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Abstract: Tremendous development in the field of portable
electronics and hybrid electric vehicles has led to urgent and
increasing demand in the field of high-energy storage de-
vices. In recent years, many research efforts have been made
for the development of more efficient energy-storage de-
vices such as supercapacitors, batteries, and fuel cells. In par-
ticular, supercapacitors have great potential to meet the de-
mands of both high energy density and power density in
many advanced technologies. For the last half decade, gra-
phene has attracted intense research interest for electrical

double-layer capacitor (EDLC) applications. The unique elec-
tronic, thermal, mechanical, and chemical characteristics of
graphene, along with the intrinsic benefits of a carbon mate-
rial, make it a promising candidate for supercapacitor appli-
cations. This Review focuses on recent research develop-
ments in graphene-based supercapacitors, including doped
graphene, activated graphene, graphene/metal oxide com-
posites, graphene/polymer composites, and graphene-based
asymmetric supercapacitors. The challenges and prospects
of graphene-based supercapacitors are also discussed.

1. Introduction

Syntheses of various graphene materials with different shapes
and the graphene composites have attracted considerable at-
tention in development of energy-storage systems such as su-
percapacitors, batteries, and fuel cells. Currently, the develop-
ment of cost-effective, maintenance-free, highly efficient, and
environmentally friendly energy storage systems is becoming
increasingly demanding. Among the various energy storage
devices, supercapacitors are very attractive due to their high
specific power (>10 kW kg�1) and moderate specific energy
(�10 W h kg�1).[1] These characteristics generally meet the
growing demand for time-dependent electric power systems
for portable electronics, hybrid electric vehicles (HEVs), power
tools, stop-and-go systems, and others.[2] Consequently, design-
ing a powerful energy-storage/delivery system with electro-
chemical capacitors (ECs) and developing next-generation ECs
with much higher specific power and energy have become at-
tractive research topics.

The applications of ECs in modern life can generally be di-
vided into three types according to the power-supporting
modes. As shown in Figure 1 a, ECs have been used in digital
communication systems requiring pulses in milliseconds as
well as in power tools and office machines with a peak-power
time in seconds due to the unusual pulse–power property, ac-
ceptable energy density, and very long charge–discharge life
cycle for ECs. Figure 1 b shows how ECs can efficiently capture

and level fluctuating electricity generated from solar cells and
wind power systems because of their relatively low equivalent
series resistance (ESR), which significantly reduces the electrici-
ty loss and heat generation during the charging process. As
clearly demonstrated in Figure 1 c, ECs provide an immediate
power supply and recovery ability due to the ultrahigh reversi-
bility of the CD process on electrode materials. Therefore, ECs
have been considered as important energy-capture devices to
increase the energy efficiency and save electricity in any go-
and-stop systems, such as HEVs/EVs, load cranes, mass rapid
transit (MRT), and elevators. In addition, EC researchers aim to
increase energy and power densities, as well as lower fabrica-
tion costs by using environmentally friendly materials, for the
increasingly important applications of ECs in power-manage-
ment systems (e.g. , smart grids).

The capacitance of supercapacitors generally comes from
two energy-storage mechanisms: the electrical double-layer
charge/discharge process and surface redox reactions of elec-
troactive materials, which are used in the so-called EDLCs and
(redox) pseudocapacitors, respectively.[3] In current EDLCs,
carbon-based materials (such as activated carbon, AC) with
high surface area have been mostly utilized as the electrodes.

Figure 1. Typical power-supporting modes combined with ECs for various
applications: a) power supply in the pulse/peak mode, b) efficient electricity
leveling/capturing in electricity storage, and c) immediate power supply and
recovery mode for stop-and-go systems.
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The major contribution for the capacitance values comes from
the charge accumulated at the electrode/electrolyte interface.
Nanoporous carbons with high surface area are achieved
through carbonization of metal–organic frameworks (MOFs) or
porous coordination polymers (PCPs).[4] The resultant nanopo-
rous carbons exhibit high electrochemical capacitances in an
acidic aqueous electrolyte.[5] In contrast, a pseudocapacitor
uses conducting polymers[6] or metal oxides[7] as an electrode
material, which undergoes highly reversible Faradic redox reac-
tions for electroactive species. Conducting polymers (e.g. , poly-
aniline[6a, 8] and polypyrrole[6b]) and metal oxides (e.g. , RuO2,
MnO2, NiO, and In2O3) have been shown to exhibit high pseu-
docapacitance but poor stability during charge–discharge cy-
cling with the exception of RuO2- and MnO2-based materials.[9]

Nickel and cobalt hydroxides with various shapes also exhibit
high potential as novel electrochemical pseudocapacitors.[10] It
is generally known that the typical charge–discharge times for
pseudocapacitors are significantly longer than those of EDLCs.
Carbon materials, such as activated carbons (ACs) and carbon
nanotubes (CNTs), usually exhibit good stability but limited ca-
pacitance values. It is clear that EDLCs processes are surface
phenomena, and hence the CD performance greatly depends
on the electrolyte-accessible surface area. The micropores in
carbon materials are inaccessible by the electrolyte, resulting
in the inability of the double layer to form in the pores. This
result leads to a decrease in the capacitance value (10–20 % of
the ‘theoretical’ capacitance) of ACs. Good electrical conductiv-
ity, high chemical and mechanical stability, and an optimized
nanostructure are also other important factors that are respon-
sible for achieving high capacitance values. In spite of the type
of the charge storage mechanism, carbon-based materials are
the most common materials for supercapacitor applications
because of their outstanding properties such as their nontoxic
nature, high electrical, chemical, and strong mechanical prop-
erties, and environmental friendliness, etc. The potential win-
dows in nonaqueous electrolytes are generally larger than
those obtained in aqueous media, although the overpotential
of hydrogen evolution on carbons is high, especially in neutral
electrolytes.

Recently, graphene has become a main research focus in the
development of high-performance supercapacitors.[11] Gra-
phene is an atomically thick, two-dimensional (2D) sheet con-
sisting of sp2-carbon atoms in a honeycomb network of six-
member rings.[12] This material can be considered to be the
basic unit for building all graphitic materials in various forms,
such as zero-dimensional (0D) fullerenes, one-dimensional (1D)
CNTs, and three-dimensional (3D) graphite (stacked graphene
sheets). Besides this, graphene has shown high electrical con-
ductivity, mechanical strength, and optical absorption proper-
ties that are clearly different from those of ACs, CNTs, and ful-
lerenes, leading to the high research interest in physics and
chemistry.[13] Other characteristics of graphene are its excep-
tionally high specific surface area of over 2600 m2 g�1, sufficient
porosity, superior conductivity, a broad potential window, and
rich surface chemistry.[1a, 14] The major contributors to the spe-
cific surface area of graphene are not only the lateral sizes and
their distribution in the solid state, but also the open porosity

created between the graphene nanosheets. Because of these
properties, graphene-based materials have been developed for
high-power and high-energy supercapacitors, in order to cir-
cumvent the limitations to the power capability of supercapa-
citors caused by electrode kinetics, such as limited ion trans-
port in the confined ultra-micropores of AC.

