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Abstract
The graphene-based materials are promising for applications in supercapacitors and other energy storage devices due to the intriguing
properties, i.e., highly tunable surface area, outstanding electrical conductivity, good chemical stability and excellent mechanical behavior. This
review summarizes recent development on graphene-based materials for supercapacitor electrodes, based on their macrostructural complexity,
i.e., zero-dimensional (0D) (e.g. free-standing graphene dots and particles), one-dimensional (1D) (e.g. fiber-type and yarn-type structures), two-
dimensional (2D) (e.g. graphenes and graphene-based nanocomposite films), and three-dimensional (3D) (e.g. graphene foam and hydrogel-
based nanocomposites). There are extensive and on-going researches on the rationalization of their structures at varying scales and di-
mensions, development of effective and low cost synthesis techniques, design and architecturing of graphene-based materials, as well as
clarification of their electrochemical performance. It is indicated that future studies should focus on the overall device performance in energy
storage devices and large-scale process in low costs for the promising applications in portable and wearable electronic, transport, electrical and
hybrid vehicles.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Supercapacitors or ultracapacitors have attracted consider-
able recent attentions due to their high power density, high
charge/discharge rates, and long cycle life performance [1e3].
They are considered as one of the most promising
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electrochemical energy storage devices, having a potential to
complement or eventually replace the batteries for energy
storage applications, i.e., those for wearable and portable
electronics, electrical and hybrid vehicles [4]. Based on the
energy storage mechanisms, supercapacitors can be classified
into to two main categories, i.e., electric double layer capac-
itors (EDLCs) and pseudocapacitors [5]. For EDLCs, the
capacitance is originated from the accumulation of charges at
the electrode-electrolyte interfaces. Therefore, controlling the
specific surface area and pore size and enhancing electrical
conductivity are the effective ways to achieve a high storage
capacity [6]. Also, the energy storage of pseudocapacitance is
realized through transferring the faradic charges between
electrolyte and electrode due to the reversible multi-electron
redox faradaic reactions, which generally exhibits higher
specific capacitance and energy density, compared to EDLCs
[7e9]. However, the poor electrical conductivity in the
commonly known pseudocapacitive electrodes can restrict the
Faradic reactions, therefore leading to unsatisfactory electro-
chemical performance and life cycles.

Graphene is the well-known two-dimensional carbon
monolayers composed of all-sp2-hybridized carbons with
some of the most intriguing properties, i.e., lightweight, high
electrical and thermal conductivity, highly tunable surface
area (up to 2675 m2 g�1), strong mechanical strength
(~1 TPa) and chemical stability [10e12]. These outstanding
properties enable graphene and graphene-based materials to
find applications in high performance structural nano-
composites, electronics, and environmental protection and
energy devices including both energy generation and storage
[13e25]. The combination of these outstanding physical,
mechanical and chemical properties make graphene-based
materials more attractive for electrochemical energy storage
and sustainable energy generation, i.e., Li-ion batteries, fuel
cells, supercapacitors, and photovoltaic and solar cells [2].
For instance, the theoretical specific capacitance of single-
layer-graphene is ~21 uF cm�2 and the corresponding spe-
cific capacitance is ~550 F g�1 when the entire surface area is
fully utilized [10]. However, the practical capacitive behavior
of pure graphene is lower than the anticipated value due to
the serious agglomeration during both the preparation and
application processes. Therefore, boosting the overall elec-
trochemical performance of graphene-based materials still
remains a great challenge.

Graphene-based materials have been extensively investi-
gated as a conducting network to support the redox reactions
of transition metal oxides, hydroxides and conducting poly-
mers. Indeed, these nanohybrid electrodes consisting of gra-
phene and nanoparticles of transition metal oxides/hydroxides
or conductive polymers show the superior electrochemical
performance, as a result of the synergistic effect which gra-
phene layers facilitate the dispersion of metal oxide/hydroxide
nanoparticles, and act as a highly conductive matrix for
enhancing the electrical conductivity, and the metal oxide/
hydroxide/conducting polymers offer the desired
pseudocapacitance.
In this review, recent development on the preparation
methods, resultant structures and electrochemical performance
of graphene-based materials designed for applications in
supercapacitors was summarized. The corresponding capaci-
tive mechanisms and the effective ways to achieve high energy
storage performance were also discussed.

2. Graphite, graphite oxides, and graphene

Graphite is a well known natural mineral [26], which is
highly anisotropic in both structure and functional behavior,
with the in-plane electrical and thermal conductivities being
1000-fold greater than those in the out-of-plane direction.
Similarly, the in-plane strength and modulus of graphite are
much greater than those of the out-of-plane due to the different
types of bonds in the two directions. Some techniques of
producing graphite of different qualities in large scales are
used, graphite is thus one of the most widely used materials in
various structural, functional, chemical and environment ap-
plications. This material is also used in energy storage appli-
cations. Mitra et al. developed solid-state electrochemical
capacitors by using graphite as electrodes, where the calcu-
lated specific capacitances were in the range from 0.74 to
0.98 mF cm�2, together with a long cycle life and a short
response time [27].

Graphene is the monolayer of graphite, which can be pre-
pared by several techniques. Geim et al. prepared graphene
from graphite and demonstrated an experimental method to
prepare a single layer of graphite with thickness in atomic
scale, named as graphene. Since then graphene has become
popular in various application aspects due to its inherently
superior electrical/electronic and optical properties (i.e.,
tunable bandgap, extraordinary electronic transport behavior,
excellent thermal conductivity, high mechanical strength and
largely tunable surface area) [28]. Also, some chemical and
physical techniques for synthesis of graphene have been
developed. Graphene oxides (GO) are another important
member in the grapheneegraphite family, which are consid-
ered as derivatives of graphene. They that can be readily made
from graphite, exhibit the layered structure and the surface-
related properties [32,33]. Depending on the synthesis tech-
niques, there can be different surface groups in graphene ox-
ides as well as their distributions on the surface. For instance,
the oxygen-containing functional groups (hydroxyl (CeOH),
carboxyl (C]O) and epoxy groups (CeO)) locate around the
edges of graphene sheets and stabilize the quasi-two-
dimensional sheets. Graphene oxides can be readily con-
verted into graphene by different reduction processes. Fig. 1
shows the reduction of graphene oxide (GO) by both ther-
mal method and reducing agents [34,35]. As a precursor for
graphene, GO can be easily derived from the oxidation of
natural graphite at a large scale and low costs. The reduction
of GO is a low-cost technique for producing graphene [36].
The atomic layers of GO generally comprises phenol epoxy
and epoxide groups on the basal plane and ionizable carbox-
ylic acid groups around the edges [37,38]. The acid groups on
the ionized edge enable the stabilization of GO in aqueous
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dispersion in the form of a single-sheet layer through weak
dipole and quadrupole van der Waals interaction in the sur-
rounding environment. This makes GO a high degree of pro-
cessing and dispersion ability in solution, and offers the
desired convenient method for producing graphene-based
materials in a large scale.

