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Abstract

Due to their unique properties, together with their ease of synthesis and functionalization, graphene-based
materials have been showing great potential in energy storage and conversion. These hybrid structures display
excellent material characteristics, including high carrier mobility, faster recombination rate and long-time
stability. In this review, after a short introduction to graphene and its derivatives, we summarize the recent
advances in the synthesis and applications of graphene and its derivatives in the fields of energy storage
(lithium ion, lithium-air, lithium-sulphur batteries and supercapacitors) and conversion (oxygen reduction
reaction for fuel cells). This article further highlights the working principles and problems hindering the
practical applications of graphene-based materials in lithium batteries, supercapacitors and fuel cells. Future
research trends towards new methodologies to the design and the synthesis of graphene-based
nanocomposite with unique architectures for electrochemical energy