Chapter 1 ®)
Carbon Nanomaterials for Energy Storage <
Devices

Zhipeng Wang and Gan Jet Hong Melvin

1.1 Introduction

Extreme climate changes and the decreasing availability of fossil fuels, such as coal,
natural gas, oil, and so on, require the users, providers, and society to gear towards
sustainable and renewable resources (Simon and Gogotsi 2008; Yang et al. 2011).
This fact is strongly supported and apparent as the global energy consumption has
been speeding up at an alerting rate due to the fast economic expansion worldwide,
increase in world population, and the rapidly growing of energy-based appliances
including increasing human reliance on them (Dai et al. 2012). For instance, it was
estimated that the world need to double its energy supply by 2050 to fulfill the
demands (Dai et al. 2012; Chen and Dai 2013).

Accordingly, we can observe the boost in renewable energy production and
utilization, for example from sun and wind. However, sun does not shine during
the night and wind does not blow on request, which means that power generation
does not necessarily correspond to demand. Furthermore, it is worth to concern that
the renewable resources are localized and often away from the load centers (Yang
et al. 2011). Moreover, it is undeniable that fossil fuels, nuclear heat, renewable
energies are available to be converted to electrical energy. However, this conversion
is performed with large energy losses, for instance only about 30% of the nuclear
heat is converted to electrical energy (Fauvarque and Simon 2010). Thus, energy
storage systems play a significant role and essential in our lives, to prevent
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Fig. 1.1 Various types of energy storage technology

unnecessary losses and supplying necessary energy which satisfies the demands.
From this point of view, electrical energy storage systems such as batteries and
electrochemical capacitors (ECs) have been studied extensively and becoming the
center of highlight for this particular reason. Majorly, energy storage can be divided
into chemically, electrochemically, and electrically stored (Pumera 2011). The
classification of major energy storage technologies is presented in Fig. 1.1.

In our daily life, batteries are one of the most common electrical energy storage
devices owing to their capability to store large amount of energy in a relatively small
volume and weight, and in the same time are able to provide appropriate and suitable
levels of power for wide broad applications. However for batteries, even though high
energy densities can be obtained, slow power delivery has agonized them (Zhai et al.
2011). This is one of the reasons which limited or restricted their utilization,
especially when fast storage coupled with high power is the demands. Alternatively,
to tackle the constraints, ECs or usually described as supercapacitors or
ultracapacitors have been given the attentions. Some of the benefits of ECs are,
they can provide high specific power, a long cycle life, fast charge/discharge process,
and so on (Zhai et al. 2011). However, within seconds charge/discharge process of
ECs caused their energy density is lower than the batteries, but faster power delivery
can be accomplished in short time (Simon and Gogotsi 2008, 2013). ECs play an
essential role in complementing or substituting batteries in the energy storage field,
for example they can act as back-up power supply utilized to protect against power
disruption, load levelling, and so on (Simon and Gogotsi 2008; Zhai et al. 2011).

Generally, electric capacitor is a sandwich structure of several materials, where
two conductive plates neighboring a dielectric/insulator, as illustrated in Fig. 1.2.
The charge accumulation will occur during charging process and the charge separa-
tion will occur during discharging process (Yu et al. 2013). They can be divided into
electrostatic and electrolytic (utilization of electrolytes as dielectrics) capacitors
which are considered as the first and second generation capacitors. These capacitors
function mainly as the components in electrical circuit to store micro- to picofarad
charges of direct current or to filter the frequencies for alternating current circuits.
Rapid progress in materials science, advancement of technologies, and high
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Fig. 1.2 Conventional Dielectric
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demands are some of the factors that lead to the invention of third generation,
supercapacitors.

Capacitive behavior of ECs can be majorly categorized into two types, depending
on their charge storage mechanism and active materials utilized. First type is the
electrochemical double layer capacitors (EDLCs), where active materials with high
surface area are ideal and dependent on electrostatic attraction between ions and the
charged electrode’s surface or electrostatic charge accumulation at the electrode/
electrolyte interface (Simon and Gogotsi 2008; Chen and Dai 2013; Zhai et al.
2011). Carbon materials are one of the prominent candidates to be selected as the
active materials (He et al. 2017). Second type is redox supercapacitors or also known
as pseudo-capacitors, which is highly associated with fast redox or Faradaic charge
transfer reactions of the electro-active materials, such as metal oxides (Wallar et al.
2017) or conducting polymers (Jo et al. 2017), on the surface of the electrodes, for
charge storage (Simon and Gogotsi 2008; Zhai et al. 2011; Yu et al. 2013). It is also
worth to notice the existence of hybrid capacitors that combine the capacitive or
pseudo-capacitive electrode with a battery electrode, which integrate the properties
of both, capacitor and battery. The classification of various supercapacitors is
presented in Fig. 1.3.

The earliest EC with extinguish high capacitance was described and patented in
1957 by Becker (Becker 1957). Carbon with a high specific surface area coated on a
metallic current collector in a sulphuric acid solution was utilized. In 1966, Standard
Oil of Ohio (SOHIO) developed another version and patented a device that stored
energy in double layer interface (Rightmire 1966). Advancing with further adjust-
ments, Boos invented the first practical supercapacitor and patented in 1970 (Boos
1970). Then in 1971, Nippon Electronic Company (NEC), Japan, licensed the
technology from SOHIO and developed aqueous-electrolyte capacitors for
powersaving units in electronics, and this application can be reflected as the pioneer
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Fig. 1.3 Classification of various supercapacitors

for EC utilization in commercial products (Simon and Gogotsi 2008; Sharma and
Bhatti 2010).

Typical ECs or supercapacitors use electrolyte solutions but have even greater
capacitance per unit volume due to their porous electrode structure compared to
electrostatic and electrolytic capacitors. They are constructed with three essential
components, namely the electrodes, the electrolyte, and the separator. The overall
performance of supercapacitors is determined by the physical properties of both the
electrode and the electrolyte materials. Nevertheless, the electrode is one of the most
important components for charge storage/delivery, and plays a vital role in deter-
mining the energy and power densities of a supercapacitor. The electrochemical
performance of a supercapacitor can be characterized by cyclic voltammetry and
galvanostatic charge-discharge measurements. Furthermore, ECs are categorized
into two major groups, which are symmetric and asymmetric (Sharma and Bhatti
2010). Symmetric ECs (SECs) use the similar electrode material (usually carbon) for
both the positive and negative electrodes. Asymmetric ECs (AECs) use two different
materials for the positive and negative electrodes. SECs get their electrostatic charge
from the accumulation and separation of ions at the interface between the electrolyte
and electrodes. Aqueous or organic electrolyte solutions can be utilized for SECs.
The electrolyte solution comprises aqueous substances (such as potassium hydroxide
or sulfuric acid) or organic substances (such as acetonitrile or propylene carbonate).
An SEC using aqueous electrolyte is also known as a Type I SEC and an SEC using
organic electrolyte is known as a Type II SEC. Similarly, an AEC using an aqueous
electrolyte is known as a Type Il AEC and one using organic electrolyte is known as
a Type IV AEC. A typical charge storage mechanism of electrochemical double-
layer capacitor (EDLC) is depicted in Fig. 1.4.

