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Abstract: For hybrid electric vehicles, supercapacitors are an attractive technology which, when used
in conjunction with the batteries as a hybrid system, could solve the shortcomings of the battery.
Supercapacitors would allow hybrid electric vehicles to achieve high efficiency and better power
control. Supercapacitors possess very good power density. Besides this, their charge-discharge
cycling stability and comparatively reasonable cost make them an incredible energy-storing device.
The manufacturing strategy and the major parts like electrodes, current collector, binder, separator,
and electrolyte define the performance of a supercapacitor. Among these, electrode materials play
an important role when it comes to the performance of supercapacitors. They resolve the charge
storage in the device and thus decide the capacitance. Porous carbon, conductive polymers, metal
hydroxide, and metal oxides, which are some of the usual materials used for the electrodes in the
supercapacitors, have some limits when it comes to energy density and stability. Major research in
supercapacitors has focused on the design of stable, highly efficient electrodes with low cost. In this
review, the most recent electrode materials used in supercapacitors are discussed. The challenges,
current progress, and future development of supercapacitors are discussed as well. This study clearly
shows that the performance of supercapacitors has increased considerably over the years and this
has made them a promising alternative in the energy sector.

Keywords: supercapacitors; hybrid capacitors; electrode materials: hybrid electric vehicles; energy
storage devices

1. Introduction

The importance of finding an alternative fuel source that can eliminate the usage of
fossil fuels is increasing day by day because of the alarming increase in the pollution level,
global warming, and other geopolitical concerns across the world. Developing storage tech-
nologies is as important as developing alternative energy sources and that is why recently
much attention has been given to the development of high power and high energy density
storage systems. Among the clean energy portfolio, it is undeniably true that electrochemi-
cal energy is one of the most important parts of it. Fuel cells, batteries, and supercapacitors
are the major devices working on the electrochemical energy conversion principle.

High specific capacitance, high power density, long life cycle, and very little main-
tenance have gained supercapacitors much attention as an energy storage device like a
battery, and its ability to function as a bridge between capacitor and batteries has made the
scientific community focus on the research and development of supercapacitors. One of
the major attractive aspects of supercapacitors is that both charging and discharging can
be done within a short period of time. Since both battery and capacitor collect and release
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energy, they may seem similar, but the vital difference between battery and capacitor is how
they work contrarily on set-up applications. While batteries deliver better energy density
for storage, capacitors provide more speedy charge and discharge capabilities. Table 1
shows the comparison between batteries and supercapacitors [1].Batteries are preferred
for applications where high energy density is required but with limited power output and
requiring long term use of energy. When energy is required to be delivered at high power,
capacitors are preferred.

Table 1. Comparison between batteries and supercapacitor [1].

Comparison Parameter Battery Supercapacitor

Storage mechanism Chemical Physical

Power limitations Reaction kinetics, mass transport Electrolyte conductivity

Charge rate Kinetically limited High

Energy storage High Limited

Cycle life limitations Mechanical stability, chemical reversibility Side reactions

The utilization of electrode materials with more surface area and very slim dielectrics
makes supercapacitors accomplish better capacitance and that makes them different from
the conventional capacitors. The higher power capabilities and long cycle life compared to
batteries makes supercapacitors attractive technology and provide a promising technology
to manufacture superior energy storage systems [2].

The electrode-electrolyte mechanism is the basis of the energy storage in supercapac-
itors [3] and even though it has similarities to conventional capacitors in basic principle,
the process of charge/discharge is much quicker than a conventional capacitor. The charge
storage range is between 100–1000 F for supercapacitors while it is only micro or millifarads
for conventional capacitors [4].

Supercapacitors can manage high power rates, which, when compared with batteries,
is high, but even though they provide very high power in the same volume compared to
batteries [1], the inability to store a similar quantity of charge as batteries are capable of
(three to thirty times lower) is their biggest disadvantage. This is why supercapacitors
are used for applications where large energy storage capacity is not required but only
high-power bursts are needed. In battery-based energy storage systems, supercapacitors
can also be included to decouple the energy and power characteristics of the energy storage
systems. This could improve the sizing and lifetime of the system while at the same time
attaining the demands in power and energy.

In the case of an electric or hybrid electric vehicle, the efficiency can be increased by
converting the excess kinetic energy produced whenever the automobile reduces the speed
or stops into electrical energy. This technology is already in place with low power scale
batteries, but if the efficiency is to be improved, very high amounts of power will be needed
for which one possible way is with the help of other energy storage technologies like
supercapacitors. For hybrid electric vehicles, supercapacitors are an attractive technology
which, when used in conjunction with the batteries as a hybrid system, could solve the
shortcomings of the battery. Usually, because of the unpredictable traffic conditions, mainly
in urban driving scenarios, the vehicles powered by electricity require a time-varying and
stochastic load power, since the proper response to these driving conditions is important.
This makes the batteries supply swift power demand during the acceleration and decelera-
tion, which means, for quickly responding to these variations, the batteries should possess
the high-rate capability. Even though higher rate batteries are attainable, they will be
costlier and bulkier and, more importantly, the frequent charge-discharge operations could
reduce the life of the battery. This is where the idea of hybridization of supercapacitors
and batteries looks promising. Hybridization of these two systems could overcome their
respective limitations and accomplish an overall improved performance [5,6]. The super-
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capacitors can be used to supply the high power density required for rapid acceleration
in hybrid electric vehicles along with recovery of energy during breaking and protecting
the batteries from high frequency fast charge-discharge process. They would allow hybrid
electric vehicles to achieve high efficiency and better power control. The better power
density, cycling stability of discharging and charging, and comparatively reasonable cost
make them an incredible energy-storing device. In hybrid capacitors, when the output
power of the battery is insufficient, the supercapacitors can be used for the peak power
demand for a short period and since the energy density of the supercapacitors is very low,
the batteries are used to store the energy. The supercapacitors here are a power buffer
between the battery and the load. This type of dual technology system is not as simple as it
seems but the performance improvement is too appealing to ignore [7].

The manufacturing strategy and the components like electrodes, current collector,
binder, separator, and electrolyte define the performance of a supercapacitor. Among these,
electrode materials play an important role when it comes to the performance of superca-
pacitors. They resolve the charge storage in the device and thus decide the capacitance.
Porous carbon, conductive polymers, metal hydroxide, and metal oxides, which are some
of the materials commonly used for the electrodes in the supercapacitors, have some limits
when it comes to energy density and stability [8].

Major research in supercapacitors has been focused on the design of stable, highly
efficient electrodes with low cost. In this review, the most recent electrode materials used
in supercapacitors like metal-organic frameworks, graphene-based materials, ceramic
materials, activated carbon-based materials, etc. are discussed. This review aims to provide
a basic idea about different electrode materials used in supercapacitors and also the future
studies required to improve their performance.

2. Electrode Materials

Supercapacitors are divided generally into different types mainly according to the
charge storage mechanism. Figure 1 shows the general classification of the supercapacitors.
One is electric double-layer capacitors (EDLCs) and the other is pseudo capacitors (PCs).
EDLCs are sometimes also called electrostatic capacitors. The charge storage in EDLCs
takes place at the electrode/electrolyte interface through the electrostatic charge absorption
mechanism. The most attractive materials for EDLCs have been carbon-based materials,
mainly due to their abundance in nature and the high surface area; on the downside, the
relatively low specific capacitance is a disadvantage [9].
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Figure 1. Classification of supercapacitors.

The Electric Double Layer Capacitor (EDLC) materials stock up charge mainly in an
electrochemical double layer formed on the surface of the electrode but not in its bulk.
Therefore, the capacitance mainly depends on the surface area of electrode, which can
be accessed by the electrolyte ions. The important factors controlling the electrochemical
activity of electrodes are the specific surface area, pore size distribution, pore shape, mor-
phology, conductivity, and surface functionality. Among these, the pore size of electrode
materials should be very close to the ion size of the electrolyte to yield maximum double
layer capacitance. Meanwhile, if the sizes do not match, it leads to capacitance drop. On
the other hand, pseudocapacitors store charges mainly via fast and reversible faradic reac-
tions occurring on metal oxides or conducting polymers. Normally, pseudocapacitors can
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generate the capacitance value of one order of magnitude higher than EDLCs. However,
limited cyclability always exists because of the nature of redox reactions. Therefore, hybrid
systems offer an alternative to conventional pseudocapacitors or EDLCs. In this case,
materials for pseudocapacitors (battery like, energy source) and EDLCs (capacitor like,
power source) are hybridized on one electrode substrate. By designing electrolytes with the
most advantageous performance and by using such hybrid capacitance composition, the
enormous demand for high-voltage operation with high stability and long-term cyclability
can be accomplished. In a pseudocapacitor, the reversible redox reaction near the surface
of the electrode materials helps them in attaining pseudocapacitance [10]. This makes
pseudocapacitors (PCs) achieve a very high energy density compared to EDLCs [11]. The
positive electrode of supercapacitor is usually made up of high-energy battery-type or
pseudocapacitive materials and their composites. The energy density of the electrode
mainly depends on the capacitance of the electrode, so utilization of its full theoretical
capacitance of the materials is critical. Therefore, it is essential to study the various parame-
ters, which are directly related to the capacitance of the material. The battery electrodes
store the charges through reversible Faradaic reaction, which mainly depends on surface
area, short diffusion path for electron and ions, and higher electrical conductivity with
multiple oxidation states. The Faradaic reaction occurs in both pseudocapacitor and battery
electrode but the electrochemical behavior like CV, GCD are different due to phase change
in battery-type material [12].

