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Chaohe Xu,†b Binghui Xu,†a Yi Gu,†a Zhigang Xiong,a Jing Sunb and X. S. Zhao*ac

The ever-increasing demands for energy and environmental concerns due to burning fossil fuels are the key

drivers of today's R&D of innovative energy storage systems. This paper provides an overview of recent

research progress in graphene-based materials as electrodes for electrochemical energy storage.

Beginning with a brief description of the important properties of single-layer graphene, methods for

the preparation of graphene and its derivatives (graphene oxide and reduced graphene oxide) are

summarized. Then, graphene-based electrode materials for electrochemical capacitors and lithium-ion

batteries are reviewed. The use of graphene for improving the performance of lithium–sulfur and

lithium–oxygen batteries is also presented. Future research trend in the development of high-power-

density and high-energy-density electrochemical energy storage devices is analysed.
Broader context

The ever-increasing demands for energy and environmental issues due to consumption of fossil fuels are the key drivers of today's R&D of innovative energy
storage systems. The development of high-performance energy storage systems that can deliver energy with a high power rate is critical for future success in
global efforts on sustainable and renewable energy. Over the past ten years or so, graphene-based electrode materials have been extensively studied for these
devices. This review presents a comprehensive summary of the fundamental properties of graphene, general methods for preparing graphene and its derivatives,
and applications as electrode materials for electrochemical energy storage devices, including supercapacitors (SCs), lithium-ion batteries (LIBs), lithium–sulfur
(Li–S) batteries, and lithium–oxygen (Li–O2) batteries.
1 Introduction

Graphene is a single layer of sp2 carbon atoms arranged
hexagonally. Graphene has a high intrinsic carrier mobility
(200 000 cm2 V�1 s�1),1 excellent thermal conductivity (�5000
W m�1 K�1),2–4 high optical transmittance (�97.7%),5 high
theoretical specic surface area (2630 m2 g�1),6 and superior
mechanical strength.1 Thus, graphene is envisioned to nd a
wide spectrum of applications.7–16 As graphite consists of single
graphene layers connected via van der Waals forces, it is not
unexpected that graphene can be produced by exfoliation of
graphite physically17 or chemically.18,19 The chemical exfoliation
approach, however, generally yields a chemically modied gra-
phene, which has a signicantly lower electric conductivity than
pristine graphene.20 In the chemical exfoliation method, highly
oxidative chemicals are used to loosen the van der Waals forces
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between graphene layers in graphite, leading to the formation
of graphite oxide, which contains a substantial amount of
oxygen-containing groups. Exfoliation of the graphite oxide
using mechanical means (e.g., ultrasonication) yields graphene
oxide (GO). Reduction of GO chemically or thermally produces
reduced graphene oxide (RGO), which, however, still contains
oxygen species, especially at the edges of the RGO sheets.21

Because it is easy and inexpensive, the chemical exfoliation
method has been widely used in research labs worldwide to
make graphene samples. Strictly speaking, the chemical exfo-
liation approach does not yield graphene, but graphene deriv-
atives (e.g., GO and RGO). Nevertheless, graphene and RGO are
used interchangeably in many cases, as in this review.

With the ever-aggravating environmental impacts of
consuming fossil fuels, sustainable energy production, storage,
management, and consumption are gaining more and more
attention.22,23 The development includes not only technologies
for harvesting and converting sustainable energy sources, but
also effective methods for storing and delivering the energy
efficiently upon demand for applications, such as electric
vehicles and smart grids.24 Lithium-ion batteries (LIBs) and
supercapacitors (SCs) are electrochemical energy storage
devices that could meet such demands. Unfortunately, neither
LIBs nor SCs that are currently available in the market can full
the demand due to their poor performance (e.g., low energy
This journal is ª The Royal Society of Chemistry 2013
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density for SCs, low power rate and short lifetime for LIBs). As a
result, the past few years have seen a great deal of research effort
in improving the performance of these energy storage devices.

In comparison with SCs, LIBs possess a higher energy
density (120–200 W h kg�1), but a lower power density (lower
than 500 W kg�1) and shorter cycle life (less than 500 cycles).25

While the energy density of SCs is higher than that of dielectric
capacitors, it is still much lower than that of batteries and fuel
cells.26 Most of the commercially available SCs have a specic
energy density of less than 10 W h kg�1, about one tenth of that
of LIBs. The most striking features of SCs are their high power
density (1000–5000 W kg�1) and long cycle life (>105).27

RechargeableLi–oxygen (Li–O2) andLi–sulphur (Li–S)batteries
with respective theoretical specic energy densities of about 2567
and 3500Whkg�1 based on themass of Li and discharge product
(Li2O2 or LiO2) are gaining more and more recent research inter-
ests.28 While Li–O2 and Li–S batteries share the same anode, they
work differently in terms of the redox chemistry of O and S.

LIBs and SCs have found applications in niche areas due to
their drawbacks. For applications such as electric vehicles and
smart grids, high-performance energy storage devices must be
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developed. Recent research advancements in the development
of new-generation electrochemical energy storage devices have
been largely associated with the design and availability of
innovative electrode materials.28 This review summarizes recent
research progress in graphene-based electrode materials for
high-performance electrochemical energy storage devices.

2 Properties of graphene

Graphene is a single layer carbon nanosheet consisting of two
equivalent sub-lattices of sp2 carbon atoms connected by s

bonds.30 Each carbon atom in the lattice has a p orbital that
contributes to a delocalized network of electrons.31 This
extraordinary chemical structure (known as the Dirac fermion
system) leads graphene to display unique physical and chemical
properties because of its linear energy dispersion, high elec-
tron–hole symmetry and internal degree of freedom.32

2.1 Physical properties

As a consequence of the graphene structure, the rst Brillouin
zone has two inequivalent points (Dirac points), where a band
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crossing occurs. Intrinsic single-layer graphene is a zero-gap
semiconductor (Fig. 1a).29 The electronic-band structure of
graphene leads to semiconducting and metallic characteristics,
thus being considered as both a metal with a vanishing Fermi
surface and a semiconductor with a vanishing band gap. The
room-temperature carrier mobility of graphene is as high as
15 000 cm2 V�1 s�1, and the charge carriers can be tuned
continuously between electrons and holes with concentrations
as high as 1013 cm�2.33,34 In addition, by minimizing impurity
scattering, mobilities in excess of 200 000 cm2 V�1 s�1 can be
achieved in suspended graphene.6 The electronic properties of
graphene change with the number of layers and relative posi-
tion of atoms in adjacent layers determined by the stacking
order.35 Bilayer graphene shows parabolic bands (no Dirac
electrons), which touch the Fermi level (Fig. 1b).29 However,
under the presence of an electric eld, the gap of the bilayer
graphene can be opened.17,36 Trilayer graphene shows an
interesting band structure, which looks like a combination of a
monolayer and a bilayer (Fig. 1c).29,37 In general, for few-layer
graphene with AB stacking, there will be a linear band if the
number of layers is odd.38–40 As the number of layers increases,
the band structure becomes more complicated, leading to the
appearance of several charge carriers and the overlapping of the
conduction and valence bands.

The opacity of graphene is about 2.3% that is determined by
its structure and electronic properties.41 The constant
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transparency (of about 97%) has been experimentally observed
in the visible range.42 It has also been observed that the trans-
mittance decreases linearly with the number of layers of gra-
phene. Because of the superior electrical and optical properties,
graphene may be a potential substitute for commercial trans-
parent electrodes such as indium tin oxides.

The thermal conductivity of suspended graphene is
extremely high, ranging from 4840 to 5300 W m�1 K�1, higher
than the experimentally measured values of carbon nanotubes
and diamond.2 The outstanding thermal conductivity of gra-
phene makes it a good material for improving the thermal
conductivity of polymers and ceramics. Balandin and co-
workers43,44 demonstrated that with 5 and 10 vol% doping of
graphene, the thermal conductivity of graphene–metal and
graphene–polymer composites was increased by about 500%
and 2300%, respectively. This is attributed to the high intrinsic
thermal conductivity of graphene, together with its strong
coupling with the metal and polymer.43

Owing to the strong s bonds (C–C bonds), monolayer gra-
phene has superior mechanical properties, such as high
Young's modulus and strong fracture strength.31 The elastic
modulus of graphene sheets prepared using the chemical
exfoliation method was determined to be about 0.25 TPa.45 The
elastic modulus and intrinsic strength of a defect-free mono-
layer graphene were measured to be 1.0 TPa and 130 GPa,46

respectively. Paper-like graphene lms showed very high
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Fig. 1 Low energy DFT 3D band structure and its projection on kx close to the k point for (a) graphene, (b) bilayer graphene, (c) trilayer graphene and (d) graphite.
Monolayer graphene shows the Dirac point of graphene (a). The Dirac point is lost in bilayer graphene (b), but appears again in trilayer graphene (c); (d) shows the
graphite structure which displays a semimetallic band structure with parabolic-like bands. The Fermi level has been set at zero in all cases. Reproduced with
permission.29
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hardness, about 217 kgf mm�2,47 almost two times harder than
that of carbon steel. Moreover, the yielding strength of gra-
phene (about 6.4 TPa) is several times higher than that of
carbon steel.47 Kim and co-workers48 recently studied the
interplay of mechanical and electronic properties of graphene.
The resistance in the bent direction increased almost one order
of magnitude. The resistance change due to stretching was
about one order of magnitude difference along the directions
parallel and perpendicular to the stretching direction.
2.2 Chemical properties

The surface of defect-free or highly crystalline graphene appears
to be chemically inert. The surface of pure graphene usually
interacts with other molecules via physical adsorption (p–p
interactions). To enable the graphene surface to be more reac-
tive, surface defects or surface functional groups are usually
introduced.29 For example, chemical doping with atoms such as
B and N and introducing functional groups such as carboxyl,
carbonyl, and amine groups can tune the surface properties and
the electronic properties of graphene.49–52 GO is hydrophilic in
nature,10,36,53 thus it can be easily further processed in an
aqueous system for applications, such as heterogeneous catal-
ysis, sensor technology, and energy storage.35,54
3 Preparation of graphene

Large-scale preparation of graphene with controllable size still
represents a key challenge in the development of graphene
This journal is ª The Royal Society of Chemistry 2013
technology. The rst successful preparation of graphene was by
using the scotch-tape method to peel off graphene via a layer by
layer technique from a highly oriented pyrolitic graphite
(HOPG), followed by depositing on a silicon substrate assisted
by an organic solvent.17 This method allows one to obtain high-
quality graphene with sizes of about 10 mm. However, the yield
and efficiency of the scotch-type method are low.
3.1 Chemical reduction of GO

A prerequisite for exploiting most proposed applications for
graphene is the availability of processable graphene in large
quantities.20 Oxidative exfoliation of natural graphite by a
thermal or oxidation technique followed by chemical reduction
has been considered one of the most efficient methods for low-
cost and large-scale production of graphene.55 Ruoff and Park19

demonstrated a solution-based route involving chemical
oxidation of graphite to GO, which can be readily exfoliated as
individual GO sheets. The GO can be converted to RGO by
chemical reduction using, for instance, hydrazine or NaBH4.
However, the product thus obtained oen suffers from poor
dispersion or irreversible agglomeration in water. In addition,
the reducing agents are toxic and unstable, making the pro-
cessing difficult.

