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Energy production and storage are both critical research domains where increasing demands for the
improved performance of energy devices and the requirement for greener energy resources constitute
immense research interest. Graphene has incurred intense interest since its freestanding form was iso-
lated in 2004, and with the vast array of unique and highly desirable electrochemical properties it offers,

comes the most promising prospects when implementation within areas of energy research is sought.
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We present a review of the current literature concerning the electrochemical application of graphene in
energy storage/generation devices, starting with its use as a super-capacitor through to applications in
batteries and fuel cells, depicting graphene’s utilisation in this technologically important field.
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1. Introduction

Current energy related devices are plagued with issues of poor
performance and many are known to be extremely damaging to the
environment [1-3]. With this in mind, energy is currently a vital
global issue given the likely depletion of current resources (fos-
sil fuels) coupled with the demand for higher-performance energy
systems [4]. Such systems require the advantages of portability and
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energy efficiency whilst being environmentally friendly [5,6]; this
area of research is no doubt under constant strain, where advances
and interest concerning the applicability of new, novel materials is
required.

Attempts have been made at rectifying the current prob-
lems through the utilisation of electrochemical applications, and
since the isolation of graphene in 2004 [7] there has been
widespread excitement among scientists due to its exceptional
physical attributes. Graphene is ideally suited for implementation
in electrochemical applications due to its reported large electri-
cal conductivity, vast surface area, unique heterogeneous electron
transfer and charge carrier rates, widely applicable electro-catalytic
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Fig. 1. Schematic representation of graphene, which is the fundamental starting material for a variety of fullerene materials; buckyballs, carbon nanotubes, and graphite.

Re-modelled from Ref. [8].

activity, and low production costs [8-12]. Consequently graphene
has been utilised beneficially as a promising alternate electrode
material in many applications for enhancing specific technological
fields and particularly the issues surrounding energy storage and
generation - graphene is at the centre of future prospects where
its unique attributes have begun to be utilised with astonishing
outcomes when contrasted to current devices, that until now have
dominated the field. Thus the utilisation of graphene in future appli-
cations to aid with technological advances within energy related
fields holds great promise, where the years of research based upon
various other carbon forms can be readily tailored to graphene.
Utilising graphene to build on the existing wealth of knowledge
and current techniques available, ground-breaking performance is
expected to surpass that already achieved whilst at the same time
proving to be a greener and more energy efficient alternative.

In this review we highlight the importance of graphene and
present an overview of energy orientated literature. Note that there
are many reviews exploring graphene’s application within sen-
sors and other selected applications [10-16], but there is distinct
lack of reviews focusing specifically on energy storage/generation
as a whole. This review fills this potential gap focusing solely on
energy storage/generation with comprehensive tables provided.
We first explore the unique properties of graphene whilst contrast-
ing these to other electrode materials such as graphite and carbon
nanotubes (CNTs), before detailing the application of graphene
as a super-capacitor and noting the recent and exciting advance-
ments reported in battery applications and other interesting areas
of energy storage, after which we extend our overview into the
subject area of energy generation and the utilisation of fuel cells.

1.1. Graphene: an introduction

Graphene is a two-dimensional one-atom-thick planar sheet
of sp? bonded carbon atoms [8-10,17,18], which is considered
as the fundamental foundation for all fullerene allotropic dimen-
sionalities, as shown in Fig. 1 [11]. In addition to its planar state
graphene can be ‘wrapped’ into zero-dimensional spherical bucky-

balls, ‘rolled’ into one-dimensional CNTs - further categorised into
single- or multi- walled depending on the number of graphene lay-
ers present (SWCNTs/MWCNTSs respectively), or can be ‘stacked’
into three-dimensional graphite - generally consisting of more
than ten graphene layers [8,10,11,19]. Consequently graphene can
be considered the ‘mother of all carbon forms’ - as a building block.
Avariation on graphene are nano-platelets which are characterised
by stacks consisting of between two and ten graphene sheets, with
another graphene existing in the form of graphene oxide (GO) -
where the graphene has been oxidised within the employed fab-
rication process or spontaneously by contact with air, however,
this form is usually chemically or electrochemically reduced before
use [11]. It is important to clarify that a single graphene nanosheet
(GNS) refers to graphene as its standard form - that is a single layer
of graphene.

The fabrication process by which graphene is synthesised
defines its properties and as a result its application, and there-
fore graphene fabrication is currently a heavily researched topic
[10]. The vast array of current synthesis methodologies used
for graphene manufacture include; exfoliation (either physi-
cal/mechanical or chemical) [20,21], epitaxial growth via Chemical
Vapour Deposition (CVD) [22], the unzipping of CNTs (via elec-
trochemical, chemical, or physical methods), and the reduction of
sugars (such as glucose or sucrose) [23] to name just a few. Note
however, there is no single method of graphene synthesis that
yields graphene exhibiting the optimum properties for all potential
applications [10].

1.2. Graphene: a unique array of properties

Itis well known that graphene possesses unique physical, chem-
ical and thermal properties [8-12], and with the applications of
electrochemistry spanning far afield it is the properties of the elec-
trode material itself that are most significant to the performance of
the fabricated device.

An essential characteristic of an electrode material, partic-
ularly important in energy production and storage, is surface
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area. The theoretical surface area of graphene is reported to be
~2630m2 g1, surpassing that of both SWCNTs and graphite which
are reported to be ~1315m2 g~! and ~10m2 g~ respectively [10].
Additional cause for the excitement concerning graphene arises
when examining the electrical conductivity of graphene, resulting
from its extensive conjugated sp? carbon network, reported to be
~64mScm~! which is approximately ~60 times more than that
of SWCNTs [24,25] and which remains stable over a vast range of
temperatures [8]; essential for reliability in many energy related
applications. Of further importance to energy related devices and
an additional indication of the extreme electronic quality that
graphene possesses, is the fact that even at room temperature
graphene displays the half-integer quantum Hall effect, with the
effective speed of light as its Fermi velocity vg ~ 106 ms—1[26-28];
and more interestingly graphene is distinguished from its counter-
parts by its unusual band structure, rendering the quasiparticles
in it formally identical to the massless Dirac Fermions. The charge
density of graphene can be controlled by means of a gate electrode
[27]; charge carriers can be tuned continuously between elec-
trons and holes where electron mobility remains high even at high
concentrations in both electrically and chemically doped devices,
which translates to ballistic transport on the sub-micrometre scale
[11]. For example, ultra-high electron mobility has been achieved in
graphene by suspending a single GNS ~ 150 nm above a Si/SiO, gate
electrode [29]. Here mobilities in excess of 200,000 cm? V-1s-1 at
electron densities of ~2 x 10'! cm~2 are obtainable, in comparison
the mobility of an electron in silicon is around ~1000cm?2 V~-1s-1
indicating that the electron mobility in graphene is ~200 times
higher. The fast charge carrier properties of graphene have been
found not only to be continuous, but to exhibit high crystal quality
[8], meaning charge carriers can travel thousands of inter-atomic
distances without scattering — even with the presence of metallic
impurities. This fact suggests that if graphene is used as a chan-
nel material, a transistor allowing extremely high-speed operation
and with low electric power consumption could be obtained [8].
Furthermore, a pronounced ambipolar electric field effect is evi-
dent in graphene [11], and due to its unique credentials it has even
been speculated that graphene can carry a super-current [11,28].
Further on this topic, GNSs offer a unique two-dimensional envi-
ronment for electron transport and we have recently shown that
the electron transfer of graphene resides from its edge rather than
its side, where the former acts electrochemically akin to that of
edge plane- and the latter to that of basal plane-like-sites/defects
of highly ordered pyrolytic graphite, meaning that electron trans-
fer at the edge is many orders of magnitude faster than at its side
[30,31].

