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Graphene has attracted extensive research interest due to its strictly 2-dimensional (2D) structure,
which results in its unique electronic, thermal, mechanical, and chemical properties and potential
technical applications. These remarkable characteristics of graphene, along with the inherent
benefits of a carbon material, make it a promising candidate for application in electrochemical
energy devices. This article reviews the methods of graphene preparation, introduces the unique

electrochemical behavior of graphene, and summarizes the recent research and development on
graphene-based fuel cells, supercapacitors and lithium ion batteries. In addition, promising areas
are identified for the future development of graphene-based materials in electrochemical energy

conversion and storage systems.

1. Introduction

Today, global energy use is growing dramatically due to
steadily rising energy demand in developed nations and
rapidly increasing demand in the emerging economies. Meeting
this growing energy demand while avoiding resource depletion
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and long-term damage to the environment requires the develop-
ment of high performance, low cost and environmentally
benign energy systems. Improved technologies for the produc-
tion and storage of electrical energy are crucial to improving the
way that society uses energy. Therefore, large-scale research
efforts are underway in various locations around the world to
develop fuel cells for the direct production of electricity from
chemical energy and to develop supercapacitors and advanced
batteries for electrical storage. These new technologies are
particularly important to mobile and automotive applications.
The realization of high performance energy conversion and
storage devices will likely require the development of novel
materials. Carbon materials have attracted considerable
interest in electrochemical applications due to their abundance,
processibility, stability, and relatively environmentally friendly
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characteristics. In particular, chemical stability across a wide
temperature range in either acidic or basic solution makes
carbon materials extremely attractive for use as electrodes in
electrochemical energy devices.

Graphene, a form of carbon experimentally demonstrated in
2004,' consists of a monolayer of carbon atoms sp> bonded
into a two dimensional sheet. Graphene is a basic building
block for graphitic materials of all other dimensionalities as
illustrated in Fig. 1.> Graphene possesses unique electronic
properties, including: ambipolar electric field effect, extremely
high mobility of charge carriers (up to 10° ecm?® V! s71),
mass-less electron, quantum Hall effects (QHE) even at room
temperature, and electron wave propagation within a one
atom thick layer.>® The unique properties of graphene have
sparked widespread interest and investigations in laboratories
around the world. But despite the surge in interest, the
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Fig. 1 Graphitic family: 0-dimensional fullerene, 1-dimensional carbon
nanotube, 2-dimensional graphene, 3-dimensional graphite.’

chemical and physical understanding of graphene is still
evolving as are the potential applications.

Unquestionably, graphene provides a wealth of opportunities
for study in the fields of chemistry, materials science, and physics.
In addition, there are also considerable opportunities for
advances based on graphene mechanical and thermal properties.
For example, graphene shows very high intrinsic strength
(~130 GPa) and Young’s modulus (~ 1.0 TPa), making it the
strongest material ever measured.* Further, it can be stretched
to deformations well beyond the linear regime.* The thermal
conductivity of graphene at room temperature can reach ~5 x
10> W m~!' K™! (for comparison, copper is 400 W m~' K1)
which suggests potential uses for thermal management in a variety
of applications including electronics.” Graphene shows very high
surface area (~2600 m* g~ '), much larger than the surface areas
of graphite (~ 10 m? g~!) and carbon nanotubes (1300 m> g~ !).®
These remarkable properties make graphene promising in
applications such as polymer-composite materials,®’ paper-like
materials,® photo-electronics,g’” field effect transistors, > electro-
mechanical systems,'>!* sensors and probes,'>!” hydrogen
storage,'® and of course electrochemical energy systems.'®
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In this paper, we focus on the electrochemical applications
of graphene which are derived from its properties such as high
specific surface area, high conductivity and chemical stability.
We review the rapidly growing body of knowledge in this field,
organizing the review into a discussion of the preparation of
graphene and a discussion of its application in electrochemical
energy conversion and storage devices including fuel cells,
supercapacitors and lithium ion batteries.

2. Preparation of graphene
Mechanical exfoliation

In 2004, graphene was demonstrated by mechanically separating
individual graphene sheets from a strongly bonded layered
structure such as graphite."*® This technique yields graphene
samples that are virtually free of crystal defects and that conse-
quently have carrier mobilities up to 2 x 10° ecm® V="' s7'2 It is
very difficult to scale this process to mass production. Another
kind of mechanical exfoliation method is based on the concept of
anodic bonding. In this approach, bulk graphite was bonded
onto borosilicate glass under a particular temperature and
voltage and then peeled away leaving behind a single-layer or
few-layer sheet of graphene on the substrate.”

Ultrasonic cleavage

In a conceptually similar method, referred to as ultrasonic
cleavage, graphene precursors are suspended in water or
organic solvents, and then ultrasonic agitation is used to
supply the energy to cleave the graphene precursors.?>>* This
idea is based on the experimental observation that CNTs can
be successfully exfoliated in solvents such as N-methylpyrro-
lidone (NMP).?® The success of ultrasonic cleavage depends
on the proper choice of solvents and surfactants as well as the
sonication frequency, amplitude and time.?®*’

Epitaxial growth on SiC

The success of techniques employed for silicon-based micro-
electronics have inspired the investigation of these techniques
for the fabrication and processing of graphene materials.
With this approach, graphene is produced on the Si-terminated
face of single-crystal H-SiC by thermal desorption of Si, which
leaves behind a 2-3 layer thick graphene sheet.?®° Unfortu-
nately, this method is not adapted to prepare one atom thick
graphene. Also, achieving large graphene domains with
uniform thickness remains a challenge. Because SiC auto-
matically supplies an insulating substrate, this method actually
provides a direct route to the preparation of a SiC supported
graphene wafer which can then be nanopatterned for electronic
applications using conventional lithography methods.?

Chemical vapor deposition

Graphene sheets can also be prepared on metallic surfaces.
Graphene monolayers with high structural quality were
obtained by low-pressure chemical vapor deposition (CVD)
of ethylene on a hot Ir (111) surface.>! With this process, free-
standing graphene films cannot be obtained nor can films be
transferred to other substrates as Ir is extremely difficult to
etch. Another example of the formation of graphene films

from the decomposition of vapor deposited hydrocarbons is
the epitaxial growth on Ru (0001) to produce arrays of
macroscopic single-crystalline graphene domains in a con-
trolled, layer-by-layer fashion.>? In addition to growth on
single-crystalline metals, large-scale graphene films can also
be directly synthesized by CVD on poly-crystalline nickel
substrates.” Later this method was improved to operate under
ambient pressure. The resulting graphene films (1-12 graphene
layers) can be ascribed to C segregation on the Ni surface
following deposition from the bulk.'? In contrast to Ni sub-
strates, the growth of large-area (centimeter-scale) graphene
films by CVD using methane (at 1000 °C) can be facilitated on
copper substrates since carbon has a low solubility in Cu and
since annealed Cu can exhibit very large grains.'>* Another
method is the reaction of carbon monoxide (CO) with alumi-
num sulfide (Al,S;).** The precise mechanism of the graphene
growth on the poly-crystalline metals is still not clear. But, the
solubility and segregation behavior are definitely different at
grains and grain boundaries in the poly-crystalline metals.
Graphene nuclei morphology and carbon diffusion are
most likely not the same at grains and grain boundaries.
In addition, non-planar surfaces caused by the annealing effect
at high temperature make it difficult for the resulting graphene
to bridge these gaps.

Unrolling CNT

Graphene sheets can be generated by unrolling CNTs.>>%7

In this process, NH;-solvated Li™ is electrostatically attracted
into the negatively charged multi-layer CNTs (MWCNTs).
The simultaneous intercalation of Li and NH; into MWCNTSs
can increase interlayer distances from 3.35 A to 6.62 A,
allowing exfoliation and unwrapping (Fig. 2).*> Another
variation of the unrolling technique uses strong oxidizing
agents KMnO, to cut along the longitudinal direction of
MWCNTSs.*® This exfoliation process can be executed at room
temperature. The use of an oxidizing agent can be avoided by
using an Ar plasma etching method to unzip MWCNTs to
produce graphene nanoribbons (GNRs).*

Thermal reduction

To produce graphene sheets by thermal expansion requires
sufficient oxidation of graphite during the acid treatment and
adequate pressure during the thermal heat treatment. When
the decomposition rate of the epoxide and hydroxyl sites
exceeds the diffusion rate of the evolved gases, pressure
between the layers rises. If the interlayer pressure exceeds the
van der Waals forces connecting the layers, the graphite oxide
(a compound consisting of carbon, oxygen, and hydrogen
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Fig. 2 Simultaneous intercalation of Li and NHj; into MWNTs
increases interlayer distance allowing exfoliation and unwrapping to
form graphene nanoribbons.>

15386 | Phys. Chem. Chem. Phys., 2011, 13, 15384-15402

This journal is © the Owner Societies 2011


http://dx.doi.org/10.1039/c1cp21915d

Published on 29 July 2011. Downloaded by Pennsylvania State University on 13/09/2016 00:00:10.