The electrode of a supercapacitor must possess some characteristics like better conduc-
tivity, good temperature stability, large specific surface area, resistance to corrosion, less
cost, and environmental friendliness. The overall specific capacitance (Cs) of the material
is improved based on the ability of the electrode material to carry out the faradaic charge
transfer efficiently. This means that if the material has small pores, the specific capacitance
and in turn the energy density (Ed) will be higher. However, the problem with small pores
is that the equivalent series resistance (ESR) will increase which will result in a reduced
power density (Pd). So, the electrode material pore size varies as per the requirement for
the application of supercapacitors. When it comes to high performance supercapacitors, if
the porosity is larger, it will yield better surface area. The better surface area of a porous
material will enable it to provide added active sites for desorption or adsorption reactions
as well as for the transfer of electrons and ions. In general, the specific energy and capaci-
tance will be higher when the pore size of the electrode is small. However, this small pore
size will result in increasing the equivalent series resistance and at the same time reducing
the specific power. This indicates that when the application demands high peak currents,
larger pores will be required; meanwhile, when there is a need for higher specific energy,
pores with smaller size will be preferred [13,14].

This section summarizes different electrode materials which have been studied and
considered to be promising materials for the future developments of supercapacitors as
energy storage devices.

2.1. Carbonaceous Materials

As discussed earlier, carbon-based materials are the most commonly used material
for various applications in supercapacitors, thanks to their high availability and robust
production processes in the industry, which in turn result in the reduced cost [15]. Among
the applications, electrodes based on carbon materials are highly popular. They can be
produced in various forms like fibers, nanotubes, and foams from 1D to the 3D structure.
Usually, the electrode surface area, manufactured with carbon, is directly proportional to
the specific capacitance, but this is not always the case. Some types of carbon will have
higher specific capacitance even when they have a lower surface area compared to the
electrode with a high specific area [16].

One of the most common types of electrode material based on carbon is activated
carbon (AC). Already many kinds of research have been conducted which focused on
these types of materials. In activated carbon, the carbon has undergone a chemical and
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physical process to increase its adsorptive and porous qualities. They are used as conductive
agents in most of the energy storage devices because of their comparably good electrical
conductivity, porous structure, cost effectiveness, and ease of availability of material. In
a similar way, AC was used as a positive/negative electrode for supercapacitor devices
and carbon backbone for growing a hierarchical nanostructure. Further, it can be used to
make a composite with metal oxides and with conducting polymers, to improve the energy
density of the composite materials through Faradaic reaction, and can provide a good
conducting path for electrons [12]. Recently the focus has been shifted from AC to other
carbon-based materials which showed better performance than AC. While activated carbon-
based materials are dispersed and suspended uniformly throughout a solution, the new
materials mainly used colloidal methods of preparation. The below section briefly discusses
some common types of carbon-based electrodes and some of the latest developments.

2.1.1. Graphene and Graphene Nanocomposites

Graphene is a single atom thick sheet constructed by sp2 bonded carbon atoms in a
poly aromatic honey comb crystal lattice [16–20]. The excellent physiochemical properties,
better capacity, and cycle capability make them apt for high-performance energy storage
systems [21]. The advantages of this material include the large surface area, better electrical
conductivity, good flexibility, and favorable thermal and chemical stability [21]. Due to
its extraordinary properties, it is highly utilized for different energy conversion and stor-
age applications. Various methods are adopted for the synthesis of graphene or reduced
graphene oxides such as chemical, thermal, and hydrothermal methods. Researchers re-
ported supercapacitors based on graphene with a specific capacitance of 75 Fg−1 and energy
density of 31.9 Whkg−1 in ionic liquid electrolytes, 135 Fg−1 specific capacitance in aqueous
electrolyte, and a specific capacitance of 99 Fg−1 in organic electrolytes [22,23]. For reduced
graphene with low agglomeration, Wang Y et al. achieved a maximum specific capacitance
of 205 Fg−1 in an aqueous electrolyte with an energy density of 28.5 Whkg−1 [24]. Since
graphene shows a tendency to re-stack, the determination of the intrinsic capacitance is
difficult. One study reported 21 µF cm−1 of intrinsic capacitance for the electric double
layer in graphene [25]. The interfacial capacitance on the other hand depends on the
amount of layers and from the surface area this calculation can be done.

Permanent capacity loss because of the re-stacking of graphene sheets is the major
disadvantage of this material. The coulombic efficiency is also reduced because of this
problem. The van der Waals interaction between the sheets is the reason for the re stacking
and this reduces the surface area which in turn decreases the energy density [17].

Graphene and metal oxide composite seems to be a good solution to overcome the
re-stacking of graphene sheet since metal oxides restrict graphene from this and as per the
studies conducted in this area, this is advantageous for graphene as well as metal oxides
because of the synergistic effect of the materials and this also increases the surface area.
The purpose of combining graphene and metal oxide is to eradicate the problems faced by
these materials individually. In graphene/metal oxide composite, the compatibility and
chemical functionality to permit the smooth processing of metal oxides will be enhanced
by graphene, while the better capacity will be provided by metal oxide. Combining metal
oxides with graphene will efficiently synergize the electric double layer capacitance and
pseudocapacitance. Here the graphene will act as a conductive channel for charge transfer
and this will enhance the overall conductivity and at the same time pseudocapacitance
will arise from the metal oxides. The metal oxide, besides improving the properties of
graphene, will function as a stabilizer in preventing the accumulation of the sheets of
graphene, which happens because of the van der Waals interactions among the graphene
layers. The composite of graphene and metal oxide will result in distinctive structures like
anchored, encapsulated, layered, sandwich, or wrapped. These unique structures help in
substantially enhancing the electrochemical properties of the composite of graphene/metal
oxide, like better capacity, improved rate capability, and exceptional cycling stability.
Furthermore, these unique structured metal oxides on graphene nanosheets prevent the
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agglomeration and re stacking of the graphene nanosheets while improving the surface
area. This will result in high electrochemical activity. Meanwhile, the graphene will help
in enhancing the growth and formation of micro or nanostructures of the metal oxides
on the surface of graphene with even distribution and controlled morphology [17,26,27].
The capacitance of the graphene-metal oxide composites was found to be higher than the
individually calculated capacitance of each material and, also, because of the integrated 3D
structure, the performance is improved. This performance improvement was also detected
in non-metal oxide materials like graphene nanosheet/polyaniline, graphene/Co(OH)2,
graphene/Ni(OH)2, etc. [28–36]. It is important to note that the composite formed by
graphene and metal oxide is not just a sum of the two components, but it can be termed
as a new material with distinctive properties and functionalities. There are many other
graphene-based composites that are studied and researched across the globe for their
suitable applications in supercapacitors. Some of them are graphene/conductive polymers
(e.g., polyaniline [37], polypyrrole [38], polythiophene [39]), graphene/metal oxides (e.g.,
Mn3O4 [40], Co3O4 [41], SnO2 [42]), graphene/metal nitrides (e.g., VN [43], Ni3N [44]),
graphene/sulfides (e.g., FeS2 [45], MoS2 [46]), graphene/hydroxides (e.g., MnNi-LDH [47],
NiCo-LDH [48]), and graphene/MXenes [49,50].

Graphene has gained great attention from different areas of science and engineering
from the time of its discovery in 2004 until now [51]. Several methods like hetero atom dop-
ing and construction of 3D frameworks have been tried to eliminate issues like re-stacking
or agglomeration [19,52–58]. Sindhuja Manoharan and her team manufactured and studied
a graphene supercapacitor with excellent performance metrics and studied the application
of the supercapacitor in electric vehicles as a supplementary source of power and how the
addition of the supercapacitor enhances the storage of energy from regenerative breaking.
The electrode material synthesized showed capacitance of 35.96 Fg−1 along with better
energy density and power density (44.95 Whkg−1 and 18,750 Whkg−1 resepectively). Along
with these properties, the low self-discharge of the supercapacitor depicted the applicability
of supercapacitors in future hybrid electric vehicles [59].

