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Abstract
Due to its high specific surface area, good chemical stability and outstanding electrical
properties, graphene, a class of two-dimensional allotrope of carbon-based materials, is one of
ideal candidates for next generation energy conversion and storage devices. In this review, we
will present an overview on electrochemical characteristics of graphene by summarizing the
recent research trend on graphene for energy conversion and storage applications, such as fuel
cells and supercapacitors, along with some discussions on future research directions.
& 2012 Elsevier Ltd. All rights reserved.
Introduction

Due to the rapid industrial development and growing human
population, along with the increase in energy demand, the
global energy consumption has been accelerating at an
alarming rate. At current consumption rate, global energy
exhaustion will become inevitable. To prevent disaster caused
by energy exhaustion, the need for renewable energy sources
has attracted tremendous attention around the world. In order
Elsevier Ltd. All rights reserved.
012.05.001
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to make the effective use of renewable energy, it is important
to develop high-performance, low-cost and environmental-
friendly energy conversion and storage systems. Fuel cells and
supercapacitors are the systems required for promising elec-
trochemical energy conversion and storage. Fundamentally,
the performance of those systems is directly related to the
material properties. Therefore, material technology plays a
pivotal role in the development of electrochemical energy
conversion and storage systems. Among the various materials,
which have been investigated in these electrochemical
devices, carbon materials are of great interest owing to their
abundance, stability and relative environmental-friendliness.
In particular, the excellent chemical stability across a wide
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temperature range in either acidic or basic media makes
carbon materials extremely attractive for use as electrodes in
electrochemical energy devices [1].

There are many available carbon allotropes, such as
buckyminsterfullerene, carbon nanotube, graphene and
nanodiamond. Among them, graphene, a single layer of
two-dimensional honeycomb carbon lattice, is one of the
carbon family discovered a few years ago [2] and is emerged
as exciting novel material. Graphene has unique properties,
including high specific surface area (2630 m2/g) [3], good
chemical stability and excellent electrical conductivity.
These properties make graphene to be an excellent candi-
date for energy conversion and storage applications.

This review will focus on graphene as a material for
energy conversion and storage applications. We will first
give a brief overview on graphene. This will then be
followed by discussions on the electrochemical applications
of graphene in energy conversion and storage devices,
including fuel cells and supercapacitors.
Ta
b
le

1
Pr
op

er
ti
es

of
ca

rb
on

m
at
er
ia
ls
.

Pr
op

er
ti
es

Fu
ll
er
en

es
C
ar
b
on

na
no

tu
b
es

A
ct
iv
at
ed

ca
rb
on

G
r

Sp
ec

ifi
c
su
rf
ac

e
ar
ea

(m
2
/g

)
5
[5
]

13
15

[3
]

12
00

[6
]

�
1

T
he

rm
al

co
nd

uc
ti
vi
ty

(W
/m

K
)

0.
4
[7
]

4
30

00
(m

ul
ti
-w

al
le
d

ca
rb
on

na
no

tu
b
e)

[8
]

0.
15

–0
.5

[9
]

�
3

va
In
tr
in
si
c
m
ob

il
it
y
(c
m

2
/V

s)
0.
56

[1
2]

�
10

0,
00

0
[1
3]

–
13 va

Yo
un

g’
s
m
od

ul
us

(T
Pa

)
0.
01

[1
7]

0.
64

[1
8]

0.
13

8
[1
9]

1.
O
p
ti
ca

l
tr
an

sp
ar
en

cy
(%
)

–
–

–
–

Graphene: overview

Graphene as one of the carbon allotropes was experimen-
tally discovered in 2004 for the first time [2], which consists
of a flat monolayer of sp2 bonded carbon atoms into a two-
dimensional (2D) honeycomb lattice. It is the basic building
block of all the ‘‘graphitic’’ materials such as fullerene (0D),
carbon nanotube (1D) and graphite (3D) [4]. In fact, two-
dimensional crystals like graphene was predicted theoreti-
cally to not exist because strictly 2D crystals were thought
to be thermodynamically unstable at finite temperature [4].
However, in 2004, Geim and co-workers at Manchester
University first isolated single-layer, two-dimensional crystal
from graphite by using peel-off method, so called, Scotch-
tape method [2]. This led to an explosion of interest, and
much research has been conducted on the structure and
property characterization of graphene. Table 1 lists some
unusual properties of graphene compared with other carbon
materials.

These remarkable properties enable us to make graphene
useful for device applications. For example, graphene has
been made into semiconductors in the form of nanoribbons
(GNRs), leading to graphene field-effect transistors (FETs)
[23]. Also, graphene powder is considered to be excellent
filler for composite materials [24]. Moreover, transparent
graphene thin films are often suggested as a competitor for
indium tin oxide (ITO). Therefore, it can be used as
transparent electrodes [25] in solar cells [26] and light-
emitting diodes [27]. Furthermore, graphene has emerged
as a viable candidate for use in optoelectronics [28] and
sensors [29]. Of course, there is fast-growing interest in the
electrochemical applications using graphene and graphene-
based materials, as we will discuss in this review.

Since graphene was discovered by mechanical exfoliation
using Scotch-tape in 2004, many routes have been introduced
to achieve a high-quality and large-area graphene. Informa-
tion about how the graphene was prepared is important,
because the properties of graphene strongly depend on
preparation methods. The reported methods are generally fit
into two major approaches that are ‘‘top-down’’ and ‘‘bottom-
up’’ approaches. The meaning of top-down approach implies
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the exfoliation of natural or synthetic graphite into the
mixture of a single and a few layer graphene platelets.
Graphite into graphite oxide, which is precursor of graphene
oxide (GO), is the most representative example of the top-
down approach [30,31]. Also, liquid-phase exfoliation [32],
graphite intercalation compounds (GICs) [33] and electroche-
mical exfoliation [30] are all included in top-down approaches.
These approaches have the advantages for scalable and low-
cost production. However, it is hard to obtain single-layer
graphene with high-quality because of defect creation during
exfoliation. In particular, reduction of GO into graphene
results in a graphitic structure that is also one-atom thick,
but it still contains large number of defects, such as nanoholes
and Stone–Wales defect (heptagon/pentagon bonded carbon
atom network) [34]. On the other hand, bottom-up
approaches, which are directly growing graphene from
organic precursors such as methane and other hydrocarbon
sources [35], include epitaxial growth [36] and chemical
vapor deposition (CVD) [37]. Bottom-up approach is one
of the most attractive methods for high-quality and large-
area graphene production [25]. Particularly, CVD grown
graphene has been demonstrated to be of promise
for potential applications as transparent electrodes [25].
However, bottom-up approaches are extremely difficult to
control manufacturing process, and thus they result in high
manufacturing cost.
Graphene: exciting properties for energy material

There is a reason why graphene is a good base material for
energy conversion and storage applications; graphene has a
good electrical conductivity and high surface area (see
Table 1). Electrical conductivity is caused by its unique
electronic properties, which include massless Dirac fermion,
ambipolar electric field effect and extremely high carrier
mobility [4]. These properties arise from the unique elec-
tronic structure of graphene. Intrinsically, graphene is a
zero-gap conductor. Moreover, the charge carriers of gra-
phene behave as massless Dirac fermions. As a result, the
electrons in graphene lose their effective mass, which
results in quasi-particles that are described by a Dirac-like
equation rather than the Schrödinger equation with the
Fermi velocity uF=1� 106 m/s [38]. In addition, the high
quality of its 2D crystal lattice presents surprisingly fast
transport properties. The high quality of graphene implies a
low density of defects and graphene behaves like a metal
with high constant mobility. In 2005, Novoselov and Geim at
Manchester University measured carrier mobility to be
15,000 cm2/V s for a single layer of graphene onto silicon
dioxide (SiO2) layer, and the value were independent of
temperature T between 10 and 100 K [15]. Furthermore,
Kim’s group at Columbia University measured carrier mobi-
lity to be excess of 200,000 cm2/V s for a suspended
graphene [16]. These two experiments and other experi-
mental studies have shown that the ballistic transport
properties of graphene are extremely sensitive to its local
environment, including the number of layers, edge struc-
tures, ripples, defects, doping, etc. [39]. For example, the
mobility of synthetic graphene like GO and CVD grown
graphene, which have approximately 200 and 2000 cm2/
V s, respectively [40], are much lower than that of
mechanically exfoliated graphene. Another important point
about charge transport in graphene is ambipolarity. In the
field-effect configuration, ambipolarity implies that carriers
can be tuned continuously between holes and electrons in
concentrations up to 1013 cm2 by supplying the requisite
gate bias. Under negative gate bias, the Fermi level drops
below the Dirac point, introducing a significant population
of holes into the valence band. On the other hand, under
positive gate bias, the Fermi level rises above the Dirac
point, promoting a significant population of electrons into
the conduction band [35].