There have been several recent reviews on graphene-based
electrode materials,[11, 15] but at present there are no reviews fo-
cusing on certain important aspects, including the use of dif-
ferent dopants in graphene, the activation of graphene, as well
as the use of graphene oxide for asymmetric supercapacitor
applications. Thus, in this Review, we briefly address these as-
pects of the development of next-generation graphene super-
capacitor electrodes. Also, a brief summary of recent progress
in graphene-based electrode materials for supercapacitor ap-
plications is presented, including reduced graphene, activated
graphene, doped graphene, graphene/metal oxide composites,
graphene/polymer composites, and others. Their advantages
and disadvantages are compared and summarized according
to the literature available to date.
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2. Electrode Materials Based on Graphene

R. S. Ruoff et al. reported a supercapacitor that uses chemically
modified graphene.[16] With the high specific surface area of
705 m2 g�1, they obtain a specific capacitance of 135 F g�1 (in
aqueous electrolyte) and 99 F g�1 (in organic electrolyte).
C. N. R. Rao et al.[17] prepared reduced graphene-based materi-
als with a high specific surface area of 925 m2 g�1, exhibiting
a specific capacitance of 117 F g�1 in aqueous H2SO4 electrolyte,
but a high-temperature exfoliation process is difficult to con-
trol. Functionalized graphene sheets were prepared by low-
temperature thermal exfoliation of a graphene sheet by J. Cao
et al. ,[18] which show a specific capacitance of 230 F g�1 in KOH
electrolytes. S. O. Kim et al.[19] reported on the development of
3D graphene platelets on flexible mesoporous carbon films, as
shown in Figure 2 a. These samples show a specific capacitance
value of 86.7 F g�1 in 1 m H2SO4 solution.

Furthermore, B. Z. Jang et al.[20] developed a high-energy-
density supercapacitor material based on graphene in an
EMIMBF4 ionic liquid electrolyte, which covered a very wide
potential window of 4 V, leading to a high energy density of
85 W h kg�1 at the current density of 1 A g�1. H. Zhang et al.[21]

reported the development of 3D structured materials on Ni
foam using the chemical vapor deposition method for the su-
percapacitor application (Figure 2 b). These composites show
a very high specific capacitance of 816 F g�1 with good rate ca-
pability. D. Mitlin et al.[22] reported the development of an ultra-
high energy density supercapacitor based on a sponge-like
graphene nanoarchitecture, as shown in Figure 2 c. These su-
percapacitors show an extremely high energy density of
48 kW kg�1. Recently, our group has developed a layered gra-
phene structure (Figure 2 d), which showed a specific capaci-
tance of 90 F g�1 in 1 m H2SO4 electrolyte.[23]

S. J. Park et al.[24] reported polyaniline-coated multiwalled
carbon nanotube–graphene sheet (MWCNT-GS) composites. By
using the polyaniline coating, they improve the p–p interac-

tions of all compounds. These samples show a high specific ca-
pacitance value of 1118 F g�1 at a current density of 0.1 A g�1. A
very high specific surface area of 1654 m2 g�1 for graphene
was obtained by F. Wei et al. ,[25] although these samples show
a specific capacitance of 254 F g�1 with good rate capacity. The
limitation for using such a method is that graphene with
a high specific surface area cannot be produced on a large
scale. Synthesis of a self-assembled graphene hydrogel was re-
ported by a simple hydrothermal reduction method.[26] This
graphene hydrogel has a well-defined 3D porous structure,
demonstrating a specific capacitance as high as 240 F g�1 at
1.2 A g�1 in aqueous H2SO4 electrolyte. R. Kçtz et al.[27] reported
the effect of graphene layer spacing on the specific capaci-
tance value. They obtain a specific capacitance of 220 F g�1 for
the graphene layer distance of 0.44 nm. The study reveals that
the potential for anodic and cathodic electrochemical activa-
tion is a function of the graphene oxide (GO) layer distance.
X. S. Zhao et al.[28] reported the intercalation of mesoporous
carbon spheres between graphene sheets for supercapacitor
applications. With the addition of mesoporous carbon spheres,
the samples show an excellent electrical conductivity of
381 S m�1, and the capacitance retention is improved up to
94 % over 1000 CD cycles. C. C. Hu et al.[29] and Y. Chen et al.[30]

independently reported CNTs as spacers of graphene nano-
sheets in order to avoid the restacking of graphene nano-
sheets, although the inhibition of graphene sheet restacking
by adding MWCNTs has been employed to homogeneously
disperse Pt nanoclusters with an improved electrocatalytic ac-
tivity to the methanol oxidation.[31] The optimal mass ratio be-
tween MWCNTs and graphene sheets is 8:2, which shows
a high specific capacitance value of 326 F g�1. The 3D hierarchi-
cal architectures of MWCNT-GS composites reported by Chen’s
group show a specific capacitance of 318 F g�1 with an energy
density of 11 W h kg�1. In another work by P. Ajayan et al. ,[32] an
‘in-plane’ fabrication approach for ultrathin supercapacitors
was reported based on electrodes composed of pristine gra-
phene and multilayer reduced GO, as depicted in Figure 2 e.
The graphene-based 2D ‘in-plane’ supercapacitor shows a maxi-
mum specific capacitance value of 250 F g�1, and the normal-
ized capacitance reaches 394 mF cm�2.