For both energy storage and other applications, some
research work are dedicated to the synthesis of graphene
sheets, where the generally facile approaches can be divided
into the following categories: i) epitaxial growth and chemical
vapor deposition (CVD) of graphene on substrates, such as
SiC and matched metal surfaces [39,40]; ii) mechanical
cleavage of graphite, for instance, using atomic force micro-
scopy (AFM) cantilevers or even adhesive tapes [29]; iii)
chemical exfoliation of graphite in organic solvents [30]; iv)
gas-phase synthesis of graphene platelets in microwave plasma
reactor [41]; v) synthesis of multi-layered graphene by arc-
discharge [42]; and vi) reduction from GO derived from the
oxidation of natural graphites in a large scale [36]. Among
these production methods, graphene prepared by CVD offers
the better 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 [26]. In addition to mechanical exfoliation by
adhesive tapes, Firsov et al. demonstrated the mechanical
cleavage of graphite using atomic force microscopy (AFM)
cantilevers [29]. Mechanical exfoliation is, however, associ-
ated with a low yield, therefore generally restricting the mass
production of graphene. Hernadez et al. developed chemical
methods to exfoliate graphite in organic solvents [30].
Therefore, the production of graphene at a low cost, a high
yield and a high quality have been taken into account in recent
years. In general, the chemical exfoliation of graphite into
GOs, followed by controllable reduction of GOs (with
reduction agent such as hydrazine hydrate) into graphene is
believed to be the most efficient and low-cost method [43].
Although individual graphene sheets are often partially
agglomerated into particles of approximately 15e25 mm in
diameter during the reduction process, the product with high
specific surface areas of a few hundreds m2 g�1 can be ob-
tained, offering an electrode material of energy storage de-
vices for the potential application (see Fig. 2).

Ruoff et al. pioneered the chemically modified graphene
(CMG) as electrode materials [44]. They found that the
specific capacitances of 135 and 99 F g�1 could be achieved
in aqueous and organic electrolytes, respectively. Ajayan
Fig. 1. Illustration of the chemical route to the chemically derived graphen
et al. reported a two-step method to fabricate a highly
reduced GO via deoxygenation with NaBH4 and dehydration
with concentrated sulfuric acid [45]. The comb-like con-
nected sheet structure needs to be protected during the harsh
oxidation and reduction process in order to maintain the
performance. To reduce the level of toxicity of the reduction
agents, there are some efforts to prepare graphene with non-
toxic agents. Zhu et al. synthesized graphene using sugar as
a reduction agent. Zhang et al. employed ascorbic acid
[46,47]. In addition, “green” materials of melatonin vitamin
C, bovine serum albumin, polyphenols of green tea and even
bacterial respiration were also proposed to produce reduced
graphene oxides (rGO) [48e54]. Similarly, “green”
methods, i.e., the flash photo reduction of GO into graphene,
solvothermal reduction, hydrothermal dehydration, catalytic
reduction and photo catalytic reduction were reported
[55e63]. In particular, one-step hydrothermal method is a
versatile and low-cost process to produce the rGO. Shi. et al.
reported the reduction of GO via the one-step hydrothermal
approach. The rGO thus shows a high conductance of
5 � 10�3 S cm�1 and a high specific capacitance of
175 F g�1 with aqueous electrolyte. Nevertheless, it is rather
challenging to completely reduce GO as some of the
oxygen-containing surface groups are rather difficult to be
eliminated [6].

3. Graphene-based supercapacitor electrode materials

Graphene can be assembled into several different struc-
tures, i.e., the free-standing particles or dots, one-
dimensional fibers or yarns, two-dimensional films and
three-dimensional foams and composites. Recent studies
focus on graphene-based electrode materials according to
their macrostructural complexity, i.e., zero-dimensional (0-
D) (e.g. free-standing graphene dots and particles), one-
dimensional (1-D) (e.g. fiber-type and yarn-type struc-
tures), two-dimensional (2-D) (e.g. graphenes and graphene-
based films), and three-dimensional (3-D) (e.g. graphene
foams and composites).
3.1. Graphene dots and powders as supercapacitor
electrodes
Graphene dots and particles can be made through chemical
exfoliation of graphite into GO, followed by controllable
reduction of GO (with reduction agent such as hydrazine
e [31]. Copyright 2009, Rights Managed by Nature Publishing Group.



Fig. 2. Graphene-based supercapacitors. (a) SEM image of CMG particle, (b) TEM image showing individual graphene sheets extending from the CMG particles,

(c) low and high- (inset) magnification SEM images of CMG particles electrode, and (d) schematic of test assembly. Reproduced with permission [44]. Copyright

2008, American Chemical Society.
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hydrate). The resultant graphene particles are readily
agglomerated and the rGO becomes hydrophobic by the sub-
sequent reduction, which affect further processing in water or
aqueous environment. In contrast, GO is a unique amphiphile
with negative charged hydrophilic edges and hydrophobic
basal plane [64]. This unique character allows GO to selec-
tively interact with certain surfactants, which are capable of
tuning the amphiphilicity of GO and controlling the assembly
of rGO. Zhang et al. investigated the surfactant-stabilized
graphene-based materials with different surfactants like tet-
rabutylammonium hydroxide (TBAOH), cetyl-
trimethylammonium bromide, and sodium dodecylbenzene
sulfonate [65,66]. They found that the rGO sheets could be
intercalated by the surfactants. The specific capacitance of
194 F g�1 was obtained from the TBAOH stabilized graphene
as a supercapacitor electrode at the current density of 1 A g�1,
which was partially contributed to a decreased degree of rGO
re-stacking and increased wettability in the presence of the
surfactant intercalation. In addition, the modification by sur-
factant can homogeneously disperse rGO into single or a few
layers in aqueous solutions. These properties permit chemical
reactions between rGO and second phases in the aqueous
solvents. Among many surfactants investigated, commercially
available block copolymers poly-(ethylene oxide)-poly (phe-
nylene)-poly (ethylene oxide) PEO106-PPO70-PEO106 (F127)
were widely investigated due to their well-established
chemical behaviors [67]. Also, such block copolymers can
self-assemble through hydrogen bonding and hydro-
phobicehydrophilic interactions in aqueous environments to
form vesicles, which can be used as soft templates for fabri-
cating mesoporous carbon materials [68,69]. Ke et al. inter-
calated GO with triblock copolymer Pluronic F127 (F127) in
hydrothermal process, followed by thermal annealing to
realize the structural reconstruction. In their work, a specific
surface area of 696 m2 g�1 is achieved in the surfactant-
modified graphene, which is about three times greater than
that of pristine graphene (i.e., 200 m2 g�1). A maximum
specific capacitance of 210 F g�1 was measured at a scanning
rate of 1 mV s�1 in 6 M KOH electrolyte, together with su-
perior cycling stability (i.e., 95.6% of the initial capacity
remained after 1000 cycles) [35].