The second reason is its high surface area. In 2000,
Peigney et al. studied the theoretical calculation of specific
surface area (SSA) of the carbon nanotubes (CNTs) [3]. The
surface area of one hexagon and calculated the SSA by
dividing the weight of two carbon atoms, which is 1315 m2/g,
corresponding to one side of hexagonal surface. In the case of
graphene, the SSA should be considered as two sides
of hexagonal surface. Therefore, the SSA of graphene is
calculated to be 2630 m2/g. Compared to the graphite
(�10 m2/g) [1] or CNT (1315 m2/g), graphene has outstand-
ing theoretical SSA.

However, the reported SSA values of graphene have been
much lower than that of the theoretical value (2630 m2/g).
Although graphene is characterized to consist of a single
layer by electron microscopy, the values are in the range of
1000 and 1800 m2/g [41]. This is because of the assembling
nature of graphene driven by the van der Waals interactions
between neighboring sheets. Graphene suffers from agglom-
eration and restacking during utilization as an electrode
material and results in a loss of effective surface area [42].
Furthermore, most of the graphene materials reported in
literatures are not pristine single-layer graphene. Most of
them have tremendous chemical and topological defects,
such as oxygenated groups and structural imperfectness.
Thus, some techniques were applied to increase the poros-
ities and/or SSA of graphene by rapid expanding graphite
oxide [43], stacking small graphene sheets into a porous
structure [34] or activation of graphene [44]. For example,
a microwave assisted exfoliation of GO followed by activa-
tion with KOH displayed increased SSA up to 3100 m2/g [44].

Until now, it might have been considered as the SSA is
increased, electrochemical characteristics of graphene
are increased. However, the SSA is not directly proportional
to the electrochemical characteristics for the following
two reasons. First, the surface area is increased as
porosity increased, whereas the volumetric conductivity is
decreased to reduce the number of conductive pathways
[45]. Second, all parts of surfaces are not electrochemically
accessible, which means that electrochemically active sur-
face is different from nitrogen adsorption surface. There-
fore, controlling the pore size is more important factor than
increasing the porosity [44].
Graphene: importance of defect

As aforementioned, graphene has a potential for commer-
cialization of the various devices due to its outstanding
properties. However, it has an inherent limitation for
pristine single-layer graphene (mechanically exfoliated gra-
phene) to fabricate devices, specifically electrochemical
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devices. Of course, the properties of graphene from
mechanical exfoliation are the best compared to the GO
and other synthetic graphene materials. Nevertheless, most
of the literatures report energy devices on the basis of GO
and doped-graphene, because of their availability. The
major advantages of the GO are its low-cost and scalability.
Energy conversion and storage devices are required for
large-scale production. GO is usually manufactured by
breaking apart graphite into the sheets of oxidized gra-
phene via acid intercalation, oxidation and subsequent
physical agitation typically by sonication to yield GO
nanosheets [35]. This approach is relatively simple and easy
for mass production compared with CVD. In addition,
graphite, which is starting material for GO, is sold at a very
low price at about a few cents per gram [41]. However, GO,
the most widely used graphene-related material, suffers
from its poor properties, such as low surface area, high-
density of oxygenated functional groups and low electrical
conductivity (insulator). Nevertheless, the presence of
oxygen-containing groups at its surface or edges, some-
times, is advantageous to significantly influence the inter-
facial activity between graphene electrode and electrolyte.
The oxygen-containing groups, such as epoxy and hydroxyl
groups at basal plane and carbonyl and carboxylic groups at
edges, can act as anchoring points for the attachment of
other materials, such as polymers [46], metal oxides [42]
and platinum (Pt) [47]. The polar nature of GO could also
contribute to improved dispersion of composite materials on
graphene sheets by preventing the aggregation [1]. Thus,
these composites have been demonstrated a great electro-
chemical performance compared with GO itself and reduced
GO (rGO) [48]. Moreover, oxygen-containing groups of the
graphene may serve as active sites that can increase the
density of oxygen at the electrode interface, which can
catalyze the oxygen reduction reaction (ORR) [49]. On the
other hand, the presence of surface oxygenated groups
affects the resistivity of graphene [45]. For example,
heteroatom like oxygen can reduce the electron or hole
mobility and increase the resistivity. Therefore, it is impor-
tant to control the density of oxygen-containing groups at
GO for maximum performance.
Fuel cells

Carbon nanotubes (CNTs) have been investigated as catalyst
supporting materials in fuel cell applications, which have
shown enhanced catalytic activities [50,51]. However, many
researchers have started to shift their research target
towards graphene in the last few years after the existence
of 2D graphene is reported [2,31,37,52]. Compared with
CNTs, graphene has higher surface area and similar con-
ductivity for electrochemical applications, but it can be
produced at a much lower cost. Due to its outstanding
properties as mentioned earlier, graphene has many poten-
tial applications. Amongst them, fuel cell draws tremendous
attention as the upcoming alternative energy source.
Because fuel cells are eco-friendly process to produce
electricity, water and heat only with no pollutant or toxic
by-product, many researches are now focusing on cost down
and efficiency up fuel cells. Fuel cells consist of three key
parts: cathode, anode and separation membrane. Among
them, cathode materials are pivotal elements for the
commercialization. Currently, expensive noble metals such
as platinum (Pt), gold (Au), ruthenium (Ru), and their alloys
are best known cathode materials for oxygen reduction
reaction (ORR) [42,53–56]. Among them, Pt is the most
widely studied noble metal as electrocatalyst. However, it is
too expensive and limited reserve in earth. Thus, there
must be at least one of three ways to solve the issues. One is
to minimize the use of expensive catalysts by increasing
surface area via nanoparticle approach [57,58]. Another is
to find alternative cheap but efficient metal catalysts to
replace expensive noble metals [59,60]. The last is to
develop efficient metal-free catalysts. Although Pt-based
catalysts have been widely studied and commercialized due
to their high current density and low over-potential
[45,55,61,62], there are still intensive efforts required for
further maximizing the activity of Pt and minimize the use
of Pt. It is very necessary to load nanostructured Pt with
high activity on the surface of supporting nanomaterials
with low cost, high surface area and good electrical
conductivity. In this way, not only the availability of
nanosized electrocatalyst surface area can be maximized
for efficient electron transfer, but also the mass transport of
reactants to the electrocatalyst can be provided more
effectively [47,55,62]. Nevertheless, Pt-based catalysts still
suffer from poor tolerance against carbon monoxide poison-
ing and fuel crossover. Thus, the development of a new class
of materials with low-cost, high-efficiency for ORR and good
durability is required to boom fuel cells as one of the most
promising energy sources. In this regard, carbon based
metal-free electrocatalysts are developed with high cata-
lytic activity, long cycle stability, low poisoning effect and
anode crossover [51,59]. However, there are still remaining
challenges to develop metal-free ORR catalysts with a
further decreasing over-potential comparable to Pt, high
current density and durability in acidic media. In this
section, these aspects in fuel cell will be overviewed.
Pt/graphene hybrids