3. Electrode Materials Based on Activated
Graphene

Generally, ACs are the most widely used electrode materials for
EDLC applications because of their high specific surface area
and relatively low cost. F. C. Wu et al. found that carbons acti-
vated with steam, KOH, and KOH + CO2 exhibited high power,
low ESR, and highly reversible characteristics.[33] The ACs pre-
pared by the above methods generally show high supercapaci-
tive performances in aqueous media, which are mainly attrib-
uted to the development of both mesopores and micropores.
The highest surface area obtained is 2821 m2 g�1 (KOH activa-
tion and CO2 gasification for 1 h). Recently, the concept of an
activated GS has been proposed as a novel carbon electrode
for EDLCs, which shows a 35 % increase in the specific capaci-
tance compared to pristine graphene nanosheets.[34] R. S. Ruoff

Figure 2. a) Plane-view SEM image of GO platelets self-assembled into me-
chanically flexible, macroporous 3D carbon films with tunable porous mor-
phologies (reprinted from reference [19] with permission). b) SEM image of
3D graphene network by ethanol–CVD method (reprinted from reference
[21] with permission). c) SEM image of 3D sponge graphene (reprinted from
reference [22] with permission). d) SEM image of layered graphene structure
(reprinted from reference [23] with permission). e) Schematic depiction of
the stacked geometry used for the fabrication of supercapacitor devices and
the operating principle of an in-plane supercapacitor device (reproduced
from reference [32] with permission from the American Chemical Society).



et al. reported that the specific surface area of the GS prepared
by microwave exfoliation of GO was significantly enhanced to
3100 m2 g�1 after activation by KOH.[35] The schematic diagram
for the chemical activation of graphene with KOH is shown in
Figure 3. In this activated GS, there are large amounts of 0.6 to
5 nm wide pores in the highly curved, thin, sp2-bonded carbon
walls.

The activation treatment of an agglutinate GS not only in-
creases its specific surface area but also creates short micro-
pore channels that are significantly shorter than those in large
AC particles. Therefore, an EDLC fabricated with activated GS
electrodes exhibits excellent, high-power performance. For ex-
ample, the activated GS-based EDLC maintains a rectangle-like
CV behavior at a scan rate as high as 500 mV s�1 in an organic
electrolyte. In addition, this device also possesses an energy
density of 70 W h kg�1 and power density of 75 kW kg�1, which
are one order of magnitude higher than the values of AC-
based EDLCs. Therefore, activated graphene sheets will make
superior supercapacitors for energy storage in the future.

4. Electrode Materials Based on Graphene with
Heteroatoms

The heteroatom doping of carbon materials has been demon-
strated to give unique physicochemical properties, leading to
superior capacitive performances by the change in electronic
states of the graphene layer or the additional introduction of
pseudocapacitance. The doping of different atoms, such as
B,[36] N,[37] P,[38] and S,[39] into the carbon framework and the co-
doping of these atoms[40] have been reported so far. The incor-
poration of B and N is more widely investigated, especially
that of N; however, fewer studies show the effects of P and S
on the carbon electrodes for EDLCs, because the larger size of
these atoms limits their presence on the surface or edge of
graphene as surface functional groups. On the other hand,
since carbons are susceptible to oxidation during different
preparation methods or treatments, surface oxygen-containing
functional groups are ubiquitous and inevitable in almost
every carbon material. Thus, oxygen incorporation is not in-
cluded as a separate section in the following discussion.

4.1. Boron doping

The early B-incorporated carbons were obtained under a harsh
environment. Boron was mixed with the carbon precursor and
subject to extremely high temperatures (ca. 1800–3000 8C) to

achieve doping in the graphitic structure through the diffusion
of boron at such high temperatures.[36a, 41] The high-tempera-
ture preparation leads to the formation of substituted B (188–
189 eV), a B4C structure (graphite-like structure, 186–187 eV),
and B2O3 (192.5–193.5 eV).[36a, 42] Recently, the carbonization of
precursors employing either organic or organic/inorganic tem-
plates for B-doped carbons has also been reported, which
form B�C (185–187 eV), B�O�C (192–192.2 eV), and B�O (191–
193 eV).[36b, 38b, 43] In such self-assembly systems, boron is shown
to prevent shrinkage of the templates and preserve the meso-
porous structure to maintain the high specific surface area of
the carbon materials.[38b, 43] Compared to the extremely high
temperature treatment that leads to a limited amount of
boron (with the maximum of 2.5 at % doping at 2500 8C[44]),
the B-impregnation during carbonization involving templates
results in a boron content of up to 14 at %.[45]

The heteroatom doping of carbon materials will influence (a)
the surface electronic states (i.e. , double-layer capacitance), (b)
the electric conductivity (i.e. , capacitance retention), and (c)
the types and amounts of functional groups on or within the
graphene layers (i.e. , pseudocapacitance). Accordingly, we dis-
cuss the effects of B doping in the following from the three
perspectives.

The capacitance of EDLCs can be expressed by Equa-
tion (1)[46]:

1
C
¼ 1

CSC
þ 1

CH
þ 1

Cdiff
ð1Þ

in which CSC is the space charge capacitance of the solid, CH

represents Helmholtz double-layer capacitance, and Cdiff is the
capacitance of the diffuse layer; the latter two belong to the
electrolyte capacitance. Although the capacitance of an EDLC
is usually determined by the high specific surface area of
carbon materials, the capacitance would be limited when the
surface area reaches 1200 m2 g�1.[47] The charge accommoda-
tion is restricted by the space constriction, especially for micro-
porous carbon materials; that is, the capacitance is limited by
the space charge capacitance of the solid. On the other hand,
in concentrated electrolytes, Cdiff is much larger than CH, result-
ing in a negligible value of Cdiff

�1. The value of CH can be esti-
mated to be 20 mF cm�2 for carbon materials in the absence of
specific adsorption,[41] but the value of CSC is relatively small-
er,[48] establishing the dominant role of space charge capaci-
tance for the measured capacitance considering the reciprocals
of CSC and CH. The incorporation of boron has been demon-
strated to enhance space charge capacitance to provide higher
capacitance.[36, 41] The substituted boron in the carbon frame-
work would increase the number of holes as charge carriers
due to its p-type characteristics, leading to the increase in
charge carriers or the DOS (density of states) change at the
Fermi level.[36, 49] Then, the space charge capacitance is en-
hanced.[36, 49] The influence of boron on the double-layer capac-
itance was further explored by a density functional theory
(DFT) study on the zigzag edges of doped graphene nanorib-
bons (ZGNR) to reveal the ability of charge carriers to absorb

Figure 3. A scheme shows the microwave exfoliation/reduction of GO and
the following chemical activation of GO with KOH. MEGO = microwave-exfo-
liated graphene oxide.



onto the B-doped carbons. The results showed that the larger
critical distance for proton binding is obtained in comparison
with N- and O-doped edges,[50] indicating easier proton bind-
ing on B-doped ZGNR, which correlates well with the higher
interfacial capacitance for B-doped carbons reported in previ-
ous literature.[36, 41] In addition, the maximum proton binding
onto the substituted ZGNR was demonstrated to follow the
rule of [8-n-1] , where n represents the number of valence elec-
trons of the substituted atom on the adsorption edge site.[51]

Hence, among B-, N-, and O-doped ZGNRs, maximum proton
loading can be achieved with boron substitution, further es-
tablishing the ability of B doping to enhance the interfacial
capacitance.