Although supercapacitor electrodes made of graphene
powders generally show a high power density due to the high
surface area and good electrical conductivity, they are a fast
charge transfer [70,71]. They are limited by the modest
capacitance value (~200 F g�1). Therefore, the energy density
and overall device performance are generally unsatisfied. In
contrast, the pseudocapacitance derived from some of the
transition metal oxides (i.e., MnO2, RuO2, NiO, Co3O4 and
Fe3O4) or hydroxides (Ni(OH)2 and Co(OH)2), as well as
electrically conductive polymers (i.e., PANI, polypyrroles, and
polythiophenes), as a result of the reversible faradaic redox
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reactions at the electrode surface, shows a higher specific
capacitance. Carbon-based materials, i.e., graphene, are the
key electrode materials in EDLCs [72e76]. To effectively
synergize the EDLC and pseudocapacitance, one way is to
develop hybrid electrodes by integrating the metal oxides/
hydroxides or conductive polymers with graphene network. In
the hybrid electrodes, graphene will function as a conductive
channel for charge transfer and therefore improve the overall
conductivity, while pseudocapacitance arises from the metal
oxides/hydroxides or conductive polymers [6].

Among the composites with metal oxides, graphene-MnO2

composites were widely investigated [77e80]. Yang et al.
devised a simple approach to prepare hydrothermally reduced
graphene-MnO2 composites. Their experimental results show
that the graphene-MnO2 composite powders exhibit a specific
capacitance value of 211.5 F g�1 at the potential scan rate of
2 mV s�1 and with about 75% capacitance being retained after
1000 charge/discharge cycles in 1 M Na2SO4 electrolyte [81].
Dai et al. synthesized Ni(OH)2 nanoplates on graphene sheets.
The hybrid electrode material exhibits a high specific capac-
itance of ~1335 F g�1 at the charge and discharge current
density of 2.8 A g�1 and ~953 F g�1 at 45.7 A g�1, and high
power density and energy density [82]. These graphene-based
metal oxide/hydroxide composites were prepared via reduc-
tion of GO, and followed by the loading of pseudocapacitive
materials. However, the superior electric and surface proper-
ties of graphene may not be fully utilized due to the unex-
pected agglomerations [83]. For instance, exfoliated GO
sheets possess a high surface area, which tend to be restacked.
To improve the potential of graphene sheets, a strategy is to
properly load some of the oxide/hydroxide nanocrystals on the
graphene surface, which will have the dual functions of
providing pseudocapacitance as well as spacers between the
graphene layers. Ke et al. reported a facile method of syn-
thesizing Fe3O4-rGO nanocomposite powders via the elec-
trostatic interaction between Fe3O4 nanoparticles and GO and
the subsequent reduction of GO into rGO by a hydrothermal
method [84]. This nanocomposite powder shows an improved
specific capacitance of 169 F g�1 in 6 M KOH electrolyte,
which is much greater than that of Fe3O4 (68 F g�1) at the
current density of 1 A g�1. This intercalated hierarchical
nanocomposite powder also demonstrates a good capacitance
retention, retaining over 88% of the initial capacity after 1000
cycles. Similarly, Wu et al. developed a nanocomposite con-
sisting of well-dispersed Co3O4 in rGO network, directly
derived from GO-Co(OH)2, followed by thermal treatment.
The nanocomposite electrodes have a specific capacitance of
291 F g�1 at 1 A g�1 in the potential range of �0.4e0.55 V in
6 M aqueous KOH solution, and the superior rate capability
and cycling ability [83].

Although the chemical reduction approach for graphene is
an efficient and low-cost method to produce graphene in a
relatively large scale, the materials derived exhibit a moderate
electrical conductivity and general lack of micro-pores, which
are required for electrochemical energy storage. Accordingly,
there have been efforts to improve the electrical conductivity
and specific surface area [85]. In this case, some template-
assisted processes were developed. Yoon et al. devised a
template-directed process to synthesize hollow graphene balls
(GBs) using Ni nanoparticles as a template. In this method, a
carburization process was used to facilitate carbon transport
into Ni-NPs with a polyol solution, and a thermal annealing
process was then used to stimulate carbon segregation,
therefore resulting in graphene layer formation on the surfaces
of Ni-NPs. The GBs thus derived maintain their spherical
shapes and dispersive during the thermal annealing process,
even after removal of the core template of Ni-NPs, yielding
hollow GBs composed of multilayer graphene [86]. Similarly,
Lee et al. developed a mass-producible mesoporous graphene
nanoball (MGB) via a precursor-assisted chemical vapor
deposition (CVD) technique for supercapacitor application
[85]. Fig. 3 shows the morphological development of the
polymeric spheres and MGB prepared by the precursor-
assisted CVD method. In Fig. 3a, SPS-COOH spheres with a
diameter of around 250 nm are nearly uniform in size and
morphology. In Fig. 3c and d, the mesoporous graphene
nanospheres with a mean pore diameter of 4.27 nm are
formed. The MGB is mesoporous with a mean mesopore
diameter of 4.27 nm and a specific surface area of 508 m2 g�1.
The supercapacitor device made of MGB as the electrode
demonstrates a specific capacitance of 206 F g�1 and more
than 96% retention of capacitance after 10,000 cycles. More
recently, Park, et al., integrated graphene nanosheets into
micro/macro-sized powder structure. In their work, a spray-
assisted self-assembly process was used to prepare spheri-
cally integrated graphene microspheres by using a high-
temperature organic solvent in a manner reminiscent of
deep-frying. The resultant supercapacitor electrode demon-
strates an electrochemical performance of 151 F g�1 at the
scan rate of 10 mV s�1 [87].
3.2. 1D graphene-based fibers and yarns
Graphene-based fibers and yarns have a great application
potential due to the combined merits of tiny volume, high
flexibility and weave-ability, which promise some applications
in the next generation supercapacitors for wearable and
portable devices and electrical vehicles [88]. The carbon-
based materials, i.e., carbon fibers, CNTs, graphene and
mesoporous carbon can be made into various fiber and yarn
forms. They can be also hybrided with selected electrical
active materials with faradaic pseudocapacitance, i.e., metal
oxides, hydroxides and conducting polymers (e.g., poly-
pyrrole, PANI, poly(3,4-ethylenendioxythiophene, PEDOT)
[89e92].