To enhance the ORR electrocatalytic activity, Honma and
co-workers [62] have investigated that Pt nanoparticles
supported on graphene nanosheet (GNS), which were pre-
pared by using Pt(NO2)2 �NH3)2 as Pt precursor and GNS
powder, followed by annealing in Ar/H2 (4:1 v/v) at 400 1C
for 2 h. The loading amount (about 20 wt%) of Pt clusters to
GNS is determined by inductively coupled plasma (ICP)
analysis and the amount is approximately similar to Pt on
activated carbon (Pt/C, Vulcan XC-72R) for fair comparison.
In this particular case, there are two types of Pt clusters
have been observed with high-angle-annular-dark-field-
scanning-transmission electron microscope (HAADF-STEM).
The one is the Pt clusters with size below 0.5 nm and the
other is Pt nanoparticles with size up to 1.5 nm. The small
Pt clusters are much smaller than commercial Pt catalysts.
Due to more available surface area, these smaller nanoclus-
ters of Pt/GNS improve methanol oxidation reaction (MOR)
performance. The current density of Pt/GNS is about
0.6 mA/cm2 at the over-potential of 0.6 V vs. RHE, which
is better than commercial Pt/C. In addition, in the i–t curve
result at 0.6 V vs. RHE for 30 min, the Pt/GNS showed a
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4 times higher current density (0.12 mA/cm2) than that of
commercial Pt/C (0.03 mA/cm2). The CO adsorption rate of
Pt/GNS is extremely smaller by about 40 times less than
that of Pt/C. This result represents the excellent CO
poisoning tolerant of Pt/GNS.

Another example is that the high amount of Pt loadings as
high as 80 wt% is able to be deposited onto the surface of the
synthesized GNS without any assistance of surfactant [61].
The size dimension of Pt particles is less than 3 nm. The Pt/
GNS catalysts with 40, 60 and 80 wt% Pt loadings have
electrochemical active surface areas (ECSA) of 53, 51 and
36 m2/g, respectively, while the conventional 40 wt% Pt/C
catalyst has an ECSA of 26 m2/g. In addition, all Pt/GNS
catalysts exhibited much higher current densities for MOR
than the commercial Pt/C. Specifically, the 60 wt% Pt/GNS
showed approximately three times higher current density
than that of the Pt/C, implying that the Pt/GNS in MOR
performance is better than that of the conventional Pt/C.

Further works have demonstrated by Liu and coworkers
[55]. Functionalized graphene sheets (FGSs) are prepared
through a thermal expansion of GO. Pt nanoparticles with
average diameter of 2 nm were then uniformly loaded on FGSs
by impregnation methods. The Pt/FGS shows high initial
current density and good retention on both the ECSA and
ORR activity compared with the commercial Pt/C. After 5000
cycles, ECSA values of both Pt/FGS and commercial Pt/C have
retained about 62.4 and 40%, respectively, of the initial
values. Similarly in ORR activity, Pt/FGS retains 49.8% of its
initial value, whereas the commercial Pt/C maintains 33.6%.
Therefore, it is fair to say that Pt/FGS is much more stable
than commercial Pt/C. After 5000 cycles, an average particle
size of Pt/FGS is increased from 2 to 5.5 nm with more than
75% of Pt particles retaining its size below 6.9 nm. On the
other hand, an average particle size of Pt/C is increased from
2.8 nm to 5.5 nm, and more than 45% of the particles have its
size over 6.9 nm. The results indicated that the higher ECSA
and ORR activity of Pt/FGS after durability test should be
originated from maintaining smaller particle size in Pt/FGS.

Pt/rGO composites were also prepared via chemical
reduction of GO and H2PtCl6 using NaBH4 as reducing agent
[47]. The ECSA of the Pt/rGO and commercial Pt/C are
compared to be 44.6 and 30.1 m2/g, respectively. The
higher ECSA of Pt/rGO is favorable for MOR. The current
density of Pt is determined to be 199.6 mA/mg at the
potential of 0.652 V (vs. Ag/AgCl), while peak current
density of commercial Pt/C is 101.2 mA/mg at 0.664 V.
The Pt/rGO displays almost twice higher current density,
but it has 12 mV lower over-potential than that of Pt/C. This
result indicates that the performance of Pt/rGO for the MOR
can be considered to be better than that of Pt/C.

Compared with Pt on activated carbon (Pt/C), the
enhanced electrocatalytic activity of graphene supported
Pt may be attributed to stronger interaction between
flexible graphene sheets and Pt particles [47], which allows
maintaining the smaller size of Pt particles and thus
providing the larger ECSA.
Pt alloy/graphene hybrids

The bimetallic nanoparticles have attracted considerable
interest due to their enhanced catalytic properties relative
to individual nanoparticles [58]. Interestingly, compared
with Pt/graphene, Pt–Ru/graphene, which are prepared in
ethylene glycol solution [56], displays enhanced electro-
catalytic activity for both methanol and ethanol oxidation.
The tolerance against carbonaceous species such as CO can
be assumed by the ratio of the forward anodic peak current
density (IF) to the reverse anodic peak current density (IR).
Figure 1 shows that Pt/graphene has the ratio of 6.52,
which is much higher than Pt/carbon black (CB) (1.39) and
Pt/graphite (1.03). This result demonstrates that Pt/gra-
phene generates a more complete oxidation of methanol to
CO2. On the other hands, the methanol oxidation potential
of Ru–Pt/graphene is shifted to 0.50 V compared with 0.65 V
for Pt/graphene, which suggests that the addition of Ru can
fairly improve the methanol oxidation, and thus Pt–Ru/
graphene performs better catalytic activity than Pt/gra-
phene. These effects ascribes that Ru–Pt alloys can effec-
tively promote the complete oxidation of methanol to CO2

producing less amount of CO and other carbonaceous
species formed on their supports such as graphene, CB,
and graphite electrodes. Similar with methanol, the Ru–Pt/
graphene also shows significantly enhanced ethanol oxida-
tion compared with other carbon supports.

Other similar work has demonstrated that graphene-
supported Pt, Pt3Co and Pt3Cr alloy nanoparticles could be
prepared by ethylene glycol reduction followed by pyrolysis
at 300 1C [63]. The ECSAs are determined to be 65, 57 and
55 m2/g for graphene-supported Pt, Pt3Co and Pt3Cr cata-
lysts, respectively. The amount of oxide formation on these
catalysts follows Pt, Pt3Co and Pt3Cr, (Pt4Pt3Co4Pt3Cr) in
that order, because of the increased donor ability of Co and
Cr [64,65]. This may have a beneficial effect on the oxygen
enrichment of the ORR kinetics. The ORR activity of the
graphene supported Pt3Co and Pt3Cr catalysts is increased
about 3–4 times compared with graphene supported Pt. The
higher activity of Pt alloys stems from the suppression of
hydroxyl formation on Pt surface [63]. Moreover, the over-
potential for ORR of the Pt alloys is 45–70 mV less than that
of Pt. Hence, it can be concluded that the graphene
supported Pt alloys improve the ORR activity and lower
over-potential for ORR.

Some other bimetallic Pt–Pd/graphene enhances more
catalytic properties relative to their individual nanoparticles.
Wang and coworkers [58] demonstrated the synthesis of Pt-
on-Pd bimetallic nanodendrites supported on graphene
nanosheets (TP-BNGN) via wet-chemical approach. As shown
in Figure 2, Pt nanobranches on Pd cores are directly grown
onto the surface of graphene nanosheets with an average size
of 15 nm. The ECSA of TP-BNGN (81.6 m2/g) exhibits higher
than those of Pt/C (54.7 m2/g) and Pt/CB (19.2 m2/g). This
result should be originated from the particular structure of
bimetallic nanodendrites and their better dispersion on the
graphene nanosheets with a high surface area. The number
of branches for Pt-on-Pd bimetallic nanodendrite on the
surface of graphene nanosheets could be easily controlled by
simply changing the reaction parameters, thus resulting in
the tunable catalytic properties. The bimetallic nanoden-
drite/graphene hybrids exhibit about 3.0 and 9.5 times
higher electrocatalytic activity for MOR than those of
commercial Pt/C and Pt/CB catalysts.

A study on synthesis of the poly(diallyldimethylammo-
nium chloride) (PDDA) mediated Pt–Au alloy nanoparticles



Figure 1 Cyclic voltammograms of (a) Pt nanoparticles and (b) Pt–Ru nanoparticles on different carbon-based supports in 1 M
CH3OH/0.5 M H2SO4 at 50 mV/s. Reprinted with permission from Ref. [56]. Copyright (2010) Elsevier.

