrothermal method to syn-
thesize a Co;04/rGO nanocomposite that was then used as an appropriate electrode
in supercapacitors. The addition of rGO in Co;0, improved the electrochemical
performance of the produced Co;04/rGO nanocomposite. The Co;04/rGO composite-
based supercapacitor obtained a maximum specific capacitance of about 754 Fgl as
well as outstanding stability, holding 96% capacity after 1000 consecutive cycles.
The reduction in surface area of graphene sheets is responsible for the stability, rise
in specific capacity, wettability, and stability of electrode materials. As a result, the
electrochemical behavior of Co;04/rGO nanocomposite makes it an obvious option
for a high-performance supercapacitor. Figure 2 shows SEM pictures of graphene
oxide, Co30,, and Co;04/rGO composite.

M. Yun et al. [50] used a one-step hydrothermal assembly procedure to make a
high-capacitive Co;04/HG composite electrode. Holey graphene offers a suitable
framework for high electrical conductivity in the prepared electrode; the numer-
ous holes in holey graphene give a shorter ion channel, and the Co;0, nanoparticles
encapsulated in the holey graphene network give high capacitance. As a consequence,
the Co;04/HG composite electrode shows excellent performance as compared to
the pure Co;0, electrode. At 1 A/g, the Co;04/HG composite-based supercapacitor
provided a high value of specific capacity of about 825 F g™ at 1 A g”* with higher rate
capacity after further refining mass ratio of Co;04 to holey graphene.

Y. Jiang et al. [51] used a simple and cost-effective method for the preparation of
graphene/Co;0, composite through one-pot ball-milling of graphite, Co(CH;C0OO0),
and (NH,4),CO; (Figure 3). Graphite was inserted by (NH,),CO; and simultane-
ously separated into a few layers of graphene sheets having consisted of functional
groups during the process. Mechanochemical interactions involving (NH,4),COs
and Co(CH;C0OO), were then used to generate Co;O4 nanocrystals on the interface
of graphene sheets. The two components' synergistic effects increase electron/ion
conduction and capacitive responses, resulting in outstanding rate performance and a
large value of specific capacitance for graphene/Co;0, composite electrodes.

2.4 Nickel oxide- graphene composite

Nickel oxide (NiO) is considered to be one of the best electrode materials because
of its affordable cost, non-toxicity, good chemical/thermal stability, easily acces-
sible, and eco-friendly nature [52-58]. Oxides of Ni are highly fascinating because
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Figure 2.
SEM pictures of (a) Graphene oxide; (b) Co;0; and (c & d) Co,0,/rGO nanocomposite. Reprinted with
permission from vef [49] Elsevier Copyright @2020.
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Figure 3.

Synthesis procedure of graphene/Co,0,, composites electrode by ball-milling technique. Reprinted with permission
from ref [51] Elsevier Copyright @2020.

of numerous oxidation states exhibited by Ni [59]. Combining two-dimensional NiO
nanosheets with graphene can increase electrical conductivity of the material, which
has proven to be a very successful method of improving the electrochemical charac-
teristics of NiO-based electrode materials [60].

Y. Zhang et al. [61] used an electrode-assisted plasma electrolysis technique to
produce rGO/NiO composite electrodes. This approach is simple and quick, allowing
for one-step production of rGO/NiO composites. At 1 A/g™, the obtained rGO/NiO
composite exhibits a good value of specific capacitance of about 1093 F g". It also has
good cycle stability, as well as coulombic efficiency about 90.6% was retained after
5000 cycles. Figure 4 shows the preparation procedure for rGO/NiO composite and
HRTEM images of rGO/NiO composite.
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Figure 4.

(. a% The electrode-assisted plasma electrolysis method equipment; (b) rGO/NiO composite electrode HRTEM
image; and (c) The SAED profile of the prepared rGO/NiO composite electrode is shown in the inset. Images of
rGO/NiO composite. Different EDS-elemental mapping: of C, Ni, and O elements. Reprinted with permission
from ref [61] Elsevier Copyright @ 2020.

M. Sethi et al. [62] developed a solvothermal technique to easily synthesize porous
graphene-NiO (PGNO) electrodes using a mixed solvent solution. When the PG is
properly loaded onto the NiO nanoflakes, a stronger composite structure is formed,
which contributes to resisting volumetric changes throughout electrochemical
cycling. The obtained composite material shows an amazing specific capacitance of
about 511.0 F g™ for the one electrode at 5 mV s™, good power density, and excellent
cycle stability. The excellent electrochemical performance of this composite is prin-
cipally attributed to the synergistic effect of the constituent materials, which offered
an effective ion reservoir as well as mechanical strength, allowing for continuous
transfer of electrolyte ions during much of the electroactive material once confined to
charge and discharge processes.

Shu-xia Yuan et al. [63] used heterogeneous self-assembly to create a GO/Ni(HCOs),
composite, which was then thermally treated to produce rGO/NiO. The prepared rGO/
NiO composite has a porous volume of about 0.26 cm® g”* and a larger specific surface
area (121.3 m” g™ and porous volume of about 0.26 cm® g™*. Because of the release of
H,0 and CO,, The hierarchical porosity dispersion of rGO/NiO composite is around
2-100 nm. Because of its porosity dispersion and large specific surface area, the rtGO/NiO
composite shows a larger value of specific capacitance of about 919 F g at 0.5 A g™', and
an enhanced rate capability of about 71% was achieved whenever the current density is
increased from 0.5to 5A g ™.

2.5 Zinc oxide- graphene composite

ZnO is a highly interesting electrode material due to its affordable cost, environ-
mentally friendly nature, nontoxicity, availability, high specific energy, and excellent
electrochemical stability [64-68]. Because of the synergistic interaction between
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the constituents, a novel nanocomposite made of ZnO, and graphene is predicted to
have unique characteristics and capabilities. Many innovative techniques have been
developed to produce graphene-based zinc oxide nanocomposites and their poten-
tially advantageous properties [67]. Graphene-based ZnO composites electrode has
the ability to improve the performance of supercapacitor. R Kumar et al. [69] used

a simple and rapid microwave approach to synthesize ZnO NPs and bind them to
rGO-NSs surfaces to produce ZnO/rGO nanocomposite for supercapacitor electrode
application. At 30 mV/s, the electrode of ZnO/rGO nanocomposite displayed a good
specific capacitance of about 102.4 F g™'. After 3000 cycles, the capacitance stability
was reattained at 82.5%.

M miah et al. [70] used a simple ex-situ wet chemical procedure to produce porous
ZnO nanospheres implanted on rGO (ZnO/rGO composite). At 1A g™, the ZnO/rGO
composite electrodes deliver a good specific capacitance of about 949 F g™'. The ZnO/
rGO composite also has remarkable cyclic stability, retaining 91% of its original capaci-
tance during 10000 cycles. The pseudocapacitive effect of very porous ZnO nanospheres
and the EDLCs of reduced graphene oxide increase specific capacitance.

Jianping Xu et al. [71] used a straightforward hydrothermal method to produce
ZnO nanorods/NG composite electrodes. ZnO nanorods with length of 1-2 m and
diameters 50-100nm was supported uniformly distributed on NG networks. The
prepared ZnO/NG composite has good electrochemical performance, having a large
value of specific capacity of about 23718 F/g at 0.5 A/g, rate capability of about 150
F/g at 10 A/g, and after 2000 cycles it shows long-term stability of about 90.8%.