Asignificant advantage graphene has over CNTs is that it gener-
ally does not possess the same disadvantages that have plagued
them, such as residual metallic impurities that are inherent to
the CVD fabrication process and have hindered their exploita-
tion, for example in the manufacture of reliable energy devices
[32,33]. Graphene has largely precluded this problem because
methods of graphene synthesis that involve CVD [22,34] generally
use non-metallic catalysts, note however, in cases where graphene
is synthesised in this manner, control experiments may still need
to be performed [11], and as with CNTs the control of defects and
reproducibility of fabrication are likely to be issues common to
graphene [11]. Further advantageous characteristics of graphene
for their application in energy related devices emerge when com-
paring graphene to graphite - note that GNSs are flexible which is
beneficial for use in flexible electronic and energy storage devices,
as opposed to the brittle nature of graphite [10].

Another major advantage of graphene, greatly influencing its
electrochemical performance in terms of the heterogeneous elec-
tron transfer rate, is the presence of oxygen-containing groups at
its edges or surface [11]. When controlled attachment of functional

elements are required, such oxygen-containing groups may pro-
vide convenient attachment sites, which are expected to be similar
to that observed for CNTs [16], thus specific groups can be intro-
duced that play vital roles in electrochemical battery and fuel cell
applications [10]; for example, oxygenated species can be used as
‘anchoring’ sites for the attachment of glucose oxidase (GOx) for use
in a range of energy generation applications [35]. It is noteworthy
that the electrochemical properties of graphene-based electrodes
can hence be modified or tuned by chemical modification, and tai-
lored to suit its application [19]. It is heavily debatable however,
whether the presence of oxides upon graphene’s surface, in addi-
tion to the defect sites within graphene, may change its electronic
and chemical properties beneficially or detrimentally [11].

Having considered each of graphenes inimitable electrochemi-
cal properties in turn, it is clear that graphene exhibits the largest
surface area, fastest electron mobilities, highest conductivity, and
the most exceptional electronic qualities when contrasted against
other possible electrode materials (graphite, CNTs, and traditional
noble metals), and its subtle electronic characteristics (attractive
-1 interactions, and its strong absorptive capability) [36] sug-
gest a long and viable future in energy production and storage;
thus ‘theoretically’ in many applications graphene’s performance
has the potential to be far superior than its counterparts.

2. Graphene in energy storage devices

Current electrochemical energy storage devices are becoming
less appropriate for the ever increasing range of high demand appli-
cations utilising them today, as technology becomes increasingly
more advanced and powerful the requirements of energy storage
systems increase, thus in order to produce energy storage devices
that can sufficiently meet the mounting demands of consumers,
the exploration and exploitation of new electrode materials must
occur. Graphene is extremely attractive for energy storage applica-
tions due to its unique reported properties (see above) [15].

2.1. Graphene as a super-capacitor

Electrochemical super-capacitors are passive and static electri-
cal energy storage devices, utilised in applications such as portable
electronics (mobile phones), memory back-up systems, and hybrid
cars, where extremely fast charging is a valuable feature [15,37].
Super-capacitors have high power capabilities, fast charge propa-
gation and charge-discharge processes (within seconds), long cyclic
life (usually greater than 100,000 cycles), require low maintenance,
and exhibit low self-discharging [15]; they have larger energy
densities when compared to conventional capacitors, although,
energy densities are lower than batteries and fuel cells [15]. A
super-capacitor unit cell is usually comprised of two porous carbon
electrodes that are isolated from electrical contact by a porous sep-
arator, the current collectors of metal foil or carbon impregnated
polymers are used to conduct electrical current from each electrode
[38]. The separator and the electrodes are impregnated with an
electrolyte, this allows ionic current to flow between the electrodes
whilst preventing electronic current from discharging the cell [38].
In super-capacitors, energy is stored due to the formation of an elec-
trical double layer at the interface of the electrode (electrical double
layer capacitors) [39] or due to electron transfer between the elec-
trolyte and the electrode through fast Faradiac redox reactions
(pseudo-capacitors) [40], often the capacitance of a super-capacitor
isdependentonits ability to utilise both of the previous energy stor-
age capabilities with high efficiency, where these two mechanisms
can function simultaneously depending on the nature of the elec-
trode material [15]. To develop a super-capacitor device, an active
electrode material with high capacity performance is indispensable
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Table 1

Overview of specific capacitance and power outputs of a range of graphene based materials and various other comparable materials for use as super-capacitors.

Electrode material Performance parameter

Cyclic ability

Comments Ref.

Specific Power density
capacitance (Fg')  (kWkg)
CNT/PANI 780 NT After 1000 cycles the capacitance Obtained from CV measurement at a SR of [37]
decreased by 67% 1mVs-!
GNS 150 NT Specific capacitance was maintained N/A [39]
with the specific current of 0.1Ag~! for
500 cycles of charge/discharge
GNS 38.9 2.5 NT Synthesised using a screen-printing [45]
approach and ultrasonic spray pyrolysis.
Data obtained from CV measurement at a
SR of 50mVs-!
GNS-cobalt (II) hydroxide 972.5 NT NT N/A [48]
nano-composite
GNS/CNT/PANI 1035 NT After 1000 cycles the capacitance Obtained from CV measurement at a SR of [37]
decreased by only 6% of the initial 1mVs!
GNS/PANI 1046 70 @ NT Synthesised using in situ polymerisation. [41]
39Whkg! Capacitance obtained from CV
measurement at a SR of 1 mVs!
GNS-nickel foam 164 NT Specific capacitance remains 61% of the =~ Obtained from CV measurement at a SR of [43]
maximum capacitance after 700 cycles 10mVs~!
GNS-Sn0O, 42.7 3.9 NT Synthesised using a screen-printing [45]
approach and ultrasonic spray pyrolysis.
Data obtained from CV measurement at a
SR of 50mVs-!
GNS-ZnO 61.7 4.8 NT Synthesised using a screen-printing [45]
approach and ultrasonic spray pyrolysis.
Data obtained from CV measurement at a
SR of 50mVs-!
Graphene 205 0@ ~90% specific capacitance remaining Graphene was prepared from graphite [42]
28.5Whkg! after 1200 cycles oxide
MWCNT/PANI 463 NT NT Synthesised using in situ polymerisation. [41]
Capacitance obtained from CV
measurement at a SR of 1mVs~!
Nickel (II) hydroxide nano- 1335 NT NT Obtained at a charge/discharge density of [46]
crystals deposited on GNS 28Ag!
PANI 115 NT NT Synthesised using in situ polymerisation. [41]
Capacitance obtained from CV
measurement at a SR of 1 mVs!
PANI/GOS 531 NT NT Nanocomposite with a mass ratio of [1]
PANI/graphene, 100:1. Capacitance
obtained by charge-discharge analysis
RuO,/GNS 570 10@ ~97.9% specific capacitance remaining ~ N/A [47]
20.1Whkg! after 1000 cycles

Key: CNT - carbon nanotube; CV - cyclic voltammetry; GNS - graphene nano-sheet; GOS - graphene oxide sheets; MWCNT - multi-walled carbon nanotube; N/A - not
applicable; NT - not tested; PANI - polyaniline; RuO, - hydrous ruthenium oxide; SR - scan rate.