2.1.2. Renewable Materials Based Activated Carbon

A brief explanation has already been given about activated carbon in the first section.
The cost has always been one of the major barriers when it comes to the implementation of
the super capacitor on a larger scale. Even though there are many high performing electrode
materials, they are way too expensive at the moment for practical applications [60]. Cost-
effective materials have been one of the major research focuses in the case of supercapacitors.
Multiple studies can be seen where the prospect of activating and utilizing carbon from
farming waste as electrode materials in SCs has been researched, like cassava peels [61]
or apricot seeds [62]. The rice milling industry produces rice husks as a byproduct, which
is one of the major wastes in the world, which has also been studied for the possibility
of making AC electrodes. The study showed that the activated carbon, named rice husk
activated carbon in electrolyte (6 M potassium hydroxide, KOH), showed a high specific
capacitance of 367 Fg−1. RHAC also exhibited 174 Fg−1 in organic electrolytes [63].

Not only agricultural waste but other innovative methods have also been tried by
researchers, such as the production of AC with Coca-Cola. The high sugar content and the
easy availability helped the researchers to study the possibility of producing heteroatom-
doped AC. They efficaciously produced AC using hydrothermal carbonization and by
activation of KOH and ZnCl2. The AC showed 352 Fg−1 specific capacitance at 1 Ag−1. The
collection of Coca-Cola from expired bottles and unfinished drinks made this production
in the renewable category. The production of AC from the renewable process is appealing
and seems to be an appropriate and viable choice in the future of storage of energy [64].

Comparatively small cost and better specific surface area (1000–2000 m2 g−1) [11,65,66]
made activated carbon one of the most commonly used electrode materials for supercapaci-
tors. Carbonization of carbon-rich organic precursors like coconut shells, wood pitch, coal,
or polymers in an inter atmosphere followed by oxidation in water vapor, KOH, or CO2 to
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increase the specific surface area and pore volume is the method for obtaining AC. Initial
studies were focused on refining the ACs activation process to increase the pore volume
by specific surface area, but the change in capacitance was very little, which, even for the
most porous samples, was not appreciable. Different ACs with various sizes of pore and
in different electrolytes showed a relation between capacitance and specific surface area
which is not linear in nature [67–69].

The high specific surface area of AC is attained because of its porous structure. The
porous structure of activated carbon is mainly categorized into micropores (<2 nm), meso-
pores (2–50 nm), and macropores (<50 nm) [70,71]. A dispersal of pore size around of
2–5 nm is found to be suitable to achieve better energy density and power capability as
many of the preliminary investigations found that it is more apt since it is bigger than the
size of two solvated ions [16,70,72,73]. The research shows that micropores (<2 nm) show
better performance than mesopores (2–50 nm) even when mesopores are fine-tuned carbon.
The partial desolvation by accessing the less than 2 nm pores of the micropores can help in
better capacitance [74]. As the ions from the large electrolyte will struggle to enter into the
small micropores of activated carbon, they will not contribute to the storage of charge, and
the specific surface area is not fully utilized in the case of activated carbon.

Many types of research are still ongoing to determine the best suitable pore size for a
given ion size and also the proper distribution of pore size in the fabrication process. Some
studies show that, for aqueous electrolytes, a pore size between 0.4 and 0.7 nm is more
appropriate and 0.8 nm is suitable in the case of organic electrolyte [75,76].

• Biomass-derived carbon

Even though it comes under renewable materials, biomass-derived materials for
supercapacitors require a separate paper not only due to the large number of studies
conducted in that area but also because of the importance of these materials. These electrode
materials are considered a promising model of green chemistry. Some of the materials which
have shown really promising properties in this field for high-performance supercapacitors
include biomass-derived free-standing electrode materials, cellulose derived free-standing
carbon materials, lignin-derived free-standing carbon materials, silk derived free-standing
carbon materials, and carbohydrate derived free-standing carbon materials. Major research
has been conducted with bacterial cellulose (BC) and lignin in biomass-based electrode
material manufacturing process [77–80]. Bacterial cellulose has a 3D porous interconnected
nanofibrous network as it contains abundant surface hydroxyl groups and nanofibers
with random orientation. They also possess very good tensile strength which is more
than 2GPa [81]. Another advantage of bacterial cellulose is that BC favors the diffusion of
aqueous electrolytes because of their better hydrophilicity. Lignin has also gained wider
attention in supercapacitor electrode manufacturing research, as it also is abundant in
nature and is a byproduct of pulping and paper industries. Within its polymeric framework,
lignin does not possess a consistent structure like cellulose-containing single monomeric
linkages and as a typical polymer that is abundant in nature, lots of studies have been
conducted with lignin [82–84].

The fabrication of electrodes for supercapacitors using renewable resource-based
materials has been one of the major research areas because of the lesser impact it would
create in the destruction of the environment, very low cost, and abundance in nature. Parts
of the plants like shaddock peel, bamboo, petals, etc.; raw materials from animals like silk,
crab shell, and honeycomb; and products from metabolisms like starch and cellulose are
used in the synthesis of this material. All of these are easily available in our daily lives and
this makes them attractive materials for electrodes [85–94].

2.1.3. Carbide Derived Carbons (CDC)

Carbides serving as precursors are used to produce CDCs. They are synthesized by
extracting metals at high temperature from carbides. The production methods include
chlorination at high temperature [76,95] and vacuum decomposition [96]. Since fine-tuning
of the pore networks is possible through the carbide precursors, CDC has been seen as a
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promising material for supercapacitors [97,98]. Improved control over surface functional
groups, when compared with ACs, is also an advantage of CDCs [99]. The disposal of
diverse atom distribution of carbon in carbides and changing the synthesis temperature
can help in controlling or personalizing the pore network in CDCs as per the requirement.

An assessment between Ti carbide-derived carbons and Si carbide-derived carbons
showed that for the same manufacturing temperature (1200 ◦C), distribution of pore size of
the SiC-CDC was narrower and also exhibited a smaller average pore size [99]. Some studies
also showed that as the synthesis temperature increased, it resulted in increasing the pore
size and this common trend was independent of the precursor used for the study [97,100].
Post-treatment, like treatment with hydrogen, helps in improving the properties of CDC.
Comparison of titanium CDC and SiC-CDC showed that the titanium CDC possesses the
highest gravimetric capacitance of 220 Fg−1 in KOH and 120 Fg−1 in organic electrolyte
compared to 126 F cm3 and 72 F cm3 volumetric capacitance of SiC-carbide derived carbon
in organic and KOH electrolyte respectively. This explains that the capacitance mainly
depends on the structure of CDC and the rate of performance depends on the starting
carbide [96]. A study where the effect of pore size was investigated by preparing the CDC
between 600 ◦C and 1200 ◦C with tailored porosity proposed that pores with 2 nm or less
in size have a better effect on capacitance when compared with larger pore size, even when
they had higher surface area [97,101]. Studies also showed that as the synthesis temperature
increased, a decrease in capacitance happened even when the specific surface area and pore
volume increased, which further confirms that the pore size controls the capacitance value.

2.1.4. Carbon Nanotubes (CNT)

Carbon nanotubes (CNTs) are one of the promising materials for electrochemical
energy storage applications due to their higher electrical conductivity because of their
one-dimensional structure and higher active surface area. The CNT electrode showed a
higher specific capacitance of ~100–400 F g−1, which is better than conventional carbon-
based electrodes due to their high electrical conductivity, fast charge transportation, higher
surface-to-volume ratio, and tremendous electrolyte accessibility. Similar to activated
carbon materials, CNT is also hybridized with metal oxides (e.g., manganese oxide) or
conductive polymers (e.g., polyaniline) for improving the energy density [12]. Catalytic
decomposition of some kind of hydrocarbons has been used for the production of carbon
nanotubes [102,103]. Their crystalline order can be controlled by manipulating various
parameters and this will help in attaining more than one type of nano structured for-
mation [102]. Carbon nanotubes as an intertwined mat are used as CNT electrodes in
supercapacitors. The electrodes are developed with an open and accessible network of
mesopores that are interconnected. This helps in forming a continuous distribution, which
in turn helps in utilizing the specific surface area more efficiently [104]. The equivalent
series resistance of carbon nano tube electrodes is lower than activated carbon because of
the easy penetration of ions into the mesoporous network [68]. The morphology as well as
the purity of the material greatly affect the specific capacitance of the carbon nanotubes
and the surface of the electrode is largely mesoporous, linked to the tube’s outer face [102].

Since it is possible to grow CNTs without the requirement of a binder in a sub-
strate which is conductive, the minimization of the contact resistance between the current
collector and the active material is achieved and this, in turn, simplifies the electrode
fabrication [105,106]. The specific capacitance of carbon nanotubes which is between
20 to 80 Fg−1 [102,107] can be increased up to 130 Fg−1 with subsequent oxidative processes
and this results in the modification of the surface structure and, eventually, an additional
surface functionality is introduced which can contribute to pseudo capacitance [16,108,109].