3. Optimization of graphene electrode-electrolyte for supercapacitors

Carbon materials with large surface areas for charge storage are now the most
researched materials. Despite these huge precise surface areas, the charges substan-
tially deposited on the carbon electrodes. The deposition is somehow restricted by
many factors, such as volume expansion, layer formation on the surface, surface-
to-volume ratio, etc. [72]. Therefore, an alternate electrode material is needed to
enhance the performance of supercapacitor electrodes. Metal oxides and graphene is
considered to be the exceptional electrode ingredients to enhance the performance of
supercapacitors.

Electrolyte parameters, particularly specific capacitance and energy density
are critical in determining the capacitive efficiency of electric double-layer capaci-
tors (EDLCs). In particular, electrolytes with such a large electrochemical stability
window (ESW) can provide superior specific capacitance as well as density, and that
is why ionic liquid-based electrolytes have received a lot of attention. The quantity
of ionic liquid (IL) is a significant parameter for controlling its viscosity, potential
window, and ionic conductivity, which is represented in the EDLC working voltage
and has yet to be well investigated [73]. A pseudocapacitor achieves charge aggrega-
tion by faradic reactions (redox reactions) of redox-active materials deposited on
the electrodes or immersed in fluids. Because of their excellent redox characteristics,
metal oxides have frequently been employed as cathodes for those deposited on the
electrodes [74].

Graphene-based micro-supercapacitors on standard Xerox paper substrates were
created in response to future demands for flexible, simple, and moderate energy
storage devices. To enhance the overall performance of the device, the usage of
redox-active species (iodine redox couple) was investigated. At 6.5 mA cm >, the
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smart printed device based on graphene composite had an amazing high volumetric
capacitance of 29.6 mF cm ™ (volume of entire device). These electrodes contain
redox-active potassium iodide. Surprisingly, the device demonstrated enhanced
volumetric capacitance of 130 mF cm™>. In an H, SO, solution, the maximal density
for a graphene +K device was determined to be 0.026 mWh cm™ [75].

Surjit Sahoo et al. [76] described a unique supercapacitor device that uses 2D gra-
phene sheets as electrode material. The markedly high energy storage and a porosity
PVDF electrolyte incorporating TEABF, as a solid-like piezo-polymer separator were
used. When placed under stress, stresses ranging from 5 to 20 N, the porous PVDF
film produced a voltage ranging from 4 to 11 V. The graphene polymer composite
device had the highest particular device capacitance of 28.46 F g™ (31.63 mF cm™?)
as well a specific energy of 35.58 Wh kg, as well as a great power density of 7500
W kg™ The above discussion shows that the optimum composition of electrolyte, as
well as electrode configuration, is very important to obtain high capacity as well as

cyclability.

4, Conclusion

Regarding graphene’s amazing and unique properties, it is one of the best-known
materials that may be applied for a variety of purposes. Graphene can be applied as
electrode material in energy storage devices including rechargeable batteries and
supercapacitors to store, absorb, and release large amounts of energy. Moreover,
graphene-based metal oxides have the ability to increase the energy density, capac-
ity, and performance of supercapacitors. Metal oxides have been considered one of
the best electrode materials for supercapacitor application due to their affordable
cost, easy synthesis, high capacity, environment friendly nature, and non-toxicity.
However, conventional metal oxides have many disadvantages which limit their
practical application including weak cyclic stability, low electrical conductivity, low
power, and energy density. Graphene a 2D has the ability to solve these problems.
Graphene can be combined with these metal oxides to make its composites to improve
the performance of supercapacitors. Moreover, much attention has been focused in
recent years on structural architecture, material production, and device performance
assessment. To achieve the predicted full-scale actual use, the electrode materials’
efficiency, as well as reproducible quantity, must be increased in the near future.
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Chapter 4

Review on Transition Metal Oxides
and Their Composites for Energy
Storage Application
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Abstract

Supercapacitors evolved as a breakthrough to the existing shortages in energy
resources because of its enhanced capacitive performance, long-term stability,
and high power density. Transition metal oxides (TMOs), a redox active material
in energy storage applications, showing high specific capacitance (100-2000 F/g)
than the electrical double-layer capacitor (EDLC) material has been reviewed
a lot. Among various TMOs, nickel oxide (NiO), tin oxide (SnO2), manganese
dioxide (MnO2), tungsten oxide (WO3), vanadium pentoxide (V205) are widely
used by researchers due to their high theoretical capacitance, low cost, and long
cycle life. The limitations of TMO-based electrode material includes low electrical
conductivity, ion mobility, and low energy density. It is thus important to develop
proper combination of TMO with other transition metals, TMOs, transition metal
dichalcogenides (TMDs), conducting polymers (CPs) and carbon-based materi-
als (graphene oxide (GO), activated carbon (AC) and reduced GO (rGO)). This
chapter focuses on ongoing development in six TMO-based electrode material (NiO,
7Zn0, Mn02, Sn02, WO3, V205) fabrication for the enhancement of electrochemi-
cal performance, their synthesis method and then review about the recent progress
in studying the supercapacitor performance of the material. The limitations of
each TMOs listed separately, providing new insights for future energy storage
applications.

Keywords: transition metal oxides, nanocomposites, transition metal dichalcogenides,
supercapacitor

1. Introduction

It is a matter of great concern that the conventional energy sources on our planet
are getting exhausted day by day. As the energy consumption demand is constantly
increasing, new alternative energy sources are being developed across the world [1-5].
The highly threatening increase in pollution level and global warming invites our
attention to the necessity of developing a clean energy portfolio. Special focus should
be given in the development of alternative energy sources as well as its storage [6].
The most well-known energy production and storage technologies are batteries, fuel
cells, and supercapacitors. In contrast to fuel cells and batteries, supercapacitors use a
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different energy generating technique. Even though these three systems have distinct
energy storage and conversion processes, there exists some electrochemical similari-
ties between them. Common characteristics include the separation of electron and
ion transport and the fact that the energy-producing activities occur at the electrode/
electrolyte interface’s phase boundary. Also, the basic structure of these three systems
consists of two electrodes in contact with an electrolyte solution [7].

Coming to the differences, in fuel cells and batteries, energy production occurs
from chemical reaction via redox reaction, whereas in supercapacitors, energy is
liberated through the diffusion of ions at the interface between the electrolyte and
the inner side of the capacitor electrode plates forming electrostatic double layers.
Supercapacitors are also called ultracapacitors. They act as a bridge between conven-
tional capacitors and batteries. Conventional capacitors deliver high power density
with low energy density and the batteries possess high energy density with low power
density. Supercapacitors are generally preferred over batteries because they enable
quick charging and can deliver energy at a pace that is comparably faster. Also, they
are acceptable in terms of durability, stability, and life span [8]. Comparatively lower
energy density of this system can be enhanced by wisely choosing the electrolyte
and electrode material. Figure 1 demonstrates the Ragone plot representing various
energy storage systems.

Devices fabricated with TMOs are sophisticatedly important since they exhibit
excellent performance in energy storage, wastewater treatment, gas sensing, photo-
voltaics, etc. In chemical industries, TMOs find application in dye degradation and
for the conversion of various hydrocarbons. In energy storage devices, TMO acts as
an efficient electrode material especially in supercapacitors and solar cell applica-
tion. The incomplete d shell corresponding to TMOs resulted in these properties
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Ragone plot vepresenting various energy storage systems.
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including wide band gap, enhanced chemical reactivity, electrical conductivity,
stability, and anti-corrosiveness [9]. To enhance the efficiency of materials, research-
ers are working on combining TMOs with other transition metals, metal oxides,
carbon-based materials, etc. This can modify the surface area, pore characteristics,
ion intercalation/deintercalation, conductivity, etc. Many works extending from
ZnO/activated carbon to ternary composites such as ZnO/rGO/RuO, are still under
research study [5].