Figure 2 TEM (a) and HR-TEM (b) images of TP-BNGN. The circled parts in panel B denotes as Pd nanoparticles. Reprinted with
permission from Ref. [58]. Copyright (2009) American Chemical Society.

Figure 3 Formic acid oxidation (a) at the scan rate of 50 mV/s and amperometric i–t curves (b) at a fixed potential of 0.3 V on
PtAu/graphene, PtAu/CB, and commercial Etek-Pt/C in N2-saturated 0.5 M H2SO4+0.5 M HCOOH. Reprinted with permission from
Ref. [66]. Copyright (2011) American Chemical Society.
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loaded on graphene is carried out by Lin and coworkers [66].
PDDA has an important role as nanoreactors for the pre-
paration of well-defined Pt–Au alloy nanoparticles and
facilitates the uniform loading of Pt–Au alloys on graphene
[67]. As shown in Figure 3a, the onset potential of formic
acid oxidation on Pt–Au/graphene and Pt–Au/CB (170 mV) is
much lower than commercial Etek-Pt/C catalyst (300 mV).
The PI peak is related to dehydrogenation reaction
(HCOOH-CO2+2H

+ +2e�), while the PII peak is contributed
to the dehydration reaction (HCOOH-COads+H2O-
CO2+2H
+ +2e�) [68,69]. The intensity of PII peak from Pt–

Au/graphene is lower than that of Pt–Au/CB, which suggests
that the formation of CO is smaller on Pt–Au/graphene.
Thus, the presence of graphene in Pt–Au/graphene inhibits
the CO poisoning during the formic acid oxidation. There-
fore, the higher electrocatalytic activity of Pt–Au/graphene
can be attributed to the strong interaction between gra-
phene and Pt–Au alloy nanoparticles [47], which can mini-
mize the CO poisoning and facilitate the direct formic acid
oxidation on the Pt–Au surface. Furthermore, Figure 3b
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shows the Pt–Au/graphene has best catalytic stability among
tested samples toward formic acid oxidation.

In addition, ternary alloy systems have also been studied
due to their superior catalytic activity and stability to binary
alloys. Recently, Wang and coworkers [70] have prepared Pt–
Pd–Au/rGO catalyst via simply ethylene glycol-water reduc-
tion from GO and Pt, Pd and Au precursor salts. The onset
potential of MOR on Pt–Pd–Au/rGO shifted to the more
negative values with decreasing the over-potential in the
electrooxidation reaction. Moreover, the forward current
density (If) of Pt–Pd–Au/rGO was 1.5, 2.3 and 2.8 times higher
than those of Pt–Pd/rGO, Pt–Au/rGO and Pt/rGO, respec-
tively. Compared with Pt–Pd/rGO and Pt–Au/rGO, the Pt–Pd–
Au/rGO electrode shows (1) the lowest onset potential and
(2) enormous current density of electrooxidation. The high
catalytic activity of ternary system for MOR in alkaline is due
to the combination of the third metal. As the scan rate and
methanol concentration increased, the high MOR activity of
Pt–Pd–Au/rGO catalysts is proven to be a diffusion controlled
process on the basis of the linear relationship between the
current density and the square root of scan rate.

The graphene supported Pt-based binary and ternary
alloy electrocatalyst systems generally show more enhanced
catalytic properties such as high electrocatalytic activity
[66] and exhibit low over-potential for ORR (or MOR) owing
to the combination of individual nanoparticles, which can
inhibit aggregation of Pt particles. However, they consist of
expensive noble metals and have still limited stability
against intermediate species and anode crossover.
Heteroatom-doped carbon materials to replace
Pt-based alternatives

Pt nanoparticles have long been regarded as the best catalyst
for the ORR in fuel cells, although the Pt-based electrodes still
have many problems such as time dependent drift, CO poison-
ing, high cost and limited reserves in nature. Hence, the
development of nonprecious metal and/or metal-free ORR
electrocatalysts has thus triggered a great deal of interest [51].

Although there are a numerous reports on those subjects
[56–60,71], the heteroatom-doped graphene, nitrogen-
doped graphene in particular, will only be discussed in this
Figure 4 SEM images: (a) as-cast EFG film on silicon wafer by drop
(N-graphene) film on silicon wafer at 9001C under an argon atmosph
American Chemical Society.
review considering space limit and relevant importance.
The nitrogen-doped graphene (N-graphene) is synthesized
by CVD of methane in the presence of ammonia [59]. The
current density of metal-free N-graphene electrode exhib-
ited to 3 times higher than commercial Pt/C electrode via
3.6–4 electron pathway in alkaline solutions. Compared with
Pt/C, N-graphene shows not only stable amperometric
response for ORR after the addition of hydrogen gas, glucose
and methanol, but also long-term operation stability for
200,000 cycles and good tolerance against CO poisoning.
The result indicates that N-graphene is readily promising
material for ORR application with commercial versatility to
replace problematic noble metal-based catalysts. As a
result, together with its precedent N-doped vertically
aligned carbon nanotube (N-VACNT) [51], N-graphene has
paved the road for active researches on fuel cells.

Although N-graphene from CVD method has demonstrated
the potential for metal-free electrocatalyst applications,
mass production by CVD is limited. In this regard, N-gra-
phene films are prepared by simple solution casting and
heat-treatment of edge-selectively functionalized graphite
(EFG) with 4-aminobenzoyl moieties [71]. The 4-aminoben-
zoyl moieties at the edges of EFG can be the in-situ
feedstock for carbon and nitrogen sources for ‘‘C-welding’’
as well as ‘‘N-doping’’ at the same time. The EFG solution in
NMP is dip-coated on a glassy carbon (GC) electrode. EFG/
GC electrode is heat-treated at 900 1C for 3 h under an
argon atmosphere to afford N-graphene/GC electrode and
tested electrocatalytic activity. In cyclic voltammogram
(CV) curve, the electrode does not show specific peaks in
N2 condition, while the oxygen reduction peak appeared at
the potential of �0.15 V in O2 saturated condition. The
N-graphene/GC shows similar ORR catalytic activity to that
of N-graphene prepared by CVD [59]. The nitrogen content
of N-graphene from EFG is 1.7 at%, which is lower than the
nitrogen content (4.0 at%) of the N-graphene from CVD [59].
The result is attributed to presenting many wrinkles
(Figure 4) and the higher nitrogen concentration at welded
boundary. The former produces a larger surface area and
the latter provides more effective sites for efficient ORR
activity.

In addition to N-doping level [72], the catalytic activity of
N-graphene is also significantly related to the types of
coating of EFG dispersed solution in NMP; (b) heat-treated EFG
ere. Reprinted with permission from Ref. [71]. Copyright (2011)
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nitrogen in the carbon frameworks [60]. The rGO-based
carbon nitride (CN) is obtained by using GO nanosheet on
silica annealed at 800 1C under argon (G-CN800). The
G-CN800 is not noticeably responded in O2 saturated 0.1 M
KOH solution with 3 M methanol. The result implies that
G-CN800 nanosheets exhibit a high selectivity for ORR with a
good tolerance of crossover effects, and thus it is superior
to the commercial Pt/C catalyst. The onset potentials of
G-CN nanosheets are more positive than CN nanosheets
themselves, which suggest that graphene in nanosheets
significantly affects their electrocatalytic behavior and
over-potential of the electrodes. Furthermore, the
G-CN800 nanosheets exhibit an efficient one step, four
electron transfer pathway with a high kinetic current
density of 7.3 mA/cm2. This value is superior to that of
commercial Pt/C with 5.4 mA/cm2.