It is undeniable that nanomaterials, especially carbon nanomaterials play a great
role in the development of ECs. This is due to their remarkable structure, electrical
properties, electrochemical stability, and so on. High performance and functionality
can be expected from carbon nanomaterial-based ECs. In this chapter, the influence
factors of EC performance focusing on graphene and carbon nanotubes (CNTs) will
be discussed further.
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Fig. 1.4 Charge/discharge process of electrochemical double-layer capacitor
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1.2 Carbon Nanomaterials

1.2.1 Carbon Nanotubes

There are great numbers of reviews and publications related to the history, synthesis,
excellent properties, and development as ECs of CNTs. Since the discovery of
fullerene (Cgp, buckyball) by Kroto et al. (1985), among the first synthesis of
CNTs by Oberlin et al. (1976), observation of both multi- and single-walled CNTs
soon afterwards by lijima in 1991 (Iijima 1991) and 1993 (Ilijima and Ichihashi
1993), respectively, the interest in CNTs has rapidly developed. Furthermore, CNTs
are famous for their outstanding mechanical, electrical, chemical, thermal, etc.
properties that allow them to be manipulated for various applications and research
studies.

Generally, CNTs can be grouped into single-walled CNT (SWCNT) and multi-
walled CNT (MWCNT). A SWCNT can be thought of as a rolled-up sheet of a
structure called graphene, which is a single layer of an allotrope of carbon called
graphite, and the edges of the sheet are joined together to form a seamless tube
(Young and Lovell 2011; Hierold et al. 2008). Several tubes of different diameters
can be fitted into each other to make a MWCNT. Figure 1.5 shows the images of
CNT and graphene.

There are mainly three methods to produce CNTs: arc discharge, laser ablation,
and chemical vapor deposition (CVD). Each of these techniques had its advantages
and disadvantages and briefly discussed below.

Arc discharge and laser ablation depend on the evaporation of a graphite target to
create gas phase carbon fragments that recombine to form CNTs. The temperature
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Fig. 1.5 (a) SWCNT, (b) MWCNT, (¢) TEM image of MWCNT, (d) graphene

reached in these processes is in the range 2000—3000 °C, more than sufficient for the
carbon atoms to rearrange into the tube structure. In order to promote the yield of
CNTs, several different metals in concentrations about 1% are incorporated into the
target materials that is evaporated (Hierold et al. 2008). For application of CNTs for
composite materials where large quantities of CNTs are required, these methods
would make the cost of CNTs prohibitive (Thostenson et al. 2001). However, a large
amount of non-tubular graphitic and amorphous carbon is also produced during the
process (Hierold et al. 2008; Thostenson et al. 2001). Thus, purification steps are
essential before the usage of them.

CVD is the most widely used method for the production of CNTs. Generally, the
CVD process includes catalyst-assisted decomposition of hydrocarbons, usually
ethylene or acetylene, in a tube reactor at 400-1100 °C and growth of CNTs over
the catalyst upon cooling the system (Hierold et al. 2008; Hu et al. 2010; Popov
2004). The growth temperature depends on the type of CNTs to be grown and the
catalyst composition (Hierold et al. 2008). The advantages of this method are the
ability to fabricate aligned arrays of CNTs with controlled diameter and length, and
under the right condition only nanotubes are produced and no unwanted graphitic
material (Hierold et al. 2008; Thostenson et al. 2001).
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1.2.2 Graphene

Since the extraction of graphene from bulk graphite in 2004 (Novoselov et al. 2004),
which this discovery was recognized by Nobel Prize in Physics (2010), the interest in
graphene has rapidly increased. In that study, graphene sheets were obtained by
using Scotch tape to repeatedly split graphite crystals into increasingly thinner pieces
until individual atomic planes (monolayer of graphite) were reached. Graphene is a
one-atom-thick planar sheet of two-dimensional (2D) sheet sp2 bonded carbon atoms
that are densely packed in a honeycomb crystal lattice. As the mother and compo-
nents of all graphitic forms, graphene is a building block for carbon materials of all
other dimensionalities, for instance 0D buckyballs, 1D nanotubes, and 3D graphite.
Graphene, in fact, including multi-layered graphene, possesses high aspect ratio,
large surface area, excellent electrical, thermal, mechanical properties, and so on
(Dai et al. 2012; Pumera 2010).

Generally, preparation of graphene can be categorized into top-down and bottom-
up approaches. Several factors are to be considered in graphene preparation, such as
cost effectiveness, scaled-up production, high electrochemical activity, conductivity,
and so on (Lv et al. 2016).

Top-down approach usually utilizes mechanical force or chemical intercalation to
overcome the van der Waals forces between the graphene layers to achieve separa-
tion of graphene from bulk graphite, such as micromechanical cleavage (mechanical
exfoliation), oxidation-exfoliation-reduction, intercalation exfoliation, solid exfoli-
ation, and so on (Lv et al. 2016; Dong et al. 2017). Particularly for EC applications,
mechanical exfoliation by Scotch tape is inappropriate because of the low yield, even
though the graphene produced possesses high quality (without abundant defects).

Bottom-up approach usually utilizes a small molecule precursor to grow into
graphene by chemical vapor deposition (CVD) or chemical synthesis. For graphene
prepared by CVD, they show some excellent properties, as a result of their large
crystal domains, monolayer structure and less defects in the graphene sheets, which
are beneficial for boosting carrier mobility in electronic applications (Ke and Wang
2016). Furthermore, the layers and defects of graphene can be controlled by
adjusting growth parameters such as temperature, time, catalyst, and so on.