Graphene, the wonder material with single-atom thickness is one of the most well-
liked carbon-based materials because of its high surface area (around 2630 m2/g),
high conductivity, and chemical stability. The existence of Vander Waals force in
graphene results in sudden agglomeration and causes a reduction in surface area and
capacity [10]. Carbon-based materials including carbon nanotube (CNT), graphene
oxide (GO), activated carbon, etc., are much attracted due to the highly porous struc-
ture and enhanced surface area. A combination of TMO with these materials can thus
make better electrochemical performance. The size and shape of the nanoparticles
can able to tune even the band gap energy of the material; thus, it can control various
properties of the nanomaterial including the surface reactivity [11]. These character-
istic features of nanostructures can be controlled by various synthesis methods and
thus can control the band gap, pore features, etc.

In this chapter, we are focused on the synthesis of some selected TMOs and their
composites and discuss the effect of synthesis procedure on the structural and optical
characteristics of the material. Also, the article incorporates the device application of
the proposed materials.

2. Mechanism of supercapacitors

The reason behind the overview of SCs energy storage system is that SCs weigh
less than that of battery with same energy storage capacity, fast access to stored
energy, charging very fast than battery, charge/discharge cycle is 106 times, stor-
age capacity is independent of number of charging discharging cycles, negligible
environmental concerns, and energy density of SC is 10-100 times larger than that of
traditional capacitors [12]. SCs can store substantially more energy than conventional
capacitors because the charge separation takes place across a very small distance in
the electrical double layer that constitutes the interface between an electrode and the
adjacent electrolyte and an increased amount of charge can be stored on the highly
extended surface area electrode materials. Electrochemical capacitors also known
as supercapacitors exhibit high specific capacitance, high specific power, long cycle
life, and fast charge/discharge rate. Theoretical capacitance values of some TMOs are
represented in a bar diagram (Figure 2).

Supercapacitors are classified according to the energy storage mechanism as
electrical double-layer capacitors (EDLCs), pseudocapacitors (PCs), and hybrid
capacitors. In EDLCs, charge storage is based on reversible adsorption desorption
mechanism at the electrode-electrolyte interface and not involving any faradaic
reaction. Electric double layers are formed with the accumulation of charge over
the opposite electrodes. Here, the electrode’s exposed surface area to the electrolyte
determines the capacitance. In other words, pore size of the electrode material
should match with the ion size of the electrolyte to avoid capacitance drop. On the
other hand, in pseudocapacitors or redox capacitors, charge storage is based on rapid
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Theoretical specific capacitance of some TMOs.

faradaic reaction at the surface of electrode material. Generally, pseudocapacitors
provide capacitance value higher than EDLCs. In hybrid systems, materials for EDLCs
(capacitor-like power sources) and pseudocapacitors (energy sources that resemble
batteries) are combined on a single electrode substrate [13].

Electrode is the key factor that determines the performance of any supercapaci-
tor. Depending on the anode and cathode materials in SC device fabrication, it is
classified into symmetric, asymmetric, and hybrid device. If two electrodes of the
SC are of same material, it is called symmetric device and includes EDLC, pseudo-
capacitive, and hybrid-type material electrodes. If cathode and anode electrodes
are of different types, then the combination is called asymmetric devices. Another
classification is based upon the electrolyte. Water-based electrolyte refers as
aqueous electrolyte devices, and solvent-based electrolytes come under organic
electrolyte-based devices [14].

The electrode material of a supercapacitor is chosen such that it should possess
some unique characteristics such as high conductivity, better resistance toward
temperature change, large specific surface area, and environmental compatibility.
Performance of a supercapacitor relies upon the ability of electrode material for
the smooth conduct of faradaic charge transfer [15]. Porosity of the electrode
material should be well tuned according to the application where it is used. Small
pores yield better surface area, which in turn enhances the specific capacitance and
energy density. The better surface area of a porous material enables much more
reactive sites and promotes the transfer of electrons and ions. However, this small
pore increases the equivalent series resistance (ESR) and hence reduces the specific
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Figure 3.
Schematic representation of supercapacitor device model.

power. Therefore, less porous materials are preferred for applications where high
peak current is demanded [16]. Schematic representation of supercapacitor device
model is shown in Figure 3.

3. Overview of different electrode materials
3.1 Transition metal oxide-based electrode materials

Transition metal oxides (TMOs) are well studied by researchers in the energy stor-
age field. Pseudocapacitive nature of these materials is due to the fast and reversible
redox reactions at the surface of electrode material [17]. Theoretical specific capaci-
tance of some TMOs is shown in Figure 2.

3.1.1 Manganese dioxide (MnQO,)

Manganese dioxide is well noticed because of high theoretical capacitance
(1370 F/g), low cost, and natural abundance. The charge storage mechanism of MnO,
can be as follows [12]:

MnO, + M ++e” <> MnOOM 1)

Where M corresponds to electrolyte cations such as K*, Li*, Na +, etc. The multiple
oxidation states exhibited by MnO, result in transition from Mn”* to Mn®* within the
potential window. The crystal structure variation by MnO, with various polymorphs
such as B, a, 8, v, A results in variation in electrochemical performance of the material.
Other than various advantages, the low conductivity of MnO, limits its application as
SC electrode material [18].
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3.1.2 Vanadium oxide (V,0s)

Vanadium pentoxide is an intercalation compound with monovalent cation resid-
ing the oxide structure without changing the original structure of the material [14].
The charge storage mechanism is shown as below:

V,0, +2M' +2e” <> M,V,0, )

Layered vanadium oxide structures show better potential for intercalation of diverse
ions. Thus, they can be effectively used in LIBs and electrochemical capacitors [19].

3.1.3 Zinc oxide (ZnO)

ZnO is considered as an ideal capacitive material with high energy density of 650
A/g. ZnO is regarded as one of the most suitable materials for pseudocapacitor appli-
cations because of its higher electrochemical activity and lower cost. Electric double-
layer capacitor (EDLC) nature exhibited by bulk ZnO is replaced by pseudocapacitive
behavior by inherently defective nanoscale ZnO. The intrinsic point defects play an
important role in device performance as well as energy storage [20]. In this regard,
inherently defective ZnO suits well for the pseudocapacitive applications.

3.1.4 Tungsten oxide (WOj3)

Tungsten oxides with WOg as the basic octahedra units arranged via sharing
corners, edges, or planes, varied with respect to the position of W atoms in the
octahedral structure in which the hexagonal phase is reported as one showing best
performance.

The charge storage mechanism in WO; as follows:

WO, +M" +e” <> HWO, (3)

By different synthesis methods, WO; with different size and shape can be syn-
thesized, which includes nanorod, nanopillars, nanosphere, nanoplate, etc. [21]. By
controlling the synthesis temperature and reaction time, the morphology as well as
the performance of the material can be altered.

3.1.5 Tin oxide (SnQO,)

SnO, nanostructures find potential application in the much-needed fields such
as energy storage and conversion. This n-type semiconductor holds high electrical
conductivity (21.1Qcm), better theoretical capacity (~782 mAh g'l), low charge-
discharge plateau, superior electron mobility (100-200 cm?/Vs), low synthesis cost,
making them a worthy choice for supercapacitor application [22]. Shin et al. [23]
obtained a specific capacitance of 40.5 pF/cm” from hierarchical SnO, nano branches.
They reported a loss of only 8.9% of specific capacitance after 1000 cycles. The large
volume change (200, 300%) reported during the charge/discharge process for super-
capacitor and Li-ion application leads to pulverization and loss of electrical contact
between particles, resulting in low device performance.

