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This state-of-the-art entry aims to highlight advances in metal-free carbon-based supercapacitors over the last 20
years. Author discuss the various types of carbons (without metals) used (activated, nanoforms of carbon, and
doped carbons) as well as key parameters in supercapacitor performance such as surface area, porosity, and

functional groups.

Carbon-based Supercapacitors metal-free

| 1. Introduction

Presently, fossil fuels are the primary resources consumed to meet current energy demands. For the last several
years, energy demands have been increasing steadily due to an increase in the world population. As a result,
fossils fuel reservoirs are depleting rapidly and the use of these resources also has a detrimental effect on the
environment, such as global warming [l. Due to the impending energy crisis, alternative and renewable resources
must be used to design power generation and energy storage devices. In this regard, solar, wind, water, and
geothermal resources are being considered for power generation. Batteries, fuel cells, and electrochemical
supercapacitors have similarly gained much attention for effective energy generation and storage [, Among
these, supercapacitors have gained considerable importance as energy storage devices for meeting many of the

requirements for an alternate energy storage system.

Supercapacitors may also be referred to as ultracapacitors or double-layer capacitors. Fifty years ago,
supercapacitors were recognized as the most promising approach to store energy, due to their outstanding
characteristics such as high power density (100 times greater than conventional batteries [, long lifetime (lifecycle
upwards of 10,000 cycles), and superior charge/discharge rate (up to 10-20 times faster than Lithium ion
batteries). Due to their prompt charging response, supercapacitors can be used widely in digital cameras,
automobiles, flashlights, elevators, portable media players, etc. Traditional capacitors cannot compete with
supercapacitors since the capacitance of the latter is thousands of times higher than the traditional capacitor
(UFarads vs. Farads) [Bl. Supercapacitors can be used independently or they can be combined with batteries or fuel

cells for various energy storage applications 6!,

To date, research progress in the arena of supercapacitors has involved seeking new inexpensive materials and
economical, prompt as well as facile strategies to design supercapacitors with enhanced performance. Materials

that have been exploited for supercapacitor fabrications can easily be divided into three main categories, viz. (1)
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carbon-based materials, (2) metal oxides, and (3) conducting polymers. Zhang group [ presented a short
summarized review for supercapacitor materials, and indicated advantages and disadvantages accompanying
different materials. There is no doubt that metal oxides exhibit superior performance for supercapacitors
applications (upwards of 1000 F/g). Therefore, metal oxides are very popular for supercapacitor applications owing
to their superior performance among the above-mentioned materials. For that reason, Zhang et al. [ has
extensively covered metal oxide-based supercapacitors in the review, whereas carbon and conducting polymers
materials were briefly discussed. Although metallic supercapacitors are known for their high capacitance, there are
some drawbacks associated with them, such as their extremely high cost (e.g., Ruthenium (IV) oxide precursors
priced around $60 per gram), weak selectivity towards different species, and high toxicity towards the environment
8, Whereas, the other two materials, carbon and polymers, are considered as environmentally safe compounds.
However, the main disadvantage of conducting polymers is associated with their high instability due to their brittle
nature €. Thus, an urgent need has arisen to restructure or even abandon current technologies and seek novel,
green, and inexpensive materials. In this regard, carbon-based materials are gaining tremendous attention of
researchers for supercapacitor applications 29, with activated carbons available commercially at about 15 USD per
kilogram. The main focus of this review is to provide a detailed discussion about carbon-based supercapacitors
developed in last 20 years, and novel strategies that can be utilized to improve the performance of carbon-based

supercapacitors.

Various forms of carbon are highly sought after to obtain improved capacitance, such as carbon nanotubes,
activated carbon, doped carbons, and many others. Though carbon materials usually exhibit lower capacitance
than metal oxides and conducting polymers, their natural abundance in different forms and low cost make them an
ideal candidate for supercapacitor applications. In addition, surface area and conductivity can easily be tuned in the
natural existing forms of carbon (e.g., biomass). At present, extensive research is being performed using many
different kinds carbon materials, and the main objective is to improve the performance of carbon-based
supercapacitors. As a result of these studies, several examples of carbon-based materials have been made where
supercapacitor performance has been significantly enhanced by various techniques such as heat treatment 11 or
doping with heteroatoms [l Specifically, carbon nanomaterials have been demonstrated for similar or better
supercapacitor properties than metal oxides 2. A more detailed discussion regarding other strategies employed to

enhance supercapacitor performance will be discussed later in this review, but are summarized in Figure 1.