[41], however, all of the components are important factors. Current
research on electrochemical capacitors is aimed at increasing both
power and energy densities as well as lowering fabrication costs -
whilst using environmentally friendly materials. The core materials
studied for super-capacitor electrodes are carbons, metal oxides,
and conducting polymers [1], with recent advancements having
focused on CNTs. However, graphene based materials have shown
immense theoretical and practical advantages, such as a high sur-
face area, excellent conductivity and capacitance, and relatively low
production costs (mass production).

The use of graphene as a super-capacitor material has been
widely reported, with many studies reporting graphene as a far
superior super-capacitor material than existing carbon and poly-
mer based materials; Table 1 overviews a selection of recent
literature reports where graphene has been utilised as a super-
capacitor material in comparison to existing materials, for example
graphite and CNTs.

According to the energy-storage mechanisms noted above, the
key to enhancing specific capacitance is to enlarge the specific sur-
face area and control the pore size, layer stacking, and distribution
of the electrode material, thus Du et al. [39] investigated graphene
as a potential electrode material. The authors mass-produced

GNSs with a narrow mesopore distribution of ~4 nm from natural
graphite via oxidation and rapid heating processes, and found the
GNSs to maintain a stable specific capacitance of 150Fg~! under
the specific current of 0.1 Ag~! for 500 cycles of charge/discharge
[39]. Wang et al. [42] also investigated graphene as a potential
super-capacitor electrode material, where a maximum specific
capacitance of 205Fg~! was measured with a power density of
10kWkg~! at a energy density of 28.5Whkg~!, excellent cyclic
ability was obtained also with ~90% specific capacitance remain-
ing after 1200 cycles. Interestingly, other work [43] has shown that
using an electrophoretic deposition method to deposit GNSs onto
nickel foams with three-dimensional porous structures, the high
specific capacitance of 164Fg~! is obtained from cyclic voltam-
metric (CV) measurement at a scan rate of 10mVs~1, and it was
noted that after 700 cycles the specific capacitance remains 61% of
the maximum capacitance; FESEM images of their modified nickel
foam are shown in Fig. 2. Furthermore, work encompassing the
deposition of silver nanoparticles onto graphene sheets has shown
that increased specific capacitance and improved charge transfer
occurs with evidence of a reduced resistance [44]. Yet further excit-
ing prospects emerge when considering work by Vivekchand et
al. [40] who have shown graphene prepared via graphitic oxide
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Fig. 2. FESEM images of (A) bare nickel foam, and (B) and (C) graphene nanosheets deposited on nickel foam. Reprinted from Ref. [43] with permission from Elsevier.

whilst utilising an ionic liquid, thus enabling the operating volt-
age to be extended up to 3.5V, exhibits a specific capacitance and
energy density of ~75Fg~1 and 31.9 Wh kg~ respectively, surpass-
ing those of both SW- and MWCNTSs, 64 and 14Fg~! respectively;
the authors claim that the energy density is one of the highest val-
ues reported to-date of this kind, inferring that the performance
characteristics of graphene are directly related to its quality in
terms of numbers of graphene layers and the inherent surface area.
It is likely however that the ‘highest energy value’ claimed in this
case will most probably be surpassed in coming months given the
intense research in this area. These comparable results suggest
potential for GNS based electrochemical capacitors to be fabricated,
but scalability might be an issue.

However, it is evident that the general specific capacitance of
graphene is not as high as expected, and thus it is notable that many
researchers have turned to the incorporation and fabrication of
graphene based hybrid materials in the pursuit for improved capac-
itance performance. In one notable example Wang et al. [1] report
a novel high performance electrode material based upon fibrillar
polyaniline (PANI) doped with graphene oxide sheets. The authors
obtained a nanocomposite with a mass ratio of PANI/graphene,
100:1, which exhibited a high specific capacitance of 531Fg~1,
obtained by charge-discharge analysis, and when compared to indi-
vidual PANI (216Fg-1) it was clear that doping (and the ratio
of graphene oxide) has a profound effect on the electrochemical
capacitance performance of nanocomposites; graphene exhibits
great potential for application in super-capacitors and other power
source systems of the future.

Further work was conducted by Yan et al. [41] reporting that
a GNS/PANI composite synthesised using in situ polymerisation
could obtain a high specific capacitance of 1046Fg~! (examined
using CV and galvanostatic charge/discharge analysis), which com-
pared to 115Fg~! for pure PANI, 463Fg~! for SWCNT/PANI, and
500Fg~! for MWCNT/PANI; additionally, the energy density of the
GNS/PANI composite could reach 39Whkg~! at a power density

of 70kWkg~1. It is apparent that GNS/PANI modifications offer
a highly conductive support material where the well-dispersed
depositions of nanoscale PANI particles are attributable to the GNSs
large surface area and flexibility. Other work on this topic [37]
has investigated the effect of a GNS/CNT/PANI composite, claim-
ing responses similar to the composites mentioned above, and that
after 1000 cycles the capacitance decreased by only 6% of the initial
(compared to 52 and 67% for GNS/PANI and CNT/PANI respectively);
demonstrating that a hybrid-graphene material may exhibit the
ultimately desired properties required for superior energy related
devices to be realised [4,37].

In addition to these reports, further work has indicated
that graphene has the potential to outperform its counterparts
as a capacitor material; for example it has been highlighted
that a graphene-ZnO composite exhibits enhanced capacitance
when compared to CNTs, as well as an enhanced reversible
charge/discharging ability [2,42,45]. One notable example [45]
concerns the fabrication of GNS-ZnO and GNS-SnO, electrode
materials, where a screen-printing approach was employed to
fabricate the graphene film onto a graphite substrate whilst the
ZnO or SnO, was deposited onto the graphene film via ultra-
sonic spray pyrolysis. The performances of these electrodes were
then tested through electrochemical impedance spectroscopy, CV,
and chronopotentiometry. Results demonstrated that the inclu-
sion of either ZnO or SnO, improved the capacitive performance of
the graphene electrode. The GNS-ZnO composite electrode exhib-
ited a higher capacitance value, 61.7Fg~!, and maximum power
density, 4.8 kW kg1, when compared to the GNS-SnO, and pure
graphene electrodes, exhibiting capacitances of 42.7 and 38.9F g~!
and power densities of 3.9 and 2.5 kW kg~ respectively. In another
notable example Zhangetal. [2] prepared a graphene-ZnO compos-
ite film and investigated its electrochemical characteristics. Their
results showed that the composite exhibited enhanced capacitance
behaviour/values with better reversible charging/discharging abil-
ity by comparison to pure graphene and pure ZnO electrodes. One
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explanation for this, in addition to graphene’s enhanced surface
area (and other qualities discussed earlier), has been ascribed to
the increase in lattice defect density exhibited by graphene (such as
the fracture of graphene layers and the ratio of edge to basal carbon
surface), where it is believed that increased edge plane increases
the capacitance of a material [39]. However, work by Stoller et al.
[38] stated that on chemically modified graphene electrodes the
super-capacitor performance does not depend on a rigid porous
structure to deliver its large surface area but on graphenes flexi-
bility, where graphene sheets adjust their position depending on
the electrolyte used. Stoller and co-workers [38] found the weight
specific capacitance of chemically modified graphene to be up to
135Fg~1[38].