View Article Online

Fig. 3 Graphene is generated under thermal reduction: a graphite;
b strong oxidization of graphite leads to formation of oxygen containing
functional groups within the interlayer and thus increases interlayer
distance; ¢ exfoliation takes place once the rate of decomposition of the
functional group is higher than that of the gas diffusion.*’

maintains layered structure of graphite with much larger
spacing) splits into individual sheets (Fig. 3).>> A more
detailed understanding of the mechanism of thermal exfoliation
is presented in ref. 40. More recently, the process of thermal
reduction has been modified by the use of microwave technology.*!
In this process, the first step is the pre-exfoliation of graphite by
microwave heating.*> Graphene oxide (a monomolecular-layer
sheet consisting of carbon, oxygen, and hydrogen) is then
dispersed in DMAc and water and thermally reduced using
microwave treatment.*> Another approach to thermal exfola-
tion involves heating a mixture of sodium and ethanol in a
sealed reactor vessel at 220 °C for 72 h to yield a solvothermal
product.** Recently, thermal exfoliated GNRs with narrow
width (<10 nm) and smooth edges were prepared for use in
room temperature transistor operations with excellent switching
speed and high carrier mobility.*’

Chemical reduction

In addition to the thermal reduction method, chemical reduc-
tion is another important method for preparing graphene.*¢~#
The chemical reduction method involves complete exfoliation
of graphite oxide into individual graphene oxide sheets
followed by the in situ reduction of these graphene oxide
sheets to produce individual graphene-like sheets. Fig. 4
schematically shows this method.** The graphite oxide is typi-
cally produced by the Hummers method.”® Successful reduction
of the exfoliated graphene oxide requires careful selection of the
reducing agent, solvent, and/or surfactant to maintain a stable
suspension. The reducing agent hydrazine hydrate is found to be
the best one in producing very thin graphene-like sheets.®>!
In addition to the hydrophilicity,”! the surface charge of
as-prepared graphene oxide sheets plays an important role in
the suspension.*” Two steps of reduction and sulfonation of the
graphene oxide can increase the concentration of produced
graphene to a reasonable value (2 mg mL™').>?> Further,
the ammonia can be replaced by strong alkaline materials

(U]

Fig. 4 Chemical reduction routine: (1) graphite is oxidized to graphite
oxide; (2) exfoliation of graphite oxide yields graphene oxide suspended in
solution; (3) chemical reduction of graphene oxide yields the conducting
graphene.®

(e.g., NaOH), greatly reducing the zeta potential of the aqueous
suspension and leading to an enhanced surface charge on the
graphene oxide.”® To overcome the hydrophilicity and the
electro-statistic effect, a surfactant can be used to encourage a
stable suspension of graphene oxide.**>> A new approach for
the fabrication of graphene sheets by ethylenediamine (EDA)
reduction in DMF was reported.*® Recently, the reducing agent
trioctylphosphine (TOP) was applied to act as both a reducing
agent and an aggregation-prevention surfactant.”’

Doping

To tailor the semiconducting properties, chemical doping with
N, B or small molecules can make p-type and n-type graphene.
The introduction of n-type electronic doping can be accom-
plished by high temperature annealing (1100 °C) in NH; >
Small molecules can be used for chemical doping, and
poly(ethylene imine) and diazonium salts have been investi-
gated as stable, complementary dopants on graphene.”® Also,
a new form of 2D atomic film consisting of hybridized h-BN
and C (graphene) domains has been synthesized.*® In addition
to modification of the graphene layer itself, the doping can be
performed between graphene layers. Graphene films up to
eight layers have been effectively p-doped with nitric acid.®!
To increase the through-plane conductance, AuCl; solution
can be put into graphene films.'!

The production of large-area (i.e. cm?) graphene at large scale
should generally aim for low defect density, low cost and
environmentally friendly processing. Based on a review of the
current literature, it appears that most graphene based materials
used in electrochemical devices are prepared using thermal
reduction and chemical reduction. However, the research on
the production of graphene sheets or nanoribbons is expanding
rapidly, and new methods are emerging including bottom-up,®
hydrogen arc discharge,® porphyrin exfoliation,** micro-
molding in capillary method,®® wet ball milling® and electro-
chemical modification.®” In addition, while the most appropriate
preparation technique depends on the application,®® a further
consideration is that the edge structures and chemical termina-
tions of graphene synthesized by various methods are often
unknown and uncontrolled.

3. Graphene based electrochemical energy devices

The electrochemistry of graphene has been systematically
investigated with respect to surface chemistry and structure,
heterogeneous charge transfer rate constants on redox species,
electrochemical operating window, and electrocatalysis of
molecules.®’® The most notable feature of graphene is the
very large electrochemically active surface area. Cyclic voltam-
metry shows a 13 times higher capacitance on graphene
electrode than that on the bare glassy carbon (GC).*° Calcu-
lated from chronocoulometric curves at different electrodes for
the reduction of 1 mM K;3Fe(CN)g with 2 M KCl, the area for
different electrodes is graphene/GC (0.092 cm? > GC
electrodes (0.0706 cm?) > graphite/GC (0.0560 cm?).”
Besides the very large physical surface area, the sp>-hybridized
structure may contribute to the high capacitance value
particularly for graphene. Finally, as with other carbon

This journal is © the Owner Societies 2011

Phys. Chem. Chem. Phys., 2011, 13, 15384-15402 | 15387


http://dx.doi.org/10.1039/c1cp21915d

Published on 29 July 2011. Downloaded by Pennsylvania State University on 13/09/2016 00:00:10.

View Article Online

allotropes,’! there are significant edge-plane-like defective sites
existing on the surface of graphene.

Several systems including Ru(NH3)e* /2", Fe(CN)> /4,
Fe* /2" and dopamine (DA) have been used for testing the
electrochemistry of graphene because of their well-known
sensitivity and selectivity to the electronic properties, surface
microstructure, and surface chemistry of carbon electrodes.®®”!
Voltammograms of these redox systems demonstrate fast
charge transfer kinetics on a graphene electrode. Electro-
chemical impedance spectroscopy (EIS) shows that the
graphene electrode possesses smaller charge transfer resistance
compared with the graphite/GC and GC electrodes. In addition
to its favorable surface characteristics, the electrochemical
operating window for a graphene electrode in 0.1 M pH 7.0
PBS is 2.5 V, which is comparable to that for graphite and
GC electrodes.”® Finally, graphene prepared from graphite
generally does not contain any heterogeneous impurities which
is a significant advantage over CNTSs.”? The following sections
discuss the implications of these and other graphene character-
istics for electrochemical device applications including fuel cells,
supercapacitors, and batteries.

3.1 Fuel cells

Polymer electrolyte membrane (PEM) fuel cells are electro-
chemical energy conversion devices, which have attracted
considerable interest as power sources for mobile and
stationary applications, with active research and development
programs all over the world focused on this field in recent
decades.”>’ However, in spite of this effort, the cost and
durability issues related to the materials and components still
hinder the commercialization of PEM fuel cells. Graphene
sheets, with their unique nanostructure and properties, are
promising alternatives for several of the critical PEM fuel cell
materials. As a carbon allotrope, the most obvious use for
graphene is as a catalyst support. Generally, the catalyst
support materials should have particular properties such as:
(1) high specific surface area, improving the dispersion of
catalytic metals, (i) chemical stablility under oxidative and
reductive conditions at relevant temperatures (150 °C or less
for PEM fuel cells), (iii) high electrochemical stability under
fuel cell operating conditions, (iv) high conductivity, and
(v) easy recovery of Pt in the used catalyst.”

For porous electrodes, such as those employed in PEM fuel
cells, the specific surface area of the catalyst support is a
critical factor. For graphene, the theoretical specific surface
area of graphene is about 2600 m” g~', but the specific area of
multilayer graphene decreases. The limiting case is graphite,
having a specific surface area of only 10 m? g~'. If the
graphene supported catalysts are prepared in one step, the
chemical reductions of graphene oxide and the metal salts
occur simultaneously. With this process, there are most likely
single-, double-, and a few-layer graphene sheets as well as thin
graphite films co-existing in the resulting supported catalyst.
Thus, the actual specific surface area of the supported catalysts
will be far below the theoretical value. Even so, the produced
catalysts exhibit high electrocatalytic activity.”®”’®

In addition to the active surface area, the durability
of the catalyst and the support is an important issue in

fuel cell applications. There are two ways by which catalyst
surface area is lost. One is coalescence sintering in which two
catalyst clusters touch, and then fuse into one larger cluster.
The other is Ostwald ripening in which atoms evaporated from
one cluster transfer to another, creating one larger cluster.”
Coalescence sintering is enhanced by carbon corrosion which
occurs under high potential and acid environment (i.e., the
PEM fuel cell condition). In this process, the carbon support is
oxidized into CO, or CO causing the catalyst support to
collapse and thus causing coalescence sintering. In addition,
when the carbon support is oxidized into surface oxygen-
containing species, catalyst—carbon interactions will be
weakened also facilitating coalescence sintering. Graphene
may improve catalyst durability by providing a more stable
support material and by strengthening the interaction of the
catalyst with the support.