https://encyclopedia.pub/entry/6494 2/14



Metal-Free Carbon-Based Supercapacitors-A Comprehensive Review | Encyclopedia.pub

Figure 1. Strategies used to improve the performance of metal free carbon-based supercapacitor.

| 2. Electric Double-Layer Capacitor (EDLC)

Electrochemical capacitors can be divided generally into two classes: (1) Electric double-layer capacitors (EDLCSs)
and (2) pseudocapacitors. Normally, all carbon-based materials operate based on the EDLC principle. Therefore,
only EDLC has been explained here, briefly. The mechanism of EDLCs is based on the storage of charge in thin
double-layers, which is mainly present at the interface between the electrode surface and electrolyte solution.
Since no charge transfer occurs between the electrode and the electrolyte, EDLCs are also known as non-Faradaic
supercapacitors. Typically, all electrode surfaces possess EDLC behavior, and the capacitance recorded from this
mechanism is much higher than the conventional dielectric capacitor. Ideal capacitors show a cyclic voltammogram
of rectangular shape since the current is independent of potential. However, some potential dependent current is
observed in EDLC due to high congestion of electrolyte at the double layer [13],

EDLC capacitance is represented by the following formula:

where C is the capacitance, € is the relative permittivity, S is the surface area of the electrode, and d is the
thickness of the double layer present at the interface between the electrode and the electrolyte. As can be deduced
from the equation, EDLC is primarily dependent upon the surface area of an electrode material, as a high specific

area provides a high surface for charge accumulation at electrode electrolyte interface. Generally, the capacitance
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result is proportional to the specific surface area for similar kinds of materials prepared using similar methods 241,
However, the surface area is not an all-encompassing parameter for determining material performance as the pore
size distribution (micro-, meso-, and macropores) also plays a joint role 13, Thus, electrode materials with suitable

properties are very important to development of EDLCs.

With regards to supercapacitor application, some key characteristics of suitable material include large active
surface area (=700 m2/g for commercial ACs @), excellent conductivity, suitable pore size (for the electrolyte
system chosen), surface wettability, high cycle stability, rapid charge/discharge rate, etc. These characteristics are
highly desirable to design an efficient EDLC capacitor 18, Therefore, extensive fundamental studies have been
performed to investigate the properties of different existing forms of carbon materials. In this regard, carbon-based
electrodes are commercially utilized as an ideal choice for EDLCs due to their physicochemical properties such as
high conductivity and high surface area (1-2000 m?/g), as well as high thermal and chemical stability. Furthermore,
carbon materials exhibit extraordinarily high cycle stability as well as power density. Including all these properties,
carbon-based materials are also highly attractive due to their significant low cost and abundant availability in nature
(161 Since carbon provides many advantages for applications such as EDLC, several designs of carbon have been
developed for the purpose of energy storage capacity. Recent research of carbon materials for supercapacitor
applications are classified as follows: activated carbon, doped carbon, functionalized carbon, carbon aerogels,

graphene, carbon nanomaterials, and carbon quantum dots 271,

| 3. Carbon Materials

Carbon materials are of great importance for supercapacitor applications due to the presence of different forms of
carbons and the fact that carbon is naturally abundant. Additionally, the chemical and thermal stability as well as
good electrical conductivity of carbon are suitable characteristics to design low-priced supercapacitors.
Furthermore, these materials can be made via environmentally friendly techniques such as pyrolysis 18 and

hydrothermal treatment 19, The final products possess a porous surface and exhibit high specific surface area.

3.1. Porous Activated Carbon

In order to attain high specific capacitance, porous materials that exhibit high surface area are promising
candidates. Several methodologies have been employed to design porous carbon materials such as traditional
chemical and physical activation and a combination of both processes, template-based methods, carbide-derived
porous materials, etc. Fundamental physical characteristics such as specific surface area, electrical conductivity,
pore size, shape, and their distribution are being studied in detail to determine the full potential of porous materials

for supercapacitor applications.