By utilizing physical or chemical method appropriately, preparation of porous
graphene and doped graphene sheets can be realized, and high performance/func-
tionality graphene can be prepared with introduction of organic/inorganic materials.
In the same time, the production of graphene with low cost, high yield, and high
quality is also a crucial factor. Generally, the chemical exfoliation of graphite into
graphene oxides (GOs), followed by controllable reduction of GOs (with reduction
agent such as hydrazine hydrate) into graphene can be considered as an efficient and
low-cost method (Dong et al. 2017).
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1.2.3 Carbon Nanomaterials Derived from Waste Materials

Carbon nanomaterials such as CNTs and graphene have been utilized widely for the
development of ECs due to their exceptional properties. Not limited to chemical
process or reaction to obtain carbon nanomaterials, carbonization of waste materials,
which is comparatively low cost and environment friendly, can be considered as a
beneficial method (Melvin et al. 2017a, b). Since most of the waste materials are
available in large scale, greener technology to produce bulk quantity of valuable
carbon nanomaterials from waste materials can be promoted. Waste materials can be
in the form of agricultural wastes, synthetic compound wastes, and so on.

Agricultural waste materials, such as rice husks, have been exploited to produce
carbon nanomaterials (Muramatsu et al. 2014; Wang et al. 2015). A good quality of
carbon nanomaterials (graphene, derivatives of graphene) can be obtained. They
offer high performance and promising applications in carbon-based energy storage
and conversion devices.

Furthermore, through chemical or physical activation of carbon materials derived
from waste materials, activated carbon (AC) can be produced. ACs are usually used
due to their porous structure that can lead to high capacitance, which is favorable in
ECs field. Some of the recent reports, activated carbon are produced from corn
straws (Lu et al. 2017), oil palm shells (Abioye et al. 2017), sawdusts (Huang et al.
2017), which are dedicated to the development of high performance ECs.

1.3 Influence Factors of Energy Storage

1.3.1 Porosity Effect

A simplest model of an EC is composed of two pieces of conductive electrodes
(mainly porous carbon materials) with high-surface-area porous structures, which
were soaked into electrolyte and separated by an ion-conducting but electron-
insulating separator membrane (Conway 1999). The two electrodes are identical
for a symmetric supercapacitor, but different for an asymmetric supercapacitor
(ASC). By applying voltage to the two electrodes, the electrolyte ions with the
opposite signs accumulate on the surface of each electrode, and the concentration of
ions is commonly proportional to the applied voltage. For EDLC, the capacitance
originates from the pure electrostatic charge adsorption on the interface between
electrode and electrolyte. Therefore, the capacitance is strongly dependent on the
surface area of the electrode materials which is accessible to the electrolyte ions. The
porous carbon materials with large surface area enable EDLC to possess high
capacitance. As for pseudo-capacitor, it involves chemical and electrochemical
interactions with the electrolyte. These interactions with fast and reversible Faradaic
processes provide additional charge storage, resulting in higher energy densities for
the ECs. When an EC stores charges by a capacitive carbon electrode with a
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pseudocapacitive electrode, it is then called a hybrid supercapacitor. Due to their
excellent physiochemical properties as well as controllable structures and relatively
low costs, porous carbon materials have been widely used as the electrode materials
in all types of ECs.

The energy density of ECs is determined by the capacitance of their electrodes
and the operating maximum voltage. The EC energy could be calculated according
to following equation (Gu and Yushin 2014):

C_-C, 2
E=(———7+]V 1.1
(E55) Vom (1)

where E is the energy, V. is the maximum voltage between two electrodes, C_ and
C, are the capacitances of the negative and positive electrodes, respectively. When
the capacitances of the both electrodes are the same, the maximum energy is
achieved:

_C-v:

E S (1.2)

In a symmetric EDLC, the specific capacitance of each electrode could be
identified by a galvanostatic charge-discharge measurement, where the specific
capacitance is determined by the following equation:

C = Idt/dV (1.3)

The power density is another crucial parameter for evaluating the EC perfor-
mance, and can be obtained using equation:

2
p =V (1.4)
4R
where P is the power density, R is the equivalent series resistance including intrinsic
resistance of electrode materials, contact resistance between the electrode materials
and current collectors, diffusion resistance of ions in electrode materials and through
the separator, and ionic resistance of electrolytes.

One strategy to improve the energy density of EDLC is to maximize the capac-
itance, which is affected by not only specific surface area (SSA), but also pore size
and distribution, pore volume, and electrical conductivity. Initially, it was expected
that the larger SSA, the higher capacitance. Thus, most efforts have been focusing
increasing the specific capacitance of EDLCs by increasing the SSA of carbon
materials. However, it was found that the specific capacitance of carbons increases
with increasing SSA at relatively low values, but it rapidly tends to saturation when
the SSA is greater than 1200-2000 m* g~ ' (Barbieri et al. 2005). It means that there
is no linear relationship between the SSA and the capacitance. For example, ACs
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with SSA as high as 2500-3000 m* g~ ' possessed a relatively small capacitance of
less than 10 pF cm ™2, which is smaller than the theoretical capacitance of EDLCs
(15-25 pF cm ?) (Raymundo-Pifiero et al. 2006). On the contrary, activated carbon
fibers with a SSA of nearly 1000 m? g~ (i.e., 730-1274 m? g ') show extremely
high capacitances corresponding to those for conventional AC materials with a SSA
of 3000 m* g~' (Kim et al. 2012). Obviously, the wrong impression was almost
given when the SSA was employed to discuss the capacitance of EDLC electrodes
which were made of activated carbon materials. Recently, many attempts have been
made to investigate the relationship between the porosity and the capacitance of
carbon materials. The results showed that an appropriate pore is more important than
a high SSA to achieve high capacitance performance. As we know, based on the
International Union of Pure and Applied Chemistry (IUPAC) classification, pore
sizes can be classified into three types: micropores (<2 nm), mesopores (2—50 nm),
and macropores (>50 nm). Previous studies showed most of the surface area of AC
electrode materials locates in the scale of micropores (Frackowiak and Béguin
2001). These pores are often poorly or non-accessible for electrolyte ions, especially
for organic electrolytes, and are not suitable for forming an electrical double layer on
the pore walls. However, Chmiola et al. (2006a) reported that the ion salvation shell
will be highly distorted and can further enter the micropores, resulting into an
anomalous increase in the capacitance for carbon materials with pore sizes less
than 1 nm, as shown in Fig. 1.6. In the related research, carbide-derived carbon
with pore sizes of 0.8—1.0 nm also showed high specific surface capacitance in 1 M
H,SO, due to the desolvation of the electrolyte ions entering subnanometer pores,
which cause a sieving effect at pore sizes less than the solvated ion sizes (Chmiola
et al. 2006b). The same group further investigated the relation between the ion size
and pore size for the EDLC application using solvent-free electrolyte, e.g. ionic
liquid (IL), and demonstrated a maximal normalized capacitance at the pore size of
about 0.7 nm, which is nearly close to the electrolyte ion sizes (Largeot et al. 2008).
The similar results were also concluded in the organic electrolytes (Segalini et al.
2012). These interesting finds challenged the long-term ideals that only pores with
size bigger than that of solvated electrolyte ions can contribute to the capacitance of
EDLC. In fact, it has been reported that mesopores contribute the most to the
capacitance in the EDLCs (Tanahashi et al. 1990). Very recently, Lin et al. obtained
the high specific capacitance from nitrogen-doped mesoporous carbon with a
biomodal pore size distribution centered around 1.8 nm and 3.5-4 nm in all three
mesporous structures (Lin et al. 2015). However, the straight mesoporous channels
are only effective for a fast transportation of electrolyte ions to the small micropores
where they are stored (Vix-Guterl et al. 2005). Therefore, the relation between the
pore size and capacitance should be future investigated both theoretically and
experimentally, which is propitious to design the carbon materials for EC electrodes
with high performance.
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Fig. 1.6 (a) Specific surface capacitance normalized by BET SSA for carbide-derived carbon vs
average pore size shows an increasing trend with decreasing pore size below 1 nm. Diagrams of
solvated ions residing in pores with distance between adjacent pore walls: (b) greater than 2 nm,
(c) between 1 and 2 nm, and (d) less than 1 nm demonstrate this behavior schematically
(Chmiola et al. 2006a)