Finally, a high performance PEM fuel cell electrode requires
the formation of numerous triple-phase boundaries (TPBs) to
create efficient reaction sites at nanoscale or microscale. The
TPB is accessible for mass transfer (reactants and products),
protons, and electrons, and provides a site where electro-
chemical reactions can occur. The microstructure of the
typical catalyst layer in the PEM fuel cells can be depicted
as catalyzed carbon particles flooded with the electrolyte to
form agglomerates covered with a thin film of electrolyte.
The reactant gas first passes through the channels between the
agglomerates, diffuses through the ionomer thin film and
thereafter in the agglomerates, and then reaches the TPBs.”
There are two main pore structures: the primary pores in the
agglomerates with characteristic lengths on the order of
nanometers or tens of nanometers; and the secondary pores
between agglomerates with characteristic lengths from nano-
meter to micrometer. These pore structures are essential for
gas and water transport. The unique planar geometry of
graphene, coupled with its high electrical conductivity
provides an opportunity to create particularly promising
TPB architectures.

Research efforts to take advantage of the unique features
of graphene to produce supported catalysts with enhanced
activity, increased durability, and high performance electrode
architectures are discussed in the following sections.

3.1.1 Enhanced electrocatalytic activity. The prospect for
enhanced fuel cell catalysts through the use of a high specific
surface area graphene support was explored by preparing
graphene—metal particle nanocomposites.”® This work demon-
strated that graphene oxide can be reduced by ethylene glycol
(EG), and thus, graphene—metal particle nanocomposites
can be prepared in one step in the water-EG system using
graphene oxide as a precursor with metal nanoparticles (Au,
Pt and Pd). This approach has the additional advantage that
the metal nanoparticles can be adsorbed on graphene oxide
sheets and thus facilitates the catalytic reduction of graphene
oxide with EG. The cyclic voltammogram of methanol oxida-
tion on the prepared graphene-Pt nanocomposites demon-
strates the potential application in direct methanol fuel cells.
In a subsequent work, using the reducing agent NaBHy,
composites of graphene nanosheets decorated by Pt nano-
clusters were prepared via reduction of graphite oxide and
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Fig. 5 Enhanced electrochemical activity toward methanol: (a) CV for Pt/graphene and Pt/Vulcan in nitrogen saturated aqueous solution
of 0.5 M H,SO, containing 0.5 M CH;OH at a scan rate of 50 mV s~ '; (b) Chronoamperometric curves for the catalysts in the same solution at

0.6 V vs. Ag/AgCL”

H,PtClg in one pot.”” The electrochemically active surface area
(ECSA) of the graphene-based catalyst is 44.6 m> g~! while
that of Pt/Vulcan is 30.1 m? g~', and further, the graphene-
based catalyst shows superior catalytic performance toward
methanol oxidation (Fig. 5).”” An alternative synthesis
approach, the rapid microwave method, was also used to
produce a reduced graphene-oxide supported Pt.”® It is also
found that the increased hydroxyl species on the catalysts
makes it CO resistant. Besides the direct methanol or ethanol
fuel cells, graphene supported platinum also shows the higher
electrocatalytic activity toward oxygen reduction.®

In addition to work with single-metal catalysts, bimetallic
Pt—Ru nanoparticles have been synthesized on graphene sheets
using the EG reduction method®' and impregnation method.*?
Results showed that graphene-supported Pt and Pt—Ru nano-
particles demonstrate enhanced performance over the widely-
used Vulcan XC-72R carbon black supported catalyst for
both methanol and ethanol electro-oxidations with regard to
diffusion efficiency, oxidation potential, forward oxidation
peak current density, and the ratio of the forward peak current
density to the reverse peak current density.®! Using the metal
precursors (PtCl, and RuCls) and the solvent tetrahydrofuran
(THF), a Pt—Ru catalyst with a high metal content of 80 wt%
was synthesized on the graphene sheets and showed superior
electrochemical activity toward methanol oxidation compared
with Pt—-Ru/Vulcan XC-72R.*? The enhanced catalytic activity
was attributed to the higher utilization and activation of Pt or
Pt—Ru on graphene sheets because of the higher specific
surface area of graphene sheets which leads to a higher
dispersion and better accessibility of Pt nanoparticles. From
the preceding results, it appears that the higher electro-
chemical performance of graphene-supported catalysts is
associated with the use of single-layer (high specific surface
area) graphene sheets in the production of the catalyst.
Confirmation that the superior electrocatalytic activity arises
from the large surface area could be established by systematic
studies of Pt nanoparticles dispersed on graphene sheets with
tailored specific surface areas.

The enhanced electrocatalytic activity of graphene-
supported catalysts may also be attributable to the graphene
microstructure such as the functional groups and defects
as well as to the interaction of Pt clusters with graphene.

This hypothesis is supported by work which shows that
functionalized graphene-supported Pt shows a higher electro-
chemical surface area and oxygen reduction activity as
compared with commercial catalysts.®® It was suggested that
the graphene surface groups such as epoxy might function as
anchoring sites for Pt precursor to prevent the aggregation of
the Pt nanoparticles. This effect could contribute to improved
dispersion of Pt nanoparticles on graphene sheets thus giving
rise to the enhanced catalytic properties of the Pt cluster.®

Another interesting finding, demonstrated through scanning
transmission electron microscopy (STEM) studies, is that
Pt particles below 0.5 nm in size are formed on graphene
sheets as illustrated in Fig. 6.** The small Pt particles were
confirmed by high angle annular dark field (HAADF)
image and energy dispersive X-ray spectroscopy (EDS). This
graphene supported Pt was synthesized from the platinum
precursor Pt(NO,),-(NH;), and from chemically reduced
graphene using the impregnation method (Ar/H, at 400 °C).
The resulting graphene-supported catalyst reveals an unusually
high activity for methanol oxidation reaction compared to
Pt/carbon black catalyst.3* The author ascribed this enhanced
electrocatalytic activity to the formation of dramatically smaller
Pt particles. It is speculated that the strong interaction between
Pt and graphene is responsible for the small Pt particles
and thus might cause modulation in the electronic structure
of the Pt clusters.

e @ L (b)
1 Pt
| TR (. - —

Fig. 6 Pt particles on the graphene sheets under STEM and Pt particles
below 0.5 nm in size are observed: (a) HAADF image; (b) EDS
spectrum; (c) Pt particle distribution.®*
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Fig. 7 TEM images of (a) E-TEK and (c) Pt-Graphene after 5000 CV
degradation, and Pt nanoparticle size distribution diagrams on
(b) E-TEK and (d) Pt-Graphene after 5000 CV degradation.’

Unlike carbon supports (e.g. activated carbons), graphene
cannot exhibit micro-pores and deep cracks where deposited
Pt nanoparticles would be isolated from the ionomer phase
and thus unable to form electrochemically active TPBs. But
carbon vacancies may exist in the produced graphene,
especially in the chemically reduced graphene, where more
charge, dangling bond and functional groups can be
entrapped. These features could lead to different localized
electronic structures in the graphene sheets and to interactions
with catalyst precursors or metal clusters, and therefore may
impact the electrocatalytic activity. Interestingly, the relation
of the peak current density and the scan rate in the cyclic
voltammograms indicates that methanol diffuses faster on the
surfaces of graphene sheets than that on the carbon black and
graphite substrate.®!

Some of the preceding experimental studies are supported
by theoretical studies showing that Pt bonds more strongly to
functionalized graphene surfaces. From density functional
theory (DFT) calculations, the gap between the highest
occupied and lowest unoccupied molecular orbitals (the
HOMO-LUMO gap) of hydrogen terminated graphene is
smaller than the zero-gap in infinite-size graphene. The small
HOMO-LUMO gap is still retained after a Pt cluster binds to
an edge of a sp*> C surface to form two Pt—C bonds.®® This
theoretical calculation demonstrates that Pt clusters bond
more strongly to the surface of the hydrogen terminated
graphene than to infinite-size graphene and that Pt clusters
prefer the edge over the surface in the hydrogen terminated
graphene. In addition, oxygen containing functional groups
will not only function as anchoring sites for Pt precursors but
also influence the position of Pt cluster on the graphene sheets
and the bonding energy with the sp” carbon in the graphene.

Further research is needed to understand the mechanism by
which electrocatalytic activity is enhanced on the graphene
support. Specifically, studies comparing the performance of
catalysts supported on defect-free and defect-rich graphene

could help to explain the role of defects in electrocatalytic
activity. Likewise, systematic control of surface functional
groups or of electronic structure (using nitrogen-or boron-
doping) could yield a deeper understanding of the relative
influence of these features and suggest areas for further
improvement of graphene supported catalysts.