Porous carbon materials synthesized by pyrolysis are vastly applied for industrial and laboratory applications.
Biomass-derived carbon materials have acquired considerable attention in many fields, including supercapacitors
(20][211{22]238](24] ' Sjnce most biomass sources are composed of carbon and oxygen, utilization of these materials for

constructive applications provide a possible solution for global warming and other environmental challenges.
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Activated carbons are the least expensive to produce in comparison to other carbon materials. Their highly porous
structure significantly enhances the surface area of the materials; thus, activated carbon has been employed as an

electrode material for EDLC supercapacitor applications [181123],

For supercapacitor applications, porous carbon materials can easily be obtained using chemical activation methods
with various activating agents like potassium hydroxide (KOH), sulphuric acid (H,SOy,), silver chloride (AgCl), zinc
Il chloride (ZnCl,), and others. Amorphous carbon materials can be chemically activated using these agents, which
aid in creating porous structures in carbon materials (28, It is well known that an electrochemical activation method,
normally used to activate carbon, can remarkably enhance the capacitance of final product in comparison to the
parent carbon 24281291 Chen and coworkers investigated the effect of KOH activation of AC performance and saw
a ~185% increase in specific capacitance value post-treatment B9, They attribute this enhancement to a high
mesopore surface area (2505.6 m2/g). Qin et al. achieved similar results using ZnCl, as an activating agent (211,
However, they attributed the high specific capacitance to a high specific surface area with significant micropore

formation.

An outstanding approach to acquiring a high surface area for activated carbon and consequently, high specific
capacitance, has been reported by Yushin and coworker 2. A synthetic polymer named polypyrrole was used to
synthesize activated carbon by performing a single activation step using KOH. Thermal treatment of polypyrrole
produced a high percentage of carbonaceous residue, which led to a highly porous material with the highest
specific surface area (greater than 3400 m?/g) ever published for a carbon electrode. An exceptional specific
capacitance of about 300 F/g was recorded in ionic liquid electrolyte for the activated carbon derived from
polypyrrole. Among all other types of carbon-based electrodes, such as activated carbon, carbide derived carbon,
carbon nanotube, and graphene, the activated carbon derived from polypyrrole exhibits the highest specific
capacitance in ionic liquid electrolyte. Since 1-ethyl-3-methyl imidazolium tetrafluoroborate, an ionic liquid, was
employed, an increase in capacitance was observed with increase in temperature due to a decrease in viscosity

and an increase in conductivity of the ionic liquid.

In another report, porous activated carbon produced from waste tea leaves, a biomass source, was tested in an
aqueous electrolyte (23, The amorphous activated carbon displayed very high specific surface area with a value of
2841 m?/g. An outstanding value of specific capacitance (330 F/g) was observed in KOH electrolyte with high cycle
stability. About 92% of the initial capacitance was retained after 20,000 cycles, thus demonstrating high cycling
stability. Similarly, another study demonstrated a sustainable synthesis of porous activated carbon using waste tree
seeds 4. A thermal pre-carbonization and subsequent activation with KOH yielded a material with 365 F/g

capacitance value and retained 92% of that value over 5000 cycles.

3.2. Graphene

Graphene, which exists as an sp? hybridized carbon lattice, is well known for its remarkable electron delocalization

characteristics. Therefore, it is widely used for numerous electrochemical applications such as supercapacitors 22!
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[36I371(38I[39] next generation electronics 49, and sensors 41142143]144145] Herein, supercapacitor applications have

been discussed in more detail.

Graphene is broadly used to fabricate supercapacitor devices due to their amazing mechanical strength, large
surface area (2630 m?/g), and excellent electrical properties such as high electrical and thermal conductivity, wide
electrochemical window, and a high charge carrier mobility, ca. 20 m2/V/s 48, Due to these outstanding features,
these materials have been exploited in different forms for energy storage devices. However, extraordinary
characteristics of graphene showed specific capacitance results in various electrolytes (aqueous (135 F/g), organic
(99 F/g), and ionic liquid (75 F/g) electrolyte), which are much lower than the expected theoretical capacitance
value of 520 F/g 78] These low capacitance values are ascribed to a decreased double layer formation.
Therefore, it has been suggested that the theoretical capacitance value can only be attained when all active sites
of the graphene electrode surface are accessible to electrolytes. In this regard, several methodologies have been
utilized to design effective graphene-based materials for supercapacitor applications. The main goal of these
studies is to prepare a graphene material with the maximum number of active sites. In these reports, researchers
sought to enhance the specific surface area of graphene materials in addition to achieving tunable pore size with
high electric conductivity 2849501 Graphene prepared using different approaches have been tested in different

electrolytes since the capacitance is dependent on electrolyte nature as well.

