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Graphene, a one-atom-layer-thick carbon-structured material, has attracted
global research attention due to its unique two-dimensional structure, high
electrical conductivity, superior electron-transfer properties and charge-carrier
charge-carrier mobility, large specific surface area, high transparency, and good
mechanical properties. After its successful isolation into the free standing form
in 2004, various graphene nanostructures have been developed and incorporated
as key components in supercapacitors, lithium-ion batteries, solar cells, and fuel
cells; the energy supporting devices which hold the key role to sustain our energy
demand well into the future. Herein, we summarized the recent progress and
performance of these graphene–nanostructure-based devices. C© 2012 John Wiley &
Sons, Ltd.
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INTRODUCTION

E nergy supply and its supporting technology have
rapidly emerged into an important research and

development theme in the twenty-first century con-
sidering that constant global energy demand should
be fulfilled in a sustainable way. The current pri-
mary energy resources, fossil fuel and coal, are al-
ready deemed environmentally incompatible; highly
responsible for global warming effects, ozone layer
depletion, biosphere and geosphere destruction, and
ecological devastation.

Developing more efficient energy conversion
technologies, large-capacity energy storage devices,
and harnessing renewable energy devices are the pri-
mary objectives. In these respects, solar cells, fuel

†These two authors have contributed equally to the work.
∗Correspondence to: zhilj@nanoctr.cn
1National Center for Nanoscience and Technology, Zhongguan-
cun, Beijing, P. R. China
2Australian Research Council (ARC) Centre of Excellence for Elec-
tromaterials Science, Institute for Technology Research and Inno-
vation, Deakin University, Burwood, Victoria, Australia
3Department of Chemical Engineering, Curtin University, Perth,
Australia

DOI: 10.1002/wene.38

cells, rechargeable lithium (Li)-ion batteries (RLBs),
and electrochemical double-layer capacitors (EDLCs)
are recognized as the best energy technologies with
zero waste emission.1–10 In all of these devices, how-
ever, electrode materials are the basic and essential
component and generally determine their overall per-
formances, efficiencies, and costs.

Graphene, a two-dimensional material with
a single atomic thickness is the building unit
for graphite. Since the first successful isolation of
graphene in 2004,11 its properties (e.g., room tem-
perature quantum Hall effect,12 optical properties,13

mechanical properties, and thermoelectrical transport
properties14) have been the subject of constant in-
tensive investigation Graphene is deemed well suited
for electrochemical applications given that it pro-
vides many good properties such as high electrical
conductivity, very large surface area, unique electron-
transfer and charge-carrier mobility, high electro-
catalytic activity, and high transparency.15–19 Very
recently, graphene and graphene-based materials have
also been utilized as electrode materials in energy-
related devices on which promising results were
demonstrated.20–24 The development of this area is
so fast that significant progress has been achieved
since our last review paper published at 2009.24 This
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review intends to summarize the very recent sta-
tus and progress in the application of graphene and
graphene-based nanostructures inside clean energy
supply and storage devices and their performances,
including, particularly, EDLCs, RLBs, solar cells, and
fuel cells.

GRAPHENE NANOSTRUCTURES IN
ELECTROCHEMICAL
SUPER-CAPACITORS

In principle, electrochemical supercapacitors (ECs)
can store energy by using either ion adsorp-
tion (EDLCs) or fast surface redox reactions
(pseudocapacitors).25 These power devices can be
fully charged and/or discharged in seconds. Relative
to batteries, they have lower energy density (∼5 Wh
kg−1) and a substantially larger power density (∼10
kW kg−1). An EC cell is normally comprised of two
porous carbon electrodes separated by a porous sep-
arator. The current collectors made from metal foil
or carbon impregnated polymers are also included as
the outermost layers to convey the electrical current
from each electrode.

The superior energy density of the ECs (with
respect to that of conventional capacitors) has been
made possible by the very large specific surface area of
the electrode material. For this purpose, the employ-
ment of nanomaterials with large surface area and
high electric conductivity is crucial with the aim to
enhance the EC performance. Currently, the core elec-
trode materials are carbons, metal oxides, and con-
ducting polymers, whereby activated carbon is by far
the most commonly used material due to its superior
conductivity and the high specific surface area. Most
of the surface area in the activated carbon neverthe-
less arises from its interior pores, which unfortunately
cannot be fully utilized in EC; in particular, pores
with diameters smaller than 1 nm are inaccessible to
the electrolyte.26 No such problem, luckily, exists for
graphene-based materials. More favorably, graphene
demonstrates immense theoretical and practical ad-
vantages, such as excellent capacitance and low pro-
duction costs.

The key pursued points to promote the per-
formance of graphene in EC which relies largely on
a double-layer capacitor principle is to enlarge the
specific surface area by controllable layer stacking
and distribution of the electrode material. Ruoff’s
group devoted great efforts in fabricating graphene-
based EDLCs. They incorporated chemically mod-
ified graphene as electrode material for EDLC on
which three electrolytes, namely, KOH, acetonitrile

and propylene carbonate were used which showed
different performances.27 The specific capacitance in
KOH during charge at 40 mV s−1 scan rate remained
almost constant at 116 F g−1 between 0.1 and 0.9
V. The specific capacitance in acetonitrile during dis-
charge at 20 mV s−1 scan rate was 100 F g−1 from
1.5 to 0 V (fully discharged condition). The spe-
cific capacitance in propylene carbonate during dis-
charge at 20 mV g−1 was ∼95 F g−1 from 2.0 to
0 V (fully discharged condition). Another innova-
tion on the synthesis of graphene-based EDLC from
Ruoff’s group is the microwave assisted exfoliation
and reduction of graphite oxide.28 The thin crum-
pled and electronically conductive graphitic sheets
were prepared via a simple and quick process in one
minute. Using KOH as electrolyte, the specific ca-
pacitance of 191 F g−1 at 150 mAh g−1 discharge
current was attained. Very recently, another work
also reported that a porous carbon synthesized from
graphene had a Brunauer–Emmett–Teller (BET) sur-
face area of up to 3100 m2 g−1.29 This work hypoth-
esized that this sp2-bonded carbon possesses a con-
tinuous three-dimensional network of highly curved,
atomic thick walls, leading to the formation of 0.6–5
nm width pores (Figure 1). The electrical conductivity
of this carbon was quite high, whereas its O and H
content were relatively low. The performance of this
material in EDLCs was probed using a two-electrode
symmetrical supercapacitor cell. The reported spe-
cific capacitance was 165, 166, and 166 F g−1 at
current densities of 1.4, 2.8, and 5.7 A g−1, respec-
tively, with the corresponding volumetric capacitance
of about 60 F cm−3 (Figure 2). Aside from these re-
ported excellent performances, they claimed that the
synthesis processes were readily scalable to industrial
levels.