Li et al.20 demonstrated that RGO colloids can be prepared
through electrostatic stabilization without polymeric or
surfactant stabilizers. This is mainly due to the Coulomb
repulsion of the negative charges which can be adjusted by pH
values. Amphiphilic molecules that have been used to improve
Energy Environ. Sci., 2013, 6, 1388–1414 | 1391
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the solubility of carbon nanotubes56–61 have been shown to work
well for enhancing the solubility of RGO sheets.62–71 This is
mainly because the hydrophobic part forms strong p–p inter-
action with graphene while the hydrophilic part generates
electrostatic repulsions. Zhang and co-workers72 reported a
quick deoxygenation method in strong alkali solution at
moderate temperatures. This acid neutralization reaction offers
an exciting opportunity for large-scale production of graphene.
Other reducing agents, such as L-ascorbic acid,73 vitamin C73,74

and sugars (glucose, sucrose, fructose, etc.),75 have also been
reported.

Recently, Loh et al.76 described a hydrothermal dehydration
method for reducing GO to stable RGO (see Fig. 2). The reduc-
tion process was believed to be analogous to the H+ catalyzed
dehydration of alcohols, where water acts as the source of H+ for
the protonation of –OH. As shown in Fig. 2, both intramolecular
(a) and intermolecular (b) dehydration can occur on the edges
or basal planes of GO, which are terminated by hydrogen,
hydroxyl, ether, and carboxylic groups. In the case of mecha-
nism (a), the elimination of –OH and –H can occur on the edge
sites of GO, followed by the recovery of p-bonding. Compared to
the reduction method using hydrazine, this hydrothermal
treatment route has a number of advantages. Based on this
method, a number of solvothermal methods have been devel-
oped to prepare high-quality and high-concentration RGO
colloids.77–82 Gilje et al.77 reported that N-methyl pyrrolidone
(NMP) with a high boiling point in combination with its oxygen-
scavenging properties at high temperatures is a good reagent to
deoxygenate GO. The RGO obtained from this method displayed
an electric conductivity of 374 S m�1 and a C/O ratio of 5.15.

Metals such as Fe and Zn powders have also been used to
reduce GO with a high efficiency.83,84 However, a strong acid is
needed to remove the excess of metals aer reduction. The RGO
product obtained with Fe as the reducing agent showed a C/O
ratio of 7.90 and electric conductivity of 2300 S m�1.83 Ouyang
Fig. 2 (a) Intramolecular dehydration of GO under hydrothermal conditions. (b)
Intermolecular dehydration of GO occurring at high pH, giving rise to aggregated
products. Reproduced with permission.76

1392 | Energy Environ. Sci., 2013, 6, 1388–1414
and Mei84 reported that Zn powder is a good reductant for
reducing GO. The C/O atomic ratio and electric conductivity
of a RGO product obtained with Zn as the reducing agent were
33.5 and 15 000 S m�1, respectively.

Apart from using the elaborate reducing agents discussed
above, Williams et al.85 rst introduced the use of semi-
conductor photocatalysis to reduce GO. TiO2 is a relatively mild
reductant with the conduction band around �0.5 V versus
normal hydrogen electrode (NHE) at neutral pH.85,86 TiO2 is
excited to generate electron–hole pairs upon ultraviolet (UV)
irradiation.87–90 The holes are scavenged by ethanol, leaving the
electrons accumulated on the TiO2 surface (reaction (1)). The
accumulated photoelectron in the conduction band of TiO2 is
then trapped by GO to reduce oxygen-containing groups to form
RGO (reaction (2)).

TiO2 þ hn/TiO2ðeþ holeÞ ������!C2H5OH
TiO2ðeÞ þ C2H4OHþHþ

(1)

TiO2 (e) + GO / TiO2 + RGO (2)

The photocatalytic reduction can be conducted by UV irra-
diation of a TiO2 suspension rst, followed by incremental
addition of GO suspension,86 or direct UV irradiation of a TiO2

and GO mixture.91 The reduction of GO has also been demon-
strated by using other photocatalyst systems, including ZnO,92

H3PW12O40,93,94 WO3,95 CdS,96 BiVO4 (ref. 97) and nitrogen-
doped Sr2Ta2O7 (ref. 98) under UV or visible light irradiation.
Although the photocatalysis-assisted reduction method does
not involve elevated temperature or toxic reducing agents, it
always produces a composite solid (RGO with the photocatalyst)
rather than pure RGO.

Recently, Jang et al.99 reported a method which allows one to
obtain a RGO suspension. As illustrated in Fig. 3, the method is
based on the strong electrostatic repulsion between negatively
charged RGO sheets and TiO2 particles under appropriate pH
conditions. Thus, under basic conditions, negatively charged
TiO2 and RGO sheets are stabilized in water and repel each
other. Thus prepared RGO showed an electric conductivity,
which is comparable to that of RGO reduced by hydrazine. The
recovered TiO2 can be reused, enabling a cost-effective, envi-
ronmentally friendly approach to large-scale production of pure
RGO suspensions.
3.2 Chemical vapour deposition

Another approach to the preparation of graphene is via chem-
ical vapour deposition (CVD), which makes use of the pyrolysis
of hydrocarbon compounds on the surface of a metal catalyst at
high temperatures.100 There are two types of growth mecha-
nisms depending on the solubility of carbon in the metal.101

One is the carbon segregation and/or precipitation mechanism
as schematically illustrated in Fig. 4a. For those catalysts with a
high solubility of carbon such as Ni, the hydrocarbon
compound cracks at high temperatures to form carbon species,
which dissolve in the metal. Upon cooling, the carbon species
precipitate out from the surface of the metal followed by
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ee23870a


Fig. 3 Schematic illustrations of (a) a TiO2 particle carrying negative charge
above pH 6, (b) a RGO sheet carrying negative charge above pH 7, a mixture of
GO and TiO2 under basic conditions before (c) and after (d) UV irradiation for 5 h,
RGO prepcipitate and TiO2 particles in the liquid phase after ultracentrifugation
(e). Reproduced with permission.99
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nucleation and growth to form graphene. The number of gra-
phene layers is strongly dependent on the cooling rate. Kong
et al.102 and Hong et al.103 employed polycrystalline Ni as a
catalyst to prepare graphene using the CVDmethod. However, it
was difficult to prepare graphene with a large size and
controllable morphology. The number of layers was unevenly
distributed. In order to solve this problem, Cheng et al.104

adopted nickel foam as the catalyst for graphene growth and
successfully synthesized graphene foams with potential appli-
cations as chemical sensors and energy storage devices.105–108

The other one is the surface growth mechanism as shown in
Fig. 4b. Instead of diffusing into the matrix of metal catalysts
such as Cu,101 a carbon precursor rstly adsorbs on the surface
of the catalyst, and then nucleates and grows to form a gra-
phene island, and nally graphene by continuous growth. Ruoff
et al.100 used a Cu foil to grow graphene of a large domain. Ahn
Fig. 4 Schematic illustration of the possible growth mechanisms of graphene in
a CVD process: (a) the carbon segregation/precipitation mechanism and (b) the
surface growth mechanism. Reproduced with permission.101

This journal is ª The Royal Society of Chemistry 2013
et al.42 described a roll-to-roll production process and wet-
chemical doping of predominantly monolayer 30-inch graphene
lms grown by CVD onto exible Cu substrates. The lms dis-
played a sheet resistance as low as �125 U per square with
97.4% optical transmittance. Cheng et al.109 and Kong et al.110

have developed an ambient-pressure CVD route for efficient
growth of graphene. The quality of graphene can be adjusted by
the composition of carrier gas. In addition, both solid and
liquid carbon sources have also been used to produce gra-
phene.111–115 Tour et al.113,114 developed a one-step method for
the controllable growth of pure graphene and doped graphene
using solid carbon sources, such as polymethylmethacrylate
(PMMA), cookies, chocolate, grass, and even wastes.

While large-domain graphene can be prepared by using the
CVD method, it remains a great challenge to transfer the gra-
phene from the catalyst substrate to another substrate. The
currently used most commonmethod for transferring graphene
is etching away themetal substrate using a suitable etchant,103,116

which inevitably leads to a number of problems, such as damage
to graphene, high cost, and generation ofwastes. Recently,Wang
et al.117 demonstrated an electrochemical delamination method
to repeatedly transfer graphene from a Cu substrate to another
substrate. The growth and transfer processes on theCu substrate
were repeated hundreds of times. However, the substrate was
partially etched during each transfer. Very recently, Cheng
et al.118 reported a bubbling method to transfer graphene grains
and lms to an arbitrary substrate as illustrated in Fig. 5. The
method is neither destructive to graphenenor to thePt substrate.
The Pt substrate can be repeatedly used and the quality of gra-
phene grown on the recycled Pt substrate was almost identical to
that grown on the initial Pt substrate.
3.3 The arc discharge method

The arc discharge method has been used for the production of
fullerenes, single- and multi-walled carbon nanotubes.119 The
temperature can be instantaneously increased to over 2000 �C
during the arc discharge process.120 Therefore, it is naturally
expected that arc discharge can be used for efficient exfoliation
and deoxygenation of GO and healing of the resultant exfoliated
graphite. Rao et al.121 reported that the graphene prepared using
the arc discharge method generally contained 2–4 layers in the
inner wall of the arc chamber. Shi et al.122 succeeded in large-
scale production of graphene by using the arc dischargemethod
in an air atmosphere instead of mixed H2 and He. They found
that the yield of graphene is greatly dependent on the pressure
of the atmosphere, i.e., high pressure promoted the formation
of graphene, while low pressure favoured the growth of carbon
nanohorns and nanospheres. The authors also found that
nitrogen-doped graphene can be produced in large scale by the
direct current arc discharge between pure graphite rods using
NH3 as one of the buffer gases.123 In addition, hydrogen arc
discharge as a rapid heating method has also been demon-
strated for producing graphene from a GO dispersion.120,124 The
obtained graphene exhibited a high electrical conductivity and
high thermal stability compared with the conventional thermal
exfoliation method. These demonstrate that the arc discharge
Energy Environ. Sci., 2013, 6, 1388–1414 | 1393
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Fig. 5 Illustration of the bubbling transfer process of graphene from a Pt substrate. Reproduced with permission.118
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exfoliation method is a good approach to the preparation of
graphene with a high quality.