Methodologies employed to synthesize excellent graphene include epitaxial growth of graphene on substrate using
chemical vapor deposition B4, exfoliation of graphite using AFM or in conventional organic solvent 5253 gas
phase synthesis of graphene platelets without any substrate 24, multilayered graphene synthesis B2, and many
others B, Among these, exfoliation of graphite to graphene oxide is one of the most popular methods to fabricate
supercapacitor electrodes based on graphene materials. This method is cost-effective and can be used easily for
large scale commercialization. In addition, chemical modifications can easily be made on graphene oxide due to
the availability of oxygen-containing functional groups. Furthermore, it allows easy tuning of the nanostructured

size, while retaining the intrinsic specific surface area and electrical conductivity of the graphene.

Reducing agents employed to reduce graphene oxide directly impact the capacitance value of the resultant
graphene materials. Reducing agents utilized at room temperature include hydrazine 281 dimethylhydrazine B4,
hydrogen iodide B4, hydroquinone 28, sodium borohydride 22, etc. Besides their toxic nature, some of these
reducing agents used for chemical reduction of graphene may introduce additional functional groups on the

graphene surface during long processed reduction reactions.

Weak reducing agents cannot reduce all of the oxygen on the graphene oxide that enables easy penetration of
aqueous electrolytes. Chen et al. 89 used hydrobromic acid, a weak reductant, to reduce graphene oxide.
Hydrobromic acid was unable to reduce some stable oxygen groups present on graphene oxide. The presence of
oxygen groups on graphene surface improves the wettability and facilitates the penetration of electrolyte into
electrode pores. The presence of oxygen functionalities also yields pseudocapacitance and it was proven by
observing the reduction signal of oxygen during cyclic voltammetry measurements. Hence, both EDLC and

pseudocapacitance contribute to enhance the overall supercapacitor performance of the graphene. A maximum
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capacitance value of 348 F/g was observed using this graphene, where partial oxygen functionalities were reduced
in 1 M aqueous H,SO,4. Moreover, Chen et al. observed a continuous increase in capacitance value up until 2000
cycles. The 120% increase in capacitance from the initial value is attributed to the reduction of remaining oxygen

during the cycling processes that improve the capacitor performance.

Recently, chemical reduction using various metal oxides in hydrochloric acid solution has been demonstrated as a
more environmentally friendly approach to reduce graphene 61, However, an electrode prepared by thermal and
chemical reduction of graphene still suffers from small pore size, metallic impurity, and agglomeration 82, Thus, it
is necessary to design new methodologies to restore the graphene material with less agglomeration and higher
pore size. A highly conductive graphene material (1000-3000 S m™1) was obtained by thermal nitridation of
reduced graphene oxide 22, The resulting materials are highly porous and exhibit high thermal stability. However, a
significantly low value for the Brunauer-Emmett-Teller (BET) surface area (630.6 m?/g) has been reported. These
results demonstrate the great tendency of agglomeration of the nitrogen doped graphene material. Thus, small
values for the specific capacitance are observed ca. 138.1 F/g. However, the capacitance performance can be
tailored by altering the current density. Nevertheless, high electric conductivity, high porosity, and high connectivity
of the nitrogen doped graphene sheets exhibit excellent stability. Moreover, these devices can be recharged within

a minute.

Ruoff and coworkers prepared porous carbon with a BET surface area of up to 3100 square meters per gram. This
was the highest surface area reported at the time of publication [€2l. In this study, microwave-treated and thermally-
exfoliated graphene oxide were chemically activated using KOH to enhance the surface area of carbon due to a
high number of pores formed. This method can easily be scaled to an industrial level. These three dimensional sp?
hybridized materials have pores with widths in the range of 0.6-5 nm size that exhibit high electrical conductivity,
with low oxygen and hydrogen content. These supercapacitor electrodes have been tested with organic as well as
with ionic liquid electrolytes and have been proven to show high values of gravimetric capacitance and energy

density.