A solid electrochemical capacitor made of fiber-shaped
rGO coated on Au wires was reported, exhibiting a high
specific capacitance of 101.9 uF cm�1 (6.49 mF cm�2) with a
rather small capacitance loss (lower than 1%), even when is
bent to 120� or twisted into an S-shaped structure. To achieve
a lighter electrode material, Meng et al. developed an all-
graphene yarn supercapacitor, where Au wires as a core
were replaced with rGO and a sheath of graphene was elec-
trochemically deposited onto the graphene framework. The



Fig. 3. SEM images of (a) SPS-COOH, and (b) MGB obtained by CVD of sample (a). The inset in panel b shows the close-up SEM image of mesoporous single

graphene ball. (c) TEM images of MGB taken near the edges of the sample. The inset confirms ~7 layers of MGB with an interlayer spacing of 0.34 nm. (d)

Magnification image of a single graphene ball with meso-pores [85]. Copyright 2013, American Chemical Society.
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graphene fibers (GFs) produced show a density of
0.23 g cm�3, which is 7 times and 85 times lower than that of
conventional carbon fibers (>1.7 g cm�3) and Au wire (ca.
20 g cm�3), respectively [88]. The all-graphene yarns exhibit
a high electrical conductivity and a great surface area due to
the 3D interpenetrating porous networks of graphene. The
solid state of such materials made of all graphene fibers using
H2SO4-PVA gel electrolyte could be processed to spring-
shaped supercapacitors, which possess highly compressible
and stretchable mechanical performance and show an areal
capacitance of 1.2e1.7 mF cm�2 [93]. Although the resultant
graphene fibers are light-weight, highly flexible and electri-
cally conductive, the restacking interaction between individual
graphene sheets dramatically lower the large initial surface
area of graphene sheets. Recent studies showed that hybrid
materials combining 2D graphene sheets with 1D CNTs have
a synergistic effect with greatly improved electrical, thermal
conductivities and mechanical flexibility, compared to either
of the single component alone. Cheng et al. developed hybrid
fibers (CNT-G) by CVD growth of one-dimensional (1D)
carbon nanotubes (CNTs) on 2D graphene. The CNT-gra-
phene hybrid fibers prepared exhibit an areal capacitance of
1.2e1.3 mF cm�2 with a stable CV performance even after
200 bending cycles in the textile structures [94]. The above-
mentioned yarn supercapacitors are, however, “naked” and
thus are easy to be short-circuited when contacted with each
other, even with post-coating a layer of poly(vinyl alcohol)
(PVA) solid electrolyte. Kou et al. designed a coaxial wet-
spinning assembly process to fabricate polyelectrolyte-
wrapped graphene-CNT core-sheath fibers continuously (see
Fig. 4). The sheath layer of the polyelectrolyte effectively
avoids the risk of the short circuit. The maximum capaci-
tances achieved are Cl (5.3 mF cm�1), CA (177 mF cm�2) and
CV (158 F cm�3), which are ascribed to the large surface area
and an efficient ion transportation between electrodes [93]. Yu
et al. reported a scalable method to synthesize hierarchically
structured carbon microfibers, which are made of single-
walled carbon nanotubes (SWNT)/nitrogen-doped rGO with
a superior electrical conductivity (i.e., 102 S cm�1) and a
great surface area (i.e., 396 m2 g�1). The resultant fiber-typed
supercapacitor shows a specific volumetric capacity of
305 F cm�3 in sulfuric acid (measured at 73.5 mA cm�3 in
three-electrode cell) or 300 F cm�3 in polyvinyl alcohol
(PVA)/H3PO4 electrolyte (measured at 26.7 mA cm�3 in two-
electrode cell). Furthermore, a full micro-supercapacitor with
PVA/H3PO4 gel electrolyte shows a volumetric energy density
of ~6.3 mWh cm�3. To increase the energy density, asym-
metric supercapacitors based on graphene fibers were
explored. Wang et al. prepared solid-state supercapacitors, in
which Co3O4 coated Ti wires and carbon fiber-graphene were
used as the anode and cathode, respectively. The operation
window could be increased to 1.5 V and an improved energy



Fig. 4. Two-ply YSCs and their electrochemical properties. SEM images of cross-sectional (a), and side (b) view of a two-ply YSC. The arrow area in (a) is PVA/

H3PO4 electrolyte and inset of (b) shows the schematic illustration of YCS. (c) SEM image of a two-ply YSC knot. (d) Two intact coaxial fibers woven with cotton

fibers. (e) Optical macroscopic image of (d). (f) cloth woven by two individual coaxial fibers. (g) supercapacitor device based on the cloth fabricated by two coaxial

fibers (denoted as i and ii, respectively). (h) GCD curves of the cloth supercapacitor. (i) Scheme shows the cloth under different deformation. 1 represents initial

cloth supercapacitor without bending and 2, 3, 4 show cloth supercapacitor with bending angles of 180� along three directions) [93]. Copyright 2014, Rights