1.3.2  Electrolyte Effect

According to Eq. (1.2), besides improvement of capacitance of the electrode mate-
rials, an alternative strategy to increase the energy density is enlarging the applied
voltage, which is strongly dependent on the selected electrolyte. As an ideal elec-
trolyte for ECs, it should be satisfied with some features as follows: high ionic
conductivity, low viscosity to access small pores, chemical inertness (no reaction
with the electrode materials), well-matched with the electrolyte materials, a low
volatility and flammability, and low cost. Currently employed electrolytes in ECs
include aqueous, mostly H,SO,4, KOH, and Na,SO,, organic, mostly acetonitrile
(ACN), and propylene carbon (PC), and ionic liquid electrolytes. The typical
characteristics of electrolyte, e.g. ion type and size, the ion concentration and
solvent, and the interaction between the ion and the solvent, play important roles
in the EDLC capacitance and pseudocapacitance. The electrochemical stability of
electrolyte affects directly the maximal operation voltage of an EC, and further
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determines the energy and power densities of the EC. The aqueous electrolytes have
high conductivity and small ion size, which easily penetrates inside small pores to
access high surface area. However, due to the aqueous electrolyte’s potential win-
dow of 1.23 V (water decomposition voltage is 1.23 V at 1.0 atm and room
temperature), the aqueous electrolyte-based ECs have usually an operating potential
window of around 1.0-1.3 V. Certainly, the operation voltage of aqueous electro-
lytes is strongly dependent on their pH values. High H* or OH™ concentration,
e.g. H,SO4 or KOH, would limit the voltage window. Compared to counterparts,
neutral electrolytes with low H" or OH ™ have higher operating voltage and can be
increased by appropriate doping of the electrode materials. For instance, the voltage
window of 2.0 V from aqueous Na,SO, electrolyte was achieved due to the electro-
oxidation of H, absorbed in CNTs with high oxygen content and disorder (Hsu et al.
2012). A higher operating voltage of 2.4 V in the Na,SO, electrolyte was reported
for N-containing carbon electrodes by Bichat et al., suggesting that surface func-
tionality strongly affects the over-potential of di-hydrogen evolution and carbon
oxidation (Bichat et al. 2010).

The organic electrolyte-based and IL-based ECs generally have potential win-
dows of 2.5-2.7 V and 3.5-4.0 V, respectively, which are higher than aqueous
electrolyte-based ECs (Zhong et al. 2015). However, organic electrolytes have low
conductivity and larger ion size, which results into power deterioration and low
capacitance. Besides those, other issues such as complex purification procedure,
safety concerns (flammability), volatility as well as toxicity also exist for organic
electrolytes. ILs, known as room temperature molten salts, are nonflammable, which
is important for many mobile electronic devices and hybrid vehicles. Besides this,
ILs have other advantages including high electrochemical stability, high electro-
chemical stability over a wide potential window, non-toxicity, and various combi-
nation choices of cations and anions. But, ILs have typically high current cost, high
viscosity liquids, and low ionic conductivity at room temperature, which limits the
charge/discharge rate of IL-based EDLCs.

As for the development of EC electrolytes, widening the potential window of the
electrolyte materials can effectively improve the energy density as seen from the
Eq. (1.2). It is worth to notice that increasing the applied voltage of ECs would be
more efficient than increasing the electrode capacitance in terms of energy density
improvement, ascribing to the energy density is proportional to the square of the
applied voltage. Thus, developing electrolytes with wide potential windows should
be given even higher priority efforts than the development of electrode materials
with high capacitance.

Besides the potential window of electrolytes, the interaction between the electro-
lyte and the electrode materials should be attended because it plays a critical role in
the EC performance. As mentioned above, the electrolyte ion size and the pore size
of porous carbon materials should be matched for increasing the specific capacitance
of EDLCs. The pseudo-capacitors which were composted of carbon-based materials
and metal oxides/hydroxides are also affected by the properties of the electrolytes.
The internal resistance of ECs is strongly dependent on the ionic conductivity of the
electrolytes especially for organic and IL electrolytes. In addition, the operating
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temperature and life time of the ECs are heavily influenced by thermal stability of
electrolytes, e.g. viscosity, boiling point, and freeze point, and electrochemical
decomposition of the electrolytes.

1.4 Carbon Nanomaterials for Supercapacitor Applications

Until now, carbon family has many members including from traditional diamond,
graphite, activated carbons (ACs) to novel nanocarbons, which contain fullerene,
CNTs, graphene, and their derivatives. Previously, AC, a form of disordered carbon
(amorphous carbon), has been widely used electrode materials in ECs due to their
high surface area, relatively excellent electric properties and low cost. ACs are
generally produced by thermal decomposition and physical or chemical activation
of carbonaceous sources, including biomass, petroleum coke, and phenolic resins.
However, due to wide and random distribution of pore sizes produced by the
activation process, ACs only exhibited the limited performance in ECs.