3.4 The ball milling approach

High-energy ball milling is an effective method to prepare few-
layer graphene and its composites.125–128 Fan et al.126 developed a
ball milling route to prepare graphene–Al2O3 composites from
expanded graphite with a thickness of 2.5–20 nm. Very recently,
Dai and co-workers129 achieved a high yield of edge-selectively
carboxylated graphite (ECG) by using ball-milling of graphite in
the presence of dry ice (Fig. 6). The ECG is highly dispersible
in various solvents to self-exfoliate into single- and few-layer
(#5 layers) graphene. This progress provides a simple, efficient,
versatile, and eco-friendly approach to low-cost mass produc-
tion of high-quality graphene.

3.5 Solvent-assisted exfoliation

Solvent-assisted exfoliation is an effective method to prepare
two-dimensional materials.130–133 Coleman et al.130,132–134

demonstrated that when graphite powder was exposed to
ultrasonication in the presence of a suitable solvent, the powder
fragmented into nanosheets, which were stabilized against
aggregation by the solvent. The mixing enthalpy is minimized
for solvents with surface energies close to that of graphene
Fig. 6 Illustration of edge-carboxylation of graphite for graphene in the pres-
ence of dry ice. (A) Pristine graphite; (B) dry ice (solid phase CO2); (C) ECG
prepared by ball milling; (D) schematic representation of physical cracking and
edge-carboxylation of graphite by ball milling in the presence of dry ice. Repro-
duced with permission.129

1394 | Energy Environ. Sci., 2013, 6, 1388–1414
(�68 mJ m�2). The exfoliated nanosheets are free of defects and
oxygen-containing groups. However, the solvent-assisted exfo-
liation method has some critical issues, such as low concen-
tration of suspension, difficulty in obtaining single-layer
graphene with a high yield, and high cost of some solvents.

The electrochemical exfoliation method has also been
demonstrated to be an effective approach to producing high-
quality graphene.135–137 However, it is difficult to implement
large-scale productionof graphenebyusing thismethodbecause
of the limited volume of electrochemical chambers or devices.
3.6 The chemical synthesis approach

As graphene is composed of polycyclic hydrocarbon rings,
chemical synthesis from aromatic compounds may provide an
effective route for controllable synthesis of graphene.138–140

Indeed, Cai et al.140 succeeded in synthesizing atomically
precise graphene nanoribbons with different topologies and
widths. The formation mechanism is illustrated in Fig. 7.
Surface-assisted coupling of the molecular precursor resulted in
formation of linear polyphenylenes followed by subsequent
cyclodehydrogenation to form graphene nanoribbons. The
authors also found that the topology, width and edge periphery
of the graphene products were determined by the structure of
the monomer. Interestingly, this method has been used to
fabricate graphene-based devices directly, such as photovoltaics
and magnetic devices.141–143

Stride et al.144 demonstrated that single-layer graphene can
be synthesized by ash pyrolysis of a solvothermal product of
sodium and ethanol, followed by gentle sonication of the
nanoporous carbon products. This process mainly uses the high
reductive ability and chemical activity of alkali metals (e.g.,
sodium and potassium) to produce carbon radicals, which then
couple with each other to form graphene. The ability to produce
bulk graphene from non-graphitic precursors with scalability
and low-cost is a step closer to real applications of graphene.
4 Graphene-based electrodes for
electrochemical capacitors

Tremendous efforts in SC research have been made at nding
innovative electrode materials for increasing the energy density
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 A scheme showing the formation of atomically precise graphene nano-
ribbons from an aromatic compound. Reproduced with permission.140
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and lowering the cost.22–24,26 Porous carbon materials are oen
the choice of the electrode because of their good electrical
conductivity coupled with a large interface area. Graphene has a
theoretically high surface area, very high intrinsic electrical
conductivity in plane, good chemical stability as well as high
mechanical strength, thus it is an excellent candidate for
advanced electrode materials for SCs. It is thus not unexpected
that graphene and its composites have become the most
studied electrode materials in recent years.

4.1 The working principle of SCs

The most striking features of SCs include high power density
and long cycle life. The main weakness of SCs is their poor
energy density. There are two types of capacitance – one is the
electrical double layer (EDL) capacitance and the other is the
pseudocapacitance. The EDL capacitance arises from the charge
separation at the electrolyte/electrode interface, whereas the
pseudocapacitance is caused by Faradaic reactions occurring at
the interface of the electrolyte/electrode or near the surface of
the electrode material. Because of these two different energy
storage mechanisms, there are two types of electrochemical
capacitors, namely EDL capacitors (EDLCs) and
pseudocapacitors.

The EDL capacitance can be calculated using eqn (3):27

C ¼ 3r30

d
A (3)

where 3r is the relative dielectric constant, 30 (in F m�1) is the
dielectric constant of vacuum, A (in m2 g�1) is the specic
surface area of the electrode accessible to the electrolyte ions,
and d (in m) is the effective thickness of the electrical double
layer.
This journal is ª The Royal Society of Chemistry 2013
For pseudocapacitive materials, the energy storage is based
on the fast and reversible redox reactions between the electro-
lyte and the active electrode. The electrochemical reactions
occur at the interface or near the interface of electrode mate-
rials. The distance of ion transportation is very short. The
voltage of capacitors changed with charge in a linear way.
Therefore, the capacitance of the electrode material can be
expressed by:145

C ¼ dQ/dV (4)

There are three most commonly used techniques to evaluate
the electrochemical performance of SCs, i.e. cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD) and electrochemical
impedance spectroscopy (EIS).

4.1.1 The CV method. The overall capacitance (C in F) from
the CV method is:

C ¼ dQ

dV
¼ dQ

dt

dt

dV
¼ i

dV=dt
¼ i=v (5)

where i (in A) is the instantaneous current in CV, dV/dt or v
(in V s�1) is the scanning rate of voltage. An average C can
be given by the average current (i) divided by the scanning
rate as:145,146

C ¼ i

v
¼

�
1=ðV2 � V1Þ

�� ÐV2

V1

iðVÞdV

v
(6)

where V1 and V2 (in V) are the switching potentials in CV,Ð V2
V1

iðVÞdV is the voltammetric charge obtained by integration of
the positive or negative sweep in CV. The upper-limit potential
V2 ¼ V1 + vt (t is the time period of a single positive or negative
sweep). Therefore, eqn (6) becomes:145,146

C ¼

Ðt2
t1

iðtÞdt

V2 � V1

(7)

The mass specic capacitance (Cs), is calculated from Cs ¼
C/m, where m (in g) is the total mass of the active materials.

4.1.2 The GCD method. For the GCD method, the SC is
charged to a desired voltage and discharged at a constant
current until the voltage between the working electrode and the
reference electrode (three-electrode cell) or the counter elec-
trode (two-electrode cell) decreases to 0.0 V. The value for Cs can
be deduced from the discharge curve according to:145,146

Cs ¼ i

jðdV=dtÞ �mj (8)

where dV/dt (in V s�1) is the slope of the discharge curve.
Because the curve can be treated as a linear one, dV/dt is close to
its mean value (DV/Dt) where Dt (in s) is the time period for the
overall potential decrease in a discharge curve. Then, eqn (8)
can be approximated as:145,146

Cs ¼ i � Dt

DV �m
¼ Q

DV �m
(9)

where Q (in C) is the overall charge released during the
discharge process.
Energy Environ. Sci., 2013, 6, 1388–1414 | 1395
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Fig. 8 (a) Scheme of the process of reducing GO using urea as the reducing
agent; (b and c) SEM images of graphene by the above process; (d) cycle
performance of graphene reduced by urea as the reducing agent. Reproduced
with permission.152
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4.1.3 The EIS technique. The role of EIS is dependent on
the ability to distinguish the contribution of each component of
the electrochemical cell. Data recorded by EIS are modelled into
an equivalent electrical circuit, which consists of circuit
elements such as the resistance of the electrolyte (Rsol), the
electrochemical double-layer capacitor produced from charge
separation at the active materials/electrolyte interface (Cdl), and
the bulk Faradaic impedance of the active materials. The bulk
Faradaic impedance can be divided into pseudocapacitance (Cp)
in parallel with a resistance which is the charge transfer resis-
tance (Rct) in a redox process.145,147

For a two-electrode SC, the two working electrodes are
separated by a separator, and the potential difference of the
two electrodes is monitored and controlled. Each electrode/
electrolyte interface represents a capacitor and resistance.
The overall capacitor is considered as two sub-capacitors in
series. Therefore, the total capacitance (Ctotal), the capacitance
per unit mass of the electrode materials, is calculated
according to:148

1

Ctotal

¼ 1

Cs;1

þ 1

Cs;2

(10)

where Cs,1 and Cs,2 (both in F g�1) are the specic capacitances
of the negative and positive electrodes, respectively.

In the literature, both three-electrode cells and two-electrode
cells have been employed to evaluate the electrocapacitance of
materials. Thus, the specic capacitance reported for similar
electrode materials can be quite different. Thus is mainly due to
the use of different electrode congurations (two-electrode and
three-electrode congurations). Other factors such as fabrica-
tion of electrode thin lms, current collectors and electrolytes
used may also account for the inconsistency. The three-elec-
trode specic capacitance, C3-E (in F g�1), and the two-electrode
specic capacitance, C2-E (in F g�1), are related in eqn (11):149

C3-E ¼ 4C2-E (11)

In addition to the specic capacitance, energy and power
densities are the two important parameters to evaluate the
performance of a SC. The approach to obtaining the energy
density and power density is based on the specic capacitance
(Ctotal) of a two-electrode system. The maximum energy (Emax, in
W h kg�1) stored and power (Pmax, in W kg�1) delivered for a SC
are calculated according to eqn (12) and (13),
respectively:145,148,150

Emax ¼ 1

2
CtotalV

2 (12)

Pmax ¼ V2/4Rs (13)

where V is the operating voltage, which is determined by
the thermodynamic stability of the electrolyte and the elec-
trodes. According to eqn (12) and (13), a high-performance SC
must have a large capacitance, wide operating voltage, and
minimum Rs (equivalent series resistance). The weight and
volume of the cell should also be as low as possible for high-
performance SCs.
1396 | Energy Environ. Sci., 2013, 6, 1388–1414
4.2 Graphene-based electrodes for EDLCs

Graphene EDLCs were rst explored by Ruoff and co-
workers,151 who used chemically modied graphene as the
electrode. The specic capacitances in aqueous and organic
electrolytes were about 135 and 99 F g�1, respectively. A green
route to reduce GO using urea as the reducing agent was
developed by Lei and co-workers152 to prepare graphene for
SCs. Urea was found to be an effective reducing agent in
removing oxygen-containing groups from GO for restoring the
conjugated electronic structure. Capacitances as high as 255
and 100 F g�1 at current densities of 0.5 and 30 A g�1

respectively and a capacity retention of 93% were achieved.
The performance is better than other graphene electrodes
reduced by hydrazine (100–200 F g�1), microwave reduction
(100 F g�1) and hydrothermal reduction (139 F g�1). The
superior performance of the urea-reduced graphene is ascribed
to the porous network and partially restored p-conjugation
structure, which facilitated fast ion and electron transports
during the charge–discharge process (Fig. 8).