70



Review on Transition Metal Oxides and Their Composites for Energy Storage Application
DOI: http://dx.doi.org/10.5772/intechopen.108781

3.1.6 Nickel oxide (NiO)

NiO, a p-type semiconductor, has emerged as an efficient electrode material for
its higher theoretical capacitance, low toxicity, and environmental impact. Pseudo
capacitance property of NiO is greatly affected by its morphology, crystallinity, and
conductivity. In general, the pseudo capacitive performance test of NiO is carried
out using three-electrode system with nickel foam loaded with active NiO material
as the working electrode, platinum sheet and saturated calomel electrode as counter
electrode and reference electrode, respectively. A suitable alkaline solution will be
selected as the electrolyte. NiO exhibits CV curves like battery materials. Observed
redox peaks result from the mutual transformation between Ni (II) and Ni (III). The
OH- ions diffused on or inside the electrode participates in the charging and dis-
charging process. The electrochemical reaction can be expressed as [24].

NiO+20H™ «>zNiOOH +(1-2) NiO+ ze” 4)

Observations from various studies record the excellent supercapacitive perfor-
mance of NiO electrode materials with lower ESR and charge transfer resistance
(Ret) [6]. Similarly, in most of the cases, the residual capacitance of NiO electrode
materials is more than 90% of initial capacitance even after thousands of charge-
discharge cycles.

3.2 TMO/TMO composite

The idea of preparing a composite structure is always encouraged because it
imposes a positive result on the overall electrochemical properties of the material.
Under the combined effect of various materials/ions, many of the limitations of
the transition metal oxides can be surmount [25]. Zheng et al. [26] fabricated a
nanostructured electrode material by combining ZnO and NiO. Here ZnO acted as
the electrode modifier, and hence, the specific capacitance was improved. Materials
capable of exhibiting multiple oxidation states are of particular interest when it
comes to electrode fabrication. NiO is one such candidate, whose multiple valence
states favor the fast redox reaction, which in turn enhances the specific capacitance.
Varshney et al investigated the electrochemical properties of nanocomposite of SnO,
and NiO synthesized by modified sol-gel route. They exhibited a maximum specific
capacitance of 464 F/g at a scan rate of 5 mV/s and appreciable capacitance retention
of 87.24% after 1000 cycles signifying the fitness of this nanocomposite for high-
energy-density supercapacitor electrode material [27].

Multicomponent nanomaterial combination with TMO-TMO heterostructure
results in combining both the advantages of individual nanostructures. Tan et al.
demonstrated such combination of MnO, and V,05 core-shell nanotube by aqueous-
based method. It results in a high specific capacitance of 694 F/g at 1 A/g current
density with excellent stability [28]. Yu et al. reported the synthesis of ZnCo,0, at
MnO, core-shell nanosheet for asymmetric supercapacitor device fabrication using
hydrothermal method. It shows a high specific capacitance of about 2170 F/g at 3 mA/
cm” in KOH electrolyte. Device fabrication was carried out with TMO heterostructure
as the positive electrode and activated carbon as the negative electrode showing an
energy density of 29.41 Wh/g with 95.3% retention after 3000 cycles [29].
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3.3 TMO/carbon-based composite

Carbon-based materials are generally selected for various applications including
supercapacitors, thanks to their high abundance and easy preparation and cost-
effectiveness. The porous nature and excellent conductivity make carbon-based
materials—graphene, carbon nanotubes, activated carbon, and various other carbon
derivatives, a widely accepted electrode materials for supercapacitor applications
[30]. As the synthesis techniques are approaching new heights, carbon-based elec-
trodes are generated in various morphologies including nanofibers, nanoflowers,
nanorods, nanotubes, etc. MnO,, V,0s, ZnO, and RuO, are some of the promising
electrode materials.

The performance and structure of electrode material play crucial role in deter-
mining the effective capacity of the SC. The limitations of using MnO, as electrode
material in SC including the poor conductivity can be alleviated by combining with
conductive materials such as carbon to make hybrid electrode material. Carbon-based
materials such as activated carbon, carbon nanotube, graphene, etc., are attracted
due to their pore structure, volume, specific surface area, and presence of functional
groups [18]. Cai W et al. proposed an effective method to synthesis of N-doped
Carbon@MnO, 3D core-shell composite, which shows excellent electrochemical
performance. The composite shows high specific capacitance with excellent cyclic
stability and high retention [31]. Carbon nanotube finds application as electrical
double-layer capacitor with high specific surface area and conductivity. But the
low specific capacitance limits its usage, thus combined with TMOs. Lei et al. dem-
onstrated a facile method to synthesis MnO, nanosheets at graphenated CNTs by
hydrothermal method. It shows a high specific capacitance of 575.4 F/g at 0.5 mA/cm®
and considerably large energy density of about 51.2 Wh/kg [32]. Long et al. reported
flexible SC electrode with delta MnO, nanosheets anchored on activated carbon cloth.
It exhibits a high specific capacitance of 360.5 F/g with capacitive retention of 89.5%
after 10,000 cycles [33]. Guo et al. proposed a 3D vertically aligned ZnO nanorods
sandwiched between rGO films by chemical vapor deposition. Specific capacitance of
51.6 F/g is achieved at 10 mV/s for supercapacitor performance [34]. Poor electrical
conductivity of V,05 can be balanced by the proper combination with conducting
materials as that proposed by Perera et al. CNT/V,05 nanowire nanocomposite thus
exhibits an ideal capacitive behavior with specific capacity of 48.5 F/g and power
density of 5.26 kW/kg [35].

Compared with all other carbon-based materials, graphene has attracted tremendous
attention in high-performance energy storage systems because of its intriguing proper-
ties including large surface area, excellent conductivity, commendable thermal, optical,
and mechanical properties. Basically, graphene is a single layer of atom constructed by
sp2-bonded carbon atoms arranged in a poly aromatic honey comb crystal structure.
Theoretical specific capacitance of graphene-based EDLC is 550 Fg™'. In literature, one
can see that supercapacitors based on graphene exhibited a specific capacitance of 75 Fg™!
with an energy density of 31.9 Whkg™ in ionic liquid electrolytes and 135 Fg ™" specific
capacitance in aqueous electrolyte. On the other hand, it showed a specific capacitance of
99 Fg" in organic electrolytes [36]. But it is noted that the restacking of graphene sheets
reduces its conductivity and results in poor specific capacitance. Restacking occurs due
to the van der Waals interaction between the sheets, and it diminishes coulombic effi-
ciency also. In order to improve the capacitive nature of graphene, they are usually made
composites with other capacitive materials. Graphene-metal oxide composite seems to
be a good combination since metal oxide hinders graphene from restacking. Metal oxides
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carry the role of a stabilizer, which prevents the accumulation of graphene sheets.
Combination of graphene and metal oxide compliments each other by eliminating the
complications faced by these materials individually. Development of composites with
pseudocapacitive materials possesses an advantage of generating capacitance from
redox charge transfer in addition to the double-layer capacitance. In metal oxide-
graphene composite, graphene acts as a passage for charge transfer, whereas metal
oxides provide pseudo capacitance. ZnO is a versatile material possessing 3.37 eV
bandgap, with an exciton binding energy of 60 meV, which makes it suitable for a
wide range of applications including supercapacitors. Regardless, the lower specific
capacitance exhibited by ZnO compared with other metal oxides, ZnO superiors with
low cost, high abundance, and less toxicity. Also, the electron donating nature of
ZnO makes it a good partner for electron acceptor graphene to make efficient elec-
trode materials. As reported by Dutta et al. [37], ZnO/rGO composite electrode can
achieve a high specific capacitance of 1012 F/g at a current density of 1 A/g with an
outstanding power density of 3534.6 W/kg. Sreejesh et al. [38] further prepared ZnO/
rGO nanocomposite by microwave-assisted technique to achieve a high capacitance
up to 631 F/g and a long life cycle tested up to 2000 cycles. Introduction of graphene
can effectively transcend the poor electrical conductivity of NiO, another promising
transition metal oxide candidate. The core-shell hybrid NiO/rGO electrode prepared
by electrophoretic deposition method shows a capacitance of 940 F g™ at a current
density of 2 A g™* [39]. Pore et al. reported the achievement of specific capacitance of
7271F gt at 1 mA cm™ current density with good cyclic stability of about 80.4% over
9000 cycles for the hydrothermally prepared NiO/rGO electrodes [40].