Managed by Nature Publishing Group.
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density of 0.62 mWh cm�3 and power density of
1.47 W cm�3 [95]. MnO2 coated rGO-SWCNTs and pristine
rGO-SWCNTs were assembled into asymmetric electrodes,
offering a high voltage window of up to 1.8 V, an improved
power density (929 mW cm�3) and energy density
(5 mWh cm�3). Recently, Seyed. et al. developed a fabrication
process for highly porous GO and rGO fibers and yarns by
taking the advantage of the intrinsic soft-assembly behavior of
ultra-large GO liquid crystalline dispersions. The yarns
derived are mechanically robust, electrically conductive and
great specific surface area (i.e., 2210 m2 g�1). The architec-
ture exhibits an open network structure with continuous ion
transport pathway, therefore leading to a charge storage ca-
pacity (i.e., 409 F g�1 at 1 A g�1) [96]. Although the yarn-
type supercapacitors are of great interest due to their high
flexibility and weave-ability, the bottleneck is, however, to
develop a device of both high energy and power density. Liu
et al. reported a hierarchical composite electrode consisting of
low-cost graphene sheets immobilized onto the surfaces of Ni-
coated cotton yarns, which were fabricated via scalable
electroless deposition of Ni and electrochemical deposition of
graphene on the common cotton yarns [97]. The super-
capacitor derived yarns is highly flexible and capable of being
integrated into wearable electronic devices. The device dem-
onstrates a high volumetric energy density of 6.1 mWhcm�3

and a power density of 1400 mW cm�3, respectively.
Nevertheless, there are still some challenges for further
improvement. The future work should be focused on the
reduction of the unwanted restacking of graphene sheets, and
the modulation of microporous structures within the graphene
yarns for the development of the hierarchically structured
nanocomposite electrodes.
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3.3. 2D graphene film-based supercapacitors
Graphene is considered as one of the most promising ma-
terials for the next generation flexible thin film supercapacitors
due to its unique structural and property features, i.e., i) the
two-dimensional structure can provide a large surface area,
which serves as an extensive transport platform for electro-
lytes [98]; ii) the high conductivity of graphene sheets enables
a low diffusion resistance, therefore leading to enhanced
power and energy density; and iii) the superior mechanical
property makes graphene sheets being easily assembled into
free-standing films with robust mechanical stability. Among
the graphene-based 2D films, graphene papers have attracted
much attention due to the tunable thickness, structural flexi-
bility, lightweight and electrical properties, which are the
essential qualities required for flexible supercapacitors [98].
Considerable research efforts have therefore been dedicated to
exploring novel processing methods for graphene-based films
and papers, including spin-coating [23], LangmuireBlodgett,
layer-by-layer deposition, interfacial self-assembly, and vac-
uum filtration [99e101].

In a similar situation as with other graphene-based mate-
rials, the processing of graphene thin films and papers is
hindered due to the agglomeration and restacking of graphene
sheets resulting from the inter-planar pep interaction and
van der Waals forces, which can greatly reduce the surface
areas and limit the diffusion of electrolyte ions between
graphene layers [102e104]. There were numerous attempts to
break the processing bottleneck, i.e., adding spacers,
template-assisted growth, and crumpling of the graphene
sheets [105e107].

Separation by appropriate spacers is an approach effective
to improve the stacking of graphene sheets. The most widely
investigated spacers are carbonaceous materials (e.g., carbon
particles, CNT), metals (e.g., Pt, Au) or metal oxides (e.g.,
SnO2), and other pseudocapacitive materials (e.g., transitional
metal oxides, hydroxides and conducting polymers)
[108e111]. Wang et al. developed a flexible graphene paper
incorporating with small amounts of carbon black nano-
particles as spacers between graphene sheets, which provide
an open structure for charge storage and ion diffusion chan-
nels, therefore resulting in a significant improvement in elec-
trochemical performance (i.e., a specific capacitance of
138 F g�1 in aqueous electrolyte at the scan rate of 10 mV s�1

and only 3.85% capacitance being lost after 2000 cycles at the
current of 10 A g�1) [108]. Li et al. reported a flexible gra-
phene film paper using CNTs as a spacer to prevent the inter
sheet restacking [109]. This multilayered graphene structures
enable the hybrid electrodes to have a high specific capaci-
tance of 140 F g�1 at the current density of 0.1 A g�1 in 1 M
H2SO4 solution. Si et al. employed the Pt as spacers to sepa-
rate the graphene sheets, and they found that the Pt-separated
graphene sheets exhibited a significantly enlarged capacitance
of 269 F g�1, compared to normal graphene with a capacitance
of 14 F g�1 [110]. Paek et al. modified graphene sheets with
SnO2 particles, which were mixed in between the inter-sheets
of graphene layers [112]. Due to the expended inner space
among graphene sheets, the capacitance is greatly improved,
leading to an enhanced energy storage ability.

With the restacking of graphene sheets being tackled at
least partially, the gravimetric specific capacitance of graphene
films with carbon-based spacers or metal nanoparticles is
improved up to ~300 F g�1 [26]. In order to further increase
the energy density, pseudocapacitive materials with large ca-
pacitances were employed as spacers. They are several tran-
sition metal oxides and hydroxides, such as RuO2, Fe3O4,
CuO, Ni(OH)2, MnO2, Co3O4, and conductive polymers such
as polyanilines (PANI), polypyrrole (PPy) and polythiophene
(PT) [72,113e115].

Wang et al. reported graphene sheets intercalated with
single crystalline hexagonal Co(OH)2 nanoplates, which can
provide the desired void space between graphene layers and
contribute to the pseudocapacitance. This hybrid-type elec-
trode material demonstrates an impressive specific capacitance
of 1335 F g�1 at the current density of 2.8 A g�1 [82]. Li et al.
further developed a bendable film electrode material, where
Ni(OH)2 nanoplates are intercalated between the densely
stacked graphene sheets (GNiF) (see Fig. 5). The 3D
expressway-like electrode exhibits a capacitance performance
of 537 F g�1 and a high volumetric capacitance of 655 F cm�3

[116]. MnO2 as a common pseudocapacitive material is also
used to space graphene layers, which offers the environmental
compatibility and low cost. Choi. et al. developed a film-type
electrode by hybriding graphene with MnO2 by a filtration
method. The resultant nanocomposite film shows a specific
capacitance of 389 F g�1 in 1 M NaSO4 and the capacitance
retention of 95% after 1000 cycles [117]. Yang et al. con-
structed an asymmetric configuration with Fe2O3 and MnO2

nanoparticles being incorporated into macroporous graphene
film electrodes. They found a working potential window up to
1.8 V and an energy density of 41.7 W h kg�1 together with a
power density (13.5 kW kg�1). The high energy and power
density could be maintained for over 5000 cycles, even at a
high current density of 16.9 A g�1 [118].