3.1.2 Enhanced durability. The unique structure of
graphene may improve electrode durability by strengthening
the interaction between the catalyst particles and the graphene
support. Using the accelerated degradation test (ADT)
methods (potential step 1.4 V for 10 s to 0.85 V for 5 s), a
poly(diallyldimethylammonium chloride) (PDDA) modified-
graphene-supported Pt was compared to Pt/CNT and ETEK
Pt/C.3¢ After 46 h of testing, Pt/CNT and ETEK Pt/C
degraded by 75% based on both ECSA and oxygen reduction
reaction (ORR), but graphene supported Pt only degraded
only 40% (ECSA) and 20% (ORR). In this test, the Pt
morphology did not change, and the improved durability
can be attributed to a more stable graphene support.
In another durability test, Pt morphology did change and
the influence of the support on the morphological stability was
investigated.®® After 5000 cycles of 0.6 to 1.1 V ADT, the
average Pt particle size in a graphene-supported catalyst
increased from 2 to 5.5 nm and more than 75% of the Pt
particles remained smaller than 6.9 nm. For E-TEK carbon-
supported catalysts, the average particle increased from 2.8 to
6.9 nm, and more than 45% of the particles were over 6.9 nm
(Fig. 7). This result indicates that the interaction of Pt with
graphene is stronger than the interaction with the E-TEK
carbon support, thus leading to less Pt sintering on graphene
than on ETEK carbon. The different observations between
this study and the former study regarding Pt morphology
changes may be attributable to the use of the reduction pre-
paration method in the former study and of the impregnation-
heat treatment method in the latter study. In another
words, the use of H, and high temperature also changes
structure of graphene sheets, creating H terminated graphene,
and thus enhancing the Pt-sp® carbon bonding. As calculated
by DFT, H terminated graphene has the advantage of enhan-
cing the interactions between a Ptg cluster and an sp? carbon
surface.®

As noted previously, nitrogen and boron can also be used
to modify the electronic structure of the carbon support
materials, thus improving the electrocatalytic activity and
catalyst durability. The binding energy between a single
platinum atom and several nitrogen-doped carbon graphene
structures was evaluated using DFT.%” The nitrogen doping
can double the binding energy, with the increase in binding
energy proportional to the number and proximity of nitrogen
atoms to the carbon-platinum bond. It should be noted that
the addition of N atoms increases the number of dislocations
in the lattice because N is prone to form pentagonal defects in
the graphene structure.®’

3.1.3 Graphene based electrodes. The use of 2-D graphene
as the catalyst support material in PEM fuel cells also creates
opportunities to improve the structure of the catalyst layer
although doing so requires consideration of the full range of
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catalyst layer properties—ionic transport, charge transport
and reactant transport in addition to ECSA. For example,
one study has demonstrated an increase of nearly 80% in
ECSA by further heat treatment of the catalyst (300 °C, 8 h).
However, the fuel cell performance is lower than the untreated
one, in which graphene-supported Pt based fuel cell shows a
maximum power of 161 mW cm 2.8 This can be attributed to
the loss of proton conductivity of the Nafion® ionomer in the
catalyst layer during higher temperature treatment. Another
key consideration in the development of graphene-based
electrodes is the maintenance of good electronic conductance
between graphene layers. As discussed above, nanostructured
Pt particles dispersed on functionalized graphene can serve as
spacers to prevent the re-agglomeration of graphene sheets.
In addition, CNTs can be anchored on the graphene sheet
to prevent face-to-face graphene agglomeration while
simultaneously increasing the through-plane conductance.
Polarization curves for the ORR in a PEM fuel cell electrode
using a mix of graphene and CNT supported Pt as electro-
catalysts exhibited a performance of 540 mW cm ™2 for the
optimal case of equal fractions of each support (i.e.
Pt/(50 wt% graphene + 50 wt% CNT).%® This electrode
structure is a combination of functionalized hybrid nano-
materials including three-, two-, and one-dimensional
materials. While presenting some advantages, it is likely that
the Pt/graphene sheets in this particular architecture pack
together to form interstitial pores between the graphene sheets
that are relatively inaccessible to electrolyte thus limiting
the formation of TPBs. Recently, 3-D Pt-on-Pd bimetallic
nanodendrites supported on graphene nanosheets have been
constructed, representing a new type of graphene/metal
heterostructure.®® This structure, which exhibits high electro-
chemically active area, consists of small single-crystal Pt
nanoparticles supported on a Pd/graphene nanosheet with
porous structure and good dispersion. Electrochemical tests
show that the graphene/bimetallic nanodendrite hybrids
demonstrate much higher electrocatalytic activity toward
methanol oxidation than either platinum black (PB) or
commercial E-TEK Pt/C catalysts.®® Furthermore, as illus-
trated in Fig. 8, the bimetallic nanodendrites can be applied to
construct a novel electrode structure based on graphene
nanosheets, which could fully realize the benefit of 2-D
graphene while avoiding its disadvantage. The bimetallic
nanodendrite hybrid catalyst can be deposited on the graphene
sheets. Then, the catalyzed graphene sheets can be assembled
onto the PEM in well-ordered macroscopic arrays using
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Fig. 8 Strategy for novel electrode structure: bimetallic nanodendrite
hybrid catalyzed graphene sheets can be covered by a thin proton
ionomer film and assembled on the proton electrolyte membrane.

directional flow techniques.® A very thin ionomer film can
then be sprayed onto the arrays to form the ionic pathway.
This ideal structure provides for electron transport along the
graphene sheet and ion transport in the parallel electrolytic
film connecting membrane to reaction sites. In this structure,
control of the distance between the graphene sheets is critical
to the gas and water transport. Compared to the traditional
electrode structure, TPBs are much more accessible as there is
no agglomerate structure and catalyst utilization is improved.

3.1.4 Emerging applications for graphene in fuel cells.
Graphene doped by nitrogen can function as metal-free cata-
lyst for the oxygen reduction reaction (ORR). In a recent
study, nitrogen doped graphene (N-graphene) was synthesized
by chemical vapor deposition of methane in the presence of
ammonia. As illustrated in Fig. 9, the resulting N-graphene
shows a much better electrocatalytic activity, long-term opera-
tional stability, and tolerance to CO than platinum for the
ORR.” According to an earlier report on CNTs doped by
nitrogen,”' carbon atoms adjacent to nitrogen dopants possess
a substantially high positive charge density to counterbalance
the strong electronic affinity of the nitrogen atom. A redox
cycling process reduces the carbon atoms that naturally exist
in an oxidized form, followed by reoxidation of the reduced
carbon atoms to their preferred oxidized state upon O,
absorption.”! This is ORR mechanism on the N-doped carbon
electrodes. At the same time, the N-induced charge delocaliza-
tion can change the chemisorption mode of O, and weaken the
0O-0 bonding to facilitate ORR at the electrodes. Other work
has also demonstrated, enhanced electrochemical activity
and durability toward ORR on nitrogen doped graphene.”
The development of efficient, low cost, and stable N-doped
graphene or CNT electrodes capable of replacing the expen-
sive platinum-based electrocatalysts for ORR would be a
revolutionary advance in PEM fuel cell technology.

Graphene sheets can also be used as composite fillers and
conductive coating in fuel cell application. PEM fuel cell
performance can be improved by reducing ohmic losses in
the membrane by either increasing ionic conductivity or
decreasing thickness of the membrane. Decreasing membrane
thickness also facilitates water back diffusion allowing the
anode to be operated without external humidification.
But, the strength of the membranes becomes lower with the
decrease in thickness. As a result, very thin membranes can be
reinforced using polytetrafluoroethylene (PTFE) or CNT
fillers. Graphene has very high Young’s modulus (~ 1.0 TPa)
and could be used to reinforce the PEMs to dramatically
increase their mechanical strength provided electrical shorting
through the membrane can be avoided. Another potential
application for graphene is as a coating on the bipolar plates
to decrease the contact resistance and protect the plate material.
Graphene is stable in the fuel cell environment and exhibits high
thermal conductivity and electronic conductivity, and thus
potentially suitable for this application.

3.2 Supercapacitors

Supercapacitors, also known as ultracapacitors or electro-
chemical capacitors, electrochemically store and deliver
energy at high charge-discharge rates and are a key emerging
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Fig. 9 Electrochemical properties of N-doped graphene: (a) linear scan voltammograms for ORR in air saturated 0.1 M KOH on the electrodes

graphene (red), Pt/C (green) and N-doped graphene (blue) with a scan rate of 0.01 V s~

' and electrode rotating rate of 1000 rpm;

(b) Chronoamperometric response (Jy the initial current) of Pt/C (circle) and N-doped graphene (square) electrodes to CO and the arrow
indicates the addition of 10% CO into air saturated 0.1 M KOH at —0.4 V.%°

technology for energy storage.”> Supercapacitors exhibit
energy densities several orders of magnitude higher than
conventional dielectric capacitors, but still lower than that of
batteries. Due to its long cycle life and high power density, a
supercapacitor can be used either by itself as the primary
power source or in combination with fuel cells or batteries in a
wide range of applications such as portable electronics, hybrid
electric vehicles and industry backup power. A supercapacitor
consists of two electrodes immersed in an electrolyte with a
porous separator located between the electrodes. Depending
on the charge storage mechanism and the electrode materials
used, supercapacitors can be classified as (i) electrochemical
double layer capacitors generally using carbon-based electrode
materials with high surface area in which fast ion adsorption
at the interface of electrode and electrolyte occurs; (ii) pseudo-
capacitors based on a Faradic charge transfer process on or
near the electrode surface in which transition metal oxides and
electrically conducting polymer are used as electrochemically
active materials; (iii) a combination of above two types.
The energy stored in a supercapacitor, E, can be calculated
by E = 1/2 CV?, in which C is the capacitance and V is the
working voltage. Because of the electrochemical decomposi-
tion of water, the operating voltage of supercapacitors using
aqueous electrolytes like KOH and H,SO;, is limited at about
1 V. Greater energy density can be achieved using organic-
electrolytes with high working voltages (2.5 to 3.5 V). Even
higher working voltage (up to 4.0 V) can be achieved from the
ionic liquid electrolytes. The actual performance of the super-
capacitor is determined by both the electrochemical activity
and the chemical kinetic features of the electrodes. Therefore,
it is important to enhance the kinetics of ion and electron
transport within the electrodes as well as the charge transfer
rate at the interface of electrode and electrolyte.