Using porous MgO layers as template, graphene
that features one to two nanomesh-layered struc-
ture with specific surface area of up to 1654 m2

g−1 was synthesized on gram amount.30 The ob-
tained enlarged surface area with respect to graphene
(graphene sheets are easily to stack and leads to
severely reduced surface area) is claimed to be caused
by the mass pores with diameter of ∼10 nm. The re-
sultant uniform structures, in turn translate to excel-
lent capacitance behavior in EDLC on which a specific
capacitance of 255 F g−1 was obtained at 10 mV s−1

scan rate in 6 M KOH.
The existence of pores in graphene nanosheets

(GNSs) tends to improve the specific surface area and
thus enhance the capacitance of EC. Nevertheless,
these pores also contribute to the increased resistance
of the electrode, which is unfavorable for the trans-
port of both electrons and ions. To this end, Miller
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FIGURE 1 | (a) Schematic pictures of the microwave exfoliation/reduction of the graphite oxide (GO) and the following chemical activation of
microwave exfoliated graphite oxide (MEGO) with KOH which create pores whilst retain high electrical conductivity. (b) Low-magnification
scanning electron microscopy (SEM) image of a three-dimensional a-MEGO piece. (c) High-resolution SEM image of a different sample region that
demonstrates the porous morphology. (d) Annular dark field (ADF)-scanning transmission electron microscopy (STEM) image of the area in (c),
acquired simultaneously. As observed, a-MEGO contains micro and mesopores with a size distribution between 1 nm and 10 nm. (e)
High-resolution phase contrast electron micrograph on the thin edge of a-MEGO chunk, taken at 80 kV. There is a variation in focus across the
image due to the sloped nature of the sample and changes in sample thickness. The image shows the presence of a dense network of
nanometer-scale pores surrounded by highly curved, predominantly single-layer carbon. (f) Exit wave reconstructed high-resolution–transmission
electron microscopy (HR-TEM) image at the edge of a-MEGO. The in-plane carbon atoms are clearly resolved, and a variety of n-membered carbon
rings is displayed. Substantial curvature of the single-carbon sheets is visible, with the in-plane crystallinity being preserved. (Reprinted with
permission from Ref 29. Copyright 2011, AAAS.)

FIGURE 2 | Supercapacitor performance of a-MEGO (SSA ∼ 2400 m2 g−1) in the BMIM BF4/AN electrolyte. (a) CV curves at different scan
rates. Rectangular shapes indicate the capacitive behavior. (b) Galvanostatic charge–discharge curves of a MEGO-based supercapacitor under
different constant currents. (Reprinted with permission from Ref 29. Copyright 2011, AAAS.)

et al.31 demonstrated efficient filtering of 120 Hz
current with EC using electrodes made from verti-
cally oriented GNSs grown directly on metal current
collectors, as shown in Figure 3. In marked contrast
with the typical resistance capacitor (RC) time of ∼1

second noted in normal EDLCs, this novel design
demonstrates less than 200 μs time attributed to the
minimized electronic and ionic resistances. Moreover,
unlike the normal designs, which rely on basal plane
surfaces of graphene sheets, these graphene sheets
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FIGURE 3 | (a) Scanning electron microscopy (SEM) micrograph of coated Ni electrode. (b) SEM micrograph of a coated fiber, showing plan and
shallow-angle views. (Reprinted with permission from Ref 31. Copyright 2010, AAAS.)

have a preponderance of exposed edge planes, which
greatly improve the charge storage.

Typically, graphitic carbon-based materials are
randomly oriented with respect to the current col-
lectors in a conventional stacked geometry in ECs. As
such, the electrolyte ions cannot penetrate into the far
side of the graphitic planes, thus resulting in incom-
plete utilization of the electrochemical surface area
of graphene layers.32 To overcome this shortcoming,
Yoo et al.32 designed a novel thin-film energy device
called ‘in-plane’ graphene EC, so that the surface of
every graphene layer can be exploited more efficiently.
The gravimetric capacitance of the active material at-
tained from the device is 247.3 F g−1. They have the
opinion that the reported geometry can be easily ex-
tended to other thin-film-based EC and adapted to
numerous structural and hybrid designs for energy
storage devices.

Another reported strategy toward full utiliza-
tion of the intrinsic surface capacitance and specific
surface area of single-layer graphene was to prepare
curved graphene sheets, which would not be restacked
face to face.33 When the sheets were packed and
compressed into an electrode structure, a mesoporous
structure was formed with a pore size in the range of
2–25 nm. A specific energy density of 85.6 Wh kg−1

at room temperature and 136 Wh kg−1 at 80◦C (all
based on the total electrode weight) was shown at a
current density of 1 A g−1. In comparison with the Ni
metal hydride battery, it shows similar energy density
but with much higher power density. The mesopore
structure is also beneficial in terms of the upper limit
potential attainment (up to 4 V) when ionic liquids
are used as electrolytes.

Recently, self-assembled graphene and/or
graphene oxide hydrogels attracted great
attention.34,35 Particularly, a great deal of ef-
fort has been devoted to exploring the applications of

these novel three-dimensional porous graphene net-
works in EDLCs.35–37 The unique three-dimensional
morphology allows most of the graphene sheets
to be exposed to electrolyte, and provides open
channels for the ionic diffusion. The fabricated
EDLC showed a high specific capacitance of about
200 F g−1 at a low-discharge current density (0.3 A
g−1). Despite this, the capacitance decreased greatly
at a high discharge rate, which was attributed to the
low conductivity of the hydrogel. To improve the
performance, a further study aiming to enhance the
conductivity was performed by reducing the hydrogel
with hydrazine and hydroiodic acid.36 The chemically
reduced hydrogel exhibited a higher specific capaci-
tance of 220 F g−1 at 1 A g−1. Interestingly, 74% of
the capacitance could be maintained as the discharg-
ing current density was increased up to 100 A g−1.
Based on these results, the research went a step fur-
ther by inviting pseudocapacitance into the graphene
hydrogel. 2-Aminoanthraquinone (AAQ) molecules
were covalently grafted onto graphene hydrogels
for supercapacitor electrodes, and the capacitance
reached 258 F g-1 at a discharge current density of
0.3 A g-1.37 The high performances of the graphene
hydrogel-based supercapacitors make it pro-
mising for high rate charge–discharge applications.

Indeed, realizing mass production of individ-
ual graphene sheets is not an easy case. Nonethe-
less, some improvements and innovations have been
demonstrated by these previous two works.32,33 Fur-
thermore, another method of intercalating conduc-
tive materials into the spacing between graphene lay-
ers to obtain separated graphene sheets has been
reported. Carbon nanotubes (CNTs) and mesoporous
carbon spheres were chosen to synthesize interca-
lated graphene composites.38,39 For the first time, Fan
et al.38 prepared three-dimensional CNT/graphene
sandwich structures with CNT pillars grown
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in-between the graphene layers using chemical va-
por deposition (CVD) approach. The BET surface
area of this material is substantially higher relative
to graphene, indicating the effective intercalation and
distribution of CNTs in between the graphenes. The
resultant CNT/graphene-based EC exhibits a specific
capacitance of 385 F g−1 at 10 mV s−1 in 6 M
KOH. After 2000 cycles, an increased capacitance
(∼20% of the initial capacitance) is noticed, high-
lighting excellent electrochemical stability of the elec-
trode. Lei et al.39 synthesized similar structure using
mesoporous carbon spheres as the spacers and further
measured the EC performance. They reported strik-
ing performance features, e.g., that the capacitance
remains at 94% of the initial capacitance even after
1000 cycles of galvanostatic charge–discharge.