Besides the development of solid-spacer intercalations in
graphene, solution-based spacing was also developed to
reduce the agglomeration of graphene sheets. Li et al. inves-
tigated water as a “spacer” to prevent the restacking of gra-
phene sheets [119]. The graphene-water hybrid is generated
through the balance between the repulsive interaction and
inter-sheet pep attraction among the solvated graphene
layers. It is self-stacked into graphene film rather than
restacked into the graphite structure. The solvated graphene
film is demonstrated with a high specific capacitance of
215 F g�1 and a good retention ability, where the capacitance
of 156.5 F g�1 can be retained at a high current density of
1080 A g�1 and >97% cycling ability being retained after
10,000 cycles at the current density of 100 A g�1. The
solution-based spacing approach can be extended to other
types of liquids. Park et al. functionalized graphene with
Nafion and assembled the functionalized graphene into films
[120]. Nafion being an amphiphilic molecule prevents the
aggregation of graphene sheets and improves the interfacial
wettability between electrode and electrolytes, therefore



Fig. 5. Morphologies and structure characterization of graphene film intercalated with Ni(OH)2 nanoplates. (a)e(c) cross sectional SEM images of the GNiF at

different magnifications, inset optical images of the GNiF showing its flexibility, (d) side view of foccused-ion beam-etched GNiF in parallel direction to the

graphene sheets, (e) in-plane viewed SEM and TEM (inset) of GNiF in perpendicular direction to the graphene sheets, (f) XRD pattern and XPS carbon core level

XPS spectra of GNiF [116]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 6. Characterization of liquid electrolyte-mediated CCG film: (a) A

photograph showing the flexibility of the film. (b) and (c) SEM images of cross

sections of the obtained EM-CCG films containing (b) 78.9 volume percent

(vol. %) and (c) 27.2 vol. % of H2SO4, respectively. (d) The relation between

the volumetric ratio of incorporated electrolyte and the packing density as well

as the estimated inter sheet spacing [102]. Copyright 2013, American Asso-

ciation for the Advancement of Science.
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promoting fast ion transports. The Nafion modified graphene
film shows a specific capacitance of 118.5 F g�1, which is two
times greater than that of pristine rGO film, and 90% retention
can be achieved at the high current density of 30 A g�1 [97].
Li et al. developed a flexible, porous and yet densely packed
graphene gel film (CCG) via the capillary compression of
chemically converted graphene in the presence of volatile and
nonvolatile liquid electrolytes (see Fig. 6) The packing density
of such a graphene film is nearly doubled (~1.33 g cm�3) in
contrast to that of the traditional porous carbons. It has a
volumetric capacitance of 255.5 F cm�3 with aqueous elec-
trolyte [102].

Graphene sheets intercalated with conducting-polymer also
attract much interest [121,122]. Cheng et al. reported a
fabrication process to prepare graphene-PANI composite paper
by using in-situ anodic elelctropolymerization of aniline
monomer on graphene paper. The hybrid type film presents a
gravimetric capacitance of 233 F g�1 and a volumetric
capacitance of 135 F cm�3 [123]. Similarly, Wei et al. syn-
thesized a graphene-PANI composite by a polymerization
method, where graphene (~15 wt %) was homogeneously
coated on to PANI sheets [124]. A specific capacitance of
1046 F g�1 was measured, and 96% of capacitance value was
maintained even when the current density increased from 10 to
100 A g�1, indicating a superior retention ability [125]. Zhang
et al. devised a graphene-based film by intercalating PPy
spheres between graphene layers, therefore creating a desired
hollow structure. This nanocomposite film-type electrode
demonstrated enhanced electrochemical performance with a
capacitance value of 500 F g�1 at the chargingedischarging
current density of 5 A g�1 [126]. Wang et al., prepared pol-
yaniline (PANI) nanowire arrays on flexible polystyrene
microsphere/reduced graphene (PS/rGN) film via dilute
polymerization and then PS microspheres being removed to
form free-standing rGN/PANI nanocomposite film [127]. The
nanowire array structure significantly increases the active
surface area of electrode and provides a high interfacial area
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and shortens ion diffusion paths. A specific capacitance of
740 F g�1 (or 581 F cm�3) was achieved at the current density
of 0.5 A g�1. The specific capacitance retains 87% of the
initial value after 1000 chargeedischarge cycles at the current
density of 10 A g�1. Moreover, a maximum energy density of
65.94 W h kg�1 was obtained at the power density of
0.2 kW kg�1. PEDOT [poly (3,4-ethlenediolxythiophene)] as
well as its derivatives were investigated, which were known to
possess high electrical conductivity, chemical and thermal
stability and electrochemical behavior in a relatively wide
potential window [128,129]. Lehtim€aki et al., demonstrated
that PEDOT and GO can be combined by a simple electro-
polymerization process on flexible substrates, and GO be
further reduced via electrochemical reduction to rGO [130].
The device made of PEDOT/rGO was shown with a capaci-
tance of 14 F cm�2, which was ascribed to the largely
accessible surface area of rGO combined with the pseudoca-
pacitance of PEDOT.
3.4. 3D graphene-based electrodes materials
As mentioned above, graphene-based nanocomposite films
incorporating guest nanoparticles into 2D graphene sheets can
favor the reduction of graphene aggregation, which are
otherwise limited by ion access to the overall 2D structure
[131]. To further address this and other related issues,
considerable efforts were made to develop graphene-based
macrostructures with 3D networks, i.e., aerogels, graphene
Fig. 7. SEM image of (a) surface, and (b) cross-section of a GO-PMMA composite

MGF, (e) low and (f) high resolution TEM images of graphene bubbles within a M
foams, and sponges [132e136]. These 3D graphene-based
materials, consisting micro- meso- and macro-interconnected
pores, high surface areas and fast ion/electron transport
channels, are highly desirable for exploring both high energy
and power density, and overall supercapacitance performance
[97,137e142]. Indeed, some of these 3D graphene-based
structures showed outstanding electrochemical behavior for
energy storage, as well as other functional properties such as
mechanical and catalytic properties [143].