Graphene has been proposed as an attractive material for
supercapacitor applications.'®***> In contrast with conven-
tional high surface area materials, the surface area of indivi-
dual graphene sheets does not vary with pore size distribution
and the graphene sheet exposes both sides to the electrolyte.
In graphene, effective surface area is determined by the
number of layers of graphene sheets and their stacking con-
figuration. A single layer of graphene with little agglomeration
is expected to exhibit high surface area and thus yield
higher specific capacitance in a supercapacitor application.

However, graphene sheets may stack with each other to form
an aggregated structure which may contain open pores. Based
on the results of adsorption isotherms and other measure-
ments, adsorption occurs primarily on the surface of graphene
sheets with access to large pores contributing to hysteresis
loops.”® In this structure, the presence of a large open pore
system within overlayered graphene sheets provides electrolyte
ions with easy access to the graphene surfaces where they form
double layers. This unique pore structure makes graphene
materials very promising in supercapacitors. Performance of
graphene based supercapacitors may be further enhanced by:
(1) modification of the graphene surface; (ii) hybriding with
electrically conductive polymers, and iii) preparation of
graphene/metal oxide composites.

As noted previously, although graphene theoretically has a
very large specific surface area, the as-prepared specific surface
area of actual graphene sheets is reduced by the formation of
layers and agglomeration. Several preparation methods have
been developed, modified and improved to yield practical
graphene sheets with larger specific surface areas. In addition
to increasing surface area, the effectiveness of the surface area
can be improved by providing surface functional groups on
the graphene sheets that provide locations for ion adsorption
when in contact with the electrolyte. For example, super-
capacitor performance has been shown to improve when
graphene is modified with functional groups containing
oxygen, nitrogen, boron, and phosphorus as well as doping
with nitrogen and boron. Making hybrids of graphene and
electrically conducting polymers such as polyaniline (PANI),
poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole
(PPy) can also increase the supercapacitors performance.
Finally, implanting metal oxides (e.g. RuO,, MnO,, SnO,
and ZnO,) with graphene sheets is another effective method.
These three methods—surface modification, hybridization,
and blending with metal oxides—are described in detail in
the following sections.

3.2.1 Graphene modifications. The supercapacitor perfor-
mance characteristics of graphene are directly related to its
as-prepared specific surface area. For example, graphenes,
prepared by three different techniques, with surface areas of
925, 520 and 46 m> g~' were shown to exhibit specific
capacitances of 117, 35 and 6 F g ! respectively in 1 M
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Fig. 10 (a) SEM image of graphene; (b) TEM image showing indivi-
dual graphene sheets; (c) low and high (inset) magnification SEM
images of graphene electrode surface; (d) schematic of cell assembly.'”

H,SO, solution. The specific capacitance reaches 75 F g~! in
the 3.5 V ionic liquid N-butyl-N-methylpyrrolidiniumbis
(trifluoromethanesulfonyl) imide (PYR 4, TFSI).>* As described
in section 2, chemical reduction of graphene oxide enables mass
production of chemically modified graphene materials with a
large quantity of exposed active sites anchored with functional
groups. Chemically modified graphene (CMG) was pioneered
by Ruoff’s group, and specific capacitances of 135 and 99 F g~}
in 5M KOH and TEA BF4 in acetonitrile (AN) were respec-
tively demonstrated in supercapacitors (Fig. 10)."” In addition,
the high electrical conductivity of the graphene materials
eliminates the need for conductive fillers such as carbon black
in the electrode and thus the loading of effective active materials
increases, which enables consistently good performance over a
wide range of voltage scan rates and simultaneously increases
the energy density of the packed supercapacitor. Prolonging
the reduction process is an effective method to increase the
functional groups on the graphene sheets and thus increase the
supercapacitor performance. Graphene materials for super-
capacitors have also been reduced from graphene oxide sheets
using gas-phase hydrazine, to yield a maximum specific capa-
citance of 205 F g~ with an energy density of 28.5 Wh kg™' in
30 wt% KOH solution and excellent cycle life, retaining 90%
specific capacitance after 1200 cycle tests.’” Nevertheless, the
specific surface area by the Brunauer-Emmett-Teller (BET)
method in this study is not large (320 m* g~ !), and the authors
attribute the relatively small area to incomplete removal of the
physically adsorbed solvents and the stacking configuration of
graphene sheets. It is worthy of noting that the C/N and C/O
atomic ratio by elemental analysis is 15.1 and 7.3. Recently,
thermal exfoliation at low temperature (200 °C) under high
vacuum (<1Pa) was used to prepare graphene sheets for
supercapacitor applications. The resulting graphene materials,
exhibited a specific surface area of ~400 m? g~ ! based on BET
and capacitance as high as 264 F g~! without any post-treat-
ments.”® The C/O ratio by X-ray photoelectron spectroscopy
(XPS) was 10, indicating a large fraction of oxygen containing

functional groups was present. A versatile method to simulta-
neously achieve the exfoliation and reduction of graphite oxide
has been applied by microwave assistance.”® The resulting
graphene sheets show a specific surface area of 463 m> g~! by
BET; a specific capacitance of 191 F g~! in 5M KOH electro-
lyte; and a C/O ratio of 2.75 by combustion elemental analysis.
Though direct comparisons are difficult, a review of the pre-
ceding studies suggests that both the specific surface area and
the functional groups of graphene materials impact the elec-
trode performance. Another interesting method of graphene
preparation for supercapacitors is electrochemical reduction of
graphene oxide with extended potential cycling (Fig. 11).” The
reduction peak at about —0.75 V is ascribed to the electro-
chemical reduction of graphene oxide. The electrochemically
reduced graphene oxide (ER-G) was found to have a specific
capacitance of 165 F g~! measured by cyclic voltammetry in
0.1 M Na,SO,, much higher than that of CNTs (86 F g™ ').
Fitting of the high resolution Cls XPS spectra of ER-G
suggests numerous oxygen containing groups on the ER-G
surface. Since graphene oxide is insulating, the reduction
mechanism in the initial cycle is not clear. However, after
multiple potential cycles the electrochemical interface or TPB
has been established and the surface configuration of the
electrode material becomes stable preventing performance
degradation during starting charge-discharge cycles.

The influence of post-treatment of graphene surfaces on
supercapacitor performance has also been investigated.
In this case, the graphene sheets were produced by thermal
exfoliation of graphite oxide at relatively low temperature
(250400 °C), and were further treated under N, at 700 and
900 °C." Although the BET surface area increases from 404
to 737 m* g~ ! after 900 °C N, treatment, the oxygen-containing
groups almost disappear during high temperature thermal
treatment. Unfortunately, it is found that the specific capaci-
tance of the treated material in 2 M KOH is only 100 F g~!
while the one without N, treatment shows 230 F g_l. Actually,
to investigate the effect of surface functional groups on elec-
trode performance, one should apply careful post-treatment at
relatively low temperature (i.e. 400 °C). Post-treatment in Ar,
N,, NH3, Hj, and hydrazine can control the oxygen-containing
groups on the graphene sheets by selective removal of oxygen
species.'®! In another approach, the effects of oxidant addition
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Fig. 11 Cyclic voltammograms for electrochemical reduction of

graphene oxide with potential cycling at a scan rate of 50 mV s~ ' in

0.1 M Na,SOy, solution.”
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on the morphology, structure and electrochemical performance
of thermally exfoliated graphene sheets as electrode materials
for supercapacitors was systematically investigated. The
resulting graphene electrode with a specific surface area of
524 m®> g~' maintained a stable specific capacitance of
150 F g~ ! for 500 cycles in 30 wt% KOH.!® Large concentra-
tions of oxidant applied during the graphite oxidation process
can induce numerous oxygen-containing groups, increase the
BET specific surface area and significantly lead to more
graphene edges, which are favorable for the enhancement of
capacitive performance. We believe that the density of lattice
defects in the graphene is also enhanced by the harsh processing
conditions. If these lattice defects contribute to improved
performance, then mechanical milling of the graphene sheets
may also be useful to create lattice defects and to increase the
ratio of graphene edge to basal surface. Furthermore, the
resulting defects and edges may serve to anchor additional
functional groups.