Since B doping increases charge carrier concentration, the
intrinsic electric conductivity of the doped carbons can be en-
hanced, leading to smaller ESR, which improves the capaci-
tance retention during a fast charge–discharge process.[38b, 41, 43]

The graphitic crystallinity (i.e. , electric conductivity) grows as
the concentration of B doping increases under extremely high
temperature treatments, but only limited B doping can be ach-
ieved.[44] The capacitance retention is also determined by the
porous structure of the electrodes. Ordered mesoporous struc-
tures fabricated by templates have been shown to be benefi-
cial for electrolyte diffusion to promote capacitance reten-
tion.[36b, 38b, 40c, 43] However, B doping introduces boron as defects
in the ordered porous structure, increasing the charge trans-
portation resistance for electrolytes in the pores. Consequently,
the amount of B doping should be optimized for good electric
conductivity while preventing the deterioration of the ordered
porous structure for good capacitance retention.[43]

The B-doping results in B-containing functional groups on
the graphene layers of carbons, such as substituted B, B4C with
a graphite-like structure, and B2O3, as mentioned in previous
paragraphs. Functional groups on carbons are usually related
to the contribution of additional pseudocapacitance. However,
studies have shown that this is not the case for B-containing
functional groups. Although the incorporation of boron has
been demonstrated to enhance the space charge capacitance,
the improvement of pseudocapacitance is ascribed to the
abundant O-containing functional groups introduced simulta-
neously by B doping.[36b, 38b, 42, 43] Several studies indicate that
the incorporation of boron helps to bring in other heteroatoms
such as oxygen or even nitrogen from the air at high tempera-
tures, leading to broad redox peak responses at lower poten-
tials.[42–44] Besides the increase of O-containing functional
groups to provide pseudocapacitance by B doping, the result-
ing doped carbons also suppress the oxidation of carbon
during the electrochemical analysis to stabilize the capacitive
performance at high potentials, since the existence of a B�C
bond lowers the Fermi level and tunes the chemisorption of
oxygen.[38b, 43, 52] However, the inhibition to oxidation depends
on the level of B doping and the position where the boron
atom is being doped.[53] The low-level B doping (B/C less than
ca. 0.7 %) actually shows a catalytic effect on the oxidation of
carbons, whereas the inhibiting effect becomes dominant
when more boron is introduced.[52] On the other hand, the
study of B doping on different positions of either zigzag or

armchair edges reveals that the preference of oxygen chemi-
sorption is complicated and site dependent.[54] In addition to
the pseudocapacitance, the enrichment of functional groups
by B doping is thought to enhance the wettability of the
doped carbons due to better hydrophilicity.[38b, 40c, 42, 55] However,
the contact angle tests for the droplets on the surface of pure,
B-doped, and N-doped carbon-coated anodic aluminum oxide
(AAO) yielded different results, as shown in Figure 4 a–f.[55] The

pure and B- and N-carbon-coated AAO exhibit the same meso-
porous structure, eliminating the effects of porosity on the
contact between the electrolyte and the surface. It showed
that only N-carbon-coated AAO displayed improved hydrophi-
licity in aqueous electrolytes. Although both water-vapor ad-
sorption isotherms and droplet contact tests indicate that only
N doping contributes to better wettability, B doping still dem-
onstrates superior capacitive performances.[55] Accordingly,
functional groups brought by B doping can enhance the pseu-
docapacitance, but improving the wettability of the doped car-
bons needs further study.

Due to the enhancement for double-layer capacitance and
pseudocapacitance, the superior capacitive performances of B-
doped carbons have been reported in both aqueous and non-
aqueous electrolytes, in which the performances are compared
by the interfacial capacitance (F m�2) due to the relatively low
specific surface area in most cases.[36, 38b, 42, 43] With low-level B
doping (B/C<1 %), an interfacial capacitance of up to 0.3 F m�2

can be obtained in an aqueous electrolyte, whereas it is 0.06–
0.16 F m�2 for ACs.[36b, 44] However, the improvement is rather
limited in nonaqueous electrolytes, which have values in the
same range as ACs (i.e. , 0.05–0.08 F m�2). The ultimate goal

Figure 4. Graphene with heteroatoms. a–f) Photographs of a–c) water and
d–f) 1 m H2SO4 droplets on the surface of pure carbon-coated AAO (C/AAO),
N-carbon-coated AAO (N/AAO), and B-carbon-coated AAO (B/AAO), together
with the corresponding contact angles (reprinted from reference [55] with
permission). g) Four types of N-doped structures on graphene layers : pyri-
dinic N (N-6), pyrrolic N/pyridine N (N-5), and quaternary N (N-Q), and pyri-
dine-N-oxide (N-X) (reprinted from reference [59b] with permission). h) Illus-
tration of nitrogen atoms replacing the existing carbon atoms on the basal
plane during nitrogen-plasma treatment (reprinted from reference [37b]
with permission).



would be to develop B-doped graphene for EDLCs, combining
the advantages introduced by B doping and the unique prop-
erties of graphene. However, thus far the preparations of B-
doped graphene are few, and the utilization for EDLCs has not
been reported to the best of our knowledge.[56] Yet, the suc-
cessful employment of B-doped graphene as the anode for
lithium-ion batteries[57] makes B-doped graphene a promising
electrode for EDLCs in the near future. In addition, since the B
doping helps bring other atoms into the graphitic structure
during high-temperature treatment, the co-doping of boron
and nitrogen or boron and phosphorus has also been demon-
strated to exhibit positive effects on the capacitive per-
formance.[40, 44, 45, 58] The substituted boron in graphitic struc-
tures is preferentially bonded with nitrogen since the B�N
bond is in the most stable energy state.[44] The presence of B�
N is proposed to provide pseudocapacitance through the
redox reaction with the proton,[40d] and even with a sodium
ion and lithium ion for neutral electrolytes,[40d, 45] which was
confirmed by the larger current responses at lower potentials.
On the other hand, the co-doping of boron and phosphorus
was shown to introduce more O-containing functional groups
to enhance the pseudocapacitance. The inhibition to hydrogen
evolution at negative potentials and oxidation at highly posi-
tive potentials were also observed for the co-doping of B and
P to stabilize the capacitive performance within the potential
window.[40a, 58] The contributions of nitrogen and phosphorus
will be introduced in detail in the following sections.