Nitrogen-doped graphene-based ECs exhibit
comparable capacitances to those of utilizing pseudo-
capacitor principle yet featuring the robust charging
mechanisms of ultracapacitors within the electrical
double layers to the extent that excellent cycle lives
are attained, thus fulfilling their inherent function as
long-term energy storage devices.40 In this case, Jeong
et al.40 fabricated ECs using nitrogen-doped graphene
made from a simple plasma process. The obtained ca-
pacitance is ∼280 F gelectrode

−1, approximately four
times of that shown by pristine graphene-based EC.
Moreover, the device demonstrates excellent cycle life
(>200,000 cycles) and high power capability. It has
also been reported that a human armband-shaped EC
comprised of nitrogen-doped graphene, Ni, and con-
ductive paper is able to power a light-emitting diode
(LED).40

As previously mentioned, graphene exploits
electrical double-layer capacitance effects as facili-
tated by its large specific surface area and electri-
cal conductivity. As another capacitance contributing
mechanism, pseudocapacitance can also contribute
to the total capacitance, typically observed in active
metal oxides such as RuO2, NiO2, and MnO2.41–44

The significant drawback of such pseudocapacitors,
however, is the limited cyclability of the electrodes.
The breakthrough to achieve high power and high
energy density hybrid ECs with long-cycle life seems
to lie in the development of novel electrode materi-
als, presumably through rational design of material
combination, morphology, and size as well as proper
choice of electrolytes which can support high voltages
operation while featuring excellent ionic conductiv-
ity and electrochemical stability.44 For this purpose,
graphene (as a support and excellent electron trans-
port media) in combination with transition metal ox-
ides has been used to construct different nanostruc-
tures to achieve high-performance ECs.

By combining sol–gel and low-temperature an-
nealing processes, Wu et al.41 prepared hydrous
ruthenium oxide (RuO2)/graphene sheet composites,
wherein the graphene sheets are well separated by fine
RuO2 particles (5–20 nm). The fabricated ECs dis-
plays high specific capacitance of 570 F g−1 at 38.3
wt% Ru loading, excellent electrochemical stability
(97.9% retention after 1000 cycles) and high energy
density (20.1 Wh kg−1) at low current rate (100 mA
g−1) and high power density (10,000 W kg−1) at a rea-
sonable energy density (4.3 Wh kg−1). They argued
that a synergistic effect of graphene and RuO2 was
responsible for the excellent EC performance because
the overall specific capacitance of the as-prepared
composites was higher than the sum of specific capac-
itances of pure graphene and pure RuO2 in their rela-
tive ratios. Another similar design using nickel oxide
nanoparticles as the active material was reported by
Lv et al.42 Membrane-like graphene/NiO hybrid ma-
terials with a layered sandwich nanostructure were
prepared by a multistep assembly approach, which
showed better electrochemical energy storage perfor-
mance than the individual graphene membranes.

A promising way to allow the increased cell
voltage and the energy density is to develop asym-
metric ECs, which comprise a battery-type Faradaic
electrode and a capacitor-type electrode to combine
the advantages of both energy storage devices. A
novel asymmetric EC device operated in neutral elec-
trolyte using graphene/MnO2 and activated carbon
nanofiber materials as the positive and negative elec-
trodes, respectively was reported by Fan et al.43 The
graphene/MnO2 composites were synthesized by self-
limiting deposition of nanoscale MnO2 on the surface
of graphene under microwave irradiation. The asym-
metric EC features favorable energy density (51.1
Wh kg−1) and power density (198 kW kg−1) as well
as long cycle life (e.g., 97.3% specific capacitance
was retained after 1000 cycles). Very recently, Yu
et al. reported a solution-processed graphene/MnO2

nanostructured textile for high-performance EC.44 In
their protocol, graphene sheets were first coated on a
three-dimensional, porous textiles support structures
followed by electrodeposition of pseudocapacitive
MnO2 nanomaterials on the textile. A specific capac-
itance of 315 F g−1 was obtained. Further on, asym-
metric ECs were prepared using graphene/MnO2-
textile as the positive electrode and single-walled
CNTs (SWNTs) textile as the negative electrode in an
aqueous Na2SO4 electrolyte solution. The attained
power density of 110 kW kg−1 and an energy den-
sity of 12.5 Wh kg−1 seem to be lower relative to
those obtained in Fan and co-workers’ work,43 yet
the demonstrated cycling performance (e.g., ∼95%
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capacitance retention over 5000 cycles) is substan-
tially better.

To summarize, the recent advances in graphene-
based ECs include complete utilization of the specific
surface area of graphene, fabrication of graphene-
based flexible or portable EC devices and asymmet-
ric ECs including utilization of graphene as additives
in ECs. There is no doubt that graphene will be the
core material in the future ECs and that the nanoar-
chitecture will play a key role in developing high-
performance energy storage devices.

GRAPHENE NANOSTRUCTURES IN
LITHIUM-ION BATTERIES

Lithium-based rechargeable batteries offer high en-
ergy density and small size and therefore have
emerged as the most common power sources for
portable electronics.45 Needless to say that although
every component of the battery (e.g., cathode, an-
ode, and electrode) are crucial and has kept attracting
great research attention till recent years, the electrode
particularly cathode materials largely determines the
overall cell performance. The intercalation of Li+ in
cathode materials proceeds by the simultaneous in-
sertion of Li+ ions in cathode’s crystal lattices and
reduction of the transition metal ion (the latter to sat-
isfy the compound’s electricity neutrality criterion).
For anodes, upon charging, Li+ ions that come from
cathode materials will pass through the electrolyte
and intercalate into the anode to form Li/C or al-
loy structures.24 Upon discharging, the process is re-
versed. To comply with the industrial requirements
in terms of safety, volumetric density, coulombic ef-
ficiency, and cycle life, bulk particles have been used
to fabricate the electrodes. Nonetheless, a challenge
remains to scale up Li-ion batteries (LIB) for more de-
manding applications such as in hybrid electric vehi-
cles, considering the presumed excessive polarization
at high charge–discharge rates and low power den-
sity for this battery type.46 In this regard, controlling
nanostructure of the electrode materials to increase
the Li+ transport rate in the solid phase has be-
come popularized to achieve novel energy storage de-
vices having both high energy density and high power
density.