High-surface-area graphene has been produced using the
chemical activation method.153,154 Chemical activation of exfo-
liated GO can produce porous graphene with a BET surface area
as high as 3100 m2 g�1, high electrical conductivity and low
oxygen and hydrogen contents. A continuous, three-dimen-
sional carbon network with atom-thick walls forms pores
primarily 0.6–5 nm in width, greatly benetting ion transport
(Fig. 9). With an organic electrolyte, an energy density of 70 W h
kg�1 was achieved at a current density of 5.7 A g�1 and working
voltage of 3.5 V. Highly conductive and free-standing porous
graphene lms have also been prepared by chemical activation
of GO for SCs.16 Aer activation, the electrodes possessed a
very high specic surface area of 2400 m2 g�1 with a high
in-plane electrical conductivity of 5880 S m�1. A specic
capacitance of 120 F g�1 and an energy density of 26 W h kg�1

were achieved.
Shi et al.155 prepared a self-assembled graphene hydrogel via

a one-step hydrothermal reduction process. The graphene
hydrogel had 3D networks consisting of ultrathin graphene
walls and cross-linking sites formed by regional p–p stacking of
graphene sheets. The specic capacitances of the hydrogel
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 (a) Scheme of the process for chemical activation of graphene; (b) HRTEM image of chemically activated graphene; (c) CV curves of chemically activated
graphene at different scan rates. Reproduced with permission.153

Fig. 10 (a) Schematic of preparing 3D mesoporous carbon spheres–graphene
composites; (b) cyclability of the composites in 6 M KOH electrolyte. Reproduced
with permission.157
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electrodes at scan rates of 10 and 20 mV s�1 were calculated to
be 175 and 152 F g�1, which is about 50% higher than that of
the SC based on graphene agglomerate particles tested under
the same conditions. More importantly, this method can be
extended to fabricate graphene composites with other nano-
materials for fabricating high-performance EDLCs or
pseudocapacitors.

Pillaring graphene sheets with other materials is another
approach to improving the electrochemical performance of
graphene EDLCs. The open surface of graphene can hardly be
fully utilized because graphene sheets tend to randomly
aggregate during electrode preparation and fabrication, result-
ing in substantial loss in the active surface and generating a
large number of discontinuous channels that retard ion trans-
port, especially in aqueous solution due to the hydrophobic
nature of graphene. Many reports have shown that separating
graphene layers with nanosized carbon can greatly improve the
electrochemical performance of the materials owing to the
increase in the surface area and the opening of channels for
ion transport.156–160 Carbon black (CB) nanoparticles were
used as spacers to avoid the self-restacking of graphene.156 The
CB–pillared graphene electrode exhibited an excellent electro-
chemical performance and cyclic stability compared with gra-
phene electrode.

The preparation of 3D carbon based architectures consist-
ing of graphene sheets with intercalated mesoporous carbon
spheres (MCS) has been described by Lei and co-workers.157

The preparation is schematically illustrated in Fig. 10a. A
negatively charged GO colloid strongly interacts with positively
charged mesoporous silica spheres, which are subsequently
used as the template for replicating MCS via a chemical
vapour deposition process, during which the GO was
substantially reduced to RGO. Removal of the silica spheres
leaves behind a 3D porous carbon architecture with RGO
sheets intercalated by the MCS. The composite showed a
substantially lower ESR and a higher power capability than the
pure graphene electrode due to the larger surface area and the
presence of pores for ion transport. The composite electrode
also exhibited excellent electrochemical cyclability with 94%
capacitance retention aer 1000 cycles of charge–discharge
(see Fig. 10b).
This journal is ª The Royal Society of Chemistry 2013
The use of CNTs to separate graphene sheets has been
demonstrated for preparing high-surface-area graphene elec-
trodes.158–162 Spin-coating and layer-by-layer assembly are the
commonly used methods.158–160 However, the hybrids thus
prepared consist of aggregated graphene layers with relatively
poor controllability. In situ growth of CNTs between graphene
layers has been shown to be a very effective approach to pil-
laring graphene sheets.161,162 Wei et al.162 prepared 3D CNT/
graphene nanostructures by in situ growth of CNTs between
graphene sheets. The unique carbon structure endowed a high
rate of ion and electron transports and comprehensive utiliza-
tion of both pseudo and double-layer capacitances. A SC based
Energy Environ. Sci., 2013, 6, 1388–1414 | 1397
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on this 3D CNT/graphene exhibited a specic capacitance of
385 F g�1 at 10 mV s�1. Aer 2000 cycles, a capacitance increase
of ca. 20% was observed due to the increased effective interfa-
cial area.
Fig. 11 Illustration of the process of preparing graphene–PANi composites.
Reproduced with permission.164
4.3 Graphene-based electrode for pseudocapacitors

Pseudocapacitors store energy via Faradaic reactions occurring at
the surface or near the surface of an electrode.145 Compared with
EDLCs, pseudo-capacitors have a higher specic capacitance, but
usually show a lower operating voltage and a poorer cycling
stability. In theory, any material with fast and reversible redox
reactions can be used as an electrode material for pseudo-capac-
itors. Up to now, the most attractive materials for pseudo-capac-
itors aremetal oxides/hydroxides and conducting polymers.26 For
metal oxides or hydroxides, the redox reactions can be attributed
to the transition of two or more redox states of the metal cation.
For conducting polymers, the redox reactions are caused by the
transition of different doped and de-doped states.26 However, the
application of these pseudocapacitive electrode materials is
largely limited by the following two factors. One is the low
conductivity of de-doped conducting polymers andmetal oxides/
hydroxides. The other one lies in the fact that the electrochemical
reaction oen occurs at the surface of the electrode, resulting in
ineffective utilization of the active material. In addition to these
two factors, conducting polymers tend to have poor structure
stability, leading to rapid aging of the polymer during electro-
chemical cycling.

4.3.1 Graphene–conducting-polymer composites. Con-
ducting polymers have a characteristic structure with aromatic
rings. Each carbonatom linkswith two adjacent carbon atomsby
s bonds to form the rings. The 2p orbitals of carbon atoms form
delocalized p bonds at the vertical directions of the carbon
planes. To date, the most widely used conducting polymers are
polyaniline (PANi) and polypyrrole (PPy). Manthiram et al.163

prepared PANi-coated graphene for SCs. The capacitance was
measured to be as high as 408 F g�1, which is about 4 times
higher than that of graphene. Chemically modied graphene
and PANi nanober composites were prepared by using an in situ
polymerization method under acidic conditions (Fig. 11).164 The
obtained GO–PANi composites were reduced to graphene–PANi
followed by reoxidation and reprotonation of the reduced PANi.
SCs based on this graphene–PANi composite showed a specic
capacitance of 480 F g�1 and a good cycling stability. The prep-
aration of PPy nanosheets decorated on graphene was demon-
strated.165 Sheet-like PPy with a thickness of 20–50 nm grown on
the surface of graphene/PPy polymerized at an early stage due to
the dominated role of graphene and residual glucose in the
synthesis process. Because of the larger surface area and short
ion diffusion distance, �95% of the capacitance was retained
aer 1000 cycles at a scan rate of 100 mV s�1. Wei et al.166

described the preparation of hierarchical nanocomposites by
combining one-dimensional PANi nanowires with GO. The PANi
nanowire arrays aligned vertically on the GO surface. Capaci-
tances of 555 and 227 F g�1 were obtained at current densities of
0.2 and 2 A g�1, respectively. Interestingly, the GO–PANi
composite exhibited a much higher stability than randomly
1398 | Energy Environ. Sci., 2013, 6, 1388–1414
connected PANi nanowires. For instance, aer 2000 cycles, the
capacitance retention of the composite was still 92% of its initial
capacitance, while the pristine PANi retained only 74%.

Composite lms consisting of graphene and PANi nano-
bers with a sandwiched layer structure were prepared by using
the vacuum ltration method.167 A SC based on the composite
lms showed an electrochemical capacitance of 210 F g�1 at 0.3
A g�1. Flexible graphene/PANi and sulfonated graphene/PPy
lms fabricated using the electrochemical polymerization
method exhibited specic capacitances of 233 and 285 F g�1,
respectively.168,169

4.3.2 Graphene–metal oxide/hydroxide composites. RuO2,
especially hydrous and amorphous RuO2, is one of the most
promising electrode materials for SCs due to its high specic
capacitance, highly reversible redox reactions in a wide poten-
tial range and long cycle life.170,171 Ren and co-workers172

prepared hydrous RuO2–graphene composites with different
loadings of Ru. The composites exhibited a capacitance of 570 F
g�1 at a 38.3 wt% Ru loading, enhanced rate capability, excel-
lent electrochemical stability (97.9% retention aer 1000
cycles), and a high energy density (20.1 W h kg�1). The
composite electrode performed electrocapacitively much better
than both pure RuO2 and pure graphene electrodes. In spite of
the excellent performance, the high cost of RuO2 greatly
restricts its commercial applications.

MnO2 is a very promising material for pseudo-capacitors
because of its rapid redox reaction, wide operating voltage, low-
cost, stability and environmental friendliness.173–175 The direct
reaction of graphene with KMnO4 is the most commonly used
method for preparing graphene–MnO2 composites.176,177 The
redox reaction is shown below:

4MnO4
� + 3C + H2O % 4MnO2 + CO3

2� + 2HCO3
� (14)

In this reaction, the carbon substrate serves as a sacricial
reductant and converts aqueous permanganate to insoluble
MnO2, which deposits on the surface of graphene. An
asymmetric electrochemical capacitor fabricated with a
This journal is ª The Royal Society of Chemistry 2013
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Fig. 13 (a) SEM image of a sheet of graphene-coated textile after 60 min MnO2

electrodeposition, scale bar is 200 mm; (b) SEM image of a microfiber coating of
MnO2 nanostructures, the inset is a high magnification SEM image showing
flowerlike MnO2 nanostructures, scale bars are 5 and 1 mm; (c) comparison of
specific capacitance values of the hybrids and graphene at different scan rates; (d)
cycling performance of the AECs. Reproduced with permission.202
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graphene–MnO2 composite as the positive electrode and acti-
vated carbon bres (ACF) as the negative electrode exhibited an
energy density as high as 51.1 W h kg�1 (about ve times
higher than that of AC-based symmetric SCs) (see Fig. 12),176

and the device can be cycled reversibly in the voltage range of
0–1.8 V retaining 97.3% of the initial capacitance aer 1000
cycles. The interface assembly method has been used to
prepare MnO2–graphene composites.178,179 Cheng et al.179

demonstrated an asymmetric supercapacitor with graphene as
the negative electrode and MnO2 nanowire–graphene
composite prepared by using the interface assembly method as
the positive electrode in a neutral aqueous electrolyte. The
capacitor device can be charged/discharged at voltages up to
2.0 V. Other metal oxides, such as NiO, Co3O4, RuO2 have also
been studied as electrode materials for SCs.172,180–184 Chen
et al.184 used a simple hydrothermal procedure to synthesize
Co3O4 nanowires on 3D graphene foam as electrode materials
for SCs. The 3D graphene–Co3O4 composite could deliver a
specic capacitance of �1100 F g�1 at a current density of 10 A
g�1 with an excellent stability.