Other work has been explored where inorganic nanomate-
rials have been anchored onto graphene’s surface, resulting in
high performance super-capacitors [46-48]. Wang et al. [46] have
grown nickel (II) hydroxide nano-crystals on graphene sheets,
finding that the resultant material exhibits a high specific capac-
itance of ~1335Fg~! at a charge/discharge density of 2.8 Ag~! and
~953Fg~1at45.7 Ag~1 respectively, as well as exhibiting excellent
cyclic ability; the authors demonstrated that their graphene based
nano-composite outperformed the utilisation of small nickel (II)
hydroxide nano-particles grown on graphite oxide [46]. For com-
parison, a physical mixture of pre-synthesized nickel (II) hydroxide
nano-plates and graphene exhibited lower specific capacitance,
highlighting the importance of direct growth of these nanomate-
rials on graphene to enhance the intimate interactions and charge
transport between the active nanomaterials and the conducting
underlying network [46]. Such results suggest the importance of
rational design and synthesis of graphene-based nano-composite
materials for high-performance energy applications where high
specific capacitance and remarkable rate capability are promis-
ing for applications in supercapacitors with both high energy
and power densities [46]. Further work by Wu et al. [47] has
demonstrated that hydrous ruthenium oxide/graphene composites
exhibit a high specific capacitance of ~570Fg~! (for 38.3% ruthe-
nium weight loading) with enhanced rate capability and excellent
electrochemical stability (~97.9% retention after 1000 cycles), in
addition to a high energy density of 20.1 Whkg~! at a low oper-
ation rate of 100mAg-! or a power density of 10,000Wkg-! at
a reasonable energy density of 43 Whkg~!. Interestingly, it was
found that the total specific capacitance of the composite mate-
rial was higher than the sum of specific capacitances of pure
graphene and pure ruthenium oxide in their relative ratios, which
was ascribed to be indicative of a positive synergistic effect of
graphene and ruthenium oxide on the improvement of the elec-
trochemical performance [47]. Moreover, Chen et al. [48] have
reported on the utilisation of a graphene-cobalt (II) hydroxide
nano-composite and shown the electrochemical specific capaci-
tance of the graphene composite to reach 972.5Fg~1, leading to a
significant improvement in relation to each individual component
(137.6 and 726.1Fg~! for graphene and cobalt hydroxide respec-
tively). These findings again demonstrate the importance and great
potential of graphene-based composites in the development of
high-performance energy-storage systems [46-48].

Considering the data presented above however, it is impor-
tant to note that elegant work by Pumera et al. [49] has shown
that it is not always beneficial to exfoliate graphitic structures to
single layer graphene, GNS, to achieve maximum electrochemi-
cal performance and capacitance. Pumera has demonstrated, using
electrochemical impedance spectroscopy, that multilayer (>10 lay-
ers) graphene nanoribbons with cross sections of 100 x 100 nm
provide a larger capacitance (15.6 Fg~1) than few-layer (3-9 layers)
graphene nanoribbons (14.9Fg~1) and a far greater capacitance
than single layer GNSs (10.9Fg~1) with the same cross section,
likely caused by graphene layers laying flat on top of one another

blocking/concealing the edge plane as has been shown previously
where basal plane based electrodes have greatly reduced charge
storage when compared to edge plane surfaces, thus vertically ori-
entated GNSs are believed to be a near-ideal structure [49,50], likely
due to a higher edge plane content available and larger inter-layer
spaces allowing for improved capacitance due to the complete util-
isation of available space [49,50]. This of course does not account
for the use of hybrid materials however, where the combination
of graphene with various other materials could possibly lead to the
increased availability of the graphene’s edge-plane sites and surface
area, as well as influencing other factors such as inter-layer spacing
leading to an improved capacitance performance; this argument
is also relevant for graphene within the fabrication of lithium ion
(Li-ion) batteries — see below. Furthermore, when considering this
argument it is interesting to observe that few layer graphene sam-
ples have been shown to exhibit superior characteristics when they
are disordered in nature. For example, Pan et al. [20] have reported
the fabrication of highly disordered graphene nanosheets which
exhibit promising possibilities in high-capacity Li-ion batteries
because of their high reversible capacity (1054 mAhg-1) and good
cyclic performance, exhibiting a far superior performance when
compared to highly ordered GNSs (540 mAhg-1) [5] and graphite
samples (372mAhg~1) [5], thus in addition to being attributed to
larger inter-layer spacing by Pan and colleagues, these findings con-
cur with the above suggestion that increased edge plane and surface
area availability results in enhanced performance [20]. The disor-
der of GNSs can be achieved via a variety of methods including
the introduction of hybrid materials or for example by electron-
beam irradiation as utilised in the work by Pan and co-workers [20];
there is a strong possibility that increasing the inter-planar spaces
between graphene sheets in addition to the edge plane sites avail-
able could lead to numerous advantageous prospects in capacitance
and energy storage applications.

Having overviewed the application of graphene as a super-
capacitor, it is clear that it has already made a significant impact
and revealed itself to be a promising material for future research
within this area. With the possibility of hybrid graphene materi-
als emerging in the near future, we may witness the fabrication
of a super-capacitor composite that is able to acquire currently
unachievable capacitance levels and greatly improved cyclic abili-
ties; of course a major limitation is the current cost of graphene,
reproducibility, scalability, and characterisation, where drawing
from the latter many reports are emerging where claims of the
utilisation of graphene are made without adequate characterisation
being performed and in such cases perhaps graphene is not present,
rather multiple layer or greater — thus appropriate control experi-
ments need to be performed where results are compared to other
appropriate carbon forms such as graphite or activated carbons.
This is an issue evident throughout each aspect of graphene’s utili-
sation within energy related applications, and consequently should
be borne-in-mind when considering each topic covered below.

2.2. Graphene as a battery/Li-ion storage

Lithium (Li) based rechargeable batteries are a further class
of energy storage devices where graphene has been employed
due to its reported superior physical attributes. As with super-
capacitors, there is an increasing worldwide demand for advanced
Li-ion batteries with higher energy capacities and longer cycle life-
times, which are promising with regards to their application within
electric vehicles [20,51,52]. Li-ion batteries can store and supply
electricity over a long period of time, where electrode materi-
als (i.e. anode/cathode) play dominant roles in the performance,
although each component of the battery is essential to its perfor-
mance capabilities [12,53]. Currently the anode material employed
for lithium based batteries is usually graphite because of its high
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Table 2

Overview of the specific capacitance and cyclic stabilities of a range of graphene based materials and various other comparable materials for the application of graphene as

a Lithium-ion battery electrode.

Compound Specific capacitance Cyclic stability Comments Ref.
(mAhg1)
GNS 540 300 after 30 cycles at 50mA g~! N/A [5,55]
GNS 1264 848 after 40 cycles at 100mAg! GNSs in coin-type cells versus metallic lithium [51]
GNS 1233 502 after 30 cycles at the current GNSs were prepared from artificial graphite by [52]
density of 0.2 mA cm—2 oxidation, rapid expansion and ultrasonic
treatment
GNS/Fe304 1026 580 after 100 cycles at 700mA g~! N/A [53]
GNS/SnO; 860 570 after 30 cycles at 50mAg~! GNSs were homogeneously distributed between [5]
the loosely packed SnO, nanoparticles in such a
way that a nanoporous structure with a large
amount of void spaces could be prepared
GNS/SnO; 840 590 after 50 cycles at the current The optimum molar ratio of SnO,/graphene was [62]
density of 400mA g-! 3.2:1
GNS/with Cgo spacer molecules 784 NT N/A [55]
GNS/with CNT spacer 730 NT N/A [55]
Graphite 372 240 after 30 cycles at 50mAg-! N/A [5,55]
Mn304/RGO ~900 ~730 after 40 cycles at 400 mA g~! N/A [60]
0x-GNSs ~1400 Cyclic stability within the range of 800 Capacity loss per cycle of ~3% for early cycles; this [57]

decreasing for subsequent cycles

Key: Cgo — carbon 60; CNT - carbon nanotube; GNS - graphene nanosheet; N/A - not applicable; NT - not tested; Ox - oxidised; RGO - reduced graphene oxide.