4.2. Nitrogen doping

N doping is the most promising due to the well-established
preparation methods. It can be achieved through the ammoxi-
dation of certain carbon materials[59] and direct carboniza-
tion,[15a, 60] hydrothermal/solvothermal treatments,[61] or chemi-
cal vapor deposition (CVD) treatments[37b, 62] of nitrogen-con-
taining precursors. Four types of nitrogen-containing function-
al groups have been found on graphene layers to enhance ca-
pacitive performance: pyridinic N (N-6, 398.5 eV), pyrrolic N/
pyridine N (N-5, 400 eV), quaternary N (N-Q, 410.2 eV), and pyr-
idine-N-oxide (N-X, 403 eV).[37a, 63] As depicted in the left side of
Figure 4 g,[59b] N-6, N-5, and N-X structures are located on the
edge of graphene, whereas N-Q appears either on the edge or
on the basal plane of graphene. Since graphene layers are not
always perfect, disruption on the basal planes is commonly ob-
served, leading to the formation of N-6 and N-5 on the defects
of the basal plane as well, as indicated by the right side of Fig-
ure 4 h[37b] for the case of nitrogen-plasma treatment.

Similar to B doping, the incorporation of nitrogen changes
the surface electronic property of graphene and enhances the
double-layer capacitance of the doped carbons. The DFT (den-
sity functional theory) study for the proton adsorption on the
doped edges indicates that proton exhibits stronger interac-
tions with N-doped edges rather than B- or O-doped edges,[50]

which may be ascribed to the increased basicity introduced by
N-containing functional groups on the surface.[46, 64] Different
from the case for O-containing functional groups, which bear
more acidic groups (e.g. , carboxylic groups and lactones)[65]

than basic and neutral groups (e.g. , phenols, ethers, and car-
bonyls) to render acidic surface nature on carbons, the pres-
ence of N-containing functional groups introduces more basici-
ty, especially for the ones containing high amounts of N-6 and
N-5 due to their electron donor characteristics.[37a, 63b] On the
other hand, the DFT study also reveals that the type and the
position (i.e. , edge or basal planes) of N-containing functional
groups influence the ion adsorption on the surface, showing
that N-6 on the basal plane and anion N-5 on both basal and
edge planes result in the larger binding energies for potassium
ions on the electrode surface, which facilitates the formation
of a double layer.[37b]

The electric conductivity of carbons can also be tuned by N
doping. The presence of N-Q and N-X has been reported to en-
hance the electron transport through the carbon materials,
maintaining superior capacitance retention during the fast
charge–discharge process.[37a, 63b] N-Q is proposed to lower the
energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
leading to improved electron transfer ability.[66] Such a phenom-
enon was confirmed by the high correlation coefficient
(>0.97) between the specific capacitance and the amounts of
N-Q and N-X when measured at high current loads.[37a, 63b] How-
ever, the enhancement of electric conductivity is limited by the
concentration of N doping. When the amount of nitrogen ex-
ceeds 12 at %, the electric conductivity starts decreasing due
to the interruption of graphitic structure by N doping.[67]

In addition to the effects on double-layer capacitance and
capacitance retention, the contribution of pseudocapacitance
is the most important feature for N doping, as indicated in
a previous study.[40c] N-6 and N-5 are believed to provide pseu-
docapacitance through redox reactions involving pro-
tons.[37b, 66, 68] The presence of N-6 and N-5 along with quinone
functional groups on the doped carbons has shown significant
effects on capacitive performance, which was proven by the
high correlation coefficient (>0.99) between specific capaci-
tance and the amounts of N-6, N-5, and quinone groups.[37a] A
recent study has explored the detailed mechanisms regarding
the redox reactions of nitrogen-containing functional groups
through ex situ coupled XPS and CV study.[69] Two electro-
chemical redox reactions are proposed: 1) the redox reaction
between N-5 (only pyridone-N) and N-6 and 2) the redox reac-
tion between N-X and N-6. The reaction paths are shown in
Figure 5 a, b.[69] Since proton is involved in redox reactions for
N-containing functional groups, the pseudocapacitance can be
observed at less positive potentials when measured in acidic
electrolytes.[64b] Although the alkaline solution lacks a proton,
significant pseudocapacitance can still be achieved, probably
due to the redox reactions involving ions such as potassium
ion.[70] Compared with O-containing functional groups, the
pseudocapacitance brought by N-containing functional groups
is more stable, and less capacitance decay is obtained after cy-
cling.[64a, 71] However, N-containing functional groups show
almost no benefits for pseudocapacitance in neutral electro-
lytes and nonaqueous electrolytes.[60b, 70]

Although N doping on various forms of carbon materials has
been widely investigated for EDLCs, the employment of N-



doped graphene as the electrode has been reported more re-
cently.[37b, 72] As indicated in previous study, N doping in con-
junction with a relatively high specific surface area provides
better capacitive performances compared to those of commer-
cial ACs in both aqueous and nonaqueous electrolytes. The
most representative example is the N-doped graphene demon-
strated by Jeong et al. ,[37b] in which excellent long-term stabili-
ty, high power and energy capability, and compatibility with
flexible substrates are shown, rendering N-doped graphene an
extremely promising material for EDLCs. Other examples for N-
doped graphene are summarized in Table 1.

4.3. Phosphorus doping and sulfur doping

terial for EDLCs. The result indicates that the formation of sur-
face pyrophosphates shows positive effects on the specific ca-
pacitance through redox reactions, whereas metaphosphates
enhance the capacitance retention at high scan rates.[75] The in-
crease of metaphosphates is also proposed to maintain the
skeleton of the carbon structure by the creation of phosphate
bridges.[73] On the other hand, since the structures of P�N and
P=N are confirmed to enhance capacitive performances, the
utilization of guanidine phosphate containing both nitrogen
and phosphorus as precursors is reported, showing improved
capacitive performance, although the higher pseudocapaci-
tance contribution is ascribed to N doping in this case.[76] Al-
though, like B doping, P doping easily brings in more O-con-
taining functional groups and leads to faster decay of capaci-
tance retention during a fast charge/discharge,[38a] P-doped car-
bons are actually more stable during cycling through the
blockage of oxygen oxidation and hydrogen evolution due to
the formation of a protective oxide layer on the surface.[40a, 58]

Hence, a wider potential window in H2SO4 extended to 1.5 V
can be observed, resulting in the specific energy density of
more than 13 W h kg�1.[38a, 74] P-doped graphene for EDLCs has
not yet been reported, but improved capacitive performances
provided by P doping establish the possibility to apply P-
doped graphene in the near future.