Metal hydroxides, such as Co(OH)2, Ni(OH)2 and double
layer hydroxides (DLHs), have been combined with graphene to
make composite electrode materials for SCs.185–192 Dai and co-
workers188 described an in situ growth method for preparing
single crystalline Ni(OH)2 nanoplates on graphene. A specic
capacitance of 1335 F g�1 was observed at a current density of
2.8 A g�1. At a very high current density, 45.7 A g�1, the capac-
itance was as high as 953 F g�1. Characterization data showed
that the conductivity of the graphene was very high and the
Ni(OH)2 nanoplate was very thin (about �10 nm). A composite
material consisting of owerlike Ni(OH)2 particles and gra-
phene sheets has been prepared by using a facile and cost
effective microwave assisted method.186 An asymmetric capac-
itor cell fabricated with owerlike Ni(OH)2/graphene as the
positive electrode and graphene as the negative electrode dis-
played a specic capacitance of 218.4 F g�1 and an energy
density of 77.8 W h kg�1. The specic capacitance was 94.3%
aer 3000 cycles. The outstanding electrocapacitive perfor-
mance was attributed to the synergistic effect of both compo-
nents and the very short diffusion length of the owerlike
structure.
Fig. 12 Schematic illustration of the fabricated asymmetric supercapacitor
device based on a graphene–MnO2 composite as the positive electrode and
activated carbon nanofibers as the negative electrode. Reproduced with
permission.176

This journal is ª The Royal Society of Chemistry 2013
4.4 Flexible electrodes for SCs

Portable electronic devices that are small, thin, light, and ex-
ible are highly desirable.193–195 Graphene has been studied as a
exible electrode for SCs and LIBs.18,196,197 Pure graphene lms
were shown to display a low specic capacitance.198,199 A gra-
phene–cellulose paper (GCP) SC exhibited a specic capacitance
of only about 120 F g�1.199 Chemically modied graphene and
graphene-based composites with pseudocapacitive materials
have been studied to improve electrochemical proper-
ties.154,167,168,183,200,201 For example, Cui and co-workers202 applied
the electrodeposition technique to decorate graphene-coated
3D porous textile with MnO2 particles (Fig. 13a and b). The
specic capacitance is as high as 315 F g�1, much superior to
that of graphene only. And �95% of the capacitance is retained
over 5000 cycles (Fig. 13c and d). Multilayer lms of Co–Al
layered double hydroxides on graphene were fabricated through
the LBL assembly technique and exhibited a high capacitance of
1204 F g�1 and 90 F cm�2 with good stability over 2000 cycles.201
5 Graphene-based electrodes for LIBs

In comparison with SCs, LIBs possess the advantages of high
specic energy, high efficiency and low cost.203 As schematically
illustrated in Fig. 14, a LIB typically consists of a positive elec-
trode (cathode), a negative electrode (anode), a porous
membrane (allowing lithium ions to travel through) separating
the two electrodes, and an electrolyte (playing the role of con-
ducting lithium ions during charge and discharge). They have
become one of the main power sources for small portable
appliances in modern society, such as mobile phones, digital
cameras and laptop computers. However, the current LIBs
Energy Environ. Sci., 2013, 6, 1388–1414 | 1399
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Fig. 14 Schematic illustration of a LIB cell: (a) aluminum current collector; (b)
cathode; (c) porous separator; (d) solid electrolyte interface layer; (e) graphite
anode; (f) copper current collector.
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cannot satisfy the intensively increasing needs from massive
power-storage devices used in, for examples, electric vehicles
and grid power management. Electrodes play a paramount role
in the development of high-performance batteries. Research
efforts have thus been largely put on improving current elec-
trode materials or exploring new electrode materials.

5.1 The working principle of LIBs

A typical LIB can be represented below:

(�) Cn|1 mol L�1 LiPF6–EC + DEC|LiMOx (+) (15)

where C stands for a carbonaceous material and M indicates a
metal. On the cathode, the following reaction occurs:

LiMOx � ye� ��������! ��������charge

discharge

Li1�yMOx þ yLiþ (16)

while on the anode, the following reaction takes place:

Cn þ yLiþ þ ye� ��������! ��������charge

discharge

LiyCn (17)

The overall reaction becomes:

LiMOx þ Cn ��������! ��������charge

discharge

Li1�yMOx þ LiyCn (18)

During the charging process, lithium ions are deintercalated
from the cathode into the electrolyte, diffuse across the porous
separator, and intercalate into the carbonaceous anode. During
the discharging process, the lithium ions are deintercalated
from the anode and intercalate back to the empty sites between
layers of the cathode. Therefore, such a LIB is called a “rocking
chair” battery because of the lithium ion transfer mechanism.

The battery capacity is dened as the amount of charge that
can be obtained via the charging and discharging processes
under specic conditions. The theoretical capacity of a battery
determined by the amount of an active material is given by:204

Co ¼ 26:8n
mo

M
¼ 1

q
moðA hÞ (19)
1400 | Energy Environ. Sci., 2013, 6, 1388–1414
where Co in A h is the theoretical capacity,mo in g is the mass of
the active material participating in the electrochemical reac-
tion,M in g mol�1 is the molar weight of the active material, n is
the number of electrons involved in the reaction, and q is the
electrochemical equivalence. For example, the theoretical
capacity of a graphite anode with six coordinated carbon atoms
for each Li ion (LiC6) is calculated as below:204

LiC6 / Li+ + C6 + e (20)

LiC6 ¼ 26:8� 1

78:94
� 1000 ¼ 339:50

�
mA h g�1

�
(21)

The actual capacity of a battery at constant current is given
by:

C ¼ it (22)

or

C ¼ 1

R

ðt2
t1

Vdt (23)

The theoretical energy value of a battery is the maximum
value that can be delivered:

Wo ¼ CoVo (24)

where Vo is the standard potential (in V).
According to eqn (20), the maximum power that can be

produced by the battery is given by:

Po ¼ iVo (25)

The actual energy and power are determined by substituting
the working voltage into eqn (20) and (21), respectively.204

Similar to SCs, CV, GCD and EIS are the commonmethods to
test the performance of lithium ion batteries.
5.2 Graphene-based anodes

Graphite with a theoretical capacity of 372mA h g�1 on the basis
of the fact that one Li ion interacts with six carbon atoms is the
most commonly used anode in LIBs because of its excellent
reversible capacity for Li ions and long cycling life.205 In theory,
graphene can accommodate Li ions on both sides. This makes
the theoretical capacity two times larger than that of other
carbon materials, such as carbon nanotubes (CNT). Theoretical
calculations showed that graphene possesses a maximum
capacity of 740 mA h g�1 on the basis of double-layer adsorption
conguration.206 Sato and co-workers207 used the 7Li nuclear
magnetic resonance (NMR) technique to study the transport
mechanism in disordered carbon, and proposed a model of Li2
covalent molecule conguration that a Li2 molecule is loosely
trapped by two adjacent benzene rings in the carbon. The most
saturated Li storage state can be LiC2 to give a capacity of up to
1116 mA h g�1. Both congurations suggest a higher capacity of
graphene anode. Another study208 showed that graphene and
graphite have a similar interactionmodel with Li ions. However,
This journal is ª The Royal Society of Chemistry 2013
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Fig. 15 Cross-sectional schematic drawing (not to scale) of a high-capacity,
stable electrode, made of a continuous, conducting 3-D network of graphite (red)
anchoring regions of the graphene–Si composite. Blue circles: Si nanoparticles,
black lines: graphene nanosheets. Reproduced with permission.219
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because of the repulsion forces between Li+ at both surfaces of
graphene, the amount of adsorbed Li ions on single-layered
graphene is lower than the theoretically predicted value.
Uthaisar and Barone209 studied the edge effects of Li diffusion in
graphene by means of density functional theory and showed
that narrower graphene nano-ribbons, especially with a zigzag
morphology, can provide a faster discharge rate owing to the
lowering of energy barriers and diffusion length.

Apart from the nice theoretical studies, experimental inves-
tigation has been carried out to investigate graphene anode for
LIBs. Guo et al.210 prepared crumpled-paper-shaped graphene
nanosheets by means of oxidation, rapid thermal expansion,
and ultrasonic treatment of graphite. The electrochemical
performances of the prepared graphene nanosheets were
compared with that of the graphite. A capacity of 672 mA h g�1

with superior cycling stability was observed from the graphene
anode. However, no obvious plateau was observed from the
charge–discharge curves of the graphene nanosheets while a
voltage at�0.2 V in each charge process of the articial graphite
anode could be clearly seen. The authors attributed the obser-
vation of the absence of a plateau of the graphene anode to its
small crystallite, high surface area, and disordered stacking of
graphene sheets. Lian and co-workers211 used the thermal
exfoliation method to prepare curled, few-layered graphene.
The reversible specic capacity of the rst cycle was as high as
1264 mA h g�1 at a current density of 100 mA g�1. The capacity
became 848mA h g�1 aer 40 cycles at the same current density.
The high capacity might be attributed to the large surface area,
curled morphology as well as the presence of hydrogen on the
graphene. However, there was again no clear voltage plateau
on the charge and discharge curves. A ower-petal shaped
RGO anode exhibited a discharge capacity of 945 mA h g�1

and charge capacity of 650 mA h g�1. A specic capacity of
460 mA h g�1 was obtained aer 100 cycles, indicating an
excellent cycling stability. The double-layer adsorption model
was believed to function in addition to the Li ion storage by the
nano-cavities formed between graphene sheets.212

Yoo and co-workers213 used CNT and fullerene (C60) as the
spacer between graphene layers to prepare high-surface-area
anode materials. Improvement in specic capacity upon adding
CNT and C60 was achieved. However, the CNT- or C60-modied
graphene anodes did not show an obvious potential plateau due
to disordered stacking of the graphene sheets. Zhao et al.214

prepared exible holey graphene using the mechanical cavita-
tion–chemical oxidation method. The cycling performance
showed that the highest reversible capacity was below 300 mA h
g�1 although the electrode was stable aer 400 cycles. One-
dimensional graphene nanoribbons prepared by unzipping
pristine multiwalled carbon nanotubes were used as the anode
for LIBs.215 Interestingly, the sample before reduction exhibited
a higher specic capacity than the sample aer reduction. The
residual oxygen species enhanced the formation of a more
stable Li-rich solid electrolyte interface (SEI). There was a
capacity loss of about 3% per cycle.