A very recent report identifies graphene sheets as the most
promising materials for achieving ultrathin and transparent
electrodes. Ultrathin and optically transparent graphene films
(thin to 25 nm) have been prepared (Fig. 12).'%® The capaci-
tance obtained from charge-discharge analysis is 135 F g~ ! in
2 M KCI electrolyte for a film of ~25 nm which has a
transmittance of 70% at 550 nm. As the authors pointed
out, the use of ultrathin transparent graphene films has four
advantages: (1) flexible formation of robust film down to
25 nm thick; (2) allowance for supercapacitor application in
transparent electronics; (3) elimination of the presence of
current collectors which leads to a simplified and lightweight
architecture; (4) possibility of enabling graphene to be printed
out for full integration with printable electronics.

3.2.2 Graphene-conducting polymer hybrids. Various
conducting polymers such as PPy, PANI, PEDOT, polythio-
phene (PT), and poly(p-phenylene vinylene) (PPV) have been
investigated as electrode materials or components in super-
capacitors due to their high capacitance and relatively easy
production. PANI is one of these promising conducting poly-
mers with good environmental stability.'®® Although poor

Fig. 12 Morphology of the ultrathin and transparent graphene films:
(a) photographs of films on glass substrates; (b) transmission electron
microscopy (TEM) images from graphene suspension; (c¢) scanning
electron microscopy (SEM) pictures of 100 nm films on glass
substrate,'%3

conductivity usually limits its use in high performance
supercapacitors, it can generally promote the electrochemical
capacitance of carbon materials and possesses a high doping-
dedoping rate during charge-discharge cycles. Therefore,
composites based on carbon materials and PANI are generally
used as the supercapacitor electrodes. Within these compo-
sites, the significance of the specific surface area of the
graphene sheets is not nearly as clear. Of more significance
in these composite materials is the synergy arising from the
interaction of the PANI and graphene materials. Firstly,
the addition of graphene sheets can improve the electrical
conductivity of PANI and thus can increase its power density.
Especially when fully charging or discharging, PANI in its
form of leucoemeraldine or pernigranilene is an insulator.
The graphene sheets function as the conducting network in
the composite materials and improve the electrochemical
redox reaction of PANI. Secondly, two charge storage
mechanisms including electric double layer charging-
discharging of graphene sheets and pseudo-capacitive redox
reactions of PANI exist in the composite materials resulting in
a higher supercapacitor performance. Most likely, there are
still pseudo-capacitive redox reactions of functional groups
on graphene sheets. As with most composite materials, the
dispersion and composition of the graphene/PANI composite
are likely to be critical factors affecting the homogeneous ion
accessibility and high interfacial charge storage.

By anodic electropolymerization of 0.05 M aniline mono-
mer on graphene paper, freestanding and flexible graphene/
PANI composite papers (GPCPs) have been prepared.'®
Directional flow guided assembly by vacuum infiltration leads
to low BET surface area for the graphene paper (94 m* g~1).
Further, anodic electropolymerization infuses the PANI into
the voids of graphene paper, thus decreasing the specific
surface area to 39 m? g~'. This graphene-based composite
paper electrode shows a tensile strength of 12.6 MPa and a
large, stable electrochemical capacitance of 233 F g~!
(Fig. 13). This capacitance also includes the contribution from
the pseudo-capacitive charge storage of functional groups
which represent 14 at% concentration based on the XPS
analysis.'® Based on the description of the technique, PANI
concentration gradients must exist from the external surface to
the interior of the paper, complicating the assessment of the
role of PANI in the composite. In another approach to
composite electrode fabrication, graphene oxide is used as
the filler and the PANI matrix is polymerized in situ from the
monomer.'% This approach yields a high specific capacitance
of 531 F g~ ! at a mass ratio of 100: 1 (aniline/graphite oxide),
while individual PANT shows only 216 F g~!. Graphene oxide
can be reduced to graphene using reducing agent like hydra-
zine, and then the reduced PANI can be reoxidized and further
reprotonated, which gives rise to graphene/PANI nano-
composites.!”” A uniform nanocomposite with the PANI
absorbed on the graphene surface and/or filled between the
graphene sheets is observed. Such uniform structure together
with the high conductivity affords high specific capacitance of
480 F g~ when the mass ratio of aniline to graphene oxide is
20:80. From above examples, it is obvious that either doping
PANI in the matrix of graphene based materials or doping
graphene based materials in a PANI matrix yields enhanced
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Fig. 13  Electrochemical properties of the graphene paper and GPCP: (a, b) CVs recorded from 2 to 20 mV s~ ! in 1 M H,SO,; (c) Nyquist plots of

the graphene paper and GPCP-60s/300s/900s; (d) Cycling performance measured at 50 mV s

supercapacitor performance, which seems attributable to the
formation of the unique nanocomposites and/or the inter-
action between graphene sheets and PANI. Mechanical mixing
at the nano or micro scale has been demonstrated as another
way to prepare composite films of graphene and PANI. By
vacuum-filtering the mixed dispersions of both components, a
layered structure of the graphene sheets and PANI nanofibers
has been prepared (Fig. 14).'° The highest specific capaci-
tance and conductivity of the composites are 210 F g~! and
5.5 x 10> S m ™! respectively when the composites contain 44%
graphene sheets. Unfortunately, this study used graphene
sheets with very low specific surface area and yielded a
composite with a specific surface area of only 12.7 m> g~
It is possible that the specific capacitance would increase if

Fig. 14 SEM images of films prepared by vacuum filtration: (a, b)
composites of graphene sheets and PANI nanofibers with different
magnification; (c) films of pure graphene sheets; (d) films of pure
PANI nanofibers.'

—1 105

graphene sheets with high specific surface area had been used
instead.

In supercapacitor applications, the combination of 1-D and
2-D carbon materials can be applied to tune the pore structure
of the hybrid films and enhance structural stability. In hybrid
films, as with the pure graphene structures described in the
preceding section, CNTs can be used to physically separate the
graphene sheets to help preserve the high surface area. Using
layer-by-layer (LBL) assembly techniques, graphene/CNT
hybrid films have been prepared, which possess an inter-
connected network of carbon structures.'® Supercapacitors
prepared from these films show a specific capacitance of
120 F g~' even at scan rate of 1 V s~'. CNT is also used to
prepare graphene/ CNT/polyaniline/PANI composite electrodes
which exhibit highly conductive pathways as well as improved
mechanical strength during doping/dedoping processes.' '

3.2.3 Graphene—metal oxide composites. Metal oxides
such as RuO, and Fe;O,4 have been widely investigated as
electrodes for supercapacitors. In addition, the oxides from
metal compounds Ti, V, Co, Ni, Zn, Mo, Sn, Ir, etc. can also
be used as electrode materials in supercapacitors.”>!!! The
metal oxides usually possess much larger capacitance than
carbon materials due to multi electron transfer during fast
Faradaic reactions, which is most attractive for metal oxides.
Although RuO, demonstrates promising supercapacitive
properties, such as high specific capacitance and long cycling
stability, its high cost limits its commercialization in super-
capacitors. Fe and Mn oxides usually suffer from poor elec-
trical conductivity and relatively short cycling life. Inspired by
electrode preparation in fuel cells and lithium ion batteries,
there are three main improvement strategies for metal oxides
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as supercapacitor electrodes. First, nanostructuring of metal
oxides involves decreasing the particle size and increasing its
specific surface area to create a larger interface between the
electrode and electrolyte. Decreasing the particle size also
reduces the path length for electronic transport thus counter-
acting the poor electrical conductivity of their bulk metal
oxides. Nanostructuring can also, to some extent, lead to
better accommodation of strain during cycle life, thus
improving the stability of electrode materials. A second
approach is functionalization of metal oxide surfaces. For
example application of a mixed conducting film can facilitate
the proton exchange process that usually accompanies the
electron transfer process. Finally, the metal oxide particles can
be supported on carbonaceous materials like graphene.
Metal oxides supported on carbonaceous materials like
graphene can maintain constant or superior electrochemical
performance while the metal oxide loading decreases. The
carbon materials provide an electrically conductive filler which
facilitates the formation of a conductive network which is
essential to the poor conducting metal oxides. In addition, the
carbon materials also function directly as electrode materials
based on the electrochemical double layer charge storage
mechanism. A one-step method was developed to fabricate
conductive graphene/SnO, nanocomposites in acidic solution,
in which graphite oxides were reduced by SnCl, to graphene
sheets in the presence of HCl and urea.''? Despite the
improved electrical conductivity and high graphene surface
area, the specific capacitance of this composite in 1 M H,SO,
is only 43.4 F g~!. In another approach, ultrasonic pyrolysis of
ZnO onto graphene has been used to produce graphene—metal
oxide composite films that have been successfully used as
electrode materials for electrochemical supercapacitors.''!#
Although the specific capacitance for graphene—ZnO and
graphene-SnO; is not high (61.7 and 42.7 F g~ ' respectively)
compared with those from the composites of graphene and
PANI, the metal oxide composites exhibit an enhanced capa-
citive behavior and improved charge-discharge behavior when
compared to pure graphene or pure metal oxide electrodes.
The metal oxide, MnQO,, has attracted a great deal of interest
as a supercapacitor electrode due to high specific capacitance,
environmental compatibility and cost effectiveness.!!> A
composite of graphene oxide supported by needle-like MnO,
nanocrystals (GO-MnO, nanocomposites) has been fabri-
cated in a water-isopropyl alcohol system.!'® The specific
capacitances for GO-MnO,, nano MnO,, GO in 1 M Na,SO,4
are measured as 197.2, 211.2 and 10.9 F g~'. According to the
ratio of MnO, to GO in GO-MnO, (9.8/1), theoretical specific
capacitance assuming proportional contribution from each
component is thus 192.7 F g~! which is very close to the
measured value (197.2 F g~'). These results seem to suggest
that the electrochemical performance of this particular nano-
composites is not enhanced by any interaction between GO
and MnO,. Some hydroxides, due to well defined redox
reactions and low cost, have also been applied to make
composites with graphene sheets to increase the specific capa-
citance. Single-crystalline Ni(OH), hexagonal nanoplates have
been directly grown on graphene sheets, and found to exhibit
a very high specific capacitance of ~1335 F g~! (Fig. 15).!"7
In contrast to the GO-MnO, nanocomposites, a simple