Graphene has already displayed its great poten-
tial by replacing conventional anode materials due
to its higher specific capacities and higher power
densities. Graphene is also beneficial in terms of its
high coulombic efficiency (the ratio of the extracted
Li to the inserted Li), allowing reversibly charging–
discharging intercalation process at low potentials,

which translates into a high specific capacity. In ad-
dition, graphene’s two-dimensional edge plane sites
aids in Li-ion adsorption and diffusion, resulting in
reduced charging period and increasing power out-
puts. The very large specific surface area of graphene
not only increases the available interfaces for interac-
tion with Li+ (the solid electrolyte interphase (SEI)
increased as well) yet acts as good base platform to
form composites with other active materials. There-
fore, large amount of works have been focused on
the nanostructure control and development of intrin-
sic graphene-based electrode materials and graphene
composites for LIB.47–61

Theoretical calculation suggests that every six
carbon atoms can only host one Li ion to form a
LiC6 structure when Li ions are intercalated into
the graphene layers of anode graphite,resulting in a
maximum theoretical capacity of 372 mAh g−1 for
graphite. As graphene layers are stacked orderly in
graphite with layer spacing of 0.334 nm, fully exfoli-
ated graphene layers can afford much higher capacity
than graphite because Li ions can be stored on the
two sides of one graphene layer. The arrangement and
morphology of graphenes in the material might thus
influence significantly the anode electrochemical per-
formance. To this end, controlling the intergraphene
sheet distance by modifying the graphene preparation
procedures and/or through interaction with molecules
such as CNTs or fullerenes (C60) have been pursued.

Reduction of graphene oxide is a common
method to synthesize graphene materials. Wang
et al.47 use this procedure to synthesize GNSs in
large quantities with special morphologies. The GNSs
agglomerated and crumpled naturally into shapes
resembling flower petals (Figure 4). The electrochem-
ical properties of the curved graphene sheets (as an-
odes in LIB) were evaluated using constant current
charge–discharge cycling at 0.02–0.03 V and 1 C rate.
A reversible capacity of 650 mAh g−1 was obtained.
They proposed that the Li ions are adsorbed on both
sides of the graphene sheet, which were arranged like
a ‘house of cards’ in hard carbons, leading to two
layers of Li for each graphene sheet and a theoreti-
cal capacity of 744 mAh g−1 (by forming Li2C6).48,49

Thus the as-prepared graphene allows larger capac-
ity comparable to that for highly exfoliated graphene
materials.

Electrochemical exfoliation of graphite is a
novel process to prepare graphene materials. The ex-
foliated graphitic platelets exhibit different morphol-
ogy and size with respect to the graphite and graphene
sheets and has also been employed as the anode ma-
terial in LIB.50 The graphitic platelets are of submi-
cron thickness and show similar lattice structure with
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FIGURE 4 | (a) Low-magnification FEG–SEM image of loose graphene nanosheet (GNS) powders. (b) High-magnification FEG–SEM view of
GNS petals. (Reprinted with permission from Ref 47. Copyright 2010, Elsevier.)

the original graphite. The attained reversible capacity
was similar to that of graphite with better rate ca-
pability. For example, substantial capacity reduction
was not noticed at higher charge rates of 3 C and 5
C (relative to the capacity at 1 C). The shortened Li+

diffusion distance and well-defined lattice structure
were argued to be the main responsible factors. The
novel graphitic material might thus complement the
common graphite and graphene and be considered
further as a potential anode material for LIB.

Although the intrinsic monolayer graphene
might enable high theoretical capacity, it is deemed
difficult to synthesize fully exfoliated GNSs without
any additions. In one recent study, a graphene-based
electrode using CNTs and C60 as spacers to prevent
the restacking of the graphene sheets was fabricated.51

The reversible capacity of graphene, graphene/CNTs,
and graphene/C60 materials were shown to be signif-
icantly altered as a function of the d-spacing of the
GNSs. The modified electrodes showed a specific ca-
pacitance of 540, 730 and 784 mA h g−1 for graphene,
graphene/CNTs and graphene/C60 materials, respec-
tively. This result demonstrates that the expansion
in the d-spacing between graphene sheets obtained
through combining some spacers seems to create ad-
ditional sites to accommodate Li ions. Another inno-
vation proposed by Fan and colleagues to optimize
the graphene structure might also be used for LIB
applications.30 A three dimensional CNTs/graphene
sandwich structure with CNT pillars grown in be-
tween the graphene layers can be prepared using
CVD. This unique structure is expected to allow
higher ion transport rate and full independence be-
tween each thin layer graphenes. Yang et al.52 success-
fully fabricated nano-graphene-based hollow carbon
spheres with dual shell-exterior mesoporous shells
containing perpendicular nanochannels and interior
graphitic solid shells (Figure 5). As anode material

for LIB, a reversible capacity of ∼600 mAh g−1 and
high-rate capability of ∼200 mAh g−1 at the 10 C rate
were shown.

Increasing the specific surface area of graphene
materials is effective toward improving the capacity
of LIB yet the simultaneous formation of larger SEI
layer substantially reduces the coulombic efficiency.
To prevent the latter, another procedure to improve
the intrinsic specific capacity of graphene by doping
graphene with nitrogen or boron has been reported.53

High power and high energy density LIB under high-
rate charge and discharge conditions was successfully
fabricated using doped graphene as anode materi-
als. The doped graphene shows a high reversible ca-
pacity in excess of 1040 mAh g−1 at a low rate of
50 mA g−1 which is superior to that shown by natu-
ral graphite. Moreover, the device allows fast charg-
ing (∼1 h to several tens of seconds). For instance, a
capacity of 235 mAh g−1 was attained using boron-
doped graphene at 25 A g−1 rate (requires ∼30 s
for complete charge). The excellent performance was
claimed to be attributed to the unique structure of the
graphene and the additional active dopants. Nonethe-
less, the detailed contributing mechanisms of addi-
tional atoms specifically on their interaction with Li
ions are not clear yet.

Because the interaction of intrinsic graphene
and Li ions is restricted in accordance with the Li2C6

formation, the upper limit of graphene’ specific ca-
pacity is expected to be lower relative to several
inorganic materials, regardless of any performed
modification. On another note, anode materials with
superior capacities such as Li, Si, SnO2, and Mn3O4

normally exhibit safety issues related with exces-
sive reactions. For example, large volume change
(∼300%) occurred on SnO2 during charge–discharge
process; causing electrode crumbling and crack-
ing and electrical disconnection from the current
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FIGURE 5 | (a) Schematic illustration of the fabrication of nano-graphene-based hollow carbon spheres. (b, c) Transmission electron microscopy
images of nano-graphene-based hollow carbon spheres. In the exterior walls of NGHCs, nanochannels arrange perpendicularly to the surface of
curved spheres which is favorable for lithium-ion diffusion from different orientations; the interior graphitic solid walls also facilitate the collection
and transport of electrons during the cycling process. (Reprinted with permission from Ref 52. Copyright 2009, John Wiley and Sons, Ltd.)

collectors.54 Here, it might be attractive to employ the
composite concept whereby the advantages of both
graphene and these reactive electrode materials can
be combined.

Kumar et al.50 synthesized Li-intercalated
graphene sheets via the reduction of exfoliated
graphene oxide in liquid ammonia and Li metal. The
lithiated graphene oxide was used as an anode ma-
terial and provided better performance with respect
to the commercially available graphite electrode. Al-
though the preintercalation of Li ions into anode leads
to enhanced performance, the battery capacity seems
to be reduced. Probably, the most attractive features
obtained by incorporating graphene into reactive elec-
trode materials are the improved cyclability and elec-
tron conduction. SnO2/graphene nanoporous elec-
trode was made by Paek et al.54 on which a reversible
capacity of 810 mAh g−1 was demonstrated in the
resultant LIB device. The device also has a long cycle
lifetime as evidenced by 70% retaining of the initial
capacity after 30 cycles. This is of marked improve-
ment relative to the SnO2 nanoparticles. Similarly,
the dimensional confinement of tin oxide nanopar-
ticles by the surrounding graphene may limit the

volume expansion, which occurs during Li insertion
to the extent that the created pores between SnO2

and graphene could be used as buffer spaces during
charge–discharge to sustain favorable cyclic perfor-
mances.