While improvements have been achieved by employing gra-
phene as an anode material for LIBs, great challenges still
remain. A key challenge is the fast capacity loss in the rst few
This journal is ª The Royal Society of Chemistry 2013
cycles due to the formation of the SEI layer. The fact that a
graphene anode does not exhibit a clear stable voltage plateau
indicates that graphene-based batteries may fail to provide a
stable voltage output.
5.3 Graphene-based composites as anodes

5.3.1 Graphene–Si composites. Silicon (Si) that is regarded
as one of the most promising anode materials for next-genera-
tion LIBs possesses the highest theoretical capacity (4200 mA h
g�1) and low discharge potential.216 The key issue with a Si
anode is its extremely poor cycling stability due to severe
volume change (about 300%) during the lithiation and deli-
thiation processes.217

Chou and co-workers218 prepared a Si–graphene composite
anode by mixing commercial Si nanoparticles with graphene.
The electrode exhibited a specic capacity of 1168 mA h g�1

aer 30 cycles with a coulombic efficiency of 93% on average.
Impedance spectroscopy data showed that the charge-transfer
resistance of the composite anode was less than half of that of Si
nanoparticles. Besides, the exibility of the composite accom-
modated large inner strains and high surface area and the
porous structure contributed to the penetration of the electro-
lyte. On the other hand, the persistent capacity fading was
attributed to the contacting of Si and the electrolyte, as well as
the pulverization of Si particles. Tao et al.217 studied self-sup-
porting Si–RGO nanocomposite lms prepared simply by
ltering a Si/GO suspension followed by thermal reduction
under Ar atmosphere. The reversible specic capacity in the rst
cycle was 1040 mA h g�1. The capacity became 786 mA h g�1

aer 300 cycles at a current rate of 50 mA g�1. However, the rate
capacity decreased signicantly as the current rate increased
from 50 to 5000 mA g�1.

Thermal reduction of a Si–GO composite was found to lead
to partial restacking of graphene to form graphite (Fig. 15).219

Specic capacities of 2200 and 1500 mA h g�1 were obtained
aer 50 and 200 cycles, respectively. The reconstitution of gra-
phene improved the electron conductivity of the 3D network
anode as well as a better connection with Si nanoparticles. It
was also pointed out that excessive constitution of graphene
sheets should be avoided to allow Si nanoparticles to disperse
homogeneously in the composite. Thermally reduced GO and
thermally expanded graphite were used to prepare Si–graphene
composite anodes.220 The composite prepared using the ther-
mally expanded graphite showed a higher initial specic
Energy Environ. Sci., 2013, 6, 1388–1414 | 1401
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Fig. 16 SEM images of (a and b) top-views of the graphene/Sn-nanopillar
nanostructures; (c and d) top-views of the Sn-nanopillar on graphene surfaces
(after removal of the top graphene layers); (e and f) cross-sectional views of
the graphene/Sn-nanopillar/graphene nanostructures. Reproduced with
permission.230
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capacity. Zhou et al.221 prepared Si–graphene composites using
thermally reduced GO and observed a signicantly improved
cycling performance – a specic capacity of 1153 mA h g�1 was
observed aer 100 cycles. To create good structural integrity and
electronic conduction between Si nanoparticles and graphene
matrix, aromatic linkers through diazonium chemistry were
used to form covalent bonds. The novel Si–phenyl–graphene
nanocomposites exhibited a specic capacity of 1079 mA h g�1

during the rst delithiation process and a specic capacity of
828 mA h g�1 could be retained aer 50 cycles.222

In addition to Si nanoparticles, 1D Si nanowires have been
studied as well. Wang and Han223 prepared a Si porous
nanowire/graphene electrode as the anode, which showed an
initial specic charge capacity of 2347 mA h g�1. Aer 20
cycles, the capacity still remained 2041 mA h g�1. The
remarkable performance of the composite anode was attrib-
uted to the excellent charge conductivity of graphene nano-
sheets as well as the porous structure of 1D Si nanowires. In
another study,224 the vapour deposition method was employed
to synthesize uniformly deposited continuous Si lms on the
graphene surface. The as-prepared anode delivered a stable
specic reversible capacity of about 1060 mA h g�1 for 150
cycles at a current density of 1400 mA g�1. Zhao et al.225

prepared a vacancy-enabled high-power Si–graphene
composite anode using a facile wet chemical method. The
anode showed a reversible capacity of 3200 mA h g�1 aer 5
cycles at 1000 mA g�1, which was close to the theoretical value.
Aer 150 cycles, about 83% of its theoretical capacity was
maintained with a capacity loss of only 0.14% per cycle. When
cycled at 4000 mA g�1 (about 1.3 C), the capacity was about
600 mA h g�1.

5.3.2 Graphene–Sn/SnO2 composites. Sn and SnO2 are
promising anode materials with high theoretical capacity. The
reversible capacity of Sn is as high as 994 mA h g�1 when the
alloy Li4.4Sn forms during lithiation and the theoretical capacity
of SnO2 is 782 mA h g�1.226,227 However both Sn and SnO2 suffer
from a severe volume change during cycling.228,229 Sn nano-
particle–graphene composites with a 3D architecture were
prepared via chemical reduction of both GO and Sn2+ in an
aqueous solution.226 The prepared composite anode exhibited
an initial discharging capacity of 1250 mA h g�1 and a reversible
charging capacity of 810 mA h g�1. The formation of SEI was the
primary reason for the capacity loss. It could maintain a
capacity of 508 mA h g�1 aer 100 cycles with a coulombic
efficiency of 96.5%. It was believed that graphene in the
composite could not only contribute to the general capacity of
the electrode but also create voids between them to efficiently
buffer the volume change during cycling.

Ji and co-workers230 described a 3D multilayered nano-
structure consisting of Sn nanopillars and graphene as is seen
from the SEM images in Fig. 16. Sn nanopillar arrays were
embedded between graphene sheets using a conventional lm
deposition method. The composite anode showed an initial
specic charge and discharge capacities of 945 and 734 mA
h g�1, respectively. The capacity loss was ascribed to the
formation of SEI on the surface of the electrode. Aer the 15th

and 30th cycles, the capacities were 723 and 679 mA h g�1,
1402 | Energy Environ. Sci., 2013, 6, 1388–1414
respectively, indicating a slow capacity fading. The material also
exhibited an improved rate capacity as expected. The capacities
remained 508 mA h g�1 aer 40 cycles at a current rate of
500 mA g�1, 501 mA h g�1 aer 30 cycles at 1000 mA g�1, and
408 mA h g�1 aer 35 cycles at 5000 mA g�1. The 3D structure
provided space to accommodate volume change and alleviated
the inner stress/strain during lithiation/delithiation. Besides,
the Sn nanopillars enhanced the penetration rate of Li ions
between neighbouring nanopillars and reduced internal resis-
tance. Graphene possesses the ability of storing Li; on the other
hand, it could also enhance the electronic conductivity.

Wen et al.231 described the preparation of SnO2-decorated
graphene materials. SnO2 nanoparticles and polymer lms
simultaneously grew on GO sheets. Different annealing
temperatures (250, 550, 750, and 900 �C) were studied, and it
was found that a SnOx/C/graphene sample annealed at 550 �C
showed the most remarkable improvement, delivering a
capacity of 565 mA h g�1 aer 30 cycles and displayed a much
lower charge transfer resistance. Du et al.228 prepared SnO2–

graphene nanocomposites via an in situ chemical synthesis
method. The as-prepared composite exhibited a reversible
capacity of 665 mA h g�1 aer 50 cycles. Yao and co-workers232

prepared similar materials and observed a reversible capacity of
765 mA h g�1 in the rst cycle with an enhanced cyclability.
Paek et al.233 explored SnO2/graphene nanoporous electrodes
with a 3D delaminated exible structure. The cycling perfor-
mance was enhanced with a reversible capacity of 810 mA h g�1

and the charge capacity remained 570 mA h g�1 aer 30 cycles.
In comparison, the second charge capacity of bare SnO2 nano-
particles was 550 mA h g�1 and decreased to 60 mA h g�1 aer
15 cycles.
This journal is ª The Royal Society of Chemistry 2013
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Zhang et al.234 described a two-step method (Fig. 17) to load
SnO2 nanocrystals on both sides of single layer GO sheets. Sn4+

can selectively bond with oxygenated groups on the surface of
GO. The initial specic capacity of the SnO2–graphene
composite was 786 mA h g�1. Aer 50 cycles, there was about a
29% capacity loss. Xu and co-workers235,236 described a one-step
hydrothermal method to prepare hybrid materials of SnO2

nanorods decorated on graphene. The material exhibited a
discharge capacity as high as 803 mA h g�1 aer 100 cycles. The
space between the particles on the graphene, the nanometre
size of the SnO2, elastic graphene, formation of the uniform SEI
all contributed to the observed good cycling performance.