3.4 TMO/TMD nanocomposite

In energy storage application, the limitations in 2D materials as potential electrodes
for energy storage include the graphene-based electrodes having high electrical
conductivity and mechanical strength, but it demonstrates only moderate capacity due
to the charge storage on the surface only, thus decreasing its conductivity. Transition
metal dichalcogenide (TMDs) shows high initial capacities, but undergoes a conver-
sion reaction on the first discharge cycle leading to poor capacity retention. Some
TMDs demonstrate relatively high electronic conductivity; many of the phases are
semiconducting [41]. Transition metal oxides (TMOs) show high redox activity in
intercalation reactions and relatively high working potentials making them especially
attractive for use as electrodes [42]. However, low electronic conductivity of oxides
imposes a requirement to mix them with a conductive additive to improve their
performance. Electrochemical properties of MXenes strongly depend on the synthesis
conditions and surface chemistry, and methods for control of their surface termina-
tions need to be developed to minimize irreversible capacity. Thus, research studies
point toward an active material development, construction of low cost, large scale,
eco-friendly production of TMD/TMO heterostructure. To overcome the limitations
of individual 2D materials such as irreversible capacity loss due to consumption of
large amounts of electrolyte in the solid-electrolyte interface, electrolyte decomposi-
tion due to large no of active sites for ions intercalation, it can be combined with high
redox activity of TMO. The heterostructure can create an abundance of structural
defects and multiple accessible electrochemically active sites for ion/electron migra-
tions, which would largely enhance the redox reaction activities toward electrochemi-
cal energy storages [43]. A rough schematic diagram involving fabrication of TMO/
TMD heterostructure is shown in Figure 4.

73



Updates on Supercapacitors

dropped on surface

and separator placed
14 between electrodes

Current Collector
Separator +—| /

Figure 4.
The fabrication process in TMO/TMD heterostructure-based supercapacitor.

Kai Wang and coworkers [44] focused on general solution-processed formation
of porous transition-metal oxides on exfoliated molybdenum disulfides for high-
performance asymmetric supercapacitors. They prepared few-layered MoS, (f- MoS,)
with a series of TMOs (Ni, Co, and Fe-based oxides) via a chemical bath deposition
method at ambient conditions. Each combination of MoS, with the abovementioned
TMO is synthesized and compared its electrochemical performances. They assembled
asymmetric supercapacitor electrode device with a MoS,-NiO//MoS,-Fe,0; configura-
tion, and the device shows a maximum energy density and good cycling performance.
K. Chanda and coworkers [45] prepared 3D hierarchical nanoform based on TiO,
sphere and MoS, flake by low-temperature hydrothermal synthesis protocols. Surface
area increased due to the wrapping of MoS, flakes over TiO, sphere. Hydrothermal
treatment of these spheres creates a drastic change in their morphology. The electro-
chemical performance of the hybrid is compared with pristine TiO, and found the
improvement in capacitance values.

3.5TMO/conducting polymer for SC

Conducting polymers are pseudocapacitive materials, which store charge under
fast redox reaction at the surface and bulk part of electrode material. CPs having good
intrinsic conductivity show poor cyclic stability due to the variation observed in poly-
mer chain during the doping-dedoping process. It is a low-cost material with excellent
charge density. It includes polyaniline (PANI), polypyrrole (PPy), and poly (3,4- eth-
ylenedioxythiophene) (PEDOT) having theoretical capacitance of about 100 F/g. The
specific capacitance shown by CPs is two times greater than that of EDLCs. On the
other hand, TMOs having low conductivity limit its applicability to achieve the high
theoretical capacitance. By combining the advantages of both, the performance might
be enhanced with high specific capacitance and good electrical conductivity compared
with pure ones [46] without any loss in the pseudocapacitance of the material.

4. Summary

Supercapacitors are currently a new class of energy storage devices that have
applications in many different industries. The development of novel, effective elec-
trode materials is a global priority. Transition metal oxides are a desirable material
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for supercapacitors due to their ideal capacitive performance and much lower cost

and environmental compatibility. They store charge in a pseudocapacitive manner.
The primary properties of TMO are its significant inherent stability and its challeng-
ing valence, which allow for the intercalation of electrons and ions into the lattice

of metallic compounds. For high-performance supercapacitors that can give high
capacitance, higher cyclic stability, and exceptional rate, transition metal oxides,
carbonaceous electrode materials, and their composites considered in this chapter look
promising.
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Chapter 5

Supercapacitors: Fabrication
Challenges and Trends

Yi Su and Mohamad Sawan

Abstract

Supercapacitors have shown great potential as important complements to batteries.
We first describe the principle of supercapacitors, including the categories and the
main components of supercapacitors. In the second part, we compare the advantages
of supercapacitors with other energy storage devices, and then the power densities of
active materials are compared with each other. In the third part, we show how vari-
ous technologies are used to fabricate electrodes and supercapacitors. In the last part,
several applications are presented, showing the high value of supercapacitors, includ-
ing hybrid vehicles, solar cells, and wearable and portable devices.

Keywords: supercapacitors, energy storage, portable devices, wearable devices

1. Introduction

The urgent need for renewable energy sources has resulted in concerted research
efforts into electrochemical energy storage. Capacitors can maintain power for a long
time, according to the following equation:

E=%CV’ 1)

where C is the capacitance and V is the applied voltage [1]. However, even though
capacitors have been known to scientists for many centuries, conventional capacitors
still have values at pF and uF/cm?, which are far from energy storage requirements.
When applying capacitors to energy storage, the capacity of capacitors must be
increased, which are known as supercapacitors. Following developments over the
past decade, supercapacitors have shown great promise for next-generation energy
storage devices [2]. Supercapacitors feature a high power density [3], fast charge and
discharge capacity, environmental friendliness [4], safety, and a long life cycle [5],
allowing them to be used as important complements to batteries [6]. To promote the
application field of supercapacitors for researchers, in this chapter, we introduce the
main characteristics of supercapacitors, including categories, components, advan-
tages, fabrication, and applications. Moreover, we discuss future application trends.

In the first section, we introduce the types and main components of supercapaci-
tors, which can be separated into three categories: (1) double-layer capacitors [7],
(2) pseudo-capacitors, and (3) hybrid supercapacitors [8], which consist of active
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materials, collectors, separators, and electrolytes. Conductive metal-organic frame-
works operate as collectors, while the active materials are the main components that
determine the power density of supercapacitors. Separators are composed of fibers
and polymers, while ions are the main components of the electrolytes. Moreover, we
illustrate the structure of supercapacitors and compare the power densities in dif-
ferent active materials. Table 1 shows the various supercapacitors and their power
densities. The MnO, and NiO are the most popular oxide metals with the high energy
density, and they usually worked with the graphene and carbon nanotubes (CNTs) to
fabricate the hybrid supercapacitors. As can be seen, both the flexibility and stretch
ability are common parameters in advanced supercapacitors; however, the high
energy density hardly achieved in the supercapacitors compared to the Li-batteries.