With the successive discovery of fullerene Cgg, CNTs, and graphene; carbon
nanomaterials have attracted great interest from basic theoretical studies to practical
applications. Fullerene Cg, a soccer-like structure, is a perfect electron acceptor, and
fullerene and its derivatives have been widely used in solar cells for charge separa-
tion. Compared to fullerene, CNTs, graphene, and their composites have been
extensively studied as the electrode materials in the energy storage because of
their excellent physiochemical properties, e.g. high conductivity, high surface area,
and electrochemical activity.

Currently, the hottest topics of research and development on energy storage
mainly focus on lithium ion batteries and ECs. Compared to the counterparts, ECs
have some advantages of higher power density, longer cyclic stability, higher
Coulombic efficiency as well as faster full charge-discharge cycles.

1.4.1 Carbon Nanotubes in Electrochemical Capacitors

Due to their unique properties such as good mechanical, thermal stability, high
specific surface area, high conductivity, high porosity, high charge transport capa-
bility, and high electrolyte accessibility, CNTs have attracted great interest in
electrode materials for developing high-performance ECs. According to the
published papers, the specific surface area of pure CNTs has been achieved in the
range of 120-500 m* g~ with the specific capacitance ranging from 2 to 200 F g~
(Yang et al. 2015). Initially, Niu et al. reported that MWCNT-based supercapacitor
electrode, in which MWCNTs are about to be ~20 pm in length and 8§ nm in
diameter, exhibited a high specific capacitance of 102 F g~ ' with surface area of
430 m* g~ ' and a power density of 8 kW kg~ in concentrated (38 wt%) H,SO4
aqueous electrolyte (Niu et al. 1997). Frackowiak et al. employed the MWCNTs
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with 10-20 nm outer diameters and 2-5 nm inner diameters as supercapacitor
electrodes in 6 M KOH electrolyte to achieve BET SSA in the range of 128—411 m
% g~ ! with the specific capacitances of 4-80 F g~ ', which are remarkably dependent
of the CNT diameters (Frackowiak et al. 2000). Obviously, the diameter of the CNTs
plays an important role in affecting the intrinsic surface area.

Generally, SWCNTSs have higher SSA than MWCNTs, and will provide higher
specific capacitance although they always tend to bundle. An et al. utilized the
SWCNT bundles with a diameter of 10-20 nm as the electrode materials in a
solution of 7.5 N KOH, and obtained a specific capacitance of 180 F g~', power
density of 20 kW kg ™', and energy density of 7 Wh kg™, respectively (An et al.
2001). Aligned CNTs may also offer higher SSA than misaligned CNTs. For
example, a SWCNT forest was synthesized using the zipping effect of water,
which allowed the bulk materials to remain their intrinsic properties, and preserves
the high BET SSA of 1000 m*> g~'. The specific capacitance of these aligned
SWCNT electrode reached 80 F g~ with an energy density of 35 Wh kg™ in
TEATFB-based organic electrolyte (Futaba et al. 2006).

Besides the structure modulation of CNTs, many efforts have been devoted to
improve the specific capacitance of CNTs by increasing their specific surface area
via chemical activation (KOH) or plasma treatment. A chemically-activated
MWCNTs showed that the BET SSA reach 1050 m* g~ with the specific capaci-
tances of 90 F g~ ' and 65 F g~ in the solution of 6 M KOH electrolyte and 1.4 M
TEATFB-based organic electrolyte, respectively (Frackowiak et al. 2002). Another
KOH-activation of MWCNTs present the positive results that the BET SSA
increased from 194 to 510 m?> g~ ' with a corresponding increasing of the specific
capacitance from 25 to 50 F g~ ' in a LiClO,-based organic electrolyte (Jiang et al.
2002).

Plasma treatment has some advantages on CNTs for energy storage such as defect
production and functionalization, which makes the modified CNTs more hydrophilic
because of functional groups, and results in the improvement of specific capacitance
(Yoon et al. 2004). Yoon et al. grew vertically aligned MWCNTs on Ni foil substrate
using hot filament plasma enhanced chemical vapor deposition, and modified them
by ammonia plasma with the substrate temperature of 650 °C (Yoon et al. 2004). The
results demonstrated that the plasma etching causes the MWCNT supercapacitor
electrodes in 6 M KOH with increasing BET SSA from 9.6 to 86.5 m* g~ ', and the
specific capacitance from 37 to 207 F g™, respectively (Yoon et al. 2004). The
similar high performance of supercapacitor electrodes, which were composed of O,
plasma-activated MWCNTSs, has been achieved by Dai group (Lu et al. 2009).
Figure 1.7 shows that the vertically aligned MWCNTs were synthesized on
Si/Si0, by thermal chemical vapor deposition process, and were etched by O,
plasma to result in opening of the CNT tips, increasing the SSA to 400 m? g~ ',
and high specific capacitance of 400 F g~ ' with a high energy density of 148 Wh kg
~!in the electrolyte of ionic liquid [EMIM][Tf,N] (Lu et al. 2009). Recently, the
MWCNT powders were treated by microwave and O, plasma induced by a radio
frequency of 13.56 MHz for enhancing the capacitance of MWCNT electrode
(Dulyaseree et al. 2016). The contact angle of droplet of 1 M Na,SO,4 aqueous
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Fig. 1.7 (a) Low- (b) high-magnification SEM images of vertically-aligned CNTs etched by O,
plasma. TEM images of the CNTs before (¢) and after (d) plasma etching. (e) CV curves of plasma-
etched vertically-aligned CNTs as elctrode in [EMIM][Tf,N] electrolyte at different scan rates. Inset
exhibits capacitances as a function of scan rate (Lu et al. 2009)

solution decreased from 113.84° for original MWCNT powders to 36.48° and
19.87° for microwave- and O, plasma-treated MWCNTs, respectively (Dulyaseree
etal. 2016). This suggests that treated MWCNTs are hydrophilic. The corresponding
specific capacitances in 1 M Na,SO, electrolyte increase from 61.5 F g~ for original
MWOCNT powders to 214 and 238 F g~ for microwave- and O, plasma-treated
MWCNTs, respectively (Dulyaseree et al. 2016). The capacitance improvement is
ascribed to the increase in the number of oxygen-containing functional groups.
However, plasma activated carbon electrodes decorated with functional groups
may potentially have some issues with low cycle stability and high leakage current.
Therefore, such research involving plasma activation should be further investigated
in the coming days.