Single-walled carbon nanotubes and multi-walled carbon nanotubes (SWCNT,
MWCNT respectively) as shown in Figure 2 can be produced based on the synthesis
parameters. Both SWCNT and MWCNT will have an external surface area which can be
accessed completely and very large electrical conductivity [102,103]. The study on SWCNT
(single-walled CNT) supercapacitor showed that the size of the ions and the accessibility
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of electrolyte/electrode are the major aspects on which the performance depends. When
SWCNT had a theoretical specific surface area of 1315 m2 g−1, SSA of MWCNT was lower
than AC because the mesoporous of MWCNT allows easy flow of ions through the elec-
trode/electrolyte [110]. The solvent molecules expose partly when the size of the pore
becomes comparable to the ion and this eventually results in high ionic packing density.
However, because of the significant change in volume caused by the repetitive intercalation
and depletion, their mechanical stability decreases [91].
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MWCNT with a specific capacitance of 50 Fg−1 has been reported by Peng et al. [112],
while through an easy carbonization method, HPCNTs (hierarchical porous carbon micro-
tubes) with willow catkins have been prepared by Xie et al. [15] with a specific surface area
of 1775.7 m2 g−1, 292 Fg−1 of specific capacitance at 1 Ag−1 and with an 83 percentage Cs
retention with decent rate capability at 10 Ag−1 for HPCNT-800.

2.1.5. Carbon Aerogel

They are also known as frozen smoke. Carbon aerogel can bond chemically with
the current collector and hence the requirement of a binding agent is eliminated. This
highly porous, ultra-light synthetic material is constructed with mixed mesopores of a
continuous network of carbon nanoparticles. These properties enable them to have a
low ESR (equivalent series resistance) which in turn provides high Pd [113]. Pyrolysis of
resorcinol-formaldehyde aerogels is used to prepare an electrode which is found to be a
far better conductor than AC. They also provide mechanical and vibrational constancy for
supercapacitors used in the high vibrational environment as the electrodes are thin and
firm [114].

2.2. Metal-Organic Framework (MOF) Based Electrode Materials

The attention metal-organic framework is receiving as a template for the synthesis
of nanocomposites of porous carbon, metal/metal oxides, and porous MOs has gathered
momentum recently. In general, pristine MOFs are being used as positive electrodes for
supercapacitor devices, whereas MOF-derived carbon is being used as a negative one.
Compared to pure carbon-based materials, these MOF-derived carbon materials deliver
excellent electrochemical performance owing to their favorable natures like high poros-
ity, high specific surface area, etc. Annealing of MOFs at high temperature under inert
atmosphere converts them into carbon, retaining the original MOF template [115,116]. The
preparation of MOFs has been done by combining the organic and inorganic units through
solid chemical bonds. Metal containing units is combined with polyvalent organic carboxy-
lates produced 3D structures with high specific surface area (between 1000 to 10,000 m2 g−1)
and well-defined pore size distributions. MOFs are developed using alkaline earth metals
like Ba and Sr; p-block elements; transition metals like Co, Fe, Zn, and Ni; and mixed
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metals [117]. The composition, pore size, and specific surface area of MOF derived oxides
can be regulated by the annealing time and also by varying the temperature. Their elec-
trochemical performance can be improved by combining them with various carbon-based
materials like CNTs, graphene, etc. Co3O4/NiCo2O4, CuO/Cu2O@TiO2, Fe2O3@TiO2, and
Co3O4/ZnFe2O4 are some of the mixed metal oxides (MOs) and their composites that can
be synthesized from MOFs. Zinc oxide, nickel oxide, cobalt oxide, and magnesium oxide
are some of the porous TMOs acquired from metal-organic frameworks [118].

MOFs derived materials can be used for producing supercapacitor electrodes be-cause
of the many advantages they possess such as high specific surface area, high porosity, etc.
Still, studies are required on these materials to make them more suitable for supercapacitor
applications. For example, even though some of the MOF derived materials show good
electrical conductivity, most of them struggle with poor electrical conductivity at a large
charge/discharge rate. More research in improving the electrical conductivity of such
materials is required so that the application of MOF derived materials in supercapacitors
can be enhanced. Some other drawbacks of these materials include the reduced cycle life at
higher rates and inadequacies in the diffusion distance of the electrolyte within the porous
metal oxides because of the high crystallinity [119]. There are many methods to improve
the performance of MOF derived MOs. For example, to increase the specific surface area,
heating the precursors of metal organic framework under a nitrogen atmosphere before
heating them in the air is a method. This helps in stopping the rapid release of volatile
gases which otherwise could have led to the failure of the frameworks. The chemical
conductivity can be boosted by mixing the metal organic framework derived metal oxides
with conductive carbon materials (graphene, CNTs etc.) together with a second metal
oxide. The entering of the ions into the pores of MOs can be made easy by matching the
heating conditions of the electrode and electrolyte and thus optimizing the pore size of the
materials with the ion size of the electrolyte. Reducing the crystallinity of the material will
help in attaining this [120].

Higher Ed and Pd values can be obtained with the help of three-dimensional materials
which can provide many reaction sites in their networks. Polyhedral ZIF-8 and graphene-
MOF composite on TiO2/FTO substrate quantum dot MOF nanocomposite showed en-
hanced values of cycling life, Pd, and Ed. The one dimensional and two-dimensional
materials can enable easy pathways for ion deintercalation and intercalation [115,121].
For practical applications, considering mechanical, chemical, and thermal stability is very
important. Organic linkers and different types of clusters/metal ions have been used to
attain remarkable stability for MOFs [122]. Poor chemical and mechanical stability and
low intrinsic electrical conductivity limit the conventional MOFs large scale applications
in supercapacitors. So far, most of the composite materials of MOFs have been produced
and, in some cases, to attain long cycling stability, they have been used as precursors to
manufacture metal oxides or carbon-based materials [123–125]. Many studies are still
ongoing in MOFs, and MOFs have been considered as one of the promising electrode
materials [126]. Still, only a few methods exhibit proper control over the dimensions of
the metal oxides and this shows the importance of the metal organic framework derived
materials. This also shows that, to attain an improved electrochemical performance, it is
essential to have a clear and deep knowledge about the discharge and charge process of the
metal organic framework derived metal oxides. Some of the promising MOFs are briefly
explained in the coming sections.

2.2.1. Pristine MOFs

Studies on high-performance electrode materials have been gaining momentum re-
cently and one of the materials involved in these studies has been pristine MOFs. MOF
nanocrystals termed as nMOFs have been synthesized by Yaghi et al. and their elec-
trochemical performance has been evaluated by employing them as electrodes in super-
capacitors [127]. The researchers manufactured 23 nMOFs and they overcame the low
electrical conductivity by mixing MOF nanocrystals with graphene in the film physi-
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cally. One of the materials, nMOF-867 (zirconium MOF), showed 726 Fg−1 which is a
very high capacitance and over 10,000 charge/discharge cycles. These outputs are far
better than the currently available graphene and AC. Qu et al. used the solvothermal
method and synthesized a nickel-based pillared MOF. As the pillar linker, they used
DABCO (1,4-diazabicyclo [2.2.2] octane) and ADC (9,10 anthracenedicarboxylic) as the
carboxylate linker. This electrode when used directly in the supercapacitor displayed a
property of pseudocapacitive charge storage with 552 F/g specific capacitance at a current
density of 1 Ag−1. They also showed current capacitance retention of over 98 percent
after 16,000 test cycles at 10 A/g. Through ligand functionalization, the material showed
better kinetic stability and because of the large surface area of this structure, a reduction in
electrode polarization has been detected [128]. The pristine MOFs still struggle with poor
electrical conductivity and this is still a major hurdle that prevents them from attaining
better cycling stability and specific capacitance [117].

2.2.2. MOFs Composite Materials

In some cases, MOFs are composited with materials like AC, conductive polymers,
and graphene to eliminate the bad conductivity. This type of MOF composite material
improves the overall multifunctionality of the material and also provides new physical and
chemical properties [129].

Electrodeposition of PANI (polyaniline) on the cobalt-based metal organic framework
to synthesize PANI-ZIF-67 has been studied by Wang et al. PANI-ZIF-67-CC synthesized
this method when used as an electrode exhibited 35 mF cm−2 area capacitance at a current
density of 0.05 mA cm−2 and after 2000 cycles showed more than 80 percent capacitive
retention [130]. Using smear and electrodeposition method, zeolitic-imidazolate-framework
(ZIF-67) and PPy as a composite material, coated on the carbon cloth (CC), has been
synthesized, and efficient reduction in resistance during electron transportation has been
found due to the nano stick like morphologies of PPy arrays. This also resulted in the
acceleration of the zeolitic-imidazolate-framework charge transfer. The polypyrrole (PPy)
arrays worked as a conductive link between the zeolitic-imidazolate-framework particles.
After 40,000 cycles, the electrode exhibited very high capacitance retention of 100.7 percent
and 284.3 F/g a specific capacitance at a current density of 1 mA/cm2 [131].