Coulombic efficiency (the ratio of the extracted Li to the inserted
Li) [12] where it can be reversibly charged and discharged under
intercalation potentials with a reasonable specific capacity [5].
However, to improve battery performance the relatively low the-
oretical capacity associated with graphite batteries (372mAhg-1)
and the long diffusion distances of the Li-ions need to be overcome
[12]. Graphene has already shown itself as a beneficial replacement,
for example papers have emerged boasting graphene based elec-
trodes to have higher specific capacities than many other electrode
materials (including graphite), and in addition to this many theo-
retical papers have emerged [5,10,20,51,54]. One particular report
states that graphene’s two-dimensional edge plane sites should
aid Li-ion adsorption and diffusion, consequently reducing charg-
ing times and increasing power outputs. An overview of various
graphene based electrode materials reported in the literature for
use as a lithium based battery are listed and compared to other
electrode materials, namely graphite and CNTs, in Table 2.

In one interesting example Yoo and colleagues [55] fabricated
a graphene based electrode using CNTs as spacers to prevent the
restacking of the graphene sheets. The modified electrode was
demonstrated to possess a specific capacitance towards lithium of
730mAhg-! [55], which is greatly improved when compared to
the existing graphite (372mAh g~1)[10] and an alternate graphene
modified electrode without the use of spacers (540 mAhg-1). Note
that the use of graphene without spacers exhibits a largely superior
response over that of comparable graphite. When Yoo et al. utilised
Cgo molecules in addition to spacers between graphene sheets, the
capacitance increased to 784 mAh g1 [55]. Moreover, graphene’s
advantageous application in lithium storage devices was partly
explained by Takamura et al. [56] whom linked the high rate dis-
charge capability of Li-ion batteries to nano-sized holes identified
within the graphene sheets. However, this is not the only issue
when looking at the performance of batteries, as discharge rates
and cyclic abilities also need to be considered.

Bhardwaj and co-workers [57] have reported upon the electro-
chemical Li intake capacity of carbonaceous one-dimensional GNSs
obtained by unzipping pristine MWCNTs. The authors showed that
oxidised-GNSs (0x-GNSs) outperformed all other materials tested
(GNSs and MWCNTs) in terms of energy density, obtaining a first
charge capacity of ~1400 mA h g~! with a low Coulombic efficiency
for the first cycle, ~53%, and ~95% for subsequent cycles, which was
shown to be notably superior to MWCNTs and GNSs and similar
to that of graphite. The cyclic capacity of the ox-GNSs was within

the range of 800mAhg-1, with an early capacity loss per cycle of
~3%(decreasing upon subsequent cycles) [57]. The cyclability is the
capacity loss per cycle, and is a useful parameter to evaluate bat-
tery performance, where here, MWCNTs and GNSs perform better
than the proposed ox-GNSs (capacity losses of ~1.4% and ~2.6%
respectively), however, due to the higher initial capacitance of the
0x-GNSs the performance of this material can still be regarded as
superior, as can be observed in Fig. 3 [57].

In another interesting example Lian et al. [51] evaluated the
electrochemical performance of GNSs in coin-type cells versus
metallic lithium. The authors reported a large reversible capac-
ity where high quality graphene sheets were used as an anode
material for Li-ion batteries, showing that the GNSs possess a
curled morphology with a large specific surface area. The first
reversible specific capacity of the prepared GNS was as high as
1264mAhg-! at a current density of 100mAg-!, where even
at high current densities of 500mAg-! the reversible capacity
remained at 718 mAhg-1. After 40 cycles the reversible capac-
ity remained at 848 mAhg-! at a current density of 100mAg".

200 | LA S A LN BN NN NS NN BN S BN BN BN AN B BN RN |
800 - ¢ 4 ox-GNR ]
@ e Loss rate= 3.0% ® GNRs 1
< 7004 v = MWNTs
£ * e
< 600- * e ]
S 500 *_a)
="
& 400- i
) Loss rate= 2.6% J
£ 300{g . ]
§ 200 Tm"wg_._
100+ Loss rate= 1.4% R
0 e e

012345678 91011121314
Cycle

Fig. 3. Cyclability of three different carbonaceous electrodes materials; oxidised
graphene (0x-GNR); graphene (GNR); and multi-walled carbon nanotubes (MWC-
NTs). Symbols represent experimental measurements, whilst bold lines represent
values extrapolated at the indicated loss rate. Reproduced with permission from Ref.
[57]. Copyright (2010) American Chemical Society.
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These results indicate that the GNSs possess electrochemical per-
formances suitable for their application within lithium storage
devices [51].

One notable study [58] was performed where non-annealed
graphene paper, prepared via reduction of prefabricated graphene
oxide paper with hydrazine hydrate, was employed as the sole com-
ponent of a binder-free Li-ion battery anode. The fabricated anode
possessed excellent cyclic ability, whilst exhibiting a voltage versus
capacity profile similar to that of a polymer-bound graphene pow-
der anode (the reversible capacity was 84mAhg-! ata50mAg-!
currentrate). However, it must be stated that the overall capacity of
this and other examples using graphene paper [59] as the electrode
material are poor when contrast to the emerging hybrid graphene
materials is sought (see below) [5,53,60].

As is the case for super-capacitor devices, it is emerging that
current research regarding Li-ion batteries is focused towards the
fabrication of hybrid graphene composite materials when look-
ing for improved battery performance. For example, previous
work by Paek et al. [5] has demonstrated that a graphene/Sn0O,
based nano-porous electrode exhibited a higher reversible capac-
ity when compared to bare SnO,, bare graphene, and bare
graphite electrodes, and in addition to this, the graphene/SnO,
electrode exhibited a much improved cyclic performance when
compared to the same electrodes [5]. The graphene/SnO, based
nano-porous electrode was synthesised and shown to exhibit a
reversible capacity of 810mAhg-! [5]. Furthermore, its cyclic
performance was drastically enhanced in comparison to bare
Sn0O, nanoparticles, where after 30 cycles the charge capacity
of the graphene/Sn0O, based electrode remained at 570mAhg!
(70% retention of the reversibility capacity), whereas the bare
Sn0, nanoparticles first charge capacity was 550mAhg-! which
dropped rapidly to 60 mAhg-! after only 15 cycles at 50mAg-1.
Paek and co-workers [5] also reported superior cyclic perfor-
mances over graphite modified nanoparticles, where the initial
capacitance was ~500mAhg-1, which dropped slightly during
cycling - the bare graphene electrode resides only slightly above
this level; Fig. 4 demonstrates the capacities and cyclic abilities
of the mentioned composites along with a schematic represen-
tation of the fabricated graphene electrodes [5]. Other work on
Sn0O,-graphene hybrid based Li-ion batteries has yielded similar
results with regards to capacitance and obtained good cyclic abili-
ties (retaining 520mAh g~1 after 100 cycles) [61,62].