physical mixture of pre-synthesized Ni(OH), nanoplates
and graphene sheets shows a lower specific capacitance.
This suggests that the interaction between nanoparticles and
graphene may be important and may affect the charge trans-
port from nanparticles to conducting graphene network.
In addition, graphene—Co(OH), nanocomposites have been
synthesized by using precursor Na,S in water and isopropanol,
in which the deposition of Co®" and the reduction of graphene
oxide occur at the same time''® It is found that the specific
capacitance of the nanocomposites reaches 972.5 F g~!,
remarkably higher than each individual counterpart (137.6
and 726.1 F g~! for graphene and Co(OH),). This again
indicates nancomposites exhibit a synergistic effect. These
conflicting reports regarding the presence or absence of
synergistic effects within graphene metal-oxide nano-
composites will likely lead to further study of graphene based
nanocomposites and perhaps to improved supercapacitor
performance. Specific questions that may warrant further
study in this area include: Does the feeding ratio of nano-
particles to graphene have a pronounced effect on its electro-
chemical activities? Is the electrochemical performance of
these composites dependent on the graphene quality and the
morphology and crystallinity of the nanomaterials? How will
the specific surface area of graphene and functional groups
influence the composites properties?

3.2.4 Macroscopic structure. For supercapacitors in prac-
tical applications, the replacement of powders and binders
with a robust macroscopic/monolithic structure is preferable.
At present, macroscopic binderless fabrication of graphene-
based materials has already been demonstrated for super-
capacitor applications.''>!?° In such kind of structure, the
porous materials, for example, Ni-fiber,"'® carbon cloth
and carbon paper'?® are chosen as substrates and layers of
graphene are deposited on by CVD. These graphene layers can
form carbon nano-fibers (CNFs) with mesopores structure
and can be predominantly vertically oriented with respect to
a substrate.!’”!?* One of the most promising is the use as
electrodes in supercapacitors, and this hybrid structure shows
good capacitive behavior. Proper combination of cathode and
anode can increase the working voltage of supercapacitors,
and as a result increase power and energy densities. An asym-
metric hybrid supercapacitor combines PANI nanofibers
as cathode (0.2-0.7 V vs. Ag/AgCl) and graphene as anode
(—0.3-0.2 V vs. Ag/AgCl), and shows the energy and power
densities of 4.86 Wh kg~' and 8.75 kW kg™ !, respectively.'?!

3.3 Lithium ion batteries

The lithium ion battery (LIB) was commercialized by the Sony
Company in the early 1990s, and owing to its high voltage,
high energy density, long cycling life, light weight and good
environmental compatibility it has become the most important
secondary battery for various portable electronic device
applications.'?*!>* A LIB consisting generally of an anode
or negative electrode, cathode or positive electrode, and
electrolyte (separator) is an electrochemical energy storage
device based on intercalation and deintercalation of lithium
ions. When charging, the lithium ions are extracted from the
cathode and introduced into the anode. When discharging, the

15396 | Phys. Chem. Chem. Phys., 2011, 13, 15384-15402

This journal is © the Owner Societies 2011


http://dx.doi.org/10.1039/c1cp21915d

Published on 29 July 2011. Downloaded by Pennsylvania State University on 13/09/2016 00:00:10.

View Article Online

a p 1500

s 05 — 2.8Aig =

2 —5.7Alg —11.4Alg & ool

o 04 —22.9Alg — 45.7Alg o

o Q

% 0.3 £ 900

< =

g g 600

s 0.14 o

P (4]

€ 0o % 3081

s g
0.1 & 9

0 50 100 150 200 250
Time (s)

" 10 20 30 40
Discharge Current (A/g)

Fig. 15 (a) Galvanostatic discharge curves of Ni(OH), grown on graphene sheets at different discharge current densities; (b) Average specific
capacitance for Ni(OH), grown on graphene sheets at different discharge current densities; (c) TEM image of Ni(OH), grown on graphene

sheets.'!”

reverse happens. Usually, the anode is comprised of materials
that can reversibly store lithium ions e.g., carbon, transition
metal oxides and alloying materials such as Si and Sn. The
cathode materials are typically Li-containing metal oxides like
lithium cobalt oxide and lithium iron phosphate. Compared
with supercapacitors, the electrode requirements are much
more demanding in batteries. The effect of carbonaceous
electrode structure (layered, ordered, and disordered) on
battery performance has been reviewed previously.'** Here,
we will summarize the recent work exploring the use of
graphene as (i) graphene anodes; (ii) graphene-based hybrid
anodes; and iii) electrode additives to enhance performance.

3.3.1 Graphene anodes. Graphitic carbon is widely used as
an anode material in LIBs, but exhibits low Li storage capacity
(i.e. less than 372 mA h g~ '). The low storage capacity of
graphite is ascribed to limited Li ion storage sites within the
sp> carbon hexahedrons—typically one per hexahedron
yielding LiC4. Two configurations have been proposed to go
beyond the limitation of the LiCy configuration: one is the
double layer adsorption'?® configuration and another is the
covalent molecule configuration.!?® In the former case, both
planes of a graphene sheet adsorb Li ions, yielding Li,Cy with
a Li storage capacity of ~780 mA h g~'. In the latter case,
each Li atom is trapped at a covalent site on the benzene ring
and therefore the highest Li storage capacity corresponds to
LiC, and is ~1116 mA h g~'. Obviously a single layer of
graphene in the LiCg configuation is not a promising insertion
material, but attainment of the double-layer or covalent
configuration could yield attractive performance.

Another idea is to reassemble each single graphene sheet
with spacers to achieve “pseudo-graphite” with a large inter-
layer distance; so that more Li ions can be stored in between
the graphene interlayers thus leading to a high capacity.
By carefully controlling the layer spacing between the
reassembled graphene nanosheets through interacting mole-
cules such as CNTs and fullerenes, the specific capacity of
graphene nanosheets (GNS) increases from 540 mAh g~', to
730 mAh g~! with CNT incorporation and to 784 mAh g~!
with C-60 incorporation.'?” However, the battery shows poor
cyclic performance as the capacity drops from 540 mAh g~ ' to
290 mAh g~ ! after only 20 charge-discharge cycles. Neverthe-
less, the demonstration of graphene as a potential anode
material supports the need for further research into other

methods for fabricating graphene anodes. In one alternative
method, graphene paper can be prepared by flow-directed
vacuum filtration and hydrazine reduction of prefabricated
graphene oxide paper. The distance between the resulting
graphene layers is ~0.375 nm, larger than that of graphite
(0.334 nm).'?®!? Although this material exhibits a dramatic
capacity drop from 680 to 84 mA h g~ ! after the first cycle, a
comparatively flat discharge plateau exists at 2.20 V in the first
discharge curve with a discharge capacity of 582 mA h g='.
This raises the possibility of using graphene paper in a new
primary battery system.'?® The advantage of using graphene
paper as an electrode is that it is applicable as a single
electrochemically active component without the need for
polymer binders and other additives that are required for the
fabrication of conventional electrodes.'”® Another novel
method has been used to control the distance between
graphene layers. In this method, the graphene sheets are
functionalized by oxalic acid molecules, poly-condensed under
the evolution of water via oxalyl bonding and assembled along
the tubular axis of templating CNTs, forming layered co-axial
tubes.'® The interstitial inclusion of moieties increases the
interlayer distance from ~0.339 nm to 0.378 nm, which results
in a reversible capacity of ~375 mA h g~!. However, the
irreversible capacity losses during the first cycle and poor
cyclic performance for the graphene based electrode are
problematic and will require further work to identify the cause
and to suggest potential solutions. These types of material
systems are strongly influenced by: the spacing of d (002)
within the graphene sheets; specific surface area; functional
groups on the graphene; and defects.'*' The beneficial capacity
increase arising from the use of graphene instead of graphite
is caused by the expansion of the interlayer spacing of
the graphene sheets, which improves the insertion storage.
In addition, defects in the graphene also contribute, and high
reversible capacities (794-1054 mA h/g) and good cyclic
stability were reported.'' It is likely that defects such as edge
defects and vacancies also enhance reversible capacity in
disordered graphene nanosheets.'” On the other hand, the
irreversible capacity loss is generally attributed to the presence
of oxygen-containing functional groups which lead to the
formation of a solid electrolyte interface (SEI) film and to
the reaction of Li ions with these groups.'*> Modeling work
based on density functional theory (DFT) has shown that the
introduction of armchair and zigzag edges leads to enhanced
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Fig. 16 Cycle performance for graphene anode at the current densities
from 100 to 1000 mA h g '.'%