Dai and coworkers [57] have reported that hybrid mate-
rial consisting of Co3O4 nanocrystals grown on rGO (CO3O4/
rGO) and N-doped rGO denoted as Co3O4/N-rGO by adding
NH4OH during heat-treatment. They are used as high
performance bifunctional catalysts for the ORR and oxygen
evolution reaction (OER). As shown in Figure 5a, the Co3O4/
rGO hybrid material showed a much more positive ORR onset
Figure 5 (a) CV curves of Co3O4/rGO hybrid, Co3O4/N-rGO hybrid a
or Ar-saturated 0.1 M aqueous KOH solution (dash line); (b) rotati
hybrid in O2-saturated 0.1 M aqueous KOH solution with a sweep rat
in (b) and (c) show corresponding Koutecky–Levich plots (J�1 vs. o
Co3O4/N-rGO hybrids derived by the mass-transport correction of co
Copyright (2011) Nature Publishing Group.
potential (�0.88 V vs. RHE) and higher cathodic currents
compared with Co3O4 and rGO alone. The electron transfer
number of CO3O4/rGO is �3.9 and CO3O4/N-rGO is �4 from
the slopes of Koutecky–Levich plots (Figure 5b, c). The
CO3O4/N-rGO hybrid catalyst also exhibit excellent ORR
activity (Figure 5d) with much smaller Tafel slope of
42 mV/decade at low over-potentials than that measured
with CO3O4/rGO hybrid (54 mV/decade) in 0.1 M aqueous
KOH solution. In 1 M and 6 M KOH electrolytes, the current
density of CO3O4/N-rGO catalyst is similar to the perfor-
mance of freshly loaded Pt/C catalyst, accompanied by a
positive shift in the ORR onset potential from 0.1M KOH
electrolyte. The Tafel slop of kinetic current is down to
�37 mV/decade for CO3O4/N-rGO in 1 M KOH, among the
smallest Tafel slopes afforded by ORR catalysts. The CO3O4/
N-rGO hybrid exhibits superior durability to Pt/C catalyst in
0.1–6 M aqueous KOH electrolytes, with little decay in ORR
activity. On the other hand, the Pt/C catalyst exhibits 20–
48% decrease in catalytic activity in 0.1–6 M aqueous KOH
electrolytes, giving lower long-term ORR current than the
stable currents sustained by the CO3O4/N-rGO. Pt catalyst is
known to gradually degrade over time because of surface
oxides and particle dissolution and aggregation, specifically
nd Pt/C on glassy carbon electrodes in O2-saturated (solid line)
ng-disk voltammograms of Co3O4/rGO hybrid; (c) Co3O4/N-rGO
e of 5 mV/s at the different rotation rates indicated. The insets
�0.5) at different potentials; (d) Tafel plots of Co3O4/rGO and
rresponding RDE data. Reprinted with permission from Ref. [57].



Table 2 Properties of graphene-based electrocatalysts.

Materials Current density (mA/cm2) Onset potential (V) ECSA (m2/g) Remark Ref.

Pt/G 0.6 at 0.6 V 0.5 vs. RHE – DMFC [62]
40% Pt/GNS – 0.17 vs. Ag/AgCl 53 DMFC [61]
Pt/G 199.6 mA/mg at 0.652 V – 44.6 DMFC [47]
Pt/G – – 108 PEMFC [55]
Pt–Ru/G 16.5 at 0.5 V – – DMFC [56]
Pt3Co/G �3 at 0.85 V 0.97 vs. NHE 57 PEMFC [63]
Pt3Cr/G �3.9 at 0.85 V 0.995 vs. NHE 55 PEMFC [63]
PtAu/G 2.310 A/mg – – DFAFC [66]
PtPd/G 647.2 mA/mg – 81.6 DMFC [58]
PtPdAu/G 27.1 �0.642 V vs. SCE – DMFC [70]
N–G ��1.3 at 0.8 V – – AFC [71]
N–G ��0.75 at 0.8 V – – AFC [59]
CN-G 7.3 – – DMFC [60]
Co3O4/N-rmG 52.6 0.88 V vs. RHE – AFC [57]

G: Graphene; N–G: N-doped grapheme; CN: carbon nitride; ECSA: electrochemically active surface area; DMFC: direct methanol fuel
cell; PEMFC: polymer electrolyte membrane fuel cell; DFAFC: direct formic acid fuel cell; AFC: Alkaline fuel cell.
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in the alkaline electrolytes used for alkaline fuel cells. As
noble metals show poor catalytic durability for alkaline fuel
cell, developing alkaline stable catalysts becomes one of the
major challenges. The excellent stability of CO3O4/N-rGO
hybrid envisions that it is promising candidate for ORR and
other important catalytic reaction in alkaline solutions. The
water oxidation regime and electocatalytic oxygen evolution
reaction (OER) are performed in 0.1 M aqueous KOH solution.
The CO3O4/N-rGO hybrid shows a current density of
10 mA/cm2 at a small over-potential of �0.31 V and a small
Tafel slope down to 67 mV/decade, whose values are
comparable to the performance of the best reported
CO3O4 nanoparticle OER catalyst at the same loading. The
electrochemical characteristics of representative graphene-
based catalysts are summarized in Table 2, in which the
properties of graphene based electrocatalysts have been
tried to improve their catalytic performance. Thus, the
commercial Pt-based catalysts, which are cost inefficient
and poor intermediate tolerance, are expected to be
replaced. The performance can be judged by three different
factors: higher current density, lower onset potential and
higher ECSA compare with Pt/C. The catalysts were cate-
gorized by the materials, which are using a less amount of
Pt, Pt alloy and metal-free catalysts.
Capacitors

Background

Energy paradigm has been changing, which generally
includes the recognition of energy, pattern of consuming
energy, the role of industry structure and its values. Many
scientists have suggested and developed the new paradigm,
which occurred by the complicated problems such as
petroleum exhaustion, environmental pollution, green
house effect and climate change. Future energy paradigm
will include concepts that diminishing wasteful energy,
enriching the life style and not burdening environment.
The first assignment for a human being is the displacement
of current energy to new sustainable energy resources and
more efficient use. Supercapacitors are going to pave the
way to one of new sustainable energy paradigm.

Supercapacitors, also called ultracapacitors, store electro-
chemical energy by accumulating the charge from electric
double layer, which is caused by electrostatic attraction. The
capacity of supercapacitor is proportional to the electrode
surface, i.e., the electrochemically active surface, where how
much ions are attracted. As mentioned earlier, it is a different
from physically determined surface area by nitrogen physi-
sorption [73]. Electrochemical capacitors (EC) are possible to
be fully charged and discharged in seconds. Although their
energy density (about 5–10 W h/kg) is lower than in batteries
or fuel cells, higher power density (10 kW/kg) can be reached
in a short time [74]. The most attractive advantage of ECs is a
high power capability with the fast charge/discharge rate.
Moreover, most of the ECs are safer against short circuit than
batteries in terms of the possibility of self-ignition. They do
not contain any hazardous or toxic materials and have the
durability during long charge–discharge cycles [75].

There are two representive mechanisms describing the
supercapacitor: (1) electric double layer capacitor (EDLC) and
(2) psuedocapacitor. EDLCs store the charge electrostatically
following to reversible adsorption–desorption cycles of electro-
lyte ions onto active electrode materials (Figure 6). The active
materials should not only be electrochemically stable, but also
have accessible large surface area. Furthermore, there should
not be Faradaic reaction at EDLC electrode. Surface storage
mechanism allows very fast energy uptake and delivery, and
better power performance. However, the physicochemical
process and electrode polarization in EDLC are not enough to
apply high energy devices. Pseudocapacitors, on the other
hand, undergoe reversible Faradaic reactions. Chemically mod-
ified carbon materials [76,77], metal oxide [78] and conducting
polymers [79,80] are used for electrodes. In cases of pseudo-
capacitors, the stability for charge/discharge cycling is rela-
tively poor, though their energy densities are relatively high
with respect to EDLCs. Furthermore, the response time is longer
than EDLCs, because it takes longer time to move electrons
during the redox reaction [81].
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In order to control the performance of supercapacitors,
the major factors such as electrolyte, separator thickness,
and properties of electrode including porosity, mechanical
stability, volume, resistance, etc., need to be considered
[75]. Graphene is known to be emerging material for
supercapacitor applications, due mainly to its superb prop-
erties to conventional carbon-based materials. Graphene
meets the requirements for electrode material in super-
capacitor: graphene has the large surface area (2630 m2/g)
[82], good thermal [11] and electrical conductivity (4840–
5300 W/m K, 2� 102 S/m) [82], theoretical double layer
capacitance (�21 mF/cm2) [83]. Theoretically large surface
area of graphene provides electroactive site and easy to
accessibility to electrolyte ions, and good electrical con-
ductivity can reduce the resistance of transportation of
Figure 6 Typical charge/discharge voltammetry characteris-
tics of an electrochemical capacitor. Reproduced with permis-
sion from Ref. [81]. Copyright (2001) Elsevier.