Graphene electrodes are also prepared by thermal reduction since it is a known green synthetic method [4165],
Using thermal reduction, exfoliation of graphene was performed at a very high temperature to prepare a reduced
graphene-based supercapacitor. The thermal reduction process is a comparatively expensive approach to reduce
graphene because it requires high temperatures and a tediously long time. Furthermore, reduction at elevated
temperatures generates carbon dioxide gas that can cause structural impairments on the graphene surface.
Therefore, continuous research has been conducted to design new alternative approaches. To date, exfoliation

reduction at room temperature is considered to be the best method to acquire high specific capacitance.

It is well established that graphene materials possess a high affinity to agglomerate themselves. Due to this
restacking, pores on the graphene structure cannot be accessed by the electrolyte. Therefore, it significantly
reduces surface area and minimizes the capacitance value. In order to solve this issue, Liu et al. ¢ presented the
curved morphology of a graphene sheet. The curved shape inhibits the graphene sheet’s tendency to restack, and

thus the electrolyte can easily reach into the pores, wet the graphene, and efficiently form an electric double layer.
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The graphene sheets with pore sizes in the range of 2-25 nm, were tested with ionic liquid electrolyte. The curved
graphene sheets exhibited very high capacitance (100-250 F/g) with no contribution from pseudocapacitance.
Typical flat shape graphene sheet examined under the same conditions with ionic liquid electrolyte, exhibited less
than 10 F/g capacitance. This breakthrough research indicates the potential of graphene in energy storage
devices. Hence, it is imperative to develop new strategies to expose the surface area of graphene, which will inhibit
the restacking of graphene sheet. Thus, the electrolyte can access the exposed surface area and form a double

layer, which consequently enhances the performance of the material for supercapacitor application.

3.3. Carbon Nanotubes

Carbon nanotubes (CNTs) are low-cost durable materials, which possess high surface areas. Carbon nanotubes
have been explored for supercapacitor electrode applications due to their outstanding mechanical, chemical,
electronic, and optical properties BIE7I68] As a result of these interesting properties, these materials are being
utilized in other applications as well, which influences the significant growth of commercial production of CNTs. In
the literature, a number of papers and patents that describe CNTs are continuously increasing 8. CNTs exhibit
comparable capacitance values to activated carbon, although activated carbon possesses a larger surface area.
The great performance using CNTs is ascribed to the utilization of maximum surface area of CNTs for continuous
charge distribution 82, Furthermore, their mesoporous characteristics allow electrolyte to diffuse more easily that

reduce the equivalent series resistances and thus improve the power output 9711,

Mainly, CNTs have been classified into two subclasses, viz., single wall carbon nanotubes (SWNTs) and multi wall
carbon nanotubes (MWNTSs). Highly conductive single walled and multi walled carbon nanotubes offer a large
accessible pore surface area. In addition, the pore sizes of single wall and multiwall carbon nanotubes can easily
be tuned for efficient diffusion of electrolyte ions. Due to this flexibility, both SWNTs and MWNTs have been
employed for EDLC electrode application to acquire maximum power of the electrode 2. Both SWNT and MWNT
supercapacitor performance have been studied and capacitances are reported to be 180 F/g and 102 F/g for
SWNT and MWNT, respectively L1972l Researchers are introducing new methodologies to use unbundled SWNTs
to improve their performance. The important feature of a MWNT is the rapid discharge time of 7 ms for 10 MWNTS,
up to 10 V. However, their low energy density due to their much smaller surface area limits their applications €.
Rey-Raap et al. investigated the use of MWNTs as additive for biomass-derived activated carbons and found that

at 2% CNT content the specific capacitance is increased from 139 F/g to 190 F/g 28],

Don Futaba et al. 4! presented a controlled fabrication method to acquire more highly dense and aligned SWNTs,
which possesses high surface area. The performance of these newly synthesized SWNTs were compared with
carbon solid electrodes and activated carbon. The results demonstrate a superior capacitance performance with a
very small loss of capacitance as well as high power operation of SWNTs as compared to other two carbon
electrodes mentioned earlier. This tremendous performance was attributed to ion diffusivity in porous aligned
SWNTSs.
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