S doping has been proposed to enhance the capacitive per-
formances of EDLCs as well, but very few studies have been re-
ported to date. G. Hasegawa et al.[39a] were the first to demon-
strate S-doped carbons as an electrode material for EDLCs. The
B doping can be achieved by the sulfonation of precursors
prior to carbonization, which could suppress shrinkage of the
carbon structure and maintain the mesopores and macropores
in the structure.[39a, 77] The incorporation of sulfur has been
shown to increase the polarity on the carbon surface and
reduce the charge-transfer resistance, leading to the improve-
ment of capacitive performances.[39b] However, further investi-
gations are needed to reveal the contribution of sulfur
incorporation.

Table 1. Summary of the capacitive performance for N-doped graphene reported to date.

Surface area
[m2 g�1]

Electrolyte N
[%]

Cg

[F g�1]
Csa

[F m�2]
SE[a]

[Wh kg�1]
SP[a]

[W kg�1]
Cyclic stability
[cycles]

Ref.

1 466 1 m HClO4 4.7 at % (N/C) 212.3 0.46 N/A N/A N/A [108]
2 630.6 1 m Et4NBF4/PC 2 at % 138.1 0.22 76.7 1000 N/A [72b]
3 N/A 6 m KOH 1.7–2.5 at % 282 N/A N/A N/A 230 000 [37b]

1 m Et4NBF4 230 N/A 48 12 000 100 000
4 346 0.5 m H2SO4 2–10 at % (N/C) 217.8 0.63 N/A N/A >1000 [61a]
5 N/A 6 m KOH 7.2 at % 144.6 N/A N/A N/A 500 [61b]
6 593 6 m KOH 10.1 at % 326 0.45 25 7980 2000 [61c]
7 465 1 m Bu4NBF4 10 wt % 248.4 0.53 N/A N/A 5000 [109]
8 590 6 m KOH 1.2 at % 255 0.43 N/A N/A 1200 [72a]

[a] Optimal values obtained from Ragone plots.

Figure 5. Reduction oxidation reactions in graphene. a) The reaction path
between N-5 (pyridine N, upper left) and N-6 (lower right). b) The reaction
path between N-X (left) and N-6 (right) (reprinted from reference [69] with
permissions).

The preparation of P-doped car-
bons usually involves the addi-
tion of phosphoric acid, which 
acts as either the activation 
agent for carbons[38a, 73] or the P-
containing molecules in the 
mixed precursors.[38b, 74] Both lead 
to the formation of phosphate 
groups on the surface of gra-
phene layers. Hulicova-Jurcakova 
et al.[75] introduced the incorpo-
ration of phosphorus to carbon 
materials for the first time 
through the study of N, P co-
doping AC as the electrode ma-



5. Electrode Materials Based on Graphene/
Metal Oxide Composites

Due to abundant defects and chemical moieties created
during synthesis, the exceptional properties of graphene are
greatly diminished. The intrinsic specific surface area of gra-
phene composites is greatly reduced by aggregation and
stacking between individual graphene sheets driven by the
strong p–p interactions. In addition, as the intersheet contact
resistance increases, the conductivity of graphene decreases.
Previous studies on the capacitive behavior of graphene elec-
trode materials indicate that the actual capacitive performance
is much lower than the anticipated value estimated from the
ultrahigh theoretical surface area because of the serious aggre-
gation and restacking of graphene sheets resulting from
strong van der Waals interactions between individual graphene
sheets.[78] This phenomenon is the most serious issue when
considering graphene for applications in various fields. There-
fore, how to significantly inhibit the restacking and effectively
expose the surface area of graphene sheets becomes an im-
portant topic in developing graphene-sheet-based electrode
materials. Most researchers introduce extra additives during
the preparation process, which may be a pure additive or an
intrinsically active material for their applications. Accordingly,
various graphene-based composites, including metal oxide
nanoparticles/graphene sheet[79] and carbon nanomaterials/
graphene sheet,[30] were demonstrated to solve the above re-
stacking issue.

These hierarchical architectures of graphene-sheet-based
composites (Figure 6 a), including 1) superiorly conductive gra-
phene sheets, 2) extra additives, and 3) macro-/mesospace,
show some predominance as electrode materials. Here the
extra additive, dispersed on the surface of graphene sheets,
can act as a nanospacer to prevent the restacking of graphene
sheets during the reduction of GO. On the other hand, superi-
orly conductive graphene with a length generally longer than
5 mm, which depends on the size of the graphene sheet, will
provide a 2D smooth electronic superhighway for rapid charge
storage and delivery. In addition, the high surface area gra-
phene sheet also allows the uniform dispersion of extra addi-
tives to promote the utilization of electrode materials. Finally,
the macro-/mesospace, constructed between the graphene
sheet and nanoparticle, also facilitates the transport of electro-
lytes or reactants. Therefore, reservoirs for electrolytes or reac-
tants can be formed within macro-/mesopores for facile trans-
port of electrolytes or reactants in the short nanochannels. In
addition, I. Honma et al. proposed that the space between gra-
phene sheets and nanocrystallites can also be used as a flexible
space for crystal expansion during the insertion of Li ions, sig-
nificantly improving the poor cycle life of metal oxides.[80]

Therefore, this design of hierarchical graphene-sheet-based
composites considers not only issues of electrode materials,
such as electron/electrolyte transport, utilization of electroac-
tive species, and cycle life, but also the restacking of graphene
sheets. Accordingly, novel graphene-sheet-based composites
are very promising for next-generation high-performance elec-
trode materials.

L. Pan et al. reported graphene–ZnO and graphene–SnO2

composites for supercapacitor applications.[81] Graphene–ZnO
composites exhibit a higher capacitance of 61 F g�1 with an
energy density of 4.8 W h kg�1, which was higher than that of
graphene–SnO2 samples. The results showed that the gra-
phene–ZnO composite exhibited an improved electrochemical
capacitance over that of pristine ZnO or pure graphene, with
good reversible charge–discharge behavior.[81, 82] In another arti-
cle, Z. Fan et al. reported graphene/MnO2 composites for su-
percapacitor applications.[83] The graphene/MnO2 composite (at
78 wt % MnO2) shows a specific capacitance of 310 F g�1 at
2 mV s�1. Thus, the hybridization of MnO2 and graphene causes
an increase in conductivity and specific surface area of the
composites, ultimately leading to high rate performance.[83, 84]