Table 3 Overview of graphene materials with capacitor’s prop

Materials Treatment P
(k

Graphene CVD (chemical vapor depostion) –
rGO Reduced graphene and convection dry 9
Functionalized GO Thermal exfoliation of graphite oxide –
N-doped graphene N2 plasma 8
Carbon black-
graphene

Ultrasonication and in situ reduction
process

–

CNT-graphene CVD –
Carbon sphere-GNS Self-assemblly chemical reduction 1
PANi-graphene In situ polymerization 0
PPy-Graphene Electric depostion on graphene oxide 3
PEDOT-graphene Oxidative polymerizaiotn 0
MnO2-exfolitated
graphite

Dip and dry deposition 1

RuO2-graphene Sol–gel process with RuO2 and graphene
oxide

0

NiO-graphene Electrophoretic deposition and chemical
bath deposition

–

Fe3O4-graphene Crystalization of metal oxide with rGO 2
electron, especially for pseudocapacitor. Graphene has
shown promising electric properties for supercapacitor. In
addition, composites, consisting of graphene with other
electrode materials such as activated carbon [84], metal
oxide [42,85] and conducting polymer [86,87], could be
expected to show synergetic effects on supercapacitors
(Table 3).
Materials based on graphene

Reduced GO (rGO)
Curved morphology of rGO was measured an energy density
of 85.6 Wh/kg at 1 A/g and the power density of about
9.8 kW/kg at 8 A/g in ionic liquid, EMIM/BF4 [89]. Curved
morphology caused by the convection dry process and has
the mesoporous structure. The morphology of surface area
is important to make electric double layer from diffusion of
ions. The ionic liquid is possible to form higher EDLC than
aqueous electrolyte and operating voltage over 4 V even if
ionic liquid is bulky and viscous [89].

The graphene exfoliation was succeeded at 200 1C as
relatively low temperature with high vacuum. The specific
capacitance is 279 F/g in scan rate 10 mV/s in 30% KOH
solution. The oxygen content is different between high
temperature (C/O ratio 11:1) and low temperature processes
(C/O ratio 10:1). It implies that different surface chemistry
leads to different electrochemical performances [98].

The other way to produce the graphene electrode is the
microwave treatment with KOH activation used to improve
porosity and enhanced supercapacitor performance. This
product had a large surface area around 3100 m2/g from
BET measurement. In the BMIM BF4/AN electrolyte, this
product has the specific capacitance 166 F/g and shows
stable state after 10,000 charge/discharge cycles as having
the capacitance retention of 97%. Above all, the energy
erties.

ower density
W/kg)

Energy density
(W h/kg)

Specific
capacitance (F/g)

Ref.

– 80 F/cm2 [88]
.8 85.6 250 [89]

28.5 230 [90]
00 48 282 [91]

– 175 [84]

– 385 [92]
5.4 – 198 [93]
.14 37.9 1126 [87]

5.7 1510 [86]
.038 12 304 [94]
10 12.5 315 [95]

.05 20.1 570 [42]

– 400 [96]

.4 85 326 [97]
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density is �70 W h/kg, which is about four times higher than
energy density of activated carbon electrodes and nearly
equal to that of lead hybrid [44].

Yoo et al. designed 2D plane ideally to utilize the high
surface area of graphene and simply fabricated the elec-
trode. They synthesized rGO CVD film and tested in solid
electrolyte, polymer-gel (PVA-H3PO4). The electrode
showed the specific capacitance around 250 F/g with good
cycle stability up to 3000 charge/discharge cycles [88].

Graphene hydrogel made of hydrothermal reduction of
GO, and using hydrazine monohydrate and hydroiodic acid as
reductants. Hydrothermal reaction produces strongly cross-
linked 3D graphene network by overlapping graphene sheets.
This reducing process increases hydrophobicity and the
p-conjugation length of graphene [99]. This rGO has
micrometer pores and specific surface area of 778–964 m2/g.
The rGO by hydrazine monohydrate has the specific
capacitance of 220 F/g at a current density of 1 A/g, the
power density of 30 kW/kg and the energy density of
5.7 W h/kg [100].
Nitrogen doped graphene
Heteroatom doping to the graphitic framework leads to
changes of structures, thermal and electric properties and
Fermi level [101]. Nitrogen doped graphene (N-graphene),
in particular, could simply be prepared by nitrogen plasma
treatment [102]. N-graphene has shown the better elec-
trode capability than graphene [102]. Choi and coworkers
Figure 7 Ultracapacitors based on N-graphene and their electroc
ultracapacitor structure; (b) charging and discharging curves m
capacitances of ultracapacitor based on various N-graphene and pr
numbers in the legend indicate the plasma durations in minutes; (d
paper substrates measured at a series of current densities; (e) th
substrates up to 10,000 cycles; (f) the specific capacitances me
permission from Ref. [91]. Copyright (2011) American Chemical Soc
[91] are able to dope nitrogen into the graphene basal
planes via simple nitrogen plasma process. They measured
the specific capacitance of 282 F/g, which were 4 times
higher compared to pristine graphene, whose capacitance
was 68 F/g in organic solvent electrolyte [91]. By simple
replacement of the carbon atoms with nitrogen atoms from
the basal plane of graphene, N-graphene based supercapa-
citor maintains 99.8% of capacitance after 100,000 cycles
[91]. The power and energy densities have been achieved up
to �8� 102 kW/kg and �48 W h/kg, respectively, in 1 M
tetraethylammoniumtetrafluoroborate (TEA BF4) [91]. The
rGO, reduced by hydrazine and subsequent annealing in NH3

atmosphere, has produced N-graphene. The N-graphene
displays maximum capacitance of 144.9 F/g at a current
density of 0.5 A/g in conventional organic solvent-based
electrolyte (Figure 7) [103].
Carbon material-graphene composites
Li and coworkers have synthesized self-assembled hierarch-
ical nanostructure by electrostatic interaction between the
two carbon spheres and graphene nanosheets [93]. The
functionalized carbon spheres effectively separate gra-
phene sheets preventing aggregation and its unique struc-
ture is used as active material to construct supercapacitors.
The specific capacitance of the hierarchically nanostruc-
tured carbon sphere-graphene electrode is 198 F/g, which is
higher than that of graphene electrode (115 F/g) and carbon
sphere electrode (38 F/g). The cycle stability of hierarchical
hemical testing: (a) a schematic illustration of the assembled
easured by galvanostatic characterization; (c) gravimetric
istine graphene measured at a series of current densities. The
) gravimetric capacitances of ultracapacitor built on nickel and
e cycling tests for the ultracapacitor based on Ni and paper
asured in aqueous and organic electrolytes. Reprinted with
iety.
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nanostructure is well retained up to more than 95% after
1000 charge/discharge cycles. Previously, graphene/CNT
hybrid film were synthesized via self-assembly between
poly(ethyleneimine) (PEI) functionalized graphene and acid
treated CNT [104]. Heat treated graphene/CNT film on ITO
glasses were obtained in 1 M H2SO4. The capacitance of
graphene/CNT film is 120 F/g with rectangular shape,
corresponding to well charging and discharging with low
resistance on electrode.