Several processing techniques were reported for the prep-
aration of the 3D graphene-based supercapacitor electrodes.
For instance, a template-directed assembly technique was
developed to fabricate 3D macroporous bubble graphene
foam. Cheng et al. used monodisperse polymethyl methacry-
late (PMMA) spheres as hard templates, which were then
removed via calcination at 800 �C [144]. The resultant 3D
bubble graphene structure provides controllable and rather
uniform macropores and tailorable overall microstructure,
therefore leading to a high capacitance retention of 67.9%
with increasing a scanning rate up to 1000 mV s�1 (see Fig. 7).
However, the annealing procedure at high temperature (i.e.,
~800 �C) can cause aggregation of graphene sheets, resulting
in a decreased specific area to 128.2 m2 g�1. In a further work,
Choi et al. employed polystyrene colloidal particles as a
template, which were subsequently removed with toluene
[117]. This low-temperature solution technique avoids the
restacking of graphene sheets and the collapse of porous
structure. It also shows a good electrical conductivity
film; (c) low and (d) high magnification SEM images of the cross-section of the

GF sample [144]. Copyright 2012, the Royal Society of Chemistry.
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(1201 S m�1). The hybrid electrode incorporating this 3D
graphene foam as scaffold supports the growth of a thin layer
of amorphous MnO2 in to the graphene framework (see
Fig. 8). The MnO2-e-CMG nanocomposites with the large
surface area and high conductivity of the interconnected 3D
framework facilitate fast ionic transport show the superior
electrochemical properties, i.e., a capacitance value of
389 F g�1 at 1 A g�1, 97.7% capacitance retention on a current
increase to 35 A g�1, an energy density of 44 W h kg�1 and a
power density of 25 kW kg�1, as asymmetric supercapacitors
with a potential window of 2.0 V.

In the fabrication processes discussed above, the resultant
graphene foams are of chemically reduced graphene oxides,
which can include structural defects and chemical moieties
introduced in the synthesis procedures [145]. Therefore, the
electrical conductivity of the as-prepared graphene foams can
be largely comprised. In addition to 3D graphene foams using
polymer spheres as a sacrifice template, chemical vapor
deposition (CVD) on Ni foam is also used as an efficient
process to synthesize graphene foams, which can be seam-
lessly continuous and highly conductive with fewer defects for
Fig. 8. (a) Schematic illustrating the fabrication of 3D macroporous MnO2-chemical

TEM images of chemically modified graphene film. (deg) EDS mapping of C, O, M

film. Reproduced with permission [117]. Copyright 2012, American Chemical Soc
fabrication of monolithic 3D nanocomposite-type electrode.
Zhang et al. prepared 3D graphene networks by using Ni foam
as a sacrificial template by a facile CVD process with ethanol
as a carbon source (see Fig. 9) [146]. The 3D graphene net-
works were superior templates for the construction of
graphene-NiO 3D nanocomposites for supercapacitor elec-
trodes. The high conductivity, which is almost comparable to
that of the pristine graphene, and a great specific surface area
can promote a rapid access of electrolyte ions to the NiO
surface and facilitate the fast electron transport between the
active materials and current collectors in supercapacitor. The
NiO-graphene 3D nanocomposite has a high specific capaci-
tance of ~816 F g�1 at the scanning rate of 5 mV s�1, and a
stable cycling performance without much degradation after
2000 cycles. Dong et al. designed nanocomposite materials,
which incorporate Co3O4 nanowires into graphene foam, and
the Co3O4 nanowires are assembled into 3D graphene foam
and synthesized via chemical vapor deposition using nickel
foam as sacrifice substrates [147]. This electrode material
delivers a specific capacitance of ~1100 F g�1 at the current
density of 10 A g�1 with an enhanced specific capacitance
ly modified graphene films. (b) and (c) low-magnified cross-sectional SEM and

n and overlay elements on a segment of MnOs-chemically modified graphene

iety.
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after 500 cycles. Xie et al. reported graphenne-MnO2 3D
nanocomposite network developed by electrochemically
depositing MnO2 at a mass loading of 9.8 mg cm�2 (i.e.,
~92.9% of the mass of the entire electrode) into 3D graphene
using Ni foam as a template [148]. This flexible nano-
composite electrode shows an area capacitance of 1.42 F cm�2

at the scanning rate of 2 mV s�1 and a desired cycling ability,
demonstrating that 3D graphene networks are an excellent
supporter for active materials.

Graphene aerogels (GAs) and hydrogels are a novel class of
ultralight and porous carbon-based materials exhibiting both
high strength-to-weight and surface-area-to-volume ratios
[149e151]. The 3D porous frameworks of GAs can provide
multidimensional ion/electron transport pathways, offering
easy access even to solid-state electrolytes, and minimize
transport distances between bulk electrode and electrolytes
[117,152e154]. These features enable GAs to be potentially
used as additive/binder-free electrodes in electrochemical ap-
plications. Müllen et al. demonstrated a simplified prototype
device of high-performance electrode materials based on 3D
nitrogen and boron co-doped monolithic graphene aerogels
(BN-GAs) developed by an one-step hydrothermal reduction
process (see Fig. 10). The as-derived BN-GAs electrodes
exhibit a specific capacitance of ~62 F g�1, a good rate
capability, an enhanced energy density of ~8.65 W h kg�1 and
a power density of ~1600 W kg�1 [132]. Similarly, 3D self-
assembled graphene hydrogel was prepared via chemical
reduction of aqueous GO dispersions with sodium ascorbate.
Shi et al. reported that the graphene hydrogel shows a well-
defined and cross-linked 3D porous structure with pore sizes
Fig. 9. Photographs of (a) Ni foam before and after the growth of graphene, and (b) 3

foam. SEM images of (c) 3D graphene networks grown on Ni foam after CVD a

graphene sheet. The inset shows the SAED pattern of graphene sheet. (f) Raman

GmbH & Co. KGaA, Weinheim.
ranging from sub-micrometers to micrometers and a high
electrical conductivity [155]. The specific capacitance
measured was ~240 F g�1 at a chargeedischarge current
density of 1.2 A g�1 in 1 M aqueous solution of H2SO4. Xu
et al. reported a scalable approach to produce aqueous dis-
persions of holey graphene oxides (HGO) with abundant in-
plane nanopores via a convenient mild defect-etching reac-
tion approach. They found that the holey graphene oxides
could function as a versatile building block for the assembly of
macrostructures, i.e., holey graphene hydrogels with 3D hi-
erarchical porosity and improved specific surface areas. The
holey graphene hydrogel (HGH) could be directly used as
binder-free supercapacitor electrodes with a specific capaci-
tance in the range of 283 F g�1 to 234 F g�1, as well as
excellent rate capability and cycling stability [156].