adsorption of Li ions and enhanced diffusion properties.'3?
This theoretical research suggests that if a graphene nano-
ribbon is used as the anode material, the advantage of
enhanced adsorption of Li ions and their increased diffusion
rate can be fully exploited. Another benefit to the use of small
graphene sheets like graphene nanoribbons is that the diffu-
sion distance of Li ions can be reduced, which makes the
reaction rate of intercalation and deintercalation much faster.
To fully realize this benefit, the graphene sheets must be
oriented in a direction that facilitates Li ion insertion and
extraction. Otherwise, nano-holes must exist on the graphene
sheets, which is unlikely, although such nano-holes have been
proposed in the basal graphene plane on the round-shaped
natural graphite.'** Recently, anodes were fabricated from
high quality graphene sheets (approximately 4 layers with a
specific surface area of 492.5 m? g~ ') prepared by oxidation of
graphite powder followed by rapid thermal expansion in
nitrogen atmosphere.'*® The initial reversible specific capacity
of the prepared graphene sheets was as high as 1264 mA h g™
at a current density of 100 mA h g~'. After 40 cycles, the
reversible capacity was still 848 mA h g~! (Fig. 16).

3.3.2 Graphene based heterogeneous hybrids. Transition
metal oxides can reversibly react with Li ions and thus can
provide Li storage capability. For example, SnO, has high
theoretical Li storage capacity of 782 mA h g~!, much higher
than that of graphite. Unfortunately during charge-discharge
cycles, SnO, experiences a very large volume change which
causes crumbling and cracking of the electrodes resulting in
poor cyclic performance. To circumvent these problems,
graphene nanosheets in an ethylene glycol solution can be
reassembled in the presence of rutile SnO, nanoparticles
(Fig. 17)."*® The graphene nanosheets are homogeneously
distributed between the SnO, nanoparticles in such a way that
a nanoporous structure with a large amount of void space is
prepared. The dimensional confinement of SnO, nanoparticles
by the surrounding graphene sheets limits the volume expan-
sion upon Li insertion, and the pores between SnO, and
graphene sheets can be used as buffering spaces during

Q
o =W
3 b

Graphene nanosheets (GNS) SNOJGNS

Znhanced cyclability via 3-D flexible structure

Fig. 17 The structure of hybrids including metal oxides such as SnO, and
graphene sheets which enhances the cycle performance of electrodes.'*®

charge—discharge cycles, leading to improved cyclic perfor-
mances.'*® Co;0,4, due to its high theoretical capacity
(890 mA h g™ '), has also been anchored on graphene sheets
as an advanced anode material.'*”'*® In these hybrid materials,
the graphene sheets not only provide buffering spaces
but also prevent the agglomeration of Co;0O4 nanoparticles.
In addition, the graphene sheets in the hybrids serve as the
electrical conducting network to improve the power density of
the electrodes. The graphene sheets themselves also work as
electrode materials for Li ion storage. Finally, the metal oxide
particles between graphene sheets effectively prevent agglo-
meration of graphene sheets and keep them available to Li
insertion and extraction. This final effect also maintains a large
specific surface area that may have the negative effect of
inducing high irreversible capacity loss during the first
charge-discharge cycle due to the formation of SEI films.'?!
The net effect on long term performance is an area for further
research. In addition to the homogeneous graphene/metal
oxide mixtures, self-assembly methods directed by surfactants
or polymers have been used to construct ordered metal oxide-
graphene nanocomposites.'>® In such layered nanocomposites,
stable alternating layers of nanocrystalline metal oxides with
graphene or graphene stacks are formed.

The elements Sn and Si can reversibly react with Li forming
Li alloys that have very high theoretical capacities of 993 and
4200 mA h g~! respectively. As with the transition metal
oxides, large volume expansion occurs once Li intercalates
into these elements limiting the battery lifetime. A general
strategy has been demonstrated to achieve improved electro-
chemical performance by constructing 3D nanocomposite
architectures based on the combination of nanosize Sn particles
and graphene nanosheets.'*” Electrochemical tests demon-
strate the highly reversible nature of the reaction between
Li" and Sn/graphene nanocomposites. In this study, Li can be
stably stored on both sides of graphene sheets (Li,Cg) with a
theoretical capacity of 744 mA h g ! predicted from
first principles. For Si, it has been demonstrated that
enhanced cyclic performance can be achieved in electrodes
prepared by simple mixing of commercially available nanosize
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Si and graphene.'*! After 30 cycles the mixed Si/graphene
composite retains a capacity of 1168 mA h g~ and an average
coulombic efficiency of 93%. Composites consisting of Si
nanoparticles and graphene paper have also demonstrated
high Li ion storage capacities and cycling stability with storage
capacity > 2200 mA h g~ ! after 50 cycles and > 1500 mA h g™!
after 200 cycles with a decrease rate of ~0.5% per cycle.'#?
From these results, the benefits of using graphene based
hybrids are obvious. However, in spite of promising early
results, considerably more work is needed to systematically
compare the performance of graphene based materials to other
carbonaceous materials and to establish a level of understand-
ing that can lead to optimal graphene composite electrodes.

3.3.3 Electrode additive. Graphene has excellent electrical
conductivity and is an ideal conductive additive in hybrid
nanstructured electrodes. Nanostructured TiO,-graphene
prepared by a self-assembly technique shows significantly
enhanced Li-ion insertion/extraction compared with pure
TiO,. The doubled specific capacity as compared with the
pure TiO, phase and the improved capacity at high charge-
discharge rate may be attributed to increased electrode con-
ductivity in the presence of a percolated graphene network
embedded into the metal oxide electrodes.!® Later, this
anatase TiO,/graphene composite anode was combined with
the LiFePOy cathode to form a full cell that operated at 1.6 V
and demonstrated negligible fade even after more than 700
cycles at a one-hour discharge rate.'® This battery potentially
offers long life and low cost, along with safety, all of which are
critical to the stationary and vehicle applications. In another
study, LiFePO,/graphene composites were prepared by the
co-precipitation method, and the capacity and cycle perfor-
mances of LiFePO,4 were improved considerably.'** Graphene
has also been shown to improve the performance of LiyTisO,
(LTO) anodes for LIBs. While LTO anodes are advantageous
due to their well-known zero-strain characteristics, the
electrical conductivity of LTO is intrinsically poor, and graphene
can be an effective additive to improve the surface conductivity of
the nanocomposites.'* In this study, the as-prepared graphene-
embedded LTO anode material showed improved charge/
discharge rates and cyclic durability, particularly at high rates
(e.g. 22 °C rate), which makes the nanocomposite an attractive
anode material for applications in electric vehicles.

4. Remarks and perspective

In the field of electrochemical energy conversion and storage,
graphene has shown promise for applications in fuel cells,
supercapacitors and lithium ion batteries. Due to its specific
surface area and the presence of functional groups, edges and
defects, graphene-based electrodes demonstrate enhanced
performance for such electrochemical energy devices. Early
examples of improvements achieved with graphene include:
(i) the interactions between graphene and supported catalyst
particles have been shown to improve the catalyst durability
for fuel cells; (ii) hybrids of graphene and metal oxides or
graphene and conducting polymers as have demonstrated
synergic effects for supercapacitor applications; and (iii) the
combination of graphene with lithium storage materials has

yielded increased electrode capacity. However, the develop-
ment of graphene materials and their application in the
electrochemical energy fields is still in its infancy and many
challenges remain. Well controlled methods of synthesis and
processing of graphene based materials are only beginning to
emerge. A better understanding of the correlation between the
electrochemical performance and graphene structures, proper-
ties and interactions within hybrids is needed.

Further work should include pursuing the most suitable
methods for preparing graphene for electrochemical applica-
tions. Methods to control the number of layers, the extent of
defects, and the surface functionality must be developed and
tailored to specific applications. Also, early successes warrant
continued exploration of the synthesis of graphene-based
electrode materials with high electrochemical performance,
for example, graphene supported precious or non-precious
metals and binary catalysts with high activity and stability
that may have application to alcohol oxidation or oxygen
reduction. In addition, current electrode designs should be
revisited to explore whether graphene with its unique
structure and properties may enable enhanced performance.
For example, the development of a novel and effective battery
electrode based on nano-sized lithium storage materials, may
be possible using graphene to create an aligned structure that
facilitates Li ion insertion and extraction while also facilitating
good electrical conductivity within the electrode. Finally, a
more fundamental understanding of the chemical and physical
mechanisms that give rise to the electrochemical properties of
graphene-based structures is essential. This effort will require
experimental work to systematically vary surface area, func-
tional groups, and defects to explore the resulting effect on
properties as well as analytical work to reconcile observations
with physical principles.
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