Apart from improving the specific surface area, there is another way to increase
the specific capacitance by doping CNTs with heteroatoms, which leads to increas-
ing the electrical conductivity and active sites on CNTs. For example, Gueon et al.
synthesized N-doped CNT spherical particles by emulsion-assisted evaporation of
hexadecane, followed by N-doping using melamine (Gueon and Moon 2015). A
specific capacitance of 215 F g~ has been obtained at a current density of 0.2 A g~ ',
which is 3.1 times higher than that of the untreated CNTs. The improved perfor-
mance may be attributed to more active sites and higher electrical conductivity that
stem from the N-doping. Xu et al. prepared porous N-doped CNTs from tubular
polypyrrole in a N, atmosphere, followed by activation of KOH solution. The
resulting porous N-doped CNTs provide a high SSA of 1765 m? g~ ' with a specific
capacitance of 210 F g~ ' at a current density of 0.5 A g~ ', and have higher specific
capacitance (174 A g~ ) than the self-assembled graphene hydrogen under the same
conditions (160 F gfl atl A gfl) (Xu et al. 2013). Moreover, 99% of the initial
capacitance was maintained after 5000 cycles. The excellent performance of porous
N-doped CNTs can be attributed to high electrical conductivity, large surface area,
and unique pore-size distribution (Xu et al. 2013).
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Compared to EDLCs, pseudo-capacitors exhibit higher capacitance due to their
charge storage mechanism (fast and reversible redox reactions). In order to achieve
higher specific capacitance, CNTs have been extensively utilized as pseudo-
capacitors in combination with other active components, e.g., conductive polymers,
metal oxides and hydroxides. Among them, conducting polymers have some advan-
tages including mass production, environmental friendliness, low weight as well as
low-cost. The conducting polymers providing good electrical conductivity, intrinsic
porosity, and plenty of redox moieties have demonstrated high specific capacitance
when composited with CNTs. At present, most studied conducting polymers are
polypyrrole (PPy), plythiophene (PT), polyaniline (PANI), and poly
(3,4-ethylenedioxythiophene) (PEDOT) for pseudo-capacitors. Jurewicz et al.
deposited a PPy layer of 5 nm on MWCNTs by electrochemical polymerization of
pyrrole, and increased the specific capacitance of 163 F g~' from the pristine
MWCNTs of 50 F gf1 in a 1 M H,SO, electrolyte (Jurewicz et al. 2001). Higher
specific capacitance of 249 F g~' for PPy/CNT composite electrodes has been
realized with CNT content of 81.8 wt% (Li et al. 2014). Xu et al. reported the
PPy/CNT sponges have an increase in specific capacitance from 224 to 350 F g~
with increasing CNT content from 30 wt% to 49% (Xu et al. 2015). However, with
further increasing CNT content to 66 wt%, the capacitance decreased to 153 F g~
This may ascribe to the lower intrinsic capacitance of CNT and smaller contribution
from PPy for this pseudo-capacitor (Paul et al. 2010). In comparison with other
conducting polymers, PANI has a higher theoretical specific capacitance (Li et al.
2009). Bavio et al. synthesized PANI/CNT composites through a chemical method
of self-organization, and investigated the PANI/CNT composites in a 0.5 M H,SO,4
electrolyte (Bavio et al. 2014). The specific capacitance increased to 838 F g~ ' at a
current density of 2 Ag™' from pristine PANI of 314 F g, and further increased to
1744 F g~' when the embedded CNTs were previously functionalized in 2.2 M
HNO3

Metal oxides and hydroxides including Co3;04, Fe304, NiO, MnO,, Mn;0y,
RuO,, Sn0O,, TiO,, and Ni(OH), have also attracted great attention in the field of
pseudo-capacitors, in which fast and reversible redox reactions take place on the
electrode surfaces. The redox phenomenon of all these oxides involves into the
polyvalent nature of the transition metals in the oxidation states. The oxides interact
with protons and/or hydroxide anions on changing their oxidation states and the
corresponding redox behavior not only exists on the surface of the electrodes but
also influences the oxide bulk. Despite their excellent specific capacitance, most of
the oxides encountered some issues, e.g. low electrical conductivity (except RuO»,),
poor stability, and low rate capability. The carbon materials can not only overcome
these disadvantages mentioned above for these oxides, but also restrict the volumet-
ric change of the oxides during the charge-discharge processes. The combination of
metal oxides with carbon materials has already demonstrated high performances in
pseudo-capacitors.

MnO, have a high theoretical specific capacitance of 1370 F g~ ' (Toupin et al.
2004). The MnO,/CNT composites have shown the high specific capacitance
between 115 and 950 F g~ ' in pseudo-capacitors (Yan et al. 2009a). As shown in
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Fig. 1.8 (a) SEM image of purified CNTs. (b) SEM and (¢) TEM images of CNT-57%MnO,
composite. (d) Specific capacitance of CNT/MnO, composites based on MnO, at different rates
(Yan et al. 2009a)

Fig. 1.8, Yan et al. reported that MnO,/CNT composites were synthesized by
reduction of KMnQO, under microwave irradiation, and showed a specific capaci-
tance of 944 F g~ " at the scan rate of 1 mV s~ in 1 M Na,SO, aqueous solution for
the MnO,/CNT composites (containing 15 wt% MnO,). These supercapacitor elec-
trodes have the maximum power density of 45.4 kW kg~' and the energy density of
25.2 Wh kg~ " when the MnO, content is 57 wt%.

As RuO, have relatively high conductivity, highly reversible redox reactions,
three oxidation states, and wide operation potential window (1.2 V in acidic solu-
tions), RuO,/CNT composites as supercapacitor electrodes have been widely studied
for pseudo-capacitors with high specific capacitance (Borenstein et al. 2017). Ini-
tially, the amorphous or nanoscale crystalline RuO,-xH,O powders were be mixed
mechanically with the HNO;-treated MWCNTs to fabricate the RuO,/CNT com-
posites for supercapacitor electrodes (Ma et al. 2000). Depending on the weight
content of RuO,-xH,0, the composites have reached the specific capacitance of
145-560 F g_1 in a 38% H,SO,4 solution. Yan et al. also synthesized RuO,
nanoparticles on MWCNTSs by microwave-assisted irradiation for supercapacitor
electrodes, and displayed high specific capacitance up to 493.9 F g~ ' at the scan rate
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of 50 mV s™! in 1 M H,SO, aqueous solution (Yan et al. 2009b). Most of
investigations have demonstrated that the RuO,/CNT composites have high energy
densities at high power densities, and exhibit excellent cycling stability.