Furthermore, three dimensional CNT/graphene sandwich
(CGS) structure was prepared with CNT column grown on the
graphene layers in the presence of Co catalysts by CVD method
[88]. The CV curves of CGS exhibits strong redox peaks within
potential range from �0.2 to 0.45 V in 6 M KOH solution. The
result implies the high pseudocapacitance of Co(OH)2. The
CGS shows the capacitance of 385 F/g, which are higher value
compare with CNT/graphene (physical mixing), graphene and
Figure 8 (a) The capacitance of GNS/CB-2 composite as a
function of cycle number measured at 200 mV/s in 6 M aqueous
KOH solution. Inset shows the CV curves of the 1st and the
6000th cycles at 200 mV/s. (b) Nyquist plots of GNS/CB-2
electrode in the frequency range of 100 kHz–0.1 Hz measured
during the cycle life testing. Reprinted with permission from
Ref. [84]. Copyright (2010) Elsevier.
Co3O4/graphene. This result should be originated from unique
structure of CGS, which facilitated fast transport of the
electrolyte ions or electron across the electrode matrix. To
test the electrochemical stability of CGS, CV was measured
2000 cycles and initial capacitance is rather increased approxi-
mately 20% owing to increase of interfacial area between
Co(OH)2 and electrolyte during process, indicating excellent
stability. In a similar, but independent study, Feng et al. [105]
prepared 3D pillared vertically-aligned CNT-graphene archi-
tectures by intercalated growth of vertically aligned CNTs into
thermally-expanded highly ordered pyrolytic graphite (HOPG).
The resulting graphene and vertically-aligned CNT hybridized
with nickel hydroxide coating showed a high specific capaci-
tance (1065 F/g) with a remarkable rate capability.

Liu group also prepared graphene nanosheet (GNS)/
carbon black (CB) composites by the ultrasonication and
in situ reduction methods [84]. In case of the GNS/CB-1,
mostly CB particles are deposited on to the basal plane of
GNS, while GNS/CB-2, CB particles are located at the edges
of GNS. The CV data show GNS/CB-2 has higher capacitance
(175 F/g) with rectangular shape than those of GNS/CB-1
(150.4 F/g) and GNS (122.6 F/g), indicating that electrolyte
ions diffusion and migration into GNS/CB-2 are more
efficient than GNS/CB-1 during fast charge/discharge pro-
cess. To estimate the long-term cycle stability of GNS/CB-2,
not only CV was measured for 6000 cycles in the potential
range from �1 to 0 V (vs. Hg/HgO) but also electrochemical
impedance spectroscopy was tested in range of 100 kHz to
0.1 Hz. Figure 8 shows that the capacitance of GNS/CB-2
after 6000 cycles is diminished only 9.1% of initial value and
impedance spectra well retained initial curve, meaning that
CNS/CB-2 has excellent stability.

The carbon materials such as CB, CNTand carbon sphere can
also act as spacer, therefore, enhanced the electrochemical
properties through not only the increased surface area of
carbon material/graphene composites, but also rapid transport
of the electrolyte ions or electron across the electrode matrix.
Psudocapacitors: graphene/conducting polymer
composites

Conducting polymers such as polyaniline (PANi), polypyrrole
(PPy), polythiophene (PT), etc., have been utilized as base
materials for multifunctional composites, which display
enhanced properties such as structural reinforcement and
electrical conductivity [106–108].

The addition of a small amount of GO into PANi enhanced
specific capacitance as high as 531 F/g in the 1 M H2SO4

electrolyte (Figure 9). In addition, the conductivity was
ascended over pure GO and PANi. The enhancement should
be attributed to p–p stacking between PANi backbone and GO
nanosheets [46]. Cheng et al. [109] fabricated GO/PANi com-
posite by in situ anodic electropolymerization of aniline mono-
mers into a PANi film on graphene paper. The specific
capacitance of 233 F/g is abtained in the 1 M H2SO4 electrolyte.
This electrode is stable at cycle test as shown in Figure 9d and
its mechanical strength is improved by 43% [109].

Another graphene/PANi hybrid material, formed by three
steps of in situ polymerization-reduction/dedoping–redop-
ing process, renders the high specific capacitance as high as
1126 F/g at a scan rate 1 mV/s. Specific energy density and



Figure 9 Electrochemical properties of the graphene-paper (G-paper) and graphene-PANi composite paper (GPCP): (a,b) cyclic
voltammograms recorded from 2 to 20 mV/s in 1 M H2SO4; (c) Nyquist plots of the G-paper and GPCP-60 s/300 s/900 s (different
deposition time); (d) cycling stability measured at 50 mV/s. Reprinted with permission from Ref. [109]. Copyright (2009) American
Chemical Society.
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power density are 37.9 Wh/kg and 141.1 W/kg, respectively
[87]. The rGO/PANi (PANi ratio, 5 wt%) also exhibits good
performance with specific capacitance of 480 F/g at 0.1 A/
s. The rGO/PANi composite electrodes have generally higher
specific capacitance and conductivity than those of GO/PANi
composite electrode. GO typically has insulating character-
istics due to topological defects and numerious oxygenated
groups. Although initial capacitance of graphene/PANi com-
posites as psudosupercapacitor electrodes are much higher
than that of just carbon-based electrodes, cycle stability is
generally very poor [110]. The electrochemical instability is
because of defects creation by swelling, shrinkage and
cracking during charge/discharge cycles.

PPy, one of the conducting polymers, has some advan-
tages for psudosupercapacitor materials. It can be produced
at low cost and has high specific capacitance, ease to
process in water solution and fast electrochemical switching
[111]. GO/PPy composite has been prepared by electro-
phoretic deposition on titanium substrate. This electrode
displays the specific capacitance of 1510 F/g at a scan rate
of 10 mV/s in 0.1 M aqueous LiClO4 electrolyte. The out-
standing performance is stemmed from the cohesive net-
work structure between graphene and PPy. Although most of
conducting polymers show poor cycle stability, this elec-
trode is relatively stable. Energy density and power density
are 5.7 W h/kg 3 kW/kg, respectively [86]. Other method to
prepare GO/PPy flexible film is pulsed electrochemical
deposition [112]. The amount of PPy on the GO surface
depends on the deposition time. The specific capacitance is
237 F/g in 1 M aqueous KCl solution, when deposition time is
120 s. Both ionic diffusion resistance and charge-transfer
resistance are related to particle size and amount of PPy. In
this case, the energy and power densities are 33 Wh/kg and
1.18 kW/kg, respectively, at a scan rate 10 mV/s [112].

Polyethylenedioxythiophene (PEDOT)/polystyrene sulfo-
nate (PSS) mixture is well known conducting polymer
system. Graphene-PEDOT (G-PEDOT) composite is synthe-
sized by oxidative polymerization in the presence of gra-
phene. The composite displays the maximum capacitance of
374 F/g at a scan rate of 0.01 A/g. Owing to doping/
dedoping process being involved in the charge transporta-
tion and ion transportation, G-PEDOT has the power density
of 38 W/kg and the energy density of 12 Wh/kg [94].
Psudocapacitors: graphene/metal oxide composites

Similar to conducting polymers as organic materials, metal
oxide electrodes as inorganic materials enable to improve the
capacitance through pseudocapacitance effects originated
from the redox behaviors. However, the weakness of metal
oxides is limited electrical conductivity. In this sence, gra-
phene could provide conductive pathway in graphene/metal
oxide composites. The interaction between graphene and
metal oxide is prone to improve supercapacitor performance.
Metal oxides palys as not only spacer to expand the surface
area of graphene but also its redox reaction to add more
capacitance. The expanded surface of graphene makes ions



Figure 10 The formation process of graphene�Co(OH)2 nano-
composites: (a) interactions between GO and Co2+ and
(b) deposition of Co2+ and deoxygenation of GO at the same
time. Reprinted with permission from Ref. [122]. Copyright
(2010) American Chemical Society.
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easy to diffuse and provides conductive channel for efficient
electron transfer by reducing the resistance [113].

Manganese oxide (MnO2) has been demonstrated to be
one of the promising psuedocapacitor electrodes, because
of its low cost, environmental friendly material, and high
theoretical capacitance. It is able to deliver high specific
capacitances ranging from 700 to 1380 F/g, when MnO2 is
deposited with a few hundreds nanometer thickness. How-
ever, commercial MnO2 film capacitors have the specific
capacitance of 150–250 F/g. Due to the formulation consist-
ing of carbon materials, binders and MnO2 has micrometer
thickness and thus they have low surface area to access and
poor electrical conductivity [114]. Various kinds of hybrid
composites are suggested to solve this problem arising from
limitation of thickness and fully utilize the advantage of
MnO2 [115].