2.2.3. MOF-Derived Materials

The well-organized pore structures, diverse structural topologies, large surface areas,
and ample organic components make MOFs an ideal template for the manufacturing of
nanostructured materials using high-temperature pyrolysis. These materials do not just
strengthen the mechanical and chemical stabilities but also inherit the qualities of their
parent MOFs. They are coordination polymers formed via the strong bonding between
central metal ions and organic linkers. Intrinsic properties like high porosity, surface
area, and appreciable aspect ratio of MOFs make them very useful for the application of
supercapacitors. Some of the examples of MOF-derived nanostructures are metal carbides,
chalcogenides, phosphides, metal oxides, and carbon-based materials. They also become
multi-functional [132].

One of the main reasons the hollow nanostructures receive large attention is because
this structure offers adequate contact area between electrolytes and active sites which in
turn lessens the diffusion pathways of the ion and electron [133]. Yolk-shell structured
ZIF-67/Ni-Co (ZIF-67/layered double hydroxide) nanosheets composite has been prepared
by employing an etching coupled with deposition method by Hu and his team. They
then formed the double-shell nanocage of Co3O4/NiCo2O4(DSNCs) by heat treatment
(annealing) of the precursor [134]. The advanced structural stability of the DSNCs displayed
an extraordinary capacitance of 92.5 percent after 12,000 cycles at 10 Ag−1 current density.
They also exhibited a proper pore size distribution and attained 972 Fg−1 at 5 Ag−1 current
density which is a very good capacitance. Hierarchically porous carbon film (HPCF)
synthesized by using HKUST-1 as carbon source and CNTs as a template when used as an
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electrode material showed more than 95 percent capacitive retention after 10,000 cycles at
10 Ag−1 [135].

2.3. Bimetallic Metal-Organic Framework (BMOF)

To enhance the intrinsic properties of MOFs, bimetals are combined with MOF struc-
ture as they can favorably introduce high porosity and defects due to the combinational
effects between the various types of metals. This enables BMOFs to be used in various
applications like electrodes of supercapacitors. Producing heterojunctions with the help of
bimetallic metal organic frameworks is going to provide a new way to study the effects
between the mixed metal atoms and this is believed to eliminate many limitations faced
during the current practical applications of electrode materials. Enhancing the performance
of metal organic framework based supercapacitors by combining another metal ion into
the framework has been proposed [136]. The electron’s electrical conductivity between
electrolyte surfaces and electrodes is improved considerably as the second metal node is
doped in a MOF, which could effectively endorse electronic coupling between the metal
node [137]. Even though BMOF is manufactured from MOF, its morphology is different,
but still in most of the cases it holds the crystal structure of the pristine MOF [136–140]. As
the BMOF possesses improved surface area, porosity, lesser particle size, and better con-
ductivity in comparison to MOF supercapacitors, its capacitance can be elevated. Multiple
valance states of the metal species are present in BMOFs inducing higher redox sites, which
makes them an interesting material in the supercapacitor electrode research studies [141].

When carbonaceous compounds like CNT and graphene are incorporated in BMOFs,
they form composites that increase the conductivity, and this also seems like an attractive
thing about BMFOs [142,143]. BMOF carbon composite has also been produced with
the help of organic wastes like humate and rice husk by taking into consideration the
environmental benefits it has to offer [144]. Another research focus has been manufacturing
BMOFs at room temperature without losing the structural stability of the material [145].
Because of the exceptional physiochemical feature, BMOFs have been considered as a
promising option for positive electrodes in supercapacitors. Some of the BMOF based
materials used for the synthesize of electrodes are bimetallic-organic framework, BMOF-
derived metal-carbon composite, BMOF-derived metal oxides, BMOF-derived metal sulfur
composite, and hybrid materials from pristine bimetallic metal organic frameworks and
their derivatives as supercapacitor electrodes.

2.3.1. Bimetallic-Organic Framework

Zinc doped Ni-MOF was the first BMOF implemented as an electrode in supercapaci-
tors. This material when used in a tri electrode pseudocapacitive supercapacitor attained
comparatively high capacitance (1620 Fg−1) at 0.25 Ag−1 current density and as the current
density increased the capacitance reduced and it was 854 Fg−1 at 10 Ag−1 current density.
The stability of cycling was stronger for this material than that of nickel metal organic
framework [146]. Even though many studies have been conducted on the application of
pristine BMOFs as electrode materials in supercapacitors, they still have not improved
drastically due to the poor electrical conductivity [147]. Synthesis of hybrid electrodes
by using BMOFs as precursors could increase the cyclic stability, capacitive retention,
and electrical conductivity is another area where much research is ongoing [138]. Mainly
a combination of nickel and cobalt have been used as the base for the BMOF derived
materials [138,139,148,149] but sulfide-based electrodes of zinc/cobalt have also been stud-
ied [150]. To effectively use BMOFs as supercapacitor electrodes, many improvements and
studies are still required to overcome the major limitations of the material like complex
synthesis, problems for mass production like large cost in manufacturing precursors of
bimetallic metal organic frameworks, and also the corrosive effects which could cause a
decrease in cycling stability [147].
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2.3.2. BMOF-Derived Metal-Carbon Composite

When compared with conventionally prepared carbonaceous materials, because of the
microstructures, surface volumes, pore sizes, and tunable morphologies of BMOF derived
carbon materials, they possess very good capacitance performance and increased energy
density [120]. Direct and indirect carbonization has been used for the synthesis of BMOF
derived carbonaceous materials.

2.3.3. Bimetallic Metal Organic Framework Derived Metal Oxides

Mixed metal oxides as bimetallic metal organic framework derived metal compounds
with their attributes exhibits enhanced specific capacitance as the ionic species transport
is swift across the surfaces of electrodes and through electrolytes since they can easily
penetrate electrolytes. Hollow Mn2NiO4 flowers as electrodes exhibited 531.5 Fg−1 specific
capacitance at 1 Ag−1 current density [151] and, when the morphology of the MN2-NiO4
altered, exceptional improvements in the performance of capacitance have been found [152].

2.3.4. BMOF-Derived Metal Sulphur Composite

The electrical conductivity and capacitance performance of BMOF derivatives have
been boosted when sulfur is integrated into the mixed-metal materials, mainly because of
the effective redox reversibility [153]. The bimetallic sulfides contain different metal ions
which can improve the transfer of charge in electrolyte among various ions. The charge
transfer is also improved in surfaces of electrodes. Because of this they produce richer
electrochemical reactions compared to the monometallic sulfides. NiCo2-S4 hollow capsules,
spheres, nanotubes, ball-in-ball hollow spheres, nanosheets, and nano boxes are some of
the bimetallic sulfides manufactured as electrode material for supercapacitors [139,154,155].
When sulfurization of NiCo-MOF is used to synthesize NiCo-S composite, it shows a
spherical geometry compared to the flower-like geometry of NiCo-metal organic framework
and the performance is improved, with 1377.5 Fg−1 specific capacitance compared to NiCo-
MOF specific capacitance of 1220.2 Fg−1 at 1 Ag−1. The cyclic stability was also enhanced
by 93.7 percentage after 3000 cycles [139].

2.3.5. BMOF-Derived Metal-Phosphorous Composite

One of the widely employed supercapacitor electrodes has been mono-metal phos-
phide and mixed metal phosphides. Unique electrode materials with high capacitance have
been synthesized when in an inert atmosphere, and phosphorization of BMOFs has been
conducted [156].

2.3.6. Hybrid Materials from Pristine Bimetallic Metal Organic Frameworks and Their
Derivatives as Electrodes of Supercapacitors

The better surface area and porosity of bimetallic metal organic frameworks made
them a favorite in the study of electrode materials for high performance supercapacitors.
The electroactive redox sites are also a very big advantage of BMOFs when it comes to
their application as electrode materials. However, there are many hurdles which restrict
their applications in a supercapacitor. The bad electrical conductivity is one of the major
disadvantages of BMOF. Very high agglomeration is another drawback which limits the
application of BMOFs. Synthesizing a novel bimetallic metal organic framework with better
electrical conductivity or combining it with materials like aerogel, graphene, acetylene
black, activated carbon, nickel foam, polypyrrole, etc. can be adapted to overcome these
issues [157].

2.4. Conducting Polymers

Conducting polymers (CPs) enables the faradaic redox reactions and thus helps im-
prove the specific capacitance of the supercapacitors. They are usually seen in composite
materials used for the synthesis of supercapacitor electrodes. An improved pseudoca-
pacitance is resultant due to the faradaic redox reactions. The charging of conducting
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polymers takes place all over the material, whereas only surface is involved for plain
carbon electrodes. For the redox reaction, the ions from the electrolyte transfer into the
polymer and out of it which results in an improved capacitance and also exhibits reduced
cyclability [158]. Polyaniline (PANI) is one of the examples of this type of polymer which
has undergone many studies. Its low cost, better conductivity, and comparatively easier
production methods made them an attractive material.