Combining reactive electrode materials with
carbonaceous materials have been widely utilized
to improve the cycle performances of reactive elec-
trode material-based LIBs. Graphene with high
electrical conductivity and sufficient ductility is
of particular interest here. Nonetheless, the tradi-
tional problem of these graphene composites lies
in is the aggregation of metal and metal oxides.
Here, confining their aggregation, using individual
graphene sheet, seems promising.55–57 Yang et al.58

reported the fabrication of graphene-encapsulated ox-
ide nanoparticles with well-defined structures and
further investigated the performance of LIB based
on the resultant graphene/Co3O4 electrode ma-
terial. They demonstrated remarkable Li storage
performance in terms of high capacity (∼1100
mAh g−1 during the initial 10 cycles) and ex-
cellent cycle performance (∼1000 mAh g−1 after
130 cycles).
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FIGURE 6 | Electrochemical characterizations of a half-cell composed of Mn3O4/RGO and Li. The specific capacities are based on the mass of
Mn3O4 in the Mn3O4/RGO hybrid. (a) Charge (red) and discharge (blue) curves of Mn3O4/RGO for the first cycle at a current density of 40 mA g−1.
(b) Representative charge (red) and discharge (blue) curves of Mn3O4/RGO at various current densities. (c) Capacity retention of Mn3O4/RGO at
various current densities. (d) Capacity retention of free Mn3O4 nanoparticles without graphene at a current density of 40 mA g−1. (Reprinted with
permission from Ref 59. Copyright 2010, American Chemical Society.)

Wang et al.59 developed a two-step solution-
phase reaction to synthesize Mn3O4 nanoparti-
cle/reduced graphene oxide (RGO) hybrid. The selec-
tive growth of Mn3O4 nanoparticles onto the RGO
sheets (unlike free particle growth in solution) enables
the electrically insulating Mn3O4 nanoparticles to be
wired-up to a current collector through the underly-
ing conducting graphene network. The hybrid mate-
rial exhibited a high specific capacity up to 900 mA h
g−1, near the theoretical capacity of Mn3O4 (936 mA
h g−1) with a good rate capability and cycling stabil-
ity (a capacity of 730 mA h g−1 at 400 mA g−1 was
retained after 40 cycles). Without graphene presence,
Mn3O4 nanoparticles synthesized using the same pro-
cess showed inferior performance. For example, at a
low current density of only 40 mA g−1, the Mn3O4

nanoparticles showed a capacity lower than 300 mA
h g−1 which decreased further to 115 mA h g−1 after
10 cycles (Figure 6).

Graphene composites such as
graphene/LiFePO4 and graphene/sulfur can also
be used as cathode materials.6061 Very recently,
through wrapping poly (ethylene glycol)-coated
submicron sulfur particles with mildly oxidized
graphene oxide sheets decorated by carbon black

nanoparticles, Wang and colleagues63 synthesized
graphene/sulfur composite for cathode material
application. This material is developed to resolve
several existing problems in Li–S batteries because
sulfur has high theoretical specific capacity of 1672
mAh g−1 as cathode.62,63 Still, practical development
of Li–S batteries is currently hindered by many
problems such as sulfur’s low electrical conductivity,
dissolution of polysulfide in electrolyte, and signif-
icant sulfur volume expansion during discharge.61

The uniform structure of graphene/Co3O4 previously
demonstrated by Yang et al.58 can also be repro-
duced in graphenes encapsulated sulfur particles
for use as cathode materials. They proposed that
the coating layers were crucial to accommodate
the volume expansion of the coated sulfur particles
during discharge and to trap soluble polysulfide
intermediates as well as to contribute toward the
electrical conductivity. Indeed, after 100 cycles, the
specific capacity was maintained at ∼600 mAh g−1

denoting its promise as cathode in LIB.
So far, it can be clearly noted that the pres-

ence of graphene by itself or in conjunction with
other materials to form composites are beneficial and
lead to enhanced electrochemical properties over the
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reactive electrode materials, particularly in terms of
the specific capacity and performances over increasing
cycles. Graphene seems to hold an imminent role in
the future development of this device. Most likely, the
graphene-based composite wherein the graphene acts
as additives, instead of the carbon materials would be
of substantial role in the next generation LIB devices
featuring high energy and power density.

APPLICATIONS OF GRAPHENE IN
SOLAR CELLS

Solar energy is a clean renewable energy resource,
which can be directly converted into electricity by
photovoltaic devices. Graphene has also found its
use in numerous related applications, e.g., transpar-
ent electrodes, dye-sensitized and heterojunction solar
cells.23,24,64–66

Window electrode is a key part in most solar
cells. Presently, indium tin oxide (ITO) and fluorine
tin oxide (FTO) are the benchmark window elec-
trodes in solar cells.67 Nonetheless, several associated
drawbacks exist and limit their efficiency and wide
utilizations, namely, (1) limited indium resource on

earth, (2) ionic diffusion from ITO to polymer lay-
ers in organic solar cell, (3) poor transparency in the
near infrared region, and (4) instability of ITO at
acid or base conditions.68,69 In addition, the fact that
ITO is brittle further restricts its application in flex-
ible organic photovoltaics.70 Thus, alternative win-
dow electrode which is cheap, easily available and
featuring good performance is warranted. Compared
to metal oxides, graphene is more appropriate as al-
ternative window electrode in terms of its electronic
conductivity and two-dimensional structures. More-
over, graphene might have high transparency consid-
ering its very thin atomic layer. To this end, graphene
has been mixed with polymers71 or silica72 to pre-
pare conductive composites. The conductivity of the
resultant composite materials, unfortunately, is quite
low, rendering their impracticality as electrode in op-
toelectronic devices. Very recently, we used exfoliated
graphite oxide as starting material followed by film
deposition and thermal reduction to obtain graphene
films with a transparency of higher than 70% and
a conductivity of several hundred S cm−1, as shown
in Figure 7.68 For the first time, dye-sensitized solar
cells were made utilizing graphene film as window
electrode. This result, in turn, provides an additional

FIGURE 7 | Graphene films, as an alternative to the metal oxides window electrodes for solid-state dye-sensitized solar cells. (a) Atomic force
microscopy (AFM) height image of graphene films (∼10 μm2). (b) Transmittance of a ca. 10 nm thick graphene film (red), in comparison with that
of indium tin oxide (black) and fluorine tin oxide (FTO) (blue). (c) Illustration of dye-sensitized solar cell using graphene film as electrode, the four
layers from bottom to top are Au, dye-sensitized heterojunction, compact TiO2, and graphene film. (d) I–V curve of graphene-based cell (black) and
the fluorine-tin-oxide-based cell (red). (Reprinted with permission from Ref 68. Copyright 2008, American Chemical Society.)
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FIGURE 8 | A transparent graphene film with 85% transparency obtained by a bottom-up chemical approach involving the thermal reaction of
synthetic nanographene molecules of giant polycyclic aromatic hydrocarbons which are cross-linked with each other and further fused into larger
graphene sheets. Such graphene films were applied as window electrodes in organic solar cells. The four layers of the solar cell illustration, from
bottom to top are Ag, a blend of P3HT and PCBM, TGF, and quartz, respectively. (Reprinted with permission from Ref 69. Copyright 2008, John
Wiley and Sons, Ltd.)

motivation to search alternative window electrode
aside from ITO and FTO.