Furthermore, our group proposed a novel two-step strategy to
well-dispersed single-phase unitary and binary oxide nanocrys-
tals (e.g. , RuO2, SnO2, TiO2, Mn3O4, NiCo2O4, and Zn2SnO4) onto
graphene nanosheets for novel applications, including energy
storage/conversion systems and sensors.[85] S. Ramaprabhu
et al. also reported on graphene decoration with different
metal oxides (such as RuO2, TiO2, and Fe3O4) as well as polyani-
line by a chemical route.[86] The cyclic voltammetric studies at
various sweep rates in 1 m H2SO4 show that RuO2/graphene
composites possess a higher specific capacitance of 220 F g�1

at 10 A g�1 than composites with other metal oxides, such as
TiO2 and Fe3O4. This is attributable to the better electrical con-

Figure 6. Graphene materials using spacers. a) A schematic illustration of hi-
erarchical graphene-sheet-based composites, including superiorly conduc-
tive graphene sheets, nanospacers, and macro-/mesospaces. The nanospacer
can be any metallic nanoparticle, oxide nanocrystallite, conductive polymer,
or carbon nanomaterial. b) Schematic for the preparation of graphene/SnO2-
MWCNT composites (reproduced from reference [88] with permission).



ductivity and reversible Faradic reactions of RuO2 than those of
other metal oxides. Similar results were obtained in another
work by H. N. Alshareef et al. ,[87] in which they reported various
metal oxide composites (such as SnO2, MnO2, and RuO2) with
graphene nanosheets. Moreover, RuO2/graphene (365 F g�1)
showed a higher specific capacitance than SnO2/graphene
(195 F g�1). Furthermore, H. N. Alshareef et al.[88] reported on
graphene nanosheet/SnO2-MWCNT composites for supercapa-
citor applications (Figure 6 b). The advantage of this structure
is the significant inhibition of restacking and effective exposure
of the surface area for graphene sheets. These nanocomposites
achieved a high specific capacitance of 224 F g�1, with an
energy and power density of 31 W h kg�1 and 17 kW kg�1, re-
spectively. The symmetric supercapacitor device fabricated
using these nanocomposites shows 81 % retention after 6000
cycles.

Q. Yan et al.[89] reported on a supercapacitor consisting of
a Fe3O4/reduced graphene oxide (RGO) composite, which
showed a specific capacitance of 480 F g�1 at a discharge cur-
rent density of 5 A g�1; the corresponding energy and power
densities were 67 W h kg�1 and 5.5 kW kg�1, respectively. C. M.
Li et al. reported on CeO2–graphene nanosheet composites,
which show an improved specific capacitance of 208 F g�1. This
is due to a synergy effect contributing to the improved elec-
tronic conductivity of CeO2 as well as to the better utilization
of graphene.[90] Layered double hydroxides (LDHs, especially
Co–Al) and graphene composites are a point of interest in
some studies.[79, 91] The studies show that the formation of
LDHs prevents the restacking of graphene nanosheets; mean-
while, the formation of complex structures depends on the
concentration of LDH ions. Furthermore, these studies reveal
the advantages of these composites as a high specific surface
area, more utilization of LDH structures, better conductivity,
etc. These electrodes show a high specific capacitance of
1200 F g�1 at a scan rate of 5 mV s�1.[79] Our group[92] reported
the microwave-assisted hydrothermal synthesis of Mn3O4/gra-
phene composites for supercapacitor application. The aqueous
asymmetric supercapacitor shows capacitor behavior with
a cell voltage of up to 2 V, as shown in Figure 7 a–d. These
electrodes in the asymmetric configuration with nitrogen-
doped graphene show energy and power densities of
11 W h kg�1 and 24 kW kg�1, respectively, at a current density of
24 A g�1. This and some other results suggest that a graphene
nanosheet could be used as an ideal conductive matrix for en-
hancing the capacitance performance of Mn3O4.[92, 93]

P. Chen et al.[94] reported on the development of 3D porous
graphene/cobalt oxide electrodes for a high-performance su-
percapacitor. These electrodes show high specific capacitance
of 1100 F g�1 at a current density of 10 A g�1. T. Yu et al.[95] re-
ported on the development of Co3O4/graphene composites for
supercapacitor applications, which show a specific capacitance
of 159 F g�1 at a scan rate of 5 mV s�1. In addition, cobalt
oxide/graphene composites have been considered as one of
the most promising materials for next-generation supercapaci-
tors because of their advantages such as cost-effectiveness, en-
vironmental friendliness, and high specific capacitance.[96] X. S.
Zhao et al.[97] reported on the development of a 3D nanostruc-

ture of nickel hydroxide/graphene composites for supercapaci-
tor applications, in which nickel hydroxide embedded in a CNT
acts as a pillar for graphene sheets. The supercapacitor study
for this 3D nanostructure showed a high specific capacitance
of 1235 F g�1 at 1 A g�1, but the capacitance decreased to
780 F g�1 with an increase in current density (up to 20 A g�1).
The mass ratio of nickel to graphene, morphology, and micro-
structure were important to the performances of such nano-
composites.[98]

6. Electrode Materials Based on Graphene/
Electrically Conducting Polymer Composites

Graphene/polymer composites have attracted great attention
because of their high strength and improved conductivity. Gra-
phene materials are often mixed with polymers to form com-
posites, especially when fabricating flexible devices. There are
several previous reports on the development of graphene/
polymer composites as electrodes for different applications
such as active layers of organic solar cells, counter electrodes
of dye-sensitized solar cells, transparent conducting electrodes,
catalytic electrodes, and polymer electrolyte membranes of
fuel cells.[99] H. M. Cheng et al.[100a] reported on graphene/poly-
aniline composites by in situ anodic polymerization for flexible
supercapacitors. These composites show a very good capaci-
tance of 233 F g�1 at a scan rate of 2 mV s�1 and stability up to
1500 cycles. J. Xu et al.[100b] have reported the growth of poly-
aniline nanorod arrays on graphene sheets for supercapacitor
applications (Figure 8 a, b). These electrodes show a specific ca-
pacitance of 555 F g�1 at a current density of 0.2 A g�1 in 1 m

H2SO4 solution and stability up to 2000 cycles. Recently, our
group reported the development of layered graphene and
polyaniline composites (TEM and SEM images are shown in

Figure 7. GO composites for supercapacitors. a) Cyclic voltammograms of (1)
graphene-modified Mn3O4 and (2) N-doped RGO at 10 mV s�1. b, c) The con-
stant-current CD profiles of an asymmetric supercapacitor consisting of a gra-
phene-modified Mn3O4 cathode and an N-doped RGO anode b) with the cell
voltage of (1) 1.6, (2) 1.8, and (3) 2.0 V at 1.2 A g�1 and c) with a cell voltage
of 2.0 V at 1.2, 2.4, 6, 12, and 24 A g�1. d) The Ragone plot for this asymmet-
ric supercapacitor (reproduced from reference [92] with permission).