When CNT, nanosheets of graphene, and polyaniline were studied in different blends
for the application as electrode materials in supercapacitors, they exhibited better perfor-
mance. The experiments were conducted in a three-electrode setup and the maximum
specific capacitance attained at 1 mVs−1 for CNT/PANI, GNS/CNT/PANI, GNS/PANI,
and pure PANI were 780,1035,1046 and 115 Fg−1 correspondingly. Even though the spe-
cific capacitance of graphene nanosheets/PANI/carbon nanotube is narrowly smaller
than graphene nanosheets/PANI, they exhibited 94 percent capacitance retention after
1000 cycles with higher stability whereas the value was only 48% for GNS/PANI [159].
The reduced graphene/polyaniline (rGO/PANI) synthesized by Zhang and his team also
exhibited really good capacitance (1182 Fg−1 at 1 Ag−1). They tested the material in a
three-electrode system. For a symmetrical two-electrode system, rGO/PANI showed capac-
itance of 808 F/g at 1 A/g current density [160]. The material acquired an energy density
of 28.06 Wh/kg at 250 W/kg power density. It is evident from the research articles related
to conducting polymer-based supercapacitors that almost all of them have used PANI and
performed the studies. This may be due to the vast number of favorable properties of
the material apart from the electrochemical performance in supercapacitors. For example,
polyaniline is more suitable because of its capability to distribute efficiently in some type
of solvents under specific conditions, whereas some other CPs like polyacetylene lack the
structural integrity for broader applications.

2.5. Transition Metal Oxides

Most of the research based on transition metals for supercapacitors has mainly studied
the oxides of transition metals, since pseudocapacitance was discovered in 1971 [62]. The
studies on transition metal dichalcogenides (TMDC) has begun only recently. TMDC also
contains oxides like RuO2. However, as chalcogen is in the 16th group of the periodic
table, transition metal dichalcogenides are not metal oxides in reality and that is why the
two are labelled separately in most cases. TMDC includes oxides of metals like titanium,
molybdenum, sulfides of metals like tungsten, etc. [161–168]. Figure 3 shows some of the
most studied transition metal oxides.

For pseudocapacitor applications, mostly RuO2-based electrode material is used due
to its good proton conductivity, high specific capacitance, high rate capacity, wide potential
window (up to 1.2 V), higher reversible surface redox reactions, and long cycle life. The
nanotubular arrayed hydrous RuO2 electrode showed a maximum specific capacitance of
1300 F g−1 with good cycle stability.

Even though it has higher specific capacitance and good cycle stability, the real-time
application is challenging due to its higher cost and toxicity to the environment [12]. Ideal
capacitive performance, considerably less cost, and environmental friendliness of transition
metal oxides made them an attractive material for supercapacitors. Their charge storage
mechanism follows pseudocapacitive behavior. The significant inherent stability and
the challengeable valence, which permits the intercalation of electrons and ions into the
lattice of metallic compounds, are the main characteristics of TMO [169–172]. Some of the
well-known materials which have been studied for the application in supercapacitors as
electrode materials are MnO2, NiCo LDH, Fe2O3, ZnO, CoAl LDH, and their composites.
Some of them are briefly discussed in the following sections.
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2.5.1. Nickel-Based Supercapacitor Electrodes

The excellent theoretical capacitance of nickel-based electrode materials has been
gaining attention recently. Their high chemical stability, easy availability, low cost, bet-
ter theoretical capacitance, and non-toxic nature make them a promising material in the
application for high-performance supercapacitors [173–176]. Methods like electrodeposi-
tion, hydrothermal, solvothermal, etc. have been used for the synthesis of high surface
area nickel-based electrodes. Preparation with these methods helped in a reduced ion
diffusion length and also improved the electrolyte penetration. Some of the major nickel-
based electrodes used in the applications of supercapacitors are briefly summarized in the
coming sections.

• Nanoparticles based on nickel

Nanoparticles based on nickel have been studied for their application as electrodes in
high-performance supercapacitors. They can be synthesized by an easy and economical
solvothermal process. NiO nanoparticles synthesized by solvothermal process showcased
an outstanding 1385 F/g capacitance at 1 A/g on NF (nickel foam) based electrodes. The
homogenous nanoparticle morphology attained during the synthesis and also the strong
chemical bonding of nickel oxide on nickel foam which reduced the diffusion of ion path
and helped the transfer of charge at the contact interfaces during the electrochemical process
helped in achieving these excellent electrochemical properties [177]. Nickel nanoparticles-
based composites and core-shell nanostructures have also received attention recently for
their applications in high-performance supercapacitors as electrode materials [178,179].

• Nickel-based nanowires

Nanowires are an important electrode material used in the application of supercapaci-
tors. Nickel-based nanowires are superior to other types of nanowires in many areas when
it comes to electrode materials. Nickel-based nanowires produced by electrospinning of
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an aqueous polymeric solution encompassing nickel onto NF substrate resulted in closely
packed cuboidal grains of diameter between 50 to 70 nm and with relatively fewer crys-
tal imperfections [180]. NiMoO4 nano wires on NF was manufactured by hydrothermal
method. They are utilized as a binder-free electrode in supercapacitor applications. This
electrode material showcases advantages like rapid electron transportation because of the
strong adhesion of nanowires on NF, which eliminates the use of polymer binders, and
easy diffusion of electrolyte into the inner region of the electrode as the nanowires possess
open spaces between them. This reduces the electrolyte diffusion resistance. Additionally,
the cyclic stability has been improved due to the remarkable morphological stability of
the nanowire-based electrodes. All these properties of the electrode material resulted
in exhibiting an excellent 3.12 F cm2 specific capacitance at 40 mA cm2 [181]. The core-
shell morphology also received attraction in the area of nanowires because of the better
electrochemical properties they exhibit. One example of this type of material as a superca-
pacitor electrode is three dimensional porous zinc-nickel-cobalt oxide (ZNCO)@NiMoO4
nanowire-nanosheet arrays (NWNSAs) on nickel foam [182].

• Nickel-based thin films

Supercapacitor electrode material based on thin-film morphology is another area that
has been gaining attention recently. One such example for the nickel-based thin film is
Ni(OH)2 on a glass substrate. It has been synthesized from an electrolyte having nickel ions
and ammonia through chemical methods. At 333 K, thermal decomposition of ammonia
with nickel ions is the deposition method used for the synthesis of this material. The thin
films after the synthesis undergo an annealing process for 2 h at 623 k. This is done to
remove the hydroxide part [183].

• Nickel-based nanofibers

Nickel-based nanofibers are another supercapacitor electrode material. One example
of such nanofiber-based electrode material is NiMoO4/g-C3N4 nanofiber which has been
synthesized through the hydrothermal method [184].

• Spherical structured materials based on nickel

The nickel-based spherical structured materials have been studied for their application
as positive electrodes in high-performance supercapacitors. One example of this type of
material is nickel oxide-carbon hollow sphere nanocomposite which can be synthesized by
semi sacrificial hydrothermal method, which is template assisted along with calcination.
NiO/C-HS manufactured by this method exhibited excellent electrochemical performance.
It not only showcased the better capacitance of nickel oxide but also had the better stability
and outstanding conductivity of C. The material displayed a capacitance of 686 F/g at
1 A/g. The capacitive retention was 72%, which was better than the 65% capacitive retention
of NiO-HS [185].

• Nickel-based nanosheets

Nickel-based nanosheet materials which have adequate electroactive sites, high poros-
ity, and a self-supported three-dimensional network are other promising electrode materials
that can be used for the application of high-performance supercapacitors. Examples of this
type of electrode material are NiCoS nanosheets arrays on carbon cloth (CC) [186] and 3D
NiFeP@NiCo2S4 nanosheet arrays on CC [187].

2.5.2. Zinc Oxide

ZnO is widely used in many applications because of the good electrical and optical
properties it possesses. Many studies conducted on ZnO concluded that it can be used in
the application of supercapacitors as it has a very high energy density (650 Ag−1) [188–190].

Manufacturing of a sandwich of rGO/ZnO and nanorods/rGO through deposition of
chemical vapor on graphene film/polyethene terephthalate substrate as an electrode for
supercapacitors displayed a specific capacitance of 51.6 F/g at 10 mV/s. Figure 4 shows
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synthesis of a sandwich ZnO/rGO/ZnO paper by sol-gel dip coating method. Due to the ex-
istence of zinc oxide nanorods in the electrodes, the formation of porous structure improved.
The study showed the promising application of the material in supercapacitors [191].
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2.5.3. Titanium Oxide

Comparatively reduced cost, less toxicity, and environmental friendliness of titanium
oxide made it an upcoming material for the anode of lithium-ion batteries [193]. TiO2
nanoparticles with conductive activated carbon nanopores help in manufacturing a high-
performance TiO2 Li-HSCs (hybrid supercapacitor) [194]. The method included vacuum
infiltration, calcination, and hydrothermal processing that permits precursor-like titanium
butoxide to decompose and crystalize into TiO2 with activated carbon nanopores. The large
surface area and high porosity of the titanium oxide/activated carbon composite particles
enable quick ion transportation through a liquid electrolyte.