Comparing with other energy storages, this chapter exhibits many advantages,
including the long-term cycling stability, high safety, and power density, which make
them promising candidates for energy storage in many applications.

No Active materials Parameters Capacitance Applied voltage Reference
1 AU/MnO, Transparency, 524 Flg 2V [9]
flexibility
2 AU/MnO, Transparency, 1370 F/g 1.5V [10]
flexibility
3 CNTs/PANI Flexibility 243 F/g 08V [11]
4 AU/MnO, Transparency, 3.68 mF/cm? 1V [12]
flexibility
5 Ni-Co oxide/ Stretchability 0.77 Flem? 1V [13]
MnO,
6 NiO/carbon N/A 317F/g 05V [14]
7 rGO-PPY Flexibility 232 mF/cm’ 08V [15]
8 Nitrogen-doped Stretchability 806 F/cm® 1V [16]
graphene
9 GO@PPY Flexibility 419 mF/cm? 1V [17]
10 Self-doped Flexibility 140 F/g 1V [18]
lignin-based
biocarbon
11 Multi-walled N/A 671F/g 0.7V [19]
CNTs
12 PPY@rGO N/A 882.2F/g 1V [20]
13 GO@carbon Micro 8.7 mF/cm? 1V [21]
aerogel @MnO,
14 PEDOT: PSS Flexibility, 232 mF/cm? 1V [22]
deformability
15 Multi-walled Flexibility, 167 mF/cm® 09V [23]
CNTs stretchability,
and self-charging
16 PPY Stretchability 221.2 mF/cm? 0.6V [24]
and micro-
characteristics
17 PPY Flexibility 203 mF/cm? 08V [25]
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No Active materials Parameters Capacitance Applied voltage Reference
18 GO@-MnO, Micro 1100 F/em? 1V [26]
19 CNTs Flexibility/ 0.6 mF cm™ 25V [7]
stretchability
20 PPY@graphene Flexibility 89.6 mF/cm’ 14V [27]
20 PPY Transparency 5.6 mF/cm? 06V [28]
21 Ag/NixFeyOz@ Transparency 282.1 uF/cm® 4V [8]
rGO
22 Carbon fiber Flexibility 246.1F/g 1.8V [29]
23 PPY Micro 128 mF/cm? 1V [30]
24 GO/CNTs Flexibility 269 mF/cm? 25V [31]
25 GO Environmentally 173.8 F/g 1V [4]
friendly
26 ZIF-L (Zn) @ Flexibility 854 F/em® 1V [32]
Ti3C, Ty
27 MnO,@TiN Flexibility 61.2mW hcm™ 35V [3]
NWs@CNTs
28 NiO@graphene Micro- 605.9 mF/cm? 0.8V [33]
characteristics
29 PANI/N-CNTs@ Flexibility 3238F/g 0.8V [34]
CNTs
Table 1.

Parameters of various main supercapacitors.

In this chapter, we present the advanced achievements of supercapacitors over the
past 5 years, and we overview the technologies used for fabricating supercapacitors,
including lithography, laser writing, inkjet printing, template sacrifice, and physical
and chemical vapor deposition.

We also present an overview of applications where supercapacitors have been
widely used such as in vehicles and other storage buffers. We describe the stretchable
and flexible supercapacitors in wearable devices. We also present wirelessly recharge-
able flexible supercapacitors used in soft and smart lenses. The later have shown poten-
tial applications for implantable and wearable medical devices. Moreover, we present
supercapacitors that may be completely biodegradable and bioabsorbable, which has
never been achieved in other power storage devices. As complementary storage for
batteries, supercapacitors are becoming increasingly important in several applications.

PANI, polyaniline; GO, graphene Oxide; PPY, polypyrrole; CNTs, carbon nano-
tubes; PEDOT, poly(3,4-ethylenedioxythiophene); PSS, polystyrene sulfonate.

2. The categories of supercapacitors and main components
of supercapacitors

There are three types of categories (Figure 1), depending on the charge storage
mechanism. (1) The first one is double-layer capacitors [35], which form capacitance
using double large electrodes, consisting of a physical process. The sandwich struc-
ture forms capacitance, according to the following equation:
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C=e¢sld, (2)

where C is the capacitance and is determined by ¢, 5, and d, wheres is the area
of the two electrodes, d is the thickness between them, and ¢ is the permittivity
of the electrolyte. The capacitance will also be different between capacitors and
supercapacitors. The active materials consist of CNT, graphene, and a conductive
polymer with a large area that is stable during the charge and discharge process.
(2) For pseudo-capacitors [36], the energy storage in pseudo-capacitive comes from
the surface redox reaction [2] between the metal oxide and conductive polymers, as
they generally have many oxidation states that can absorb and emit electrons such
as Ni oxide, Co oxide, Mn oxide, and Co oxide. (3) Hybrid supercapacitors, which
mix double-layer capacitors and pseudo-capacitors, have more advantages than each
individual type. They exhibit a high charge ability and an increase in the capacitance
compared with double-layer capacitors, resulting in good performance with high
cycle and charge abilities, with the same high capacitance as pseudocapacitors. Based
on the discussion mentioned earlier, the hybrid supercapacitors are future trend to
overcome the limitation of power density and applications. The supercapacitors can
be divided into different categories, and they all have the same components, including
collectors, separators, electrolytes, and active materials, with designed pore space for
active materials.

2.1 Collectors

Conductive metal-organic frameworks operate as collectors and can be regarded
as the supporting components for capacitors. To fabricate metal-organic frameworks,
various approaches can be used, which can be divided into bare metal foam, sacri-
ficial templates, micro/neon network structures with in situ deposition, and free-
standing fiber films through electrospinning. Cellulose and self-doped multi-porous
lignin-based biocarbon with a three-dimensional network structure are frameworks
that can be used as the substrate of a solid-state flexible supercapacitor. The shape
design of anodic aluminum oxide (AAO) and nanomesh template [37] have shown
excellent nanostructures and mechanical properties, making them suitable for the
fabrication of supercapacitors with many properties, exhibiting easy fabrication,
versatility, and a high surface area. Sacrificial polystyrene colloidal particles [19] and
cube sugar were shown to increase the power intensity with a large specific surface
area per mass volume for the electrodes. The metal coating on the pre-electrospinning
fiber film resulted in the formation of metal-framework networks, with a process
to fabricate a larger area collector with auto-fabrication. Other approaches have also
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Figure 1.
Three categories of supercapacitors and they consist of collectors, active materials, separators and electrolytes.
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been used, such as wrinkled graphene on polydimethylsiloxane [7], as well as crackle
and leaf templates, which have been used to fabricate metal frameworks with depos-
ited conductive metals. The shape design of collectors is more suitable used in various
fabrications and applications due to its higher energy density.