1.4.2 Graphene in Electrochemical Capacitors

Graphene, consisting of carbon atoms arranged in a hexagonal network, has been
considered an electrode candidate for ECs due to high carrier mobility, excellent
mechanical properties, chemical stability, and high surface area. The theoretical
specific surface area of graphene was predicted to be 2630 m? g~', which can
produce high specific capacitance of 550 F g~ ' (El-Kady et al. 2012). A pioneer
work employing chemically-modified graphene (reduced graphene oxide, rGO) as
supercapacitor electrodes had exhibited a specific capacitance of 137 F g~ ' with a
SSA of 705 m?* g~ " in a 5.5 M KOH electrolyte (Stoller et al. 2008), which is lower
than the theoretic SSA of 2630 m? g~ ', possibly due to the aggregation of rGO. In
order to improve the SSA, Zhu et al. (2011) utilized chemical activation process to
activate exfoliated GO with KOH, and obtained a very high SSA of 3100 m? g™,
which is even higher than the theoretic value and ascribed to the presence of 3D
structure containing pores with sizes of 1-10 nm (Fig. 1.9a, b). Figure 1.9¢, d shows
that the authors assembled the two-electrode symmetrical supercapacitors based on
the activated GO in 1-butyl-3-methyl-imidazolium tetrafluoroborate (BMIM BF4)/
AN electrolyte, and obtained the specific capacitance from the galvanostatic charge/
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Fig. 1.9 (a) Schematic diagram displaying the microwave exfoliation/reduction of GO and the
following chemical activation of MEGO with KOH. (b) High-resolution TEM image from the edge
of a-MEGO. (c¢) CV curves of the a-MEGO-based supercapacitor at different scan rates. (d) The
corresponding Galvanostatic charge/discharge under different constant currents. (¢) SEM and (f)
TEM images of activated hollow spheres of microwave-expanded GO (asMEGO). (g) CV curves of
asMEGO at different scan rates. (h) The corresponding Galvanostatic charge/discharge under
different constant currents (Zhu et al. 2011; Kim et al. 2013)
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discharge curve with values of 165, 166, and 166 F g_1 at the current densities of
1.4,2.8,and 5.7 A g~ ', respectively (Zhu et al. 2011). In another work, as shown in
Fig. 1.9e-h, the same group further improved the SSA to 3290 m* g~ for highly
porous graphene, which derived from carbons with hierarchical pore structures
consisting of mesopores integrated with macroporous scaffolds, and exhibited a
specific capacitance of 174 F g~' with energy density and power density of
74 Wh kg~ " and 338 kW kg, respectively (Kim et al. 2013).

Like doped CNTs, heteratom-doped graphene has better performance in the
application of energy storage compared to pristine graphene, ascribing to the
improved electrical and electrochemical properties. Jeong et al. synthesized
nitrogen-doped graphene by a nitrogen plasma process from GO, and obtained a
specific capacitance of 282 F g~! for N-doped graphene, which is four times than
that of pristine graphene (Jeong et al. 2011). This is attributed to the introduction of
charge-transferring sites stemming from N-doping and improvement of electrical
conductivity of graphene. Moreover, a power density of 8 x 10° W kg~ ' and an
energy density of 48 Wh kg™' were achieved in the organic electrolyte of TEA BF4.
Besides N-doping, other elements including boron, sulfur, phosphorous and their
co-doping have been employed to improve the specific capacitance of graphene
(Han et al. 2012; Chen et al. 2014; Karthika et al. 2013; Wang et al. 2014b).

Graphene has also been investigated with other active materials, e.g., conducting
polymers, metal oxides and hydroxides, to form composites as electrodes for
pseudo-capacitors. Firstly, freestanding and flexible GO/PANI composite paper
was prepared by in-situ anodic electropolymerization of PANI film on GO paper,
and exhibited the gravimetric and volumetric capacitances of 233 F g~' and
135 F cm ™ in the electrolyte of 1 M H,SO, respectively, much higher than those
of the GO paper (Wang et al. 2009). Zhang et al. employed in-situ polymerization of
aniline monomer in the GO surface to fabricate graphene/PANI nanofiber compos-
ites under acid conditions, and achieved a specific capacitance of 480 F g™ ' at a
current density of 0.1 A g~ in a2 M H,SO, for a PANI-doped graphene composite
(Zhang et al. 2010). The results showed that the specific capacitance of PANI/GO
electrodes is very strongly dependent of the mass ratio of PANI to GO. Besides
PANI, PPy has also been composited with graphene to synthesize PPy/GO films by
electrooxidation of pyrrole in the GO aqueous solution, which were further reduced
electrochemically to form PPy/rGO composites (Chang et al. 2012), as shown in
Fig. 1.10. These PPy/rGO composite films exhibited a specific capacitance of
424 F g~'in 1 M H,SO, at a current density of 1 A g~', which was higher than
those of a surfactant-intercalated GO (194 F gfl) (Zhang et al. 2011), resorcinol-
formaldehyde resin/GO composite (316 F g~') (Rightmire 1966), and a PANI
nanofiber/GO composite (210 F g~ ') (Zhang et al. 2010). The high specific capac-
itance for the PPy/rGO composite ascribed to the fast insertion/extraction of doping
ions in PPy/rGO matrix, high conductivity and high effective SSA of the composite
films.

Similar to the case for CNTs, metal oxides or hydroxides have also been
investigated in the graphene-based composites to improve the pseudocapacitance.
Graphene was used for loading MnO, to form composite electrodes with high
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Fig. 1.10 SEM images of (a) PPy film and (b) PPy/GO composite film coated on gold electrode.
The films were synthesized by passing 130 mC cm ™2 of charge at +0.8 V vs. Ag/AgCl. (¢) CV
curves of PPy (red triangle), PPy/GO (blue dot), and PPy/rGO (green square) modified gold
electrodes in 1 M H,SO,4 at 0.1 V s~ (d) Galvanostatic discharge/charge curves of PPy (red
triangle), PPy/GO (blue dot), and PPy/rGO (green square) modified gold electrodes in 1 M H,SO,
at a current density of 1 A g~' (Chang et al. 2012)