Wang et al. [60] have reported Mn304—graphene hybrid mate-
rials as a suitable high-capacity anode material for utilisation
in Li-ion batteries. Wang and co-workers [60] have developed
a two-step solution-phase reaction to form Mn304 nanoparti-
cles on reduced graphene oxide (RGO) sheets. The authors claim
that their selective growth of Mn30,4 nanoparticles onto the RGO
sheets (in contrast to free particle growth in solution) allowed
for the electrically insulating Mn304 nanoparticles to be ‘wired-
up’ to a current collector through the underlying conducting
graphene network. The Mn304/RGO hybrid material demonstrated
a high specific capacity up to ~900mAhg-1, near the theoretical
capacity of Mn304 (~936mAhg-1), with a good rate capability
and cycling stability (a capacity of ~730mAhg-! at 400mAg!
was retained after 40 cycles), owing to the intimate interactions
between the graphene substrates and the Mn304 nanoparticles
[60]. Even at a high current density of 1600mAg-! the specific
capacity was ~390mAhg-1, which is higher than the theoretical
capacity of graphite - commonly utilised within Li-ion batteries
(372mAhg-1). Control experiments were performed utilising the
synthesis of free Mn304 nanoparticles by the same process, how-
ever without the presence of graphene, where the performance was
much worse; at a low current density of 40 mA g~! the free Mn304
nanoparticles exhibited a capacity lower than 300mAh g~!, which
further decreased to ~115mAhg-1! after only 10 cycles. Conse-
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Fig. 4. (A) Schematic representation for the synthesis and structure of SnO, on
graphene nanosheets (GNS). (B) Cyclic performances for (a) bare SnO, nanoparticle,
(b) graphite, (c) GNS, and (d) SnO,/GNS. Reproduced with permission from Ref. [5]
Copyright (2009) American Chemical Society.

quently Wang et al. claim that the above hybrid material could be a
promising candidate for high-capacity, low-cost, and environmen-
tally friendly anode materials for Li-ion batteries of the future, since
the observed performance surpasses that of graphite [60].

Whilst on the theme of hybrid materials, Fe304 exhibits great
potential for use as an anode material with high capacity, low cost,
eco-friendliness, and natural abundance. However because of the
problem of rapid capacity fading during cycling, it has attracted the
attention of scientists for use in the creation of hybrid materials
[53]. Cause for excitement comes from elegant work by Zhou et al.
[53] who fabricated a well-organised flexible interleaved compos-
ite of GNSs decorated with Fe304 particles through in situ reduction
of iron hydroxide between GNSs; the interleaved network of GNSs
produce a pathway for electron transport as shown in Fig. 5.
The GNS/Fe304 composite exhibits a reversible specific capacity
approaching 1026 mAhg-1 after 30 cycles at 35mAg-! and 580
mAh g1 after 100 cycles at 700 mA g1, as well as improved cyclic
stability and an excellent rate capability [53]. When comparison
is sought towards the capacities of bare Fe;03 and commercial
Fe, 04 particles after 30 cycles at 35 mA g~ (the cyclic abilities are
also highlighted in Fig. 5) a decrease from 770 and 760mAhg-!
to 475 and 359mAhg-1 occur respectively, thus demonstrating
poor cyclic abilities [53]. The authors inferred the multifunctional
features of the GNS/Fe304 composite to be as follows: (i) GNSs
play a “flexible confinement” function to enwrap Fe304 particles,
which can compensate for the volume change of Fe304 and pre-
vent the detachment and agglomeration of pulverized Fe30y4, thus
extending the cycling life of the electrode; (ii) GNSs provide a large
contact surface for individual dispersion of well-adhered Fe304
particles and act as an excellent conductive agent to provide a
highway for electron transport, improving the accessible capac-
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Fig. 5. (A) Schematic of a flexible interleaved structure consisting of graphene nanosheets (GNS) and Fe304 particles. (B) (a) SEM image of the cross-section of GNS/Fe304
composite, and (b) TEM. (C) Cycling performance of commercial Fe;04 particles, GNS/Fe304 composite, and bare Fe;05 particles at a current density of 35mAg-! - solid
symbols, discharge; hollow symbols, charge. Reproduced with permission from Ref. [53]. Copyright (2010) American Chemical Society.

ity; (iii) Fe304 particles separate GNSs and prevent their restacking
thus improving the adsorption and immersion of electrolyte on
the surface of electro-active material; and (iv) the porosity formed
by lateral GNSs and Fe304 particles facilitates ion transporta-
tion [53]. As a result, this unique laterally confined GNS/Fe304
composite can dramatically improve the cycling stability and the
rate capability of Fe3O4 as an anode material for lithium ion
batteries [53].

More intriguingly graphene composites have been utilised
as both anode and cathode materials, such as in the case of
graphene/LiFePO,4 [63], and graphene/Li4TisO1, [64], where their
application is promising for Li-ion secondary batteries, however,
such outputs are not as high as previous reports, questioning their
suitability into this field.

In light of the literature discussed above current research
regarding graphene as a Li-ion storage device indicates it to be ben-
eficial over graphite based electrodes, exhibiting improved cyclic
performances and higher capacitance for applications within Li-ion
batteries. Again, exciting future developments within this area are
expected and there is no doubt that among the greatest perform-
ers to materialise within the near future, a hybrid graphene based
material will reside.

2.3. Miscellaneous energy storage devices (solar power)

Of further interest and significant importance in the develop-
ment of clean and renewable energy is the application of graphene
in solar power based devices, where photoelectrochemical solar
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energy conversion plays an important role in generating electrical
energy [65,66].

Recently Chang et al. [66] developed a novel photoelectro-
chemical cell (PEC) based on a graphene/poly(3-octyl-thiophene)
(POT) nanocomposite for use within photovoltaic energy conver-
sion where their composite provides a general platform for next
generation solar energy conversion, photoconductivity, and pho-
todetectors. Chang et al. [66] have demonstrated that the doping of
graphene in the POT film significantly improves the photocurrent
generation rate as well as the photovoltaic conversion efficiency of
the PECs by over 10 folds than that of pure POT [66]. Moreover, the
electron transfer resistance of the graphene/POT nanocomposite
decreased significantly and was only 10% of pure POT, suggesting
that the graphene composite may serve as a promising platform
for solar energy conversion within the future. It was noted that the
performances of the PECs were largely dependent on the graphene
content and morphology, with the highest efficiencies obtained at
a graphene content of 5wt% in the nanocomposite [66], and the
greatly improved responses being attributed to graphene’s high
capability as an electron acceptor in addition to its large surface
area and high electron mobility; all of which are essential to the
performance of higher energy conversion solar cells.

Some reports have criticised the use of graphene use as a trans-
parent conductor stating that its conductivity ratio is too small, but
ithas been suggested that substrate-induced doping can potentially
increase the two-dimensional direct-current conductivity enough
to make graphene a viable transparent conductor [67]. For exam-
ple, Valentini et al. [68] have reported a facile method to use GNSs
as part of a transparent electrode for the preparation of polymer
solar cells. It is claimed that the application of GNSs in a polymer
solar cell is plausible where functionalised graphene is cheap and
easily prepared, and graphene is expected to be used as a hole
acceptor material in polymer photovoltaic applications because
the ideal monolayer of graphene has a transparency of 98% and
a sheet resistance of 6 k2 sq~!, making it suitable for transparent
and conducting electrodes that are essential to many areas of mod-
ern electronics and commonly found in touch-panels and solar cells
[68].