The interaction of graphene and the sub-
strates was reported to be enhanced by choosing
specific graphene precursors. Graphene films pre-
pared via the self-assembly of discotic giant poly-
cyclic aromatic hydrocarbons and further thermal
cross-linking on transparent substrates demonstrated
high stability on processing even in solution.69 The
property of graphene film was improved by this
bottom-up approach using a monodispersed molec-
ular nanographene as building units. The prepared
graphene film showed stronger interactions with the
substrate than that of graphite oxide induced film.
The 4 nm thick film has a transparency of 90%
at a wavelength of 500 nm. Accordingly, the so-
lar cells were successfully fabricated incorporating
such graphene film electrode with 85% transparency.
Under the illumination of the simulated solar light,

the cell with graphene and ITO as electrode ma-
terials showed an overall efficiency of 1.17% and
0.29%, respectively.69 Organic solar cells based on
these graphene electrodes can be easily fabricated, as
shown in Figure 8.

Graphene film prepared by spin coating of
graphite oxide on quartz slice followed by subsequent
reduction were used as window electrode in solar cell
by Chen et al.69,73 Atomic force microscopy (AFM)
results showed that the film thickness was less than
10 nm with the surface roughness of ∼3 nm. The
film transparency was in excess of 80% when the film
thickness was less than 20 nm, whereas the film resis-
tance ranged between 5 k� to 1 M�. The organic
solar cell incorporating this graphene film as elec-
trode exhibited a power conversion efficiency (PCE)
of 0.4%, lower than that of the cell incorporating
ITO electrode (0.84%); probably due to the larger
resistance of the graphene film.
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Graphene film with large area was synthesized
on Ni-coated SiO2/Si wafer using a CVD process.74

On 6–30 nm thick graphene film, the average sheet
resistance varied from 1350 to 210 � sq−1, which
was lower than that of chemically fabricated graphene
oxide films by a factor of 2–3. The graphene film
was then utilized as an anode in the organic photo-
voltaic device. The obtained Voc, Jsc, and FF were
0.32 V, 2.39 mA cm−2 and 27%, respectively.
These parameter values indicate that the cell per-
forms poorly most probably due to the hydropho-
bic property of graphene, which leads to the nonuni-
form coating of polystyrenesulfonate-doped poly(3,4-
ethylenedioxythiophene) (PEDOT:PSS). To improve
the surface wettability, the graphene anode was then
modified by UV/ozone treatment,resulting in higher
PCE of 0.74%. Accordingly, noncovalent functional-
ization with pyrene buanoic acid succidymidyl ester
(PBASE) was trialed to modify graphene. The solar
cell using a PBASE-modified graphene anode pro-
vides reasonable PCE, reaching 55.2% PCE of that
obtained using ITO anode.

The possibility of utilizing graphene film as
hole-collecting materials was explored recently.75 Eda
et al.75 reported the preparation of transparent and

conductive graphene film achieved by vacuum filter-
ing graphite oxide to form a film followed by hy-
drazine vapor reduction and low temperature an-
nealing under nitrogen to reduce film resistance.
They found that film treatment with SOCl2 could re-
duce the film resistance by five times. The obtained
graphene film was then incorporated into organic so-
lar cells using PEDOT:PSS, poly(3-hexylthiophene)
(P3HT) and phenyl-C61-butyric acid methyl ester
(PCBM) as active material and aluminum as top elec-
trode. The PCE of the fabricated cells was ∼0.1%.
The results from the reference experiment excluding
graphene film in solar cell indicated that the reduced
graphite oxide film (instead of PEDOT:PSS) acted as
hole collecting electrode in the cell. Very recently,
Yun et al.76 investigated the solution-processable re-
duced graphene oxide thin films as a novel alternative
to PEDOT:PSS hole transport anode interfacial layer
for fabricating highly efficient and stable polymer so-
lar cells. The efficiency of the cells reached 3.63%
and showed a much longer cell lifetime in air stabil-
ity tests in comparison with PEDOT:PSS-based cells
(Figure 9).

Dye-sensitized solar cells have attracted consid-
erable attention due to their low production cost and

FIGURE 9 | The preparation of newly reduced graphene oxide (pr-GO) was with a novel p-TosNHNH2 reductant. The pr-GO was used as an
efficient anode interfacial layer for high-performance and high-stability OSCs. The efficiency of the cells with pr-GO (3.63%) was highly comparable
to those of the PEDOT:PSS-based devices. Furthermore, the pr-GO-based organic solar cells showed a much longer cell lifetime in air stability tests
in comparison with PEDOT:PSS-based cells. (Reprinted with permission from Ref 76. Copyright 2011, John Wiley and Sons, Ltd.)
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relatively high energy conversion efficiency. In this de-
vice, counter electrode is an indispensable component,
which catalyzes the reduction of I2 to I− after electron
injection. As most commonly used Pt catalytic mate-
rial is quite expensive, developing low-cost alterna-
tive materials is necessary and attractive. Recently,
Shi and co-workers77 reported a novel counter elec-
trode for solar cell on which the 1-pyrenebutyrate
functionalized graphene was incorporated into FTO
(G-FTO) to form the composite electrode. The PCE
(2.2%) of the cell utilizing G-FTO as counter elec-
trode was significantly higher than that (0.048%)
of the cell using FTO as counter electrode yet still
inferior with respect to the cell using platinum as
counter electrode (3.98%). Accounting the fact that
PEDOT:PSS shows good transparency and moderate
conductance as counter electrode, graphene doping of
PEDOT:PSS has also been performed.78 The cell using
graphene/PEDOT:PSS as counter electrode showed a
PCE of 4.5% which was comparable to that from
cells using Pt as counter electrode (6.3%) and even
higher than that of cells using PEDOT:PSS as counter
electrode (2.3%).