The hybrid capacitor showed very high-rate capabilities with a specific capacity of
140 mAh g−1 at slow charge and 60 mAh g−1 at a 3.5 s fast charge. This material looks
promising for the applications of hybrid supercapacitors in many areas.

2.5.4. Cobalt Oxide

Cobalt oxide (Co3O4) is an attractive material that can replace the use of environmen-
tally hazardous ruthenium oxide. This is mainly due to the fine redox characteristic, the
high specific capacitance of 3560 Fg−1, and easy synthesis of the material. The electrochem-
ical characteristics of Co3O4 depend on the material morphology and the electronic state of
the material and due to this, different forms of cobalt oxide can be developed to attain a
better charge storage performance [195,196].

2.5.5. Iron Oxide

The high specific capacity of 1005 mAhg−1, natural abundance, low cost, and envi-
ronmental friendliness have made iron oxide (Fe2O3) another important candidate in the
supercapacitor applications; however, the poor conductive nature and high agglomeration
of the iron oxide during the charge-discharge process could lead to rapid loss capacity,
which is a major problem [25,197].

One of the important considerations to be taken into account during the fabrication of
a supercapacitor is its properties like flexibility and reduced weight. Using stainless steel
mesh, which is low in cost, with very little weight can be used to overcome this obstacle.
SS mesh also provides an additional advantage of high surface area compared to flat steel
sheets [198].
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2.5.6. Molybdenum Oxide

Molybdenum oxide possesses the better theoretical specific capacitance of 1256 F/g
amid other materials of this type because of the two-dimensional structure and various oxi-
dation states the material possess [199]. Still, intrinsic redox reaction and low conductivity
are the major disadvantages of this material as they could lead to poor cyclic performance.

2.5.7. Manganese Oxide

Manganese oxide is one of the most studied super capacitor electrode materials, thanks
to its excellent power density and better cycle life when applied as electrodes. Reduced
cost, very low toxicity, and also its environmental safety aspects when compared to some
other electrode materials show the importance of conducting more research into manganese
oxide based super capacitor electrodes. The theoretical capacitance of MnO2 can go up to
1100–1300 Fg−1 [200–203].

Some other promising transition metal oxides for the applications in supercapacitors
include binary nickel cobaltite oxide [204,205], vanadium oxide [206], and ruthenium
oxide [207–211].

2.6. Transition Metal Nitrides

The exceptional chemical bonding and intrinsic structures of transition metal nitrides
allow them to exhibit outstanding conductivity and physiochemical properties and this has
gained them great attention for supercapacitor applications. The poor stability in cycling
and low conductivity are major hurdles when it comes to the application of metal oxides
and conducting polymers as pseudocapacitive materials. This is where metal nitrides come
into the picture as a promising alternative. The metal nitrogen bond formation decides
the properties of the material. Very good ionic conductivity has been shown by group 1
and group 2 based nitrides whereas nitrides formed from group III and IV, because of their
intrinsic covalent bonding, exhibit stiffness and tolerance against high temperatures [212].

TMN bonding is a combination of metallic, ionic, and covalent bonding. Additionally,
the lattices of transition metal nitrides are metallic structures occupied by nitrogen atoms
which are disoriented in nature at the interstitial sites [213]. All these unique character-
istics provide them with exceptional properties such as multiple crystal structures and
valence states, better electrical conductivity than the transition metal oxides, and also better
redox chemistry which in turn results in good electrochemical activities [214–216]. Since
the demonstration of titanium metal nitride applications in supercapacitors began when
molybdenum nitride films were studied to use as a substitute in electrodes of ruthenium
oxide [217], they have become one of the most important materials studied and considered
to be promising in energy-related research and there have already been made commend-
able achievements both in practical and theoretical developments. Figure 5 shows some
of the promising transition metal nitrides studied for application in high-performance
supercapacitors and they are briefly discussed in below sections.
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2.6.1. Vanadium Nitrides

The exceptional electrical conductivity approximately of 1.67 × 106 S m−1 and reduced
cost make vanadium nitrides (VN) one of the important materials among titanium metal
nitrides [218]. The negative voltage window of vanadium nitrides makes them suitable to
be utilized as a negative electrode material for supercapacitors with large energy density
and also for supercapacitors with high capacitance. The charge storage mechanism of the
vanadium nitride has been studied in the various mechanism by conducting electrochemical
tests of vanadium nitride crystallines in alkaline, neutral, and acidic electrolytes [219].
Vanadium nitride exhibited a higher capacitance of 273 Fg−1 and an operating potential
of −1.1 to 0 (vs. Hg/HgO) in KOH electrolytes. Even though vanadium nitride exhibits a
high specific capacitance of 1340 Fg−1, its rate performance is very poor [218]. Vanadium
nitride seems to be the most suitable titanium metal nitride as electrode material for
supercapacitors. However, many more studies are required to optimize the performance
of this material. Some of the methods to improve the electrochemical performance of
these materials are the selection of suitable precursors like VCl4 and NH4VO3, improving
the specific surface area, and combining materials based on carbon which possess high
electrical conductivity and better surface area with vanadium nitrides which could increase
the cycle performance.

2.6.2. Titanium Nitride

Electrical conductivity between 4000–55,500 S cm−1 of titanium nitride is the main
attractive point when it comes to the application of the material as electrodes in superca-
pacitors. Additionally, the thermal stability, comparatively low cost, and good mechanical
properties make it a promising electrode material [220,221]. However, many studies re-
ported that the generation of pseudocapacitance is more difficult in titanium nitride when
compared with vanadium nitride. The capacitance can be improved by modifying titanium
nitride with pseudocapacitive materials and also some of the new technologies for engi-
neering the surface chemistry like surface oxidation and promoting external diffusion of
nitrogen. More research is required to improve the performance of the material.

2.6.3. Molybdenum Nitride

Molybdenum nitride was initially used as a substitute electrode material for RuO2 in
supercapacitors [217]. Its outstanding corrosion resistance [222] and high conductivity [223]
has gained popularity among researchers in the area of electrochemical capacitors. The elec-
trochemical performance of molybdenum nitride depends on the nature of the electrolyte
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and the phase of the material. Studies indicated that they showed outstanding cycling
stability in acidic mediums [224–226]. The most studied objects among the molybdenum
nitride family are γ-Mo2N and
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The limitations of existing molybdenum nitride such as capacitive behavior, cycle

performance, and rate capacity can be eliminated by hybridizing with other materials. Some
examples for such materials are γ-Mo2N/Co3Mo3N, MoNx/TiN [228], and amorphous
Ta2O5 modified with γ-Mo2N [229].

2.6.4. Niobium Nitride

The outstanding electrical conductivity [230–232], good capacitive behavior, and
continuous creation of faradaic process due to the nitrogen-rich intermetallics like Nb5N6
and Nb4N5, which contain high-valence Nb ions [233], and the excellent volumetric energy
density attained because of the intrinsic high molar density of niobium nitride [214,234]
make it an attractive capacitive material.

Some other examples of metal nitrides that can be used in high-performance superca-
pacitor applications are MnN, LaN, Fe2N, RuN, CrN, WN, HfN, and NiXN [235–242].

2.7. Mesoporous Cobalt Silicate Nanosheets (Co2SiO4 NSs)

The small diameter and a specific area of 114 m2 g−1 of mesoporous cobalt silicate
nanosheets can provide ample reactive spots where the electrochemical reaction take place
and this can improve the mass transfer and attain good performance in electrochemical pro-
cess. They were initially manufactured by the sacrificial template stÖber SiO2 spheres [243].
The specific capacitance of Co2SiO4 nano sheets is 638 F/g at 0.5 A/g current density and
they exhibited 82 percentage capacitance stability after 10,000 cycles. When a hybrid super-
capacitor of Co2SiO4/activated carbon is synthesized, they attained a specific capacitance
of 571 mF cm−2 at 1 mA cm−2 and after 10,000 cycles exhibited capacitance retention of
92 percent. The energy density of the Co2SiO4//activated carbon HSC was 1.55 Wh/m at
1.75 Wm−3 power density. Even though the application of cobalt silicate for batteries has
been widely explored, fewer studies are conducted in the area of supercapacitors, and this
limits the potential use of cobalt silicate in supercapacitors [244–248].

The morphology structure of cobalt silicate which is divided into spherical shaped and
belt-shaped morphologies influences the actual performance of the material greatly [249,250].
A hollow sphere structure represents the spherical shaped morphologies of cobalt silicate.
Cobalt nickel silicate hollow spheres displayed 144 F/g at 1 A/g [251] whereas cobalt silicate
hollow spheres exhibited 452.8 Fg−1 at 0.5 A/g [250]. The spherical cobalt silicate hollow
sphere is characterized by its higher volume with more than 200 nm in diameter [251]. On
the other hand, the belt-shaped cobalt silicate has structure which has a great effect on the ca-
pacitive performance. Cobalt silicate nanobelts achieved 244 Fg−1 at 0.5 Ag−1 [249] whereas
amorphous Co2SiO4 nanobelts@MnSiO3 exhibited the electrochemical characteristics with
309 Fg−1 at 0.5 A g−1 [252].