conductivity, large surface area, and excellent stability. The MnO,/graphene com-
posites have demonstrated high specific capacitance in the range of 300-520 F g~ !
(Yan et al. 2010). Yan et al. synthesized MnO,/graphene composites by the self-
limiting deposition of nanoscale MnO, on the GO surface under microwave irradi-
ation, and presented a specific capacitance as highas 310 Fg 'and 228 Fg~'in 1M
Na,SO, electrolyte at the scan rates of 2 mV s~ and 500 mV s, respectively,
which are higher than these of pure graphene (104 F g~ ') and birnessite-type MnO,
(103 F g~"). Moreover, these composites displayed excellent cycling stability and a
decrease of 4.6% in the initial capacity after 15,000 cycles. These excellent electro-
chemical performances can be attributed to the increased conductivity and surface
area of graphene network in the MnO,/graphene composites. Alternatively, Cheng
et al. electrodeposited gamma-type MnO, on the graphene surface to increase the
specific capacitance of 328 F g~ ' of the MnO./graphene composites from 245 F g~
of pure graphene electrode in 1 M KClI at a charging current of 1 mA (Cheng et al.
2011). The MnO,/graphene composites also demonstrated an energy density of
11.4 Wh kg~ " and a power density of 25.8 kW kg™, respectively.
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Besides flat graphene related to substrate, vertical graphene (VG) is another type
of graphene, consists of a large amount of edges with open structures, and has some
advantages compared to flat graphene as follows (Miller et al. 2010): (1) VGs can
provide direct pathways for ion faster diffusion; (2) edge planes have higher
capacitance of 50-70 uF cm ™' in comparison to basal planes of about 3 uF cm™';
(3) open structures lead to minimal porosity effects, and reduce ionic resistance;
(4) VG (using plasma technique) can grow on the conducting substrates, and be used
as electrode without binder to minimize electronic resistances. The VG, which grew
on carbon fibers by radio frequency plasma-enhanced chemical vapor deposition in
H,-CH, system, have the specific capacitance of 0.076 F cm > and a value of
14,900 F at maximum working voltage of 0.6 V in 6 M H,SO, electrolyte (Zhao
et al. 2009). The EDLCs made of VG, which deposited directly on the Ni foil from
the decomposition of CHy4, have demonstrated fast response with efficient line-
filtering at 120 Hz (Miller et al. 2010). It ascribes to the open morphology of VG
that provides high conductance channels for ingress and egress of the electrolyte ions
between the vertical sheets, which minimize porous electrode behavior and allow
fast response. The specific capacitance of the EDLCs can be improved using the
feedstock of C,H, instead of CH, or increasing the VG growth temperatures (Cai
et al. 2014), as shown in Fig. 1.11.

For graphene-based electrode materials, N-doping is one of the popular methods
for enhancing the performance of supercapacitors. For example, Yen et al. synthe-
sized N-doped VG on flexible carbon cloths by microwave PECVD, where followed
by introducing in situ NH; plasma (Yen et al. 2015). The resulting N-doped VG
supercapacitor electrodes exhibited a specific capacitance of 991.6 F g~ ' at a current
density of 14.8 A g~ ', obtained the highest specific energy density of 275.4 Whkg "
a power density of 14.8 kW kg~', and maintained near 98% Coulombic efficiency
after 5000 cycles at in 1 M H,SO,4 aqueous solution (Yen et al. 2015). These
excellent performances attributed to the ultrahigh surface area of VG and unique
specificity to the pyridinic N-doping configuration (Yen et al. 2015). The VG can
also provide a support for loading metal oxides or hydroxides on its surface in the
applications of pseudo-capacitors (Xiong et al. 2013; Hassan et al. 2014a, b; Wang
et al. 2014a; Dinh et al. 2014; Han et al. 2017). Xiong et al. reported that VG was
prepared by microwave PECVD on commercial CNT substrates and subsequently
coated with a thin layer of MnO,, and investigated the electrochemical performances
of the MnO,/VG composites (Xiong et al. 2013). A specific capacitance of 580 F g~
at a scan rate of 2mV s~ ', and an energy density of 28 Wh kg ™' and a power density
of 25 kW kg~ ! at a high current density of 50 A g~' have been achieved in 1 M
Na,SO, aqueous electrolyte (Xiong et al. 2013). This good performance could be
obtained due to the VG/CNT architecture without binder and the metallic nature of
MnO,/VG composites with a facile conduction path for electron transport in the
charge/discharge process (Xiong et al. 2013).
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Fig. 1.11 (a) Schematic diagram of VG supercapacitor which consists of two same VG sheets. (b)
SEM images of VG sheets. (¢) Specific capacitance of EDLCs, which consist of C,H,-VG at
different temperatures, as a function of frequency. The higher the growth temperature, the higher the
capacitance over the entire frequency range for all samples. (d) The specific capacitance of EDLCs
at 120 Hz (black square blocks) for 10 min growth and the characteristic frequency f (red circular
dots) as a function of growth temperature. The EDLC made of CH,-VG@720 °C as a comparison
(Cai et al. 2014)

1.5 Future Perspectives, Opportunities, and Challenges

In comparison with batteries, it is undeniable that even though supercapacitors offer
higher power, relatively good cycle life, and higher reliability, they exhibited much
lower energy density and higher self-discharge (Weinstein and Dash 2013). Never-
theless, some supercapacitors have been applied for emergency doors, memory
backup, and energy recovery, despite the fact that limited energy density still remain
as the big challenge.

Carbon materials derived from waste materials such as agricultural wastes,
especially coconut shell ACs can be considered as the popular option for active
material (Weinstein and Dash 2013). Kuraray (Japan) is one of the major suppliers
for most of this product. One of the main reasons is that coconut shell ACs offers far
more lower cost, in contrast to another types of carbon materials.
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Carbon nanomaterials such as CNTs and graphene have received much attention,
to be developed as high performance supercapacitor electrode material. For the time
being, although their costs are higher than AC, they are able to close the performance
gap, which is essential so that supercapacitor can be applied for wide broad appli-
cations in various fields. In addition to electrode materials, electrolyte also plays a
crucial role in determining the performance outcome of supercapacitors. It is known
that energy storage density is proportional to the square of the operating voltage, thus
using alternative electrolyte systems with significantly wider operating voltage
stability windows can significantly improve the energy storage capability of
supercapacitors (Yu et al. 2013). Future advancement of supercapacitors can be
shifted to develop appropriate morphology and porous structure of carbon
nanomaterials that have high compatibility with the improved electrolyte, develop-
ment of novel nanostructured metal oxides/conductive polymers to improve energy
storage capabilities, development of computational tools to investigate the mecha-
nisms during charge/discharge process, and so on.

1.6 Conclusions

In this chapter, energy storage performance of electrochemical capacitors or
supercapacitors was discussed focusing on carbon nanomaterials, specifically
CNTs, graphene, and their derivatives. The affecting factors of two main elements,
namely electrode and electrolyte materials were elaborated, which is highly associ-
ated with the overall supercapacitor’s performance. Various types of materials
utilized together with carbon nanomaterials, such as metal oxides, conductive poly-
mers, doped materials, and so on, were also included. The development of safe, low
cost, high energy storage, fast charge/discharge process, long cycle life
supercapacitors is essential in order to produce efficient energy storage device.
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