5.3.3 Other graphene–metal-oxide composites. Apart from
SnO2, other metal oxides such as Co3O4, TiO2, NiO and Fe3O4

have also been studied.237–241 These metal oxides also suffer
from severe aggregation and rapid capacity fading due to
dramatic volume expansion.242

Wu and co-workers237 reported an approach to preparing
Co3O4-spaced graphene, in which Co3O4 nanoparticles worked
as a spacer to separate graphene sheets. The composite
exhibited a large reversible capacity of �935 mA h g�1 aer 30
cycles, an excellent coulombic efficiency of 98%, and a good rate
capacity. Similar work performed by Kim et al.243 showed
reversible capacities of 990 mA h g�1 for the rst cycle and
778 mA h g�1 for the 42nd cycle. The rate capacity was about
600 mA h g�1 at a current rate of 1000 mA g�1. A one-step
-solvothermal method was employed to synthesize Co3O4

nanorods–graphene nanocomposites. The obtained anode
material showed an improved electrochemical performance
(Fig. 18). The rst discharge and charge capacities were
1303 and 917 mA h g�1, higher than pure Co3O4 (1184 and
854 mA h g�1, respectively). The composite anode still retained
a capacity of 1310 mA h g�1 at the 40th cycle, a sharp compar-
ison with 85mA h g�1 for the pure Co3O4 anode at the 40

th cycle.
The pure graphene anode exhibited a lower initial efficiency of
40.6% and no obvious voltage plateaus. It was noticed that there
was a slight increase in the reversible capacity with the increase
of the cycling number due to the gradual activation of the
Fig. 17 A two-step method to load SnO2 nanoparticles on both sides of single
layer graphene sheets to form a SnO2–graphene composite. Reproduced with
permission.234

This journal is ª The Royal Society of Chemistry 2013
nanocomposites.244 Li and co-workers245 described a Co3O4–

graphene composite, which displayed a discharge capacity of
941 mA h g�1 in the 2nd cycle and 740 mA h g�1 in the 60th cycle
at a current rate of 0.2 C. Co3O4–graphene nanoporous
composite materials prepared by using the microwave irradia-
tion method showed a rate capacity of 931 mA h g�1 at a current
rate of 5 C. The capacity is larger than that of the theoretical
value of pure Co3O4 (890 mA h g�1), which was ascribed to the
presence of nanocavities in the composite.246

TiO2 being environmentally friendly, cost-effective and stable
against various environments has been mixed with functional-
ized graphene sheets to prepare LIB anode materials with an
enhanced electrochemical performance at high charge–
discharge rates.238 Qiu et al.247 used three steps to prepare TiO2–

graphene composites. Size-tuneable anatase TiO2 nanospindles
were rst synthesized using the hydrothermal synthesis method
with tubular titanate as a precursor. Then, TiO2 nanospindles
were dispersed on GO via a spontaneous self-assembly process.
Finally, the nanocomposite was annealed in NH3. The obtained
anatase@oxynitride/titanium nitride–graphene hybrid compos-
ites anode showed excellent rate capacity and cycling perfor-
mance compared with pure TiO2. Directly grown ultrathin
anatase TiO2 nanosheets on graphene were reported to deliver
discharge capacities of 285 and 213 mA h g�1 in the rst and
second cycles at a current rate of 1 C, respectively.248

NiO has attracted extensive attention as an anode material
due to its high theoretical capacity (718 mA h g�1), nontoxicity
and low cost.249,250 A liquid phase deposition method was used
to prepare a NiO–graphene composite. It displayed a stable
specic reversible capacity of 646.1 mA h g�1 aer 35 cycles at a
current density of 100 mA g�1. When the current rates were
increased to 400 and 800 mA g�1, the capacities were measured
to be 509 and 368.5 mA h g�1, respectively, indicating a very
good rate capacity of the material.251 Homogeneous co-precipi-
tation followed by annealing was used to prepare a NiO–RGO
composite anode with capacities of 1040 mA h g�1 aer 50
cycles at 100 mA g�1 and 727 mA h g�1 at 1600 mA g�1.252 Tao
and co-workers253 reported a 3D hierarchical NiO–graphene
composite, which exhibited a high reversible capacity of about
1065 mA h g�1 aer 50 cycles at a current density of 200 mA g�1,
which was ascribed to the buffering effect and the improvement
of the electronic conductivity of composites.

Graphene was also employed to improve the performance of
Fe3O4 via in situ reduction of iron hydroxide.240 The graphene–
Fe3O4 composite exhibited a reversible specic capacity of
about 1026 mA h g�1 aer 30 cycles at 35 mA g�1 and 580 mA h
g�1 aer 100 cycles at 700 mA g�1 as well as enhanced cycling
stability and rate capacity. Lian et al.254 prepared an Fe3O4–

graphene nanocomposite via a gas/liquid interface reaction
method. The prepared anode with 22.7 wt% graphene showed a
stable reversible specic capacity of above 1000 mA h g�1 aer
40 cycles at 100 mA g�1, signicantly outperforming Fe3O4

nanoparticles, which had a capacity value of 226 mA h g�1

aer 34 cycles. The rate capacities of the anode were 740, 600,
410 mA h g�1 at current densities of 300, 500, 1000 mA g�1,
respectively. Graphene played an important part in preventing
the Fe3O4 nanoparticles from aggregation and volume
Energy Environ. Sci., 2013, 6, 1388–1414 | 1403
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Fig. 18 Typical charge–discharge curves of (a) pure Co3O4, (b) graphene and (c) Co3O4 nanorods–graphene nanocomposites cycled at the 1st, 2nd, 10th and 30th

between 0.01 V and 3.0 V. (d) The comparison of the cycling performance of pure Co3O4, graphene and Co3O4 nanorods–GNS nanocomposites. Reproduced with
permission.244
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expansion during cycling. In other research, microwave irradi-
ation was used to synthesize an Fe3O4–graphene composite
anode and it showed an initial discharge capacity of 1320 mA h
g�1 and could still maintain 650mA h g�1 aer 50 cycles at C/10.
The prepared anode could also exhibit high rate capacity
(350 mA h g�1 at 5 C).255 Chen and co-workers256 designed gra-
phene-encapsulated hollow Fe3O4 nanoparticles using a simple
self-assembly process. The as-prepared anode exhibited a stable
high specic reversible capacity of about 900 mA h g�1 over 50
cycles and 832 mA h g�1 at 100 mA g�1 aer 90 cycles of charge
and discharge. An Fe3O4–C–RGO composite was designed using
the hydrothermal treatment method. The composite showed an
initial specic discharge capacity of 952 mA h g�1 at 0.2 C. Aer
100 cycles, the capacity was 842 mA h g�1. The improved
performance was attributed to the presence of both the carbon
shells and the RGO sheets, which enhanced electric conduc-
tivity and superior structure stability.257 Zhou et al.258 explored
in-depth the interfacial interaction between Fe3O4 nano-
particles and graphene and the prepared Fe3O4–graphene
composite as the anode material by direct pyrolysis of Fe(NO3)3
on graphene. Strong covalent bonds (Fe–O–C bond) with gra-
phene measured by Fourier transform infrared (FTIR) spec-
troscopy enhanced the cycling stability of the electrode at a high
current rate. It delivered a high capacity of 796mA h g�1 aer up
to 200 cycles even without any capacity loss during cycling at a
current density of 500 mA g�1 (about 0.6 C). It could also display
a reversible capacity of about 550 mA h g�1 aer 300 cycles at
1000 mA g�1 (about 1.3 C). By contrast, the electrodes made
1404 | Energy Environ. Sci., 2013, 6, 1388–1414
from mechanical mixing of a Fe3O4–graphene hybrid
composite, pure graphene and Fe3O4 did not exhibit impressive
performances under the same conditions. In recent research, a
Fe3O4–graphene composite was prepared by a simple ultrasonic
method and the composite anode exhibited signicant elec-
trochemical improvements, 1235 mA h g�1 aer 50 cycles at 200
mA g�1, 315 mA h g�1 at 10 000 mA g�1 and 450 mA h g�1 aer
700 cycles at 5000 mA g�1. The rate capacity and cycling stability
were both enhanced remarkably.259

In summary, composite materials consisting of graphene
sheets and metal oxide nanoparticles of various compositions
and structures have been demonstrated to display signicantly
improved electrochemical performance compared with the pure
metal oxide component or graphene. In comparison with CNTs,
graphene has a larger specic surface area and is easy to
combine with other materials.260 Importantly, graphene-based
composites exhibit superior lithium storage properties than
CNT-based composites do.235,236,238,247,261,262 The presence of gra-
phene in the composite plays a number of roles, such as pre-
venting the nanosized active particles from aggregation (thus
maintaining the contact surface of the metal oxide for lithium
ions), efficiently buffering the volume expansion and contrac-
tion of the particles during cycling, enhancing the rate capa-
bility because of its excellent electric conductivity, and
reversibly storing lithium ions. On the other hand, the
composite also benets from the particles, which could act as
spacers between graphene sheets enabling a highly accessible
surface.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 19 Schematic of electrode reactions of an asymmetric hybrid cell. Repro-
duced with permission.270
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5.4 Graphene-based composites as cathodes

The olivine-type of LiFePO4 with a theoretical capacity of 170
mA h g�1 (ref. 263 and 264) has been considered as a promising
cathode material for LIBs. The main drawbacks of LiFePO4 are
the poor conductivity resulting from the low Li ion diffusion
rate and low electronic conductivity.265 In order to enhance the
electronic conductivity of LiFePO4, graphene has been used to
modify LiFePO4. Ding et al.266 prepared a LiFePO4–graphene
composite via a co-precipitation method. Graphene played the
role of scaffolds. The prepared cathode material with only 1.5 wt
% graphene showed an initial discharge capacity of 160 mA h
g�1 at 0.2 C and the capacity was maintained at 110 mA h g�1 at
a higher rate (10 C). LiFePO4–graphene composites were also
prepared by a solid-state reaction and the composites exhibited
an initial discharge capacity of 161 mA h g�1 at 0.1 C and a
capacity of 70 mA h g�1 was still retained at a high rate of
50 C.267 Su and co-workers268 explored a novel LiFePO4–gra-
phene–carbon composite cathode material using an in situ
solvothermal method to prepare LiFePO4/graphene followed by
a carbon coating process. The composite exhibited a high initial
discharge capacity of 163.7 mA h g�1 at 0.1 C and 114 mA h g�1

at 5 C, as well as an improved cycling stability.
6 Graphene for hybrid energy storage
systems

While LIBs offer a higher energy density than SCs, the former
suffer from a limited cycle life (100–500 cycles) and low power
density. SCs can be charged in minutes or even seconds.
Therefore, a combination of the high energy density of LIBs and
the high power density and long cycle life of SCs would boost
the device performance. This idea has led to the emergence of
hybrid energy storage devices or hybrid supercapacitors (HSCs),
which indeed exhibit signicantly improved electrochemical
properties in comparison with LIBs and SCs. HSCs are the
integration of a battery-type electrode (such as MnO2, V2O5,
LiCoO2, LiMn2O4, Li4Ti5O12, etc.) with a capacitive electrode as a
two electrode device.269 It should be noted that HSCs based on
intercalation compounds containing Li element represent a
great promise for applications due to their high capacitance,
high power density and excellent cycling behaviour. Amatucci
et al.270 rst demonstrated the feasibility of HSCs using
Li4Ti5O12 as the negative electrode and AC as the positive elec-
trode and LiBF4 in acetonitrile as the electrolyte (see Fig. 19).
The use of Li4Ti5O12 enabled the device to be operated at 2.25 V.
The combination of a high operating voltage and the large
specic capacity led to an energy density of 20 W h kg�1. With
amorphous MnO2 as the negative electrode and AC as the
positive electrode, about 95% of the initial capacitance was
obtained aer 23 000 full cycles.271 In an AC//LiMn2O4 HSC, the
energy density based on the active electrode material was as
high as 50 W h kg�1 with an excellent power density.272

Although intercalated compounds possess a high energy
density and wide operating voltage, they normally exhibit low
electron and ion conductivities, inhibiting the device perfor-
mance. Therefore, excellent electrically conductive materials
This journal is ª The Royal Society of Chemistry 2013
such as carbon nanotubes and graphene have been used to
enhance the electrochemical properties of the intercalated
compound.179,202,240,273–279 Zhang et al.280 recently demonstrated an
HSCwith graphene–RuO2 as the anode and graphene–PANi as the
cathode. The device exhibited an energy density of 26.3W h kg�1,
about two times higher than that of symmetric capacitors of gra-
phene–RuO2 (12.4 W h kg�1) and graphene–PANi (13.9 W h kg�1)
electrodes. Other graphene-containing composite electrodes
including MnO2–graphene,179,277,281 PANi–graphene,164,166–168 NiO–
graphene,180–182 Ni(OH)2–graphene,186 and Li4Ti5O12–gra-
phene278,282 have also been studied for hybrid systems.