However, both the spherical and belt-shaped structures of mesoporous cobalt silicate
nanosheets are unable to meet the requirements for porous and high SSA of supercapacitor
electrodes and this limits them from achieving the required electrochemical properties.
More studies are required to understand cobalt silicate with other structures so that it can
be fully utilized for the applications of supercapacitors [88].

2.8. CuCo2O4-Based Electrode Materials

The advantages of CuCo2O4 like increased theoretical capacity, low cost, abundance in
nature, and environmental friendliness have recently made them an attractive material in
the research for high-performance supercapacitor electrodes. CuCo2O4 still requires many
more studies and experiments to overcome its limitations such as low cyclic durability,
reduced conductivity, and comparatively small specific capacity for the applications of
the material in supercapacitors. CuCo2O4 possess two types of crystal structures, namely
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normal spinel structure (Cu[Co]2O4) and inverse spinel structure(Co[CuCo]O4). The
normal spinel structure can be changed into an inverse spinel structure when X in the
equation CuxCo3−xO4 is higher than 0.2 [253].

Many scientists and engineers are still working to synthesize an advanced CuCo2O4
electrode material that possesses superior performance and unique structure. There are
many methods adapted for the synthesize of CuCo2O4 electrode materials with different
structures. Some of the most used and effective techniques are solvothermal, electrodeposi-
tion, hydrothermal, electrospinning, and template-assisted methods [254].

Hydrothermal method: In hydrothermal methods, the solvent is pure water and the
temperature of reaction is more than 100 ◦C and they require a sterilizer. There are many
advantages for hydrothermal methods, for example the size and structure of the materials
can be regulated. Since this is a very simple and cost-effective operation, it is the most
commonly used method for the synthesis of the material. Many shapes of CuCo2O4 have
been prepared with this process and after the process, the post-annealing process is done.
CuCo2O4 nanoparticles with the help of oxalic acid and sodium hydroxide as precipitate
agents are an example. This hydrothermally synthesized material showed a very big
specific surface area of 133 m2/g and a specific capacity of 229.5 c/g at 2 Ag−1. They also
produced good cyclic performance (95 percentage capacity retention after 2000 cycles) [255].

Solvothermal method: This is almost similar to the hydrothermal method. The main
difference is that pure water is not used as a solvent; this method uses mixed solvent or
organic solvent and most of the time the temperature of reaction is greater than the boiling
point of the solvent. For example, methanol was used as a solvent in the synthesis of
copper-cobalt hybrid oxide (CuCoO-H) micro flowers which include CuCo2O4, CoO, and
Cu2O components. The precursor underwent heat treatment in argon atmosphere in this
two-step growth annealing approach [256].

Electro-deposition synthesis: Another commonly used method for the synthesis of
CuCo2O4 is the electro-deposition method. In this method, in a solution which contains
cobalt and copper salts, the products are placed on the conductive substrates. This method
is generally used for the preparation of two-dimensional nanosheet structures. These
ultrathin nanosheets increase the SSA and electroactivity and also help the diffusion of
electrolytes to reduce the ion diffusion distance [254].

Template-assisted method: In this method, the selective removal of the inner templates
through etching or thermal decomposition and coating of the desired material’s shell on the
removable templates is the main process. The removable templates include soft types like
surfactant micelles and silica templates which are hard in nature and also carbon templates.
One example is the synthesis of the highly ordered mesoporous CuCo2O4 nanowires with
the help of silica SBA-15 as the hard template [257].

2.9. Redox Polymers

Redox polymers are another promising material that can be used as electrodes in
the manufacturing of a sustainable, affordable, and high-performance supercapacitor.
Their mechanical flexibility, better processability, small cost, molecular diversity, and good
electrochemical activity has made them an attractive material. These properties make
them a better candidate for the practical application of supercapacitors than conventional
inorganic materials like metal oxides or carbons [258]. The supercapacitors based on
this material not only generate pseudocapacitance from the reversible redox reaction of
electrode materials but also accumulate charge at the electrical double layer. Because of
this, a much better specific capacitance and energy density than EDLCs is exhibited by the
supercapacitor [259].

Mainly conventional conducting polymers like polyaniline (PANI), polythiophene
(PTh), polypyrrole (PPy), and their derivatives have been the commonly used redox poly-
mers so far due to their electrochemical activity, good conductivity, better theoretical
capacitance, and easy synthesis. Lack of research in this area still limits their applications
because of the incomplete doping, poor life cycle due to their volume change during the
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electrochemical process, and sloping voltage [260]. Some studies developed redox poly-
mers with better stable structures to overcome these limitations and promote the practical
application of organic supercapacitor technologies. The organic electrode materials pos-
sess better properties when compared to inorganic electrode materials such as excellent
mechanical flexibility, reduced cost, and environmental friendliness. Some examples where
redox polymers as active electrode materials have been used are all-solid-state flexible
supercapacitors [261,262] and paper-based flexible supercapacitors [263].

When it comes to high-performance supercapacitors, the best alternative to inorganic
electrode materials is organic redox polymers because of their excellent electrochemical
activity, reduced cost, natural abundance, better processability, and versatility in structure.
Additionally, the softer mechanical properties and the chemical diversity of the materials
helps them in the manufacturing of stretchable or flexible electrodes for supercapacitors.
Despite the promising nature of redox polymers for the application of high-performance
supercapacitors, one major hurdle which should be eliminated is their intrinsically poor
electrical conductivity. This low electrical conductivity might result in reduced utilization
of active sites which in turn leads to poor rate performance. Studies are still performed
by many researchers to overcome this barrier and some of the promising studies showed
that this low electrical conductivity problem can be reduced with the help of ingeniously
molecular design [264].

3. Conclusions

The rising pollution and other environmental concerns from the automotive sector
have increased the popularity of electric vehicles and hybrid electric vehicles. Even though
they have improved significantly in recent years, the electrochemical energy storage system
is still far behind and this is the major disadvantage of the HEV and EV compared with
conventional fuel-based vehicles. This is where the integration of supercapacitors along
with the battery system comes into play. This combined system, usually termed hybrid
capacitors, shows promising results in energy storage technologies and has received wide
attention recently. In this setup, the supercapacitors can supply the energy rapidly for a
short period when the battery is unable to do so and then when a steady energy flow is
required, the battery can again supply the required energy. This hybrid system helps the
batteries to achieve better performance and improve their lifecycle and is going to be in
great demand in the future applications of the energy sector. Hybrid electric vehicle systems
with hybrid capacitors which use both battery and supercapacitors is an area that requires
more studies and a breakthrough in this research could help in tackling the limitations of
the hybrid-electric automotive industry. Even though much research has been conducted
in this area, high-performance supercapacitors are still in the early stages. More studies are
required, especially in energy storage mechanisms and proper design of the electrodes to
improve the performance of supercapacitors. One of the major areas in supercapacitors that
require more studies are the electrode materials and, in this review, we briefly discussed
various electrode materials, summarized their performance in supercapacitors, and their
advantages and disadvantages.

This review focused not just on the most commonly used materials like carbon-based
materials, MOs and their composites, and CPs, but also on the latest materials like MOFs,
COFs, and metal nitrides. One of the important types of materials which should receive
more focus is the nano-dimensional materials, as they possess the ability to improve the
capacitive performance of the high-performance supercapacitors and still maintain the
high cycle life and the outstanding kinetic reversibility. Nanocomposite materials are
one of the most promising materials which can be used for the manufacturing of high-
performance supercapacitor electrodes and more research should be focused on these
materials. Renewable materials as supercapacitor electrodes have also gained attention
because of the environmentally friendly aspects they provide and their abundance in nature.
Carbonaceous electrode materials like activated carbon, graphene, and carbon nanotubes
were also considered in this review even though they are the most commonly used materials
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because they still seem to be promising since they can be used in combination with other
materials like metal oxides or conducting polymers which can form a composite or hybrid
supercapacitors which seems to be an interesting alternative as reported by some authors.
More studies in this area could make an impact in energy-related applications. It is clear
from this study that the performance of supercapacitors has increased considerably over
the years. The energy density and specific capacitance have significantly improved in
recent years, and this has made supercapacitors a promising alternative in the energy sector.
However, the growing energy demands make it necessary that continuous study is still
required in electrode materials for their application in high-performance supercapacitors
which can provide high capacitance, better cyclic stability, and exceptional rate. The
research should also focus on the manufacturing parameters and properties of the materials
to synthesize the most suitable electrode material which could help in improving the
supercapacitors and meet the energy demands.

Many manufactures have already started investing more in supercapacitor technology
as their requirement in the automotive sector as well as in other industries is increasing.
This review clearly shows that supercapacitors are becoming an emerging energy storage
technology as the improvements in electrode materials have been outstanding lately, which
in turn has enhanced the performance of supercapacitors significantly, and they are going
to have an important part in the future of energy storage systems.
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