Heterojunction solar cells are devices that con-
vert solar energy to electrical power via photovoltaic
effect of p–n junctions. On the basis of its superior
electrical property, graphene has been studied for ap-
plications in heterojunction solar cells during the past
several years. Most studies focused on C60 derivatives
as electron acceptors of polymer-based organic photo-
voltaics (OPV). For example, graphene was function-
alized by phenyl isocyanate or butylamine to provide
high solubility prior to blending with poly(3-
hexylthiophene) (P3HT) or poly(3-octylthiophene)
(P3OT).79,80 The synthesized P3OT/graphene solar
cell showed 0.32% power conversion efficiency. After
annealing, however, the efficiency increased to 1.4%
due to the removal of functional groups from the
graphene component as well as the improved mor-
phology and crystallinity of the P3OT component.79

The graphene/P3HT solar cell also showed a similar
efficiency of 1.1%.81,82 Although this value is consid-
ered lower than the state-of-the-art OPVs (probably
due to the irregular molecular structure of the re-
duced graphene oxide), it is substantially better than
those showed by the CNT-based cells. Furthermore,
a theoretical study predicts that the graphene-based
OPV may provide efficiency in excess of 12% in
a single cell; thus, it is strongly expected that fur-
ther optimization might give a breakthrough from
the current OPVs limitation.83 Moreover, employ-
ing a similar structure to that of heterojunction cells,
a Schottky junction solar cell based on graphene/
n-silicon was constructed.84 By transferring a

graphene film directly onto a pretreated n-type
silicon/SiO2 wafer, a solar cell featuring an energy
conversion efficiency of 1.65% was demonstrated.
Other two kind of Schottky junction solar cells were
also assembled by directly coating graphene films on
n-type silicon nanowire (SiNW) arrays85 or CdSe
nanobelt.86 The graphene/SiNW-based solar cells
provide energy conversion efficiencies up to 2.86%.85

In summary, graphene has also emerged as one
of the core nanomaterials for solar cells application,
especially as an alternative of the conventional elec-
trode materials. Currently, the relatively low PCE of
the cell seems to be closely related with the high resis-
tance of the graphene films. Further research efforts
on this aspect as well as on the electron-transfer be-
havior of the graphene film is thus warranted.

APPLICATIONS OF GRAPHENE IN
FUEL CELLS

Fuel cell is an energy conversion device, which pro-
duces energy by oxidizing a fuel catalyzed by the cat-
alysts immobilized on electrodes.87 Low-temperature
fuel cell works below 200◦C and electrochemically
converts hydrogen into water or methanol–ethanol
into water and carbon dioxide.88 The fuel cell perfor-
mance is also mainly determined by their electrodes,
particularly cathode. Platinum and its alloys are cur-
rently the most efficient electrocatalysts in cathode
for oxygen reduction reaction (ORR). Here, the high
price of platinum limits its practical applications. Im-
mobilizing Pt nanoparticles on a substrate with high
specific surface area has become the most widely used
technique to improve the activity and efficiency of Pt
catalyst. Graphene is the ideal catalyst support con-
sidering its high electrical conductivity, robust me-
chanical properties, high specific surface area, unique
graphitic basal plane structure, and low cost.

Liu et al. compared the specific surface area,
electrocatalytic activity for ORR and stability of
Pt nanoparticles supported on the functionalized
graphene sheets (FGS) and carbon blacks (ETEK) un-
der the same testing conditions.89 Pt-FGS provides
not only larger surface area and higher ORR activity
(relative to Pt-ETEK) but also stable performance dur-
ing 5000 cyclic voltammetry cycles. These improved
properties were attributed to the reduced aggregation
of Pt particles immobilized on graphene. Pt nanopar-
ticles were also supported on graphene nanoplatelets
on which a good electrochemical durability (two to
three times that of the Pt/CNT or E-TEK Pt/C) was
attained.90

The morphology and the dispersion of
Pt nanoparticles highly influence their catalytic
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activities. Layer-by-layer (LBL) self-assembly is con-
sidered as an effective approach to adjust material’s
structures on nanometer scale.91 An imidazolium salt-
based ionic liquid functionalized graphene and plat-
inum nanoparticles were LBL assembled into a three-
dimensional hybrid nanostructure. Pt nanoparticles
were uniformly dispersed on the surfaces of graphene
sheets and the resultant composite showed high elec-
trocatalytic activity. The electrocatalytic activity of
the composite can also be adjusted as a function of
its bilayer number. Liu et al.92 reported a green elec-
trochemical approach to produce Pt/graphene com-
posites. Pt nanoparticles were uniformly deposited on
graphene sheets. The ORR current density at the com-
posite electrode was much higher than that obtained
using a Pt nanoparticle-modified glassy carbon elec-
trode. Furthermore, the onset potential of the ORR
for the former electrode was substantially higher than
that for the latter electrode. Nitrogen-doped carbon
material has also been claimed as a good support for
Pt catalyst. The doped nitrogen atoms act as the an-
choring sites for the metal particles and chemically
active sites for catalytic reactions.93 Jafri et al.94 uti-
lized GNSs and nitrogen-doped GNSs as the electro-
catalyst support for Pt nanoparticles in PEMFCs. The
constructed fuel cells provided power densities of 440
and 390 mW cm−2 when nitrogen-doped GNS–Pt
and GNS–Pt was used, respectively. Nitrogen dop-
ing process creates pyrrolic nitrogen defects, which
act as anchoring sites for Pt nanoparticles and might
be responsible for the increased electrical conductivity
and/or improved carbon-catalyst binding. The intro-
duction of carbon might also increase the electron
mobility of the catalyst support. Recently, the disper-
sion of Pt on graphene oxide was shown to be crucial
toward achieving enhanced fuel cell performance, as

shown in Figure 10. Here, using graphene oxide as
a support material to distribute Pt nanoparticles pro-
vides a new method to obtain advanced electrocat-
alyst materials for hydrogen-based fuel cells. A par-
tially reduced graphene oxide-Pt-based fuel cell deliv-
ered a maximum power of 161 mW cm−2 relative to
96 mW cm−2 achieved for an unsupported Pt-based
fuel cell.95

A great deal of efforts has been devoted to
find low-cost alternative materials with high cat-
alytic activities to replace Pt. Among them, nitrogen-
doped carbon materials such as nitrogen-doped CNTs
or graphene are promising. Numerous metal free
materials were also screened as the fuel cell cata-
lysts. Nitrogen-doped carbon materials (e.g., CNTs,
graphene) and graphitic carbon nitride were claimed
as good catalysts for ORR.90,96–99 Nitrogen-doped
graphene can be synthesized by chemical vapor de-
position of methane in the presence of ammonia.99

Compared to Pt, this material demonstrated higher
electrocatalytic activity, better stability, and improved
tolerance toward CO. Its low price and high elec-
trocatalytic activity justifies nitrogen-doped graphene
(shown in Figure 11a) use for fuel cells electrocat-
alyst. The electrocatalytic mechanism of nitrogen-
doped graphene in acidic environment has been
studied by Zhang et al.100 using density functional
theory (DFT) showed in Figure 11(b). Their sim-
ulation suggests that the ORR on nitrogen-doped
graphene takes place according to a direct four-
electron pathway, which is consistent with the exper-
imental observations. The energy calculated for each
ORR step verifies that the ORR can spontaneously
occur on the N-graphene. The active catalytic sites on
single nitrogen-doped graphene are identified as well,
which have either high positive spin density or high