3. Graphene in energy generation devices

In addition to the tremendous impact that graphene has
undoubtedly had when utilised in the field of energy storage,
graphene has also made a significant impact in the fabrication and
application of energy generation devices. With the World’s climate
on the conscience of many and the depletion of non-renewable
energy sources ever-nearing, the search for replacements has

resulted in great interest in fuel cell applications and consequen-
tially the examination and development of new electrode materials.
Graphene is attractive as an electrode material for use within
fuel cells because of its large surface area, improved enzymatic
binding ability, unique electrical conductivity, widely applica-
ble electro-catalytic activity, and low production costs [8-12].
Table 3 summarises the various applications of graphene in fuel
cell devices.

3.1. Fuel cells

One notable contribution has been from Dai and co-workers
[3] who explored graphene and nitrogen doped graphene formed
via CVD towards the electrochemical reduction of oxygen (oxygen
reduction reaction (ORR)), comparing it with commercially avail-
able platinum (Pt) loaded carbon. Platinum has long been regarded
as one of the best catalysts for the electrochemical ORR, and is
consequently utilised in fuel cells, but has the drawback of being
expensive and exhibiting time-dependent drift due to the poison-
ing/deactivation of the Pt surface with carbon monoxide [3]. As
depicted in Fig. 6, Dai et al. have reported that nitrogen-doped
graphene acts as a metal-free electrode with a greatly enhanced
electro-catalytic activity, long-term operation stability, and tol-
erance to crossover effect than Pt for oxygen reduction via a
four-electron pathway in alkaline solutions producing water as a
product [3]. However, note that the over-potential is less on the Pt
surface, and therefore the observed high current density in Fig. 6
might be due to incorrect normalisation of surface area [11].

In proton exchange membrane fuel cells (PEMFCs) Pt based
electro-catalysts are widely used as anode and cathode electro-
catalysts for hydrogen oxidation and for ORRs respectively. In
recent work Jafri et al. [69] utilised GNS and nitrogen doped-GNSs
as the catalyst support for Pt nanoparticles for ORRs in PEMFCs.
The authors constructed a fuel cell with Pt loaded GNS where the
power densities 440 and 390 mW cm~2 were obtained for nitrogen
doped-GNS-Pt and GNS-Pt respectively [69]. Jafri and co-workers
comment on the improved performance inferring that the nitrogen
doping process creates pyrrolic nitrogen defects acting as anchor-
ing sites for the deposition of Pt nanoparticles, and is also likely due
to increased electrical conductivity or improved carbon-catalyst
binding [69]. Contrasting earlier work by Zhang et al. [70] has
demonstrated that the fabrication of low-cost graphite submicron-
particles (GSP) can be employed as a possible support for polymer
electrolyte membrane (PEM) fuel cells, where Pt nanoparticles
were deposited on GSP in addition to carbon black and CNTs via a
ethylene glycol reduction method. Zhang and colleagues report that
the Pt/GSP showed the highest electro-catalytic activity towards
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Table 3

Overview of the power and current densities obtained by the utilisation of a range of graphene based materials and various other comparable materials as an electrode

material in fuel cells.

Type of substrate Fuel/oxidant  Current/power density Power density vs. Comments Ref.
at maximum power time
Au/GNS/GOx Glucose 156.6 +25 pAcm—2 243 +4 pW at Tested every day with a 15 kS2 external load. After the first [24]
0.38V (load 15kS2) 24, it had lost 6.2% of its original power output. Later, the
power output was found to decay slowly and became 50%
of the original value after 7 days
Au/SWCNT/GOx Glucose 86.8+ 13 pAcm—2 7.8+1.1 pW at N/A [24]
0.25V (load 15 kS2)
GNS-Pt H, /0, 390 mW cm—2 NT PEMFC [69]
GO-Pt H,/0, 161 mW cm—2 NT N/A [71]
Nitrogen doped-GNS-Pt H, /O, 440 mW cm2 NT PEMFC [69]
Pt H, /0, 96 mW cm—2 NT N/A [71]

Key: Au - gold; GNS - graphene nanosheet; GO - graphene oxide; GOx - glucose oxidase; N/A - not applicable; NT - not tested; PEMFC - proton exchange membrane fuel

cell; Pt - platinum; SWCNT - single walled carbon nanotube.

the ORRs and that a durability study indicated the Pt/GSP was 2-3
times more durable than the CNT and carbon black alternatives
[70]. However, recently [71] the dispersion of Pt on GO has been
shown to be useful for achieving relatively enhanced performance
in fuel cells, essentially the use of GO as a support material for
the distribution of Pt nanoparticles provides new ways to develop
advanced electro-catalyst materials for hydrogen fuel cells; here a
partially reduced GO-Pt based fuel cell delivered a maximum power
of 161 mW cm~2 compared to 96 mW cm~2 for an unsupported Pt
based fuel cell.

Direct methanol fuel cells have drawn great attention recently
due to their high energy density, low pollutant emission, ease of
handling the liquid, and low operating temperatures (60-100 °C),
however, low electro-catalytic activity towards methanol oxida-
tion is hindering exploitation [72]. Graphene has been linked to the
enhanced electro-catalytic activity of catalysts for fuel cell applica-
tions, in-particularly Xin etal.[72] have recently demonstrated that
the utilisation of a platinum/GNS (Pt/GNS) catalyst revealed a high
catalytic activity for both methanol oxidation and the ORR when
compared to Pt supported on carbon black (C). Xin and co-workers
deposited Pt nanoparticles onto GNS via synchronous reduction of
H, PtClg and GO suspension using NaBH,; Their results, CV profiles,
are depicted in Fig. 7 where the peak current towards methanol
electro-oxidation is shown and it is apparent that the current
density of the Pt/GNS catalyst (182.6 mAmg~!) outperforms the
response of Pt/C(77.9 mA mg~1). However, it is noted that the prior
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Fig. 7. Cyclic voltammograms of methanol oxidation on (a) Pt/carbon black, (b)
Pt/graphene, and (c) Pt/graphene-heat treated modified composites. Scan rate:
20mVs-1,0.5M H,S04 and 0.5 M CH3OH. Reprinted from Ref. [72] with permission
from Elsevier.

heat treatment of the Pt/GNS catalyst improved the performance
further by ~3.5 times over that of the Pt/C response; a response
supported by previous literature [72,73]. Moreover, chronoam-
perometric analysis was performed to analyse the stability of
the fabricated catalysis towards methanol oxidation, and it was
depicted that all of the catalysts decayed rapidly in the initial stages,
gradually reaching a steady state where it was clear that the great-
est activity and stability was achieved by the heat treated Pt/GNS
with an ending current of 55.5mAmg~!, followed by Pt/GNS and
Pt/C respectively - suggesting that the heat treatment of a Pt/GNS
catalyst provides greatly improved methanol oxidation than cur-
rent materials [72]. Other similar work [74] has demonstrated
that using a GNS supported Pt-Ruthenium (Ru) nano-composite,
improved catalytic activity is achievable towards the oxidation
of methanol when contrasted to a Pt-Ru/Vulcan base alternative.
Moreover, work by Dong et al. [6] has demonstrated that Pt and
Pt-Ru nanoparticles synthesised onto GNSs exhibit high electro-
catalytic activity towards methanol and ethanol when contrasted
against graphite alternatives, leading to a greatly reduced over-
potential and increased reversibility, thus these findings favour
the use of graphene sheets as catalyst supports for both direct
methanol and ethanol fuel cells [6]. Additionally, Shang et al. [75]
have investigated the application of uniform and porous GNSs as
a support for catalytic Pt nanoclusters in direct-methanol electro-
oxidation, where again, as observed throughout the energy related
field, it appears that hybrid materials exhibit distinctly supe-
rior electrochemical characteristics than the standard components,
particularly in the fabrication of fuel cells, as this novel graphene
supported Pt based nanostructure has the potential to serve as a
low-cost and highly efficient electrode material for methanol fuel
cells.