Chemically activated graphene was used as the cathode and
Li4Ti5O12 as the anode for Li-ion SCs.283 The results showed that
the activated graphene worked well in a full hybrid cell with a
specic capacitance as high as 266 F g�1 for the activematerial at
an operating potential of 4.0 V with a gravimetric energy density
of 53.2Whkg�1 for a packaged cell (based on anode and cathode
materials). Very recently, it was demonstrated that pre-lithiated
carbon showed improved electrochemical properties as elec-
trodes for Li-ion capacitors.284–286 Based on these facts, it can be
deduced that all-carbon based hybrid SCs and exible graphene
HSCs could be achieved as superior energy storage devices.

7 Graphene for Li–O2 and Li–S batteries

LIBs and SCs have found applications in niche areas, such as
portable electronics. It is envisioned that these devices will play a
key role in the electrication of automobile vehicles and
stationary electricity storage.287However, the energy stored in the
currently available devices is too low to meet the demands from
the transportation and smart grid industries. Li–O2 and Li–S
batteries with theoretical specic energy densities of 2567 and
3500 W h kg�1 respectively are receiving intense interest. The
current technology has developed to practical specic energy
densities in the range of 300–600 and 500–900 W h kg�1 for Li–S
and Li–O2, respectively.28,288,289 Fig. 20 schematically illustrates
the working principle of Li–O2 and Li–S batteries. Although both
types of batteries share the same anode, they are fundamentally
different in terms of the electrochemistry of O and S.

7.1 Li–O2 batteries

The Li–O2 battery consists of a porous cathode (or oxygen
electrode) and a pure lithium anode separated by a lithium-ion
conducting electrolyte. The theoretical operating voltage of the
Li–O2 redox couple in an aqueous solution is fairly high, 2.98 V
Energy Environ. Sci., 2013, 6, 1388–1414 | 1405
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Fig. 21 Scheme illustrating electrochemical reactions on graphene and the
discharge curve of a Li–O2 battery based on a porous graphene electrode.
Reproduced with permission.291
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in the case of alkaline electrolytes and 3.72 V in the case of
acidic electrolytes.289 Because the Li–O2 battery needs oxygen to
complete the electrochemical reaction, a porous material with a
good electrical conductivity is generally used as the cathode. 2D
graphene has been shown to allow access to oxygen from both
sides.290 Porous graphene (see Fig. 21) was found to deliver an
exceptionally high capacity of 15 000 mA h g�1 in a Li–O2

battery.291 This excellent performance is attributed to the
unique bimodal porous structure of the electrode whose
microporous channels can facilitate rapid O2 diffusion and
provide high density of reactive sites for Li–O2 reactions. The
surface oxygen-containing groups were observed to react with
Li+ to form isolated nanosized Li2O2 particles and help prevent
air blocking in the O2 electrode. Zhou et al.290,292 investigated
nitrogen-doped graphene as a metal-free oxygen electrode for
reducing oxygen in Li–O2 batteries. Nitrogen doping can also
introduce edge states and defects in graphene, which might
serve as active sites for oxygen-reduction.52,143,293–296 Other
elements such as B and S have also been shown to enhance
electrochemical activities when doped in graphene.293,297–300 A
reduction in asymmetry between the charge–discharge over-
potentials improved the round trip efficiency of Li–O2 batteries
by incorporating a Pt–Au/carbon bifunctional catalyst into a
carbon cathode.301 Some results showed that the catalyst may
have triple functions toward increasing the charge capacity,
decreasing the charge overpotential and improving cyclabil-
ity.302 PtAu alloy was found to enhance the kinetics of oxygen
reduction reaction and oxygen evolution reaction.301,303 This
bifunctional catalyst displayed the highest round trip efficiency
of Li–O2 batteries.303 Composite materials consisting of a metal
oxide such as Co3O4 or MnO2 and graphene have been investi-
gated for Li–O2 batteries.304–307 Up to now, MnO2-based and
perovskite catalysts are considered as having the most favour-
able combination of activity and price.305,307–310
7.2 Graphene for Li–S batteries

Sulfur is a promising cathode material with a theoretical
specic capacity of 1672 mA h g�1 (Li2S), about ve times higher
Fig. 20 Schematic diagrams of non-aqueous and aqueous Li–O2 and Li–S cells. Re

1406 | Energy Environ. Sci., 2013, 6, 1388–1414
than that of traditional cathode materials based on transition
metal oxides or phosphates.311 However, several problems
hinder its applications, such as poor rechargability and limited
rate capability owing to the insulating nature of sulfur and the
formation of solid reduction products (Li2S and Li2S2), fast
capacity fading owing to the formation of soluble polysulde
intermediates (leading to a shuttle mechanism), and poorly
controlled Li/electrolyte interface.312 Various carbon–sulfur and
conducting polymer–sulfur composites have been described
with the specic capacity exceeding 1000 mA h g�1.288,313–315

However, it remains challenging to retain high and stable
capacity of a sulfur cathode with a long cycle life.

Mixing graphene with sulfur followed by heat treatments at a
temperature higher than the melting point of sulfur to form
graphene-coated sulphur was demonstrated.316 Although the
composite showed an improved capacity and cycle life in
comparison with a bare sulfur electrode, the problem of form-
ing a soluble polysulde intermediate was not solved. Gra-
phene-wrapped sulfur particles and polymer-coated sulfur–
graphene composites have been shown to display an enhanced
electric conductivity and address polysulde solubility.317–319

Cui et al.317 demonstrated that graphene wrapped sulfur
composites showed high and stable specic capacities of up to
�600 mA h g�1 over more than 100 cycles with a high energy
density (Fig. 22). The poly(ethylene glycol) (PEG) and graphene
produced with permission.28

This journal is ª The Royal Society of Chemistry 2013
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coating layers are important to accommodate volume expan-
sion, to trap the soluble polysulde intermediate, and to render
the sulfur particles electrically conducting. However, PEG is an
electrically insulating material, which may lower the overall
electrochemical performance of the composite material.
However, if a conducting polymer such as polypyrrole and
polyaniline carbon is introduced to graphene–sulfur compos-
ites, the ternary composite exhibited superior lithium storage
properties as demonstrated by Nazar et al.320 Zhang et al.321

coated a uniform and thin layer of sulfur coating on GO.
The composite displayed a high reversible capacity of 950–1400
mA h g�1 and stable cycling for more than 50 cycles at 0.1 C
because of the strong interaction between GO and sulfur or
polysuldes. However, as GO has a poor electric conductivity, it
is not suitable for high-rate batteries. Considering the simple
synthesis and low cost of the composites, further incorporating
this approach with conducting polymers or mesoporous carbon
electrodes may offer a very interesting way forward.

While both batteries have been investigated intensively,
they are still far from practical applications. It is important
that future work focuses on understanding the fundamental
chemistry of the Li–O2 and Li–S batteries if advances have been
made.
8 Summary and perspectives

The application of graphene as an electrode for energy storage
devices is a rapidly advancing eld. While considerable research
progress and breakthroughs have been achieved in this eld
over the past few years, challenges of using graphene for energy
storage remain. Several problems must be solved before this
Fig. 22 (a) Schematic illustration of the preparation of a graphene–sulfur composite
of the composite at rates of 0.2 and 0.5 C, respectively. Reproduced with permissio

This journal is ª The Royal Society of Chemistry 2013
lightest and most electrically conductive material known is
practically used in electrochemical energy storage devices.

Firstly, a cost-effective and environmentally friendly
approach to large-scale production of graphene or reduced
graphene oxide or graphene nanoplatelets must be available. As
graphite is abundant in nature and readily available, beginning
from graphite to produce graphene or its derivatives is still the
most ideal route. While the physical exfoliation method
discovered by Geim and co-workers17 allows one to obtain
pristine single layer graphene, it is not suitable for mass
production. In addition, the exfoliated single-layer graphene
sheets tend to restack to form thick platelets. On the other
hand, the chemical method that leads to the formation of gra-
phene oxide or intercalated graphite must be followed by
subsequent processing steps, such as thermal or mechanical
decomposition, ball milling, and reduction, which create
additional cost and environmental problems.

As a result, advancedmaterial processingmethods to convert
graphite to graphene or its derivative with desired properties
will continue to gain substantial research interests in the
coming years.

Second, while graphene has a high theoretical specic
surface area, the surface of graphene is hardly completely
available due to restacking or aggregation of the primary
sheets during materials processing and device fabrication
processes. 3D porous architectures with graphene sheets as the
primary building blocks are the most desirable electrode
materials in energy storage. Pillaring graphene sheets with
carbon nanotubes as has been demonstrated previously161,162

represents a promising approach to fabricating such
architectures.
; (b and c) SEM images of the graphene–sulfur composite; (d) cycling performance
n.317
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Third, graphene-based composite materials with the advan-
tageous properties of both graphene and the guest component
show signicantly improved performance in many energy
storage congurations, especially in asymmetric super-
capacitors. It is very likely that graphene-based composites will
soon nd applications in the supercapacitor industry to replace
(or partially replace) activated carbon. With the rapid advance-
ment in the development of cathode materials for Li-ion
batteries, Si–graphene composite electrodes may kick graphite
out of the market in the battery industry. All in all, nding a
simple and cost-effective method to make graphene-based
composite materials with a high stability against various harsh
environments encountered during electrode fabrication,
charging and discharging processes, and in acidic or caustic
electrolyte is challenging.

Fourth, exible, light and all-solid-state energy storage
devices with high energy and power densities will continue to
gain increased research attention. Asymmetric supercapacitors
and hybrid energy storage systems with 3D porous graphene-
based architectures as the electrode and safe and non-harmful
ionic liquids as the electrolyte are believed to be the future
research focus.

Fih, Li–O2 and Li–S batteries may lead a revolution in the
energy storage history. Both batteries represent advantages in
minimizing the cost of cells compared with lithium-ion
batteries. The key problems associated with Li–O2 and Li–S
batteries311 have not been completely solved until now. It is
important that future work focuses on understanding the
fundamental chemistry in these two cells if progress is to be
made.

Last but not least, experimental and theoretical fundamental
studies on ion transport behaviour at the surface and cross-
electrode lms under device working conditions can be of great
help in both electrode design and device conguration.
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