GO/MnO2 composite has been prepared by a simple
solution process. Oxygenated groups on the GO surface
provide anchor sites to grow needle-shaped MnO2 crystalline
at low temperature. Synergistic effect from GO and MnO2

has been observed, showing the specific capacitance of
197.2 F/g in the 1 M aqueous Na2SO4 solution and capaci-
tance retention of about 84% after 1000 cycles [116].

Graphene sheets, obtained from exfoliated graphite by
sonication, were coated on the polyester microfiber via dip
and dry process. MnO2 has been deposited on the graphene
coated fiber via electrodeposition [85]. This composite has
the specific capacitance of 315 F/g at a scan rate 2 mV/s,
high stability up to 95%, power density of 110 kW/kg, and
energy density of 12.5 W h/kg. Enhanced performance
should stem from graphene coating on microfiber textile
forming desirable interfacial contact with MnO2 by expand-
ing the surface area and conductive pathways. Furthermore,
flower-like MnO2 crystals have increased electrochemically
active site, enahnced charge transfer and reduced diffusion
length during charge/discharge process [85]. As a result, it is
expected to further boost overall electrochemical properties
by wrapping conductive polymer mixture, PEDOT:PSS, in this
system. In this case, the specific capacitance is achieved
maximum 380 F/g at a current density of 0.1 mA/cm2 [95].
The rGO/MnO2 composite is also synthesized by redox
reaction with assistance of microwave irradiation to com-
bine them more rapidly [115]. The electron transfer reaction
between graphene as reduction reagent and metal oxide as
oxidant facially and rapidly occurred to achieve the specific
capacitance of 310 F/g and capacitance retention up to
95.4% after 15,000 cycles [115].

Other graphene-based metal oxide composites with zinc
oxide (ZnO) and tin oxide (SnO2) have also been synthesized
by ultrasonic spray pyrolysis [117]. Graphene/ZnO and
graphene/SnO2 composites show specific capacitances of
61.7 and 42.7 F/g, respectively, at a scan rate of 50 mV/s.
At the same scan rate, power densities are 4.8 kW/kg and
3.9 kW/kg in that order. Considering the power density of
graphene itself is 2.5 kW/kg, graphene/metal oxide compo-
sites can drastically enhance their power densities [117].
The rGO/SnO2 composite has also been produced by in situ
reduction of GO in the presence of SnCl4 in one-pot process.
The capacitance of resultant composite is 43.4 F/g at a scan
rate 1.0 V/s in 1 M aqueous H2SO4 solution [118]. The value
is relatively poor compared with precedent graphene/metal
oxide composites. In the case of rGO/ZnO composite
system, the ratio between rGO and ZnO is sensitive factor
for the electrochemical performances. When the rGO/ZnO
composite was prepared from GO, the best mass ratio of GO
to ZnO is 93.3 to 6.7. The composite displays the highest
specific capacitance of 308 F/g at 1 A/g [119].

Although it is expensive because limited reserve of noble
metal in the earth, hydrous ruthenium oxide (RuO2) is
known to posess a good cycle stability and high capacitance
[120]. Graphene/RuO2 sheet has been fabricated by sol–gel
process, expecting RuO2 particles anchored on the plane
graphene surface (Figure 10). The specific capacitance of
the graphene/RuO2 with 38.3 wt% of RuO2 is as high as
570 F/g with pseudocapacitor characteristics. The energy
density is 20.1 W h/kg and the corresponding power density
is 50 W/kg at 0.1 A/g. The energy density of composite is
close to RuO2 (22.2 W h/kg) and much higher than graphene
sheet (3.1 W h/kg) [42]. Similar to rGO/PANi composite,
rGO/RuO2 shows the synergistic effect to strengthen the
performance of capacitor. When rGO/RuO2 composite with a
loading RuO2 amount of 17 wt% was used as a symmetric
electrode, the energy density is 12.4 W h/kg; similar to
rGO/PANi composite (13.9 Wh/kg). Interestingly, when
those two composite electrodes are used as asymmetric
electrode, the energy density of system is doubled to be
26.3 W h/kg at the current density of 0.3 A/g [121].

Cobalt hydroxide (Co(OH)2) electrode has even higher
capacitance than the noble and expensive RuO2 electrode.
Hence, GO/Co(OH)2 composite (the optimum ratio is 1/30)
attract more interest in supercapacitor application. The
composite displays very high specific capacitance of
972.5 F/g at a current density of 0.5 A/g. The role of
graphene sheets is impeding the agglomeration of Co(OH)2
particles. As a result, the higher Co(OH)2 feed ratio (below
1/50 for GO/Co(OH)2) results in decreased specific capaci-
tance, because excessive Co2+ in solution is aggregated and
hinders dispersing Co(OH)2 particles uniformly [122].
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GO/cobalt oxide (Co3O4) composite has also been synthe-
sized rapidly using microwave. The specific capacitance of
GO/Co3O4 composite shows the specific capacitance of
243.2 F/g at 10 mV/s in 6 M aqueous KOH solution and
maintaining the specific capacitance of 95.6% after 2000
cycles [123].

By morphology control, graphene/porous nickel monoxide
(NiO) hybrid film displays pseudocapacitance of 400 F/g at
2 A/g. As compared with the specific capacitance (279 F/g
at 2 A/g) of porous NiO film, graphene/NiO hybrid film has
been profoundly improved capacitance due to its redox
behavior. Graphene sheets play as reductant and help the
oxidation of NiO film improving the electrochemical activity
of the reversible reaction between Ni2+ and Ni3+ ions [96].

The rGO/nickel–covalt oxide (NiCo2O4) was prepared from
self-assembly process. The redox couples of Co2+/Co3+ and
Ni2+/Ni3+ coexist in this system, showing the initial specific
capacitance of 835 F/g at 1 A/g. After 450 cycles, the
specific capacitance soars to 1050 F/g implying that addi-
tional cycles are needed to fully activate the composite.
The composite remains stable even after 4000 cycles [124].

By using commercialized iron oxide (Fe3O4), rGO/ Fe3O4

was prepared by crystallization of Fe3O4 in the presence of
rGO. Considering the low cost of Fe3O4, this system has high
potential for commerciallization with the specific capaci-
tance 326 F/g at a current density 0.5 A/g. Its energy
density and power density are 85 Wh/kg and 2.4 kW/kg,
respectively [97]. In addition, GO/bismuth oxide (Bi2O3) was
also produced via the solvothermal synthesis and demon-
strated to have a reasonable specific capacitance of 222 F/g
at 1 A/g [113].
Conclusions

Searching for new sustainable energy is a global issue given
the likely depletion of current resources. Recently, research-
ers are showing much interest in graphene based study for
energy devices, such as fuel cells and capacitors. Because
graphene has been demonstrated to possess a good elec-
trical conductivity and high surface area due to its unique
2-D structure, it is expected to be one of the best suitable
base-materials for developing alternative energy sources. In
this review, a recent significant progress in grpahene-based
energy systems is summaized by presenting some represen-
tive examples, which can be listed as follows: (1) graphene
supported Pt, Pt alloy and graphene-based metal-free
catalysts have demonstrated enhanced electrocalytic acitivy
with cycle stability for fuel cells, and (2) introduction of
graphene as rGO, nitrogen-doped graphene, graphene/car-
bon material composites, grapehne/polyemr composites,
and graphene/metal oxide composites display better power
density, energy density and capacitance for capacitiors.
These new hybrid materials have proven to demonstrate
superb potential for commercialization viability over noble
metal-based expensive catalysts and conventional capaci-
tors. However, there are still big rooms in energy conversion
and storage systems for further improvements in terms of
overall performance and scalable low-cost production. We
hope this review can provide valuable insights to reserchers
for gain further knowledge to speed up novel innovation in
this area. There should be bright future and no speed limit
on grpahene-way for new energy sources.
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