As demonstrated in the above examples, GNSs pose as a good
candidate for use as a supporting material in high-loading metal
catalysts for potential applications in the fabrication of high-energy
‘greener’ solutions to current issues surrounding fuel cells; we
expect the fundamental processes to be determined for metal
immobilisation onto graphene, which is currently still not fully
understood.

3.2. Microbial bio-fuel cells

Microbial fuel cells (MFCs) have emerged within recent years
offering great opportunities for cleaner more sustainable energy
whilst at the same time utilising waste products and meeting
increasing energy needs [76]. MFCs are essentially bioreactors that
generate electricity from the degradation of organic substances
with the aid of the metabolic activity of microorganisms (bacteria)
[76,77]. As with other low-temperature fuel cells the slow kinetics
of the ORR at the cathode has limited the performance and energy
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production of the MFC, thus in order to improve the cathodic per-
formance the development of catalysts is essential [77]. Recently
Wau and colleagues [77] identified the need to investigate the cat-
alytic activity of graphene upon the ORR in neutral media for its
potential application in MFCs. Wu and co-workers demonstrated
that reduced graphene sheets (RGSs), prepared via chemical reduc-
tion of graphite oxide, are an excellent potential electrode material
for MFCs, showing that the modification of a glassy carbon elec-
trode (GCE) with RGSs (using the electrolyte 3.5% NaCl) resulted
in an obvious positive shift of the peak potential (lowering the
overpotential) and a larger current density [77].

It is clear that graphene has not yet been fully explored within
this area, but we expect many more examples and applications
within this field to appear in the not so distant future, building on
the already vibrant examples available utilising graphite and CNTs,
forinstance in the treatment of domestic and industrial wastewater
for the generation of energy [76].

3.3. Enzymatic bio-fuel cells

Recently, there has been substantial interest towards the
development of enzymatic biofuel cells (EBFCs) as they possess
the potential to be employed as an ‘in-vivo’ power source for
implantable medical devices such as pacemakers [24]. The most
striking feature of the EBFC is that they can utilise glucose or
other carbohydrates copiously present in the human body as a
fuel. However, EBFCs have major issues to be rectified including
low power densities and poor stability. The low power density of
the EBFC in comparison with conventional inorganic fuel cells is
due to the location of the active site of the enzyme buried deep
under the protein shell; hindering the electron transfer pathway
between the enzyme’s active site and the electrode. Previously
CNTs have been employed to improve electron transfer to sites
‘buried’ deep within the enzyme and other approaches involve the
covalent binding of the enzyme, for example, GOx for use in bio-
fuel cells with glucose as a fuel - however, a complex chemical
treatment process of CNTs has to be performed in order to create
active binding sites on the edge of the CNTs. Such a process how-
ever, likely hinders mass production [24]. Furthermore, a number
of redox mediators are widely used to boost electron transfer rates
between the species involved. Due to graphene’s excellent conduc-
tivity, ballistic electron mobilities at room temperature [24], large
surface area, and other unique properties (as discussed above) it is
thought of as an optimal replacement and starting platform for fur-
ther research, where high performance EBFCs are expected soon.
It is also worth mentioning that graphene can be synthesised to
possesses a number of surface active functional moieties; such as
carboxylic, ketonic, quinonic and C=C. Of these, the carboxylic and
ketonic groups are reactive and can easily bind covalently with,
for example, GOx. The presence of extended C=C conjugation in
graphene is also expected to shuttle electrons [24].

Although this is a relatively new area of graphene research and
consequentially there is limited literature available, one of the few
papers currently available is highly exciting. The most compelling
advancement within this area of electrochemistry concerns the
use of GNSs within the construction of membraneless EBFCs, as
reported by Liu et al. [24] who employed graphene to fabricate the
anode and cathode in a biofuel cell; Fig. 8 depicts their experimental
set-up. The anode of the biofuel cell consisted of a gold electrode
on which the authors co-immobilised graphene with GOx using
a silica sol-gel matrix whilst the cathode was constructed in the
same manner except they employed bilirubin oxidase (BOD) as the
cathodic enzyme. Voltammetric measurements were conducted to
quantitatively evaluate the suitability and power output of employ-
inga GNSasanelectrode dopant and its performance was compared
with a similar EBFC system constructed using SWCNTs. Upon com-
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Fig. 8. Graphene based membraneless EBFC components employing GOx/FM and
BOD/ABTS functionalised electrodes as biocatalytic anode and cathode, respectively.
Reprinted from Ref. [24] with permission from Elsevier.

parison, the graphene based biofuel cell exhibited a maximum
power density of24.3 + 4 uW at 0.38 V (load 15 k€2), which is nearly
two times greater than that of the SWCNTs EBFC (7.8 + 1.1 pW at
0.25V (load 15 k€2)). The maximum current density of the graphene
based EBFC was found to be 156.6 + 25 wA cm~2, and for the SWCNT
based EBFC 86.8+ 13 wAcm™2. Therefore, it is evident that the
graphene based electrode is better suited for applications in EBFCs.
To evaluate the stability of the graphene based EBFC, the system
was stored in pH 7.4 phosphate buffer solution at 4°C and tested
every day with a 15k external load. After the first 24 h, it had
lost 6.2% of its original power output. Later, the power output was
found to decay slowly and became 50% of the original value after
7 days; which is substantially longer than other EBFC devices, and
outperforms the SWCNT based EBFC [24]. The authors stated that
the enhanced performance was based upon; (i) the larger surface
area of graphene in comparison to SWCNTs; (ii) graphenes greater
sp? character than other materials within its field (responsible for
shuttling the electrons and assisting in the better performance of
the EBFC); (iii) and the larger number of dislocations and electro-
active functional groups present in graphene.

4. Conclusions

Research concerning the search for elevated energy permitting
devices and cleaner alternatives for energy generation has jour-
neyed down an interesting path. The investigation of graphene
within the context of energy thus far has led to the development of
devices with great potential for utilisation and exploitation within
the near-future, where perhaps the emergence of hybrid materi-
als or the utilisation of nano-architectonics will be of paramount
importance to aid in the development of state-of-the-art nanotech-
nology and its utilisation within energy related themes. It must
be noted where the utilisation of graphene is inferred, adequate
characterisation of the graphene must be performed and is of great
importance when ensuring that inaccurate claims are not boasted
where graphene is absent and rather another derivative of carbon
such as ‘multi-layer graphene’ viz graphite is the true origin; and in
light of this we suggest that appropriate control experiments in the
form of various other carbon based materials such as graphite and
activated carbons are performed. Having summarised the current
literature regarding the use of graphene in various energy related
applications including batteries, super-capacitors, and fuel cells, it
is clear that although graphene is still a relatively new material it
has already made a wide and diverse impact, and with the contribu-
tion of current literature portraying graphene as far-superior than
its rival materials, much more is expected from this novel material
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within the near future - graphene looks to be a likely candidate
for utilisation in energy storage/generation applications through
frantic and intense interest. For such applications to be adopted
into commercial entities there are still many hurdles to overcome
such as; scalability, reproducibility, continuity of energy outputs
and storage capabilities, the reproducibility and characterisation
of graphene itself, and its inherent cost.
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