FIGURE 10 | (a) Scheme shows dispersion of Pt nanoparticles on a two-dimensional carbon sheet (graphene) to facilitate an electrocatalytic
reaction. (b) Galvanostatic fuel cell polarization (I-V) curves (a–c) and power characteristics (a′–c′). The cathode was composed of (a, a′) Pt, (b, b′)
GO-Pt, and GO-Pt (hydrazine, 300◦C treated). The partially reduced GOPt-based fuel cell delivered a maximum power of 161 mW cm−2 compared
to 96 mW/cm−2 for an unsupported Pt-based fuel cell. (Reprinted with permission from Ref 95. Copyright 2009, American Chemical Society.)
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FIGURE 11 | (a) Digital photo image of transparent nitrogen-doped graphene film floating on water after removal of the nickel layer by
dissolving in an aqueous acid solution. (b) The electrocatalytical mechanism of nitrogen-doped graphene in acidic environment. (Reprinted with
permission from Refs 99 and 100. Copyright 2010 and 2011, American Chemical Society.)

positive atomic charge density. The nitrogen doping
introduces asymmetric spin density and atomic charge
density, making high electrocatalytic activities in N-
graphene feasible. Another study on nitrogen-doped
graphene electrocatalyst was performed by Shao and
co-workers.90 In this study, they synthesized the ma-
terial by exposing graphene to nitrogen plasma.

Another fuel cell type, direct methanol fuel cells
(DMFC) have drawn great attention in terms of
their high energy density, zero emission, ease fuel
(methanol) handling and storage in low operating
temperatures (60–100◦C). Again, low electrocatalytic
activity for methanol oxidation and safety issues re-

lated to methanol toxicity hinders its commercializa-
tion. In this device, graphene might also be exploited
as electrocatalysts. Recent studies demonstrated that
the platinum/GNS (Pt/GNS) catalyst shows a high
catalytic activity for both methanol oxidation and
ORRs.101–103 Ajayan et al.101 investigated the de-
position of Pt nanoparticles onto surfaces of GO
nanosheets with particle size in the range of 1–5 nm
by ethylene glycol reduction. During Pt deposition,
a majority of oxygenated functional groups on GO
was removed, which resulted in a Pt/CCG hybrid.
The electrochemically active surface areas of Pt/CCG
and a comparative sample of Pt/CNTs are 36.27

FIGURE 12 | (a) Scheme shows a formation route to anchor Pt nanoparticles onto chemically converted graphene (CCG) nanosheets. (1)
Oxidation of pure graphite powder to graphite oxide. (2) Formation of Pt/CCG hybrids. (b) Electrochemical catalytic performances of Pt/CCG and
Pt/MWCNT hybrids. The electrochemically active surface areas measured from (a) for Pt/CCG and Pt/MWCNT are 36.27 and 33.43 m2 g−1,
respectively. The If/Ib ratios measured from (b) for Pt/CCG and Pt/MWCNT are 0.83 and 0.72, respectively. (Reprinted with permission from Ref 101.
Copyright 2010, Elsevier.)
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and 33.43 m2 g−1, respectively. The Pt/CCG hybrid
shows better tolerance to CO for electro-oxidation
of methanol compared to the Pt/MWCNT catalyst
(Figure 12). Xin et al.102 deposited Pt nanoparticles
onto GNS via synchronous reduction of H2PtCl6 and
GO suspension using NaBH4. The current density
of Pt/GNS catalyst (182.6 mA mg−1) outperforms
that of Pt/C catalyst (77.9 mA mg−1). Moreover, the
application of heat treatment on the Pt/GNS cata-
lyst improved the performance further by ∼3.5 times
over that of the Pt/C catalyst. Similarly, Li and co-
workers103 prepared the composites of graphene and
Pt nanoclusters via reduction of graphite oxide and
H2PtCl6. Methanol oxidation results indicated that
Pt/GNS had better catalytic performance with respect
to Pt/Vulcan catalyst. The peak current of Pt/GNS
was nearly twice that of the conventional Pt/Vulcan
catalysts. The stability of Pt/GNS was also better
relative to Pt/Vulcan catalyst. Other work reported
that improved catalytic activity toward methanol ox-
idation in DMFC can be obtained by using a GNS
supported Pt–Ruthenium (Pt-Ru) nanocomposite or
Pt-Ru dispersed graphene-functionalized multiwalled
carbon nanotubes (Pt-Ru/(f-Gef-MWNT)) instead of
a Pt-Ru/Vulcan, Pt-Ru/f-MWNT or Pt-Ru/f-G.104,105

Dong et al.106 has also demonstrated that Pt and
Pt-Ru nanoparticles synthesized onto GNSs exhibit
high electrocatalytic activity toward methanol and
ethanol, leading to a greatly reduced overpotential
and increased reversibility. These findings favor the
use of graphene sheets as catalyst supports in direct
methanol and ethanol fuel cells. Moreover, Shang
et al.107 investigated the application of uniform and
porous GNSs as a support for catalytic Pt nanoclus-
ters in direct-methanol electro-oxidation. They noted
that composite materials exhibit superior electro-
chemical characteristics than the each component by
itself.

CONCLUSIONS

Energy conversion and storage devices utilizing re-
newable resources with zero emission are the key
technology toward sustainable future development of
our society, keeping in mind the constantly increasing
energy demand and environmental compatibility re-
quirements. Graphene, a relatively new carbon nano-
material endowed with unique structural and electro-

chemical properties, has found its application in all
sorts of energy related devices such as supercapaci-
tors, batteries, solar cells, and fuel cells. This paper
overviews some of the recent substantial progresses
on the performance and status of these graphene-
based devices. The excellent electron-transfer prop-
erties as well as the unique two-dimensional structure
of the graphene have favored its usage as electrode in
these devices. In particular, graphene films with good
transparency, high conductance, and proper work
function stands as a promising alternative electrode
candidate to replace ITO and FTO for solar cells and
other optoelectronics applications. Graphene serves
as a good support material for Pt catalyst in fuel
cell applications considering its high catalytic activ-
ity and specific surface area. Graphene-based elec-
trode materials also display excellent capacitance and
good cycling performance in RLBs. The encapsulation
of metal or metal oxide nanoparticles with graphene
can improve the cycling performance of these anode
materials in RLBs applications. Moreover, graphene
materials featuring mesoporous structures in combi-
nation with large accessible surface area demonstrates
superior capacitance in EDLCs applications. The in-
corporation of graphene into the electrode of EDLC
seems to contribute positively toward the power den-
sity performance.

However, research on the application of
graphene and graphene-based materials in clean en-
ergy supply and storage devices is still at a premature
stage. A number of challenges remain to be explored,
such as precise tuning of the function and the prop-
erty of the structures; economic, scalable, and green
production of the materials; and efficient integra-
tion of materials into high-performance devices. Be-
sides experimental studies, theoretical investigations
of graphene and graphene-based nanostructures on
various aspects, such as charge and electron trans-
port behaviors, edge, defects, doping effects, phase to
phase interactions, and so on, are essential as well
for understanding deeper the structure–property re-
lationship of the materials and reasonable design-
ing of novel nanostructures and devices associated
with graphene. Nevertheless, graphene and graphene-
based nanomaterials have emerged as highly attrac-
tive components in energy related devices, and will
play an important role in the future for the develop-
ment of clean energy technologies.
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