Certain polymers are incorporated into graphene aerogels.
An et al., used multi-redox anthraquinone derivative alizarin
(AZ) molecules to modify 3D self-assembled graphene
hydrogels (SGHs) by a non-covalent functionalization process.
The resultant AZ-SGHs hybrid electrodes show an excellent
capacitive performance in terms of wide voltage window (i.e.,
1.4 V in 1 mol L�1 H2SO4 solution), and a greater specific
capacitance (i.e., 350 F g�1 at 1 A g�1, which are two times
greater than those of bare SGHs), and a high rate capability
(i.e., specific capacitance at 200 A g�1 is 61% of that at
1 A g�1). Noted that desirable self-synergy and potential self-
matching behavior are achieved when the resultant AZ-SGHs
electrodes are integrated into a symmetric supercapacitor. The
integrated devices deliver a high energy density of
18.2 W h kg�1 at 700 W kg�1, compared favorably to other
D graphene networks obtained in a single CVD process after removal of the Ni

nd (d) 3D graphene networks after removal of Ni foam. (e) TEM image of a

spectra of 3D graphene networks [146]. Copyright 2011, Wiley-VCH Verlag



Fig. 10. Preparation and characterization of HGH. (a) Photographs of a HGO aqueous dispersion (2 mg/mL) and as-prepared HGH. (b) Photographs of a series of

HGHs with different sizes and shapes. (c) Low- and (d) high-magnification SEM images of the interior microstructures of freeze-dried HGH. (e) Specific ca-

pacitances versus current densities [132]. Copyright 2015, American Chemical Society.
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symmetric supercapacitors (<10 W h kg�1) in aqueous elec-
trolyte solutions, and exhibit an extraordinary rate capability
with 64% of specific capacitance being retained when the
current density increases from 1 to 50 A g�1 [157]. Chen et al.
developed a novel type of electrode material with the unique
structure of low-conductive electroactive polyhydroquinone
(PHQ) being coated into a highly conductive three-
dimensional (3D) porous graphene hydrogel (GHG). The 3D
nanohybrid-type electrode materials were prepared via a one-
step reaction between graphene oxide and hydroquinone under
mild conditions. Due to the contribution of large specific
capacitance of PHQ and 3D porous structure of GHG, the 3D
nanohybrids electrode material showed a specific capacitance
of 490 F g�1 at the current density of 24 A g�1 [158].

Although these bulk 3D graphene hydrogels can be facilely
prepared by an one-step hydrothermal method, their inflexible
structures and low mechanical strength restrict their applica-
tions as a flexible electrode [97]. Recently, Duan et al.
demonstrated a free-standing holey graphene (HGF) frame-
work developed via pressing bulk hydrogel into a high-density
hydrogel film that is attached onto a flexible current collector.
It was assembled into an all-solid-state flexible supercapacitor
with polyvinyl alcohol (PVA) gel electrolyte [159]. The HGF
electrode material was demonstrated with a gravimetric
capacitance of 298 F g�1 and volumetric capacitance of
212 F cm�3 in organic electrolytes, and a stable capacitance
retention of 87% after 10,000 cycles.
4. Conclusion and outlook

Graphene-based materials in different forms of 0D, 1D, 2D
to 3D have proven to be excellent candidates of electrode
materials in electrochemical energy storage systems, such as
supercapacitors. In recent years, considerable efforts have
been made on the structural design, material fabrication, per-
formance evaluation, as well as understanding of the key
electrochemical phenomena observed. To realize the expected
full-scale practical application, the quality and reproducible
quantity of the electrode materials both will have to be further
improved, in particular with the development of the most
desired structures tunable in nano-, micro-, meso- and macro-
scales. The low cost and effective process to produce
graphene-based materials is the chemical exfoliation of
graphite into GO and the subsequent reasonable reduction of
GO to rGO. However, before the large scale application of this
facile processing method in electrochemical energy storage
devices, the stabilization of single or few-layer graphene
sheets in various solvents and the preservation of their intrinsic
properties must be addressed in order to break the bottleneck
of re-stacking of graphene sheets. This review summarized
recent development on graphene-based materials for super-
capacitor electrodes based on their structural complexity:
zero-dimensional (0D) (e.g. free-standing graphene dots and
particles), one-dimensional (1D) (e.g. fiber-type and yarn-type
structures), two-dimensional (2D) (e.g. graphene-based
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nanocomposites films and papers), and three-dimensional (3D)
(e.g. graphene-based foams and hydrogels).

To fabricate supercapacitors with free-standing graphene
particles, slurry casting method was generally employed, in
which the active material powders were mixed with polymer
binder and conductive additives to connect electrode material
with current collectors. However, these polymers and the
conductive additives generally make little contribution to the
overall capacitance and decrease both the volumetric and
gravimetric capacitance of electrodes. Compared to the free-
standing graphene particles, supercapacitors made of 1D
fiber-type or yarn-type and 2D graphene-based films as elec-
trode can be made binder- and collector-free. These 1D and
2D structures possess a high electrical conductivity and a su-
perior mechanical flexibility. However, the structures with
moderate rate stability and power density are achieved due to
the porous structure and varying degrees of graphene sheet
aggregation, which can affect the effective diffusion of elec-
trolyte ions. The interconnected graphene networks and
tunable porous structure in varying scales, which can be ach-
ieved in 3D graphene foam/hydrogels, can lead to a better
control in the restacking of graphene sheets, therefore having
the improved rate and power performance, although their
mechanical strength can be compromised.

To develop the graphene-based materials as supercapacitor
electrodes and broaden their applications into other energy
storage devices, the following future aspects should be
considered:

(i) Graphene-based electrode materials with different ar-
chitectures exhibit varying physical, mechanical and
chemical behaviors, therefore affecting their perfor-
mance in energy storage. Compared to the 0D, 1D and
2D structures, more attention should be paid to further
exploring the tunable 3D graphene networks with
interconnected porous structure, which can be manip-
ulated for large internal surface area, ion/charge path-
ways, and avoiding the dead volume and collapse of the
overall structures.

(ii) The nanocomposites consisting of graphene-based and
pseudocapacitive materials, i.e., those graphene/
conductive polymers, graphene/metal oxides or hy-
droxides, are promising for achieving the long awaited
requirement of both power density and high energy
density. Therefore, there is a need to future explore
efforts on the clarification of the nanohybrid structures
and the control of the interfacial interaction between
graphene and pseudocapacitive materials in order to
improve the overall Faradic processes across the
interface.

(iii) The rapid development of flexible electronics requires
flexible and deformable energy storage devices.
Therefore, future studies focus on the development of
mechanical flexibility of graphene-based materials for
supercapacitors and other energy storage devices.

(vi) The multifunctional or self-powered hybrid systems
will be of considerable interests for future development.
Recent pioneer work on the combination of flexible
supercapacitors with other electronic and energy de-
vices (i.e., solar cells, Li-ion batteries, electrochromic
devices and nano-generators) were reported. Therefore,
the integration of graphene-based supercapacitors with
these devices will be of considerable values and a
challenge as well.
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