Figure 8 c, d) for which we have obtained highest specific ca-
pacitance of 286 F g�1 at a scan rate of 5 mV s�1.[23] G. Shi
et al.[101] reported a flexible supercapacitor based on flexible
graphene and polyaniline nanofibers, which is shown in Fig-
ure 8 e, f. The conductivity of polyaniline fibers was found to be
increased up to 44 % when the composite was made with gra-
phene. This flexible supercapacitor shows a specific capaci-
tance of 210 F g�1 at a current density of 0.3 A g�1. Many others
reports involving graphene/polymer composites for supercapa-
citor applications are listed in Table 2.

As mentioned above, the p–p stacking between graphene
sheets usually causes much lower real specific surface area
than their theoretical values. In many cases, mixing with poly-
mer increases the severity of this problem. There is need for
development of new techniques for homogeneous mixing of
single layered graphene sheets into polymer matrix. The con-
struction of graphene-based 3D architectures in the composite
form can overcome this problem.

7. Asymmetric Supercapacitors Based on
Graphene Materials

The fabrication of asymmetric supercapacitors using aqueous
electrolytes is an efficient way to improve the energy density
of supercapacitors. The key to fabricating an asymmetric su-
percapacitor is to choose electrode materials with complemen-
tary working potential windows in the same electrolyte. In
case of aqueous electrolyte, the main limitation is that the op-

erating potential window cannot extended beyond their ther-
modynamic limit (1.23 V). However, by use of asymmetric su-
percapacitor configuration, we can easily bypass this problem
by extending their operating potential window up to 2 V,
which results in high-energy density supercapacitors.[102] For
metal oxides and polymers, a limited potential window is
a problem for the improvement of energy density; on the
other hand, the small capacitance value of carbon material is
also a limitation. The asymmetric configuration, however, could
solve these problems.

Our group[103] reported on the development of an asymmet-
ric cell consisting of a positive electrode of polyaniline nanofib-
ers and a negative electrode of graphene nanosheets. The
energy and power densities of this asymmetric supercapacitor
consisting of PANI and graphene reach approximately
4.86 W h kg�1 and 8.75 kW kg�1, respectively, at 500 mV s�1,
which is promising in the application of next-generation super-
capacitors. X. S. Zhao et al.[104] reported on the development of
asymmetric supercapacitors based on graphene-modified
ruthenium oxide (17 % Ru) and graphene. The results showed
an energy density of 26 W h kg�1 at a power density of
49 kW kg�1 for the configuration, which is more than double
the symmetric configuration. The Ragone plots of symmetric
and asymmetric supercapacitors based on RGO, RGO–RuO2,
and RGO–PANI are shown in Figure 9 d. S. G. Lee et al.[105] re-
ported a solid-state flexible asymmetric supercapacitor based
on ionic-liquid-functionalized graphene and RuO2. The compa-
rative cyclic voltammograms (CVs) for both electrodes at
a scan rate of 50 mV s�1 (Figure 9 a) and the asymmetric super-
capacitor at different potential windows (Figure 9 b) are
shown. The galvanostatic charge–discharge curves for symmet-

Figure 8. GO and conducting polymer composites. a) Schematic illustration
of the nucleation and growth mechanism of PANI nanowires. b, c) SEM
images of graphene oxide–polyaniline nanowire arrays (reproduced from ref-
erence [100b] with permission). d) TEM image of graphene oxide–polyaniline
composites. The inset shows a SEAD pattern for the composites (reproduced
from reference [23] with permission). e) Digital photograph of graphene–
polyaniline nanofiber composite film. f) Cross-sectional SEM image of gra-
phene–polyaniline nanofiber (reproduced from reference [101] with permis-
sion).

Figure 9. Asymmetric supercapacitors based on GO. a) Comparative CV
curves obtained for chemically modified graphene and RuO2 chemically
modified graphene films in aqueous 1 m H2SO4 solution at a scan rate of
50 mV s�1 (reproduced from reference [105] with permission). b) CV curves
obtained from asymmetric SC devices with different cell voltages of 1, 1.2,
1.4, 1.6, and 1.8 V at a scan rate of 50 mV s�1 (reproduced from reference
[105] with permission). c) Galvanostatic charge–discharge studies of sym-
metric and asymmetric supercapacitor. d) Ragone plots of symmetric and
asymmetric supercapacitors based on RGO, RGO–RuO2, and RGO–PANI (re-
produced from reference [104] with permission).



ric and asymmetric supercapacitor are shown in Figure 9 c. This
asymmetric supercapacitor shows energy and power densities
of 19.7 W h kg�1 and 0.5 kW kg�1, respectively, for a current den-
sity of 0.5 A g�1. An asymmetric supercapacitor based on gra-
phene hydrogel and MnO2 nanoflakes on nickel foam was re-
ported by H. Duan et al.[106] This asymmetric supercapacitor
can be cycled reversibly in a wide voltage window from 0 to
2 V and exhibits an energy density of 23 W h kg�1 with a power
density of 1.0 kW kg�1. Thus, graphene has been shown to be
an important material in the asymmetric combination when
widening the cell voltage to 2 V for metal oxides and also
useful for future solid-state devices based on a polymer gel
electrolyte.[107]

8. Summary and Outlook

Graphene is a very attractive electrode material for energy
storage. We can find many advantages, such as high specific
surface area, an interconnected porous structure, a controlled
pore size that matches electrolyte ions, good wettability

toward the electrolyte, and high electrical conductivi-
ty. Although pristine graphene has a significantly
lower capacitance value than we expected, improved
energy storage performance can be achieved by
combining double-layer capacitance together with
fast and highly reversible pseudocapacitance. For ex-
ample, the synthesis of graphene-based composites,
the use of ionic liquids with an electrochemically
stable window of 4 V, and the fabrication of asym-
metric configurations (e.g. , a positive electrode of
Mn3O4/graphene composites and a negative elec-
trode of N-doped graphene sheets) can maximize the
working potential range for each electrode, resulting
in a wide potential window. A higher cell voltage im-
proves both energy and power densities, as it is pro-
portional to the voltage window (V2). The safe opera-
tion with ‘green chemistry’ is a promising electro-
chemical system for the next generation of superca-
pacitor applications. For the next generation of gra-
phene-based supercapacitors, it is expected that
energy, power, and reliability, which are required for
modern technology, will increase. In the future, the
challenging issue in supercapacitor fields will be the
development of highly efficient materials through
cost-effective methods in order to realize their excel-
lent performance, which is not attainable by other
energy storage devices. Thus, future research should
be directed toward the development of electrode
materials with a high charge capacity and minimum
ESR.
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