2.2 Separators and electrolyte

Separators are filters through which ions migrate in and out, and they can reject
connections between two electrodes. Resistance and stability are the key parameters
for separators. Many types of commercial separators are available, which consist of
fiber separators, high polymer separators, electrospinning separators, and biological
separators. The poly(vinyl alcohol) (PVA), which is a high polymer separator, has
shown high conductivity, biodegradability, and high alkaline stability. PVA-based gels
in aqueous electrolytes have been researched for solid-state supercapacitor applica-
tions and fuel cells. However, PVA-based gels have some limitations in aqueous solu-
tions, i.e. the voltage window should be under or equal to 1 V. Researchers have now
focused on finding inorganic ceramic solid-state electrolytes. Polyacrylonitrile (PAN)
is a type of electrospinning separator that has shown great shrinkage and porosity,
with many applications. In addition, studies have been conducted on biological
separators, such as egg shell membranes [38], fish bubbles [39], and other biological
separators. Furthermore, separators should be stretchable, stable, and in a staining
state in flexible and stretchable supercapacitors, which has shown to be a challenging
property in separators. Electrolytes consist of a conductive liquid mixture containing
an aqueous or organic solvent, based on active materials and ions that include OH",
H*, Li*, Na*, K*, SO,%", and Cl™ [40]. The concentration of ions and the PH value have
shown the impact of power intensity in supercapacitors, and the less volume ions
performed better in the transfers with less impedance.

2.3 Active materials

Depending on the charging mechanism, active materials can usually be divided
into four categories. (1) Carbonaceous materials include CNTs, graphene, and its
allotrope, where graphene is mainly based on double-layer capacitance, which utilizes
only the surface of the electrode material; however, the capacitance of bare carbona-
ceous will be relatively small, limiting the applications of supercapacitors. (2) Metal
oxides, especially Ni oxide, Co oxide, Mn oxide, and Co oxide, include MnO;, [12],
NiO, Co;04, and Co(OH), [13], and these metals have many energy levels [41], which
can easily absorb and emit some electrons. Furthermore, the power density of these
metal oxides is the largest among all active materials; however, they have shown poor
high cycle and charge abilities, as well as environmental pollution. (3) Conductive
polymers include polypyrrole (PPY) [24], polyaniline (PANI) [11], polythiophenes
(PYH), polyphenylenevinylene (PPA), and polyacetylene (PA). These conductive
polymers have shown good mechanical properties, easy fabrication, power density,
and environmental friendliness. (4) Composites of the aforementioned active
materials have shown better performance in all of these parameters, especially a
higher power density, better mechanical properties, and charge and cycle abilities.
These materials include graphene@ MnO,, PPY@NiO, Graphene @PPY film, C@
TiN [3], and ZIF-Li(Zn) @TisC2Tx [32]. Comparing the performances of the single
active materials, the association of the different active materials shows the promising
candidates in power storages.
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2.4 Designed pore space for active materials

The power density relies both on the active materials and pore space of the active
materials. The optimization of the structure of active materials and dynamics of ions at
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(a) and (b) CV curves and GCD curves of two different fiber electrodes, (c) CV curves under different scan rates,

(d) GCD curves at different current densities of the MnOx@TiN NWs@CNT fiber electrode, (e) comparison of
volumetric capacitances versus different curvent densities for three different fiber electrodes, and (f) cycling stability of
the MnOx@TiN NWs@CNT fiber electrodes as a function of cycle number under a current density of 2.0 A cm™ [3].
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the electrode-electrolyte interface are the two promising routes for enhancing the elec-
trochemical performance of supercapacitors [2]. The immobilized ions diffuse into the
electrolyte, which not only is the key parameter for the supercapacitors, but also affect
the impedance of the supercapacitors. For controlling the diffusing rate, researchers
have designed and fabricated various superior architectures, including fabricating 3D
structures [27], which include MXenes structures, core-sheath fibers, asymmetric fiber
structures [3], and hierarchical nanoarrays. The synthetic strategy of hierarchical nano-
arrays [33] can be used as a template for the epitaxial growth of secondary structures
by controlling the reaction condition using a one-pot strategy to fabricate the hierarchi-
cal structure. Studies have shown that three-dimensional structures will increase the
surface area considerably, especially in shape design structures. The asymmetric fiber
structure has shown high potential applications because of multidimensional stacking
and winding, resulting in unbelievable capacitance and power density values. Figure 2
shows the different parameters of the supercapacitors, and Figure 2a and ¢ shows the
stability performance in the cyclic voltammetry curves at different scan rates. The
charge and discharge curves of the different supercapacitors at different current densi-
ties are shown in Figure 2b and d, where the volumetric capacitances were calculated
from the charge and discharge rates as a function of the current density in different
capacitances (Figure 2e). Figure 2f shows the stability of supercapacitors, indicating
the performance of the supercapacitors under different current and voltage values,
which can be used to design the pore space and select the suitable active material.

3. Supercapacitors offer many advantages compared with other energy
storage devices

Traditionally, batteries are the main energy storage centers in devices, with a hard
shell and the toxicity of the electrolyte in coin cells. Compared with lithium-ion batter-
ies, the cell configurations of supercapacitors will be much simpler and safer due to the
use of water or polymer gel electrolytes instead of flammable and moisture-sensitive
organic electrolytes. Furthermore, the fast and highly reversible double-layer capacitive
and/or pseudocapacitive energy storage mechanism of supercapacitors will enable a
significantly better high-power capability and cycling stability compared with lithium-
ion batteries. Even if the lower energy density of supercapacitors restricts the wide
application of supercapacitors, due to their superior high-power performance, long-term
cycling stability, and high safety, supercapacitors have been regarded as promising can-
didates for energy storage in some applications, as introduced in the following section.

3.1 High safety

Compared with ion batteries, which use toxic electrolytes with a hard shell, many
biocompatible electrodes can be used in supercapacitors, with a more moderate
electrolyte. Some supercapacitors can exhibit self-degradation, biodegradation, and
bioabsorption [42] with no effects on the body, making them extremely suitable for
some implantable devices.

3.2 Long-term cycling stability

The lifetime of Li-ion micro-batteries is typically less than 1000 cycles,
with charges retention higher than 98% after 1000 charge-discharge cycles in
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supercapacitors. Generally, these materials have lifetimes of over 100,000 cycles with
excellent recharge rate capabilities.

3.3 Power performance

The power density is different in various active materials. For PPY, the capacity
can reach 230 mF/cm?, while for MnO,, the capacity can reach as high as 570 F/g, and
asymmetric micro-SC has a maximum volumetric energy density. The supercapaci-
tors shown high-power density with many other advantages, the low-energy density
limits their applications. The future trend of supercapacitors is still to overcome this
drawback and find the active materials with more energy density. For energy trans-
form devices, the unstable voltage supplied by energy harvesting limits their applica-
tions; thus, we will not compare their performance.

4. Technologies for fabricating supercapacitors

Various structures can be observed supercapacitors, including sandwich struc-
tures, interdigitated structures, MXene fiber structures, and core-shell structures.
Sandwich structures generally consist of one, composed of two electrodes surround-
ing a separator at its center, with numerous technologies available to build electrodes,
which can be further packaged into sandwich structures. Some supercapacitors,
especially micro-supercapacitors, may not require separators, as the electrodes can be
fixed without a connection between them. In this section, we list some methods for
designing and fabricating electrodes and decorating active materials in sandwich and
interdigitated structures.

4.1 Lithography

Lithography has been used to design and fabricate interdigitated circuit chips with
an ultra-nanoscale size, making it extremely easy to fabricate micro-supercapacitors.
Using lithography, the supercapacitor can integrate a circuit chip on the silicon wafer.
These types of supercapacitors do not require separators, as they do not contain a
short circuit with a fixed and hard substrate. Porous silicon and an interdigitated
shape are generally used, as they exhibit a large area. Researchers have also designed
and fabricated various flexible and transparent supercapacitors on special templates

using lithography.
4.2 Electrospinning

Electrospinning can be used to fabricate a designed nanoscale space pose, making
it suitable for the electrodes of supercapacitors. Long nanofibers have been produced
into a thin film through electrospinning, and then metals were coated or deposited
onto the surfaces of these pre-electrospinning films, where the diameter and thick-
ness of these films could be controlled by the diameters of the nanofibers.

4.3 Inkjet printing

Dedicated inks consisted of metal nanoparticles, CNTs, and graphene, and after
mixing with the gel, these inks could be injected and printed onto the template
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surface, forming an active material. They can usually be fabricated in the shapes of
interdigitated electrodes to increase the active area.

4.4 Laser scribing

Various micro- and nanofabrications can be used to build supercapacitors. Direct
laser writing also offers the potential to realize a lower cost and largely scalable
fabrication [43]. For the preparation of active materials films, which are composed of
CNT, metal oxides, and graphene, lasers have generally been used to fabricate inter-
digitated electrodes, with large capacitors.

4.5 Electrophoretic deposition, electrolytic deposition, physical/chemical vapor
deposition, and spurting

Many methods are available to attach electrodes with active materials, such as
electrophoretic deposition, electrolytic deposition, physical/chemical vapor deposi-
tion [44], and spurting. The substrate and collectors can be deposited by atmo-
spheric application, where the active materials will be deposited on the conductive
metal-organic frameworks. The same method has also shown to be suitable for use
in conductive polymers, which are also one of the main active materials with high
quality and stability.

4.6 Sacrificial template

In terms of geometries, key design considerations can be used to increase the
surface areas of electrodes, where a sacrificial template is used to increase the area of
the electrode. These sacrificial templates include AAO film, polystyrene colloidal par-
ticles film, and cube sugar. Template films can be built with sacrificed nanoparticles,
which can be dissolved with the target reagent. Pre-curve PDMS has usually been
used as the supporting film, while the AAO template has also shown to be a fantastic
sacrifice film with a controllable shape, on the nanoscale [30].

4.7 Transfer printing technologies and screen printing

Transfer printing and screen printing are mature technologies that transfer the shape
from the donor wafer to the receiving substrate. After printing, the inks will be released
from the stamp to form the desired functional layouts on the receiver substrate. The inks
for transfer printing include various organic materials and carbon materials, which can
be used to fabricate the flexible and stretchable circuits and supercapacitors [45].

Over the discussion mentioned earlier, many technologies have already been used
to design and fabricate the supercapacitors; however, the main works is still focusing
on increasing the energy density of the active materials and shape designing for active
materials. These new fabrications technologies are hopefully to increase the density of
the supercapacitors with suitable active materials.

5. Applications of supercapacitors

As a power storage technology, there are still many challenges for the practical
applications of supercapacitors, and the major drawback of supercapacitors is their
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low energy density. Significant efforts have been made to improve their performance.
Unlike work on main power storage systems, supercapacitors have shown to be more
important as battery complements, especially due to the many advantages of superca-
pacitors compared with lithium-ion batteries, such as a highly charge ability, long-
term stability, and power density, as well as flexibility, transparency, microscale, and
stretchability. Furthermore, the ions and electrolyte are both the key considerations
at the electrode-electrolyte interface for various applications. The biocompatible
electrolytes and ions are more suitable for solid-state and stretch ability supercapaci-
tors using in wearable applications, while the highly diffusing rate of ions can be used
in hybrid electric vehicles and solar cells with low impedance. The dynamic of the ion
at the electrode-electrolyte interface endows electrochemical energy storage appa-
ratuses. Finally, there are many applications, and we list some important samples,
including portable electronics [43], solar cells, hybrid electric vehicles [46], and
wearable devices [5, 47].

5.1 Vehicles

Vehicles are common devices, as fossil fuels are no longer sustainable and result
in significant pollution. To achieve efficient energy management systems [6], com-
bination of batteries and supercapacitors has been proposed, as the supercapacitor
can absorb energy from braking and provide energy when powered on, and these
electrochemical energy storage apparatuses are based on the highly diffusing rate at
the electrode-electrolyte interface with high energy or power density, long lifetime,
and high safety insurance. This energy management system has been used in many
electronic buses, and the same saving power technology has been used in elevators
and trains.

5.2 Integration of solar cells and supercapacitors

Solar energy [48] is the main energy source for all plants and humans, with a
major utilization of solar energy relying on photovoltaic technology; however, this
process is unstable because solar radiation is intermittent and unstable [49], which
can destroy the lifetime of solar cells and devices. Advanced approaches have been
proposed using electric energy storage systems, where the integration of supercapaci-
tors and solar cells [50] consisted of three parts, namely, dye-sensitized solar cells,
perovskite solar cells, and organic solar cells. Overall, supercapacitors have shown the
potential to be next-generation power sources [51], especially for providing power
supply over a short amount of time and working as an energy buffer and integrating
with other power storage systems.

5.3 Supercapacitors for wearable devices

Wearable systems offer a considerable amount of health information, such as heart
rate, electrocardiogram, and activity data, and these devices have rapidly gained
market approval. Driven by the rapid growth of portable and wearable electronics,
significant research attention has been focused on the development of energy stor-
age devices. Traditionally, energy is stored in Li-ion micro-batteries; however, their
lifetime usually imposes the need for costly and impracticable maintenance, and
the integrated devices and immune reactions restrict periodic part replacements.
Furthermore, the hard shell and toxicity of the electrolyte in coin cells will be harmful
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A A

Figure 3.

Srr%art soft contact lens with wireless charge supercapacitor: (a) illustration of integrated contact lens, (b)
photograph of the fully integrated device, scale bar 1 cm, (c) circuit diagram of supercapacitor recharge, (d)
‘photograph of contact lens on an eye of a mannequin, scale bar 1 cm, (e) infrarved vadiation image of this contact
lens on an eye of a mannequin, scale bar 1 cm, and (f) infraved radiation image and photograph (inset) during
the discharging state on the eye of a live rabbit eye, scale bar 1 cm [52].

to organisms. The need for power for wearable electronics has motivated the develop-
ment of suitable replacements. Supercapacitors are promising candidates for portable
and wearable devices [37], as they should be light in weight, compact in size, and high
in energy density and have a lifetime of over 100,000 cycles with excellent recharge
rate capabilities. Furthermore, the biocompatible electrolyte and mild reactions at the
electrodes-electrolyte interface shows highly potential being the batteries comple-
ments and new generation power storages, including remote sensors [23], implantable
biosensors [52], and nanorobots. As can be seen, Figure 3 is a sample supercapacitor
application with integrated soft, smart contact lens with wireless charge supercapaci-
tors. In this system, the supercapacitor worked as a complementary storage system

for the lens, and it could charge with an antenna from the power supply. Moreover,
supercapacitors may be completely biodegradable and bioabsorbable, which have
never been achieved in other power storage systems [42].

6. Conclusions

Supercapacitors are devices for energy storage systems, which shown great
potential as important complements to batteries. These devices consist of collectors,
electrodes, active materials, separators, and electrolytes. We introduced the prin-
ciple and components of supercapacitors, and then we compared the advantages of
supercapacitors with other energy storage systems. In the third part, the approaches
for supercapacitor fabrication were described. Finally, as complementary storage for
batteries, supercapacitors are becoming increasingly important in certain applica-
tions. The applications of supercapacitors for electronic devices were described,
indicating that supercapacitors may be more suitable for use in wearable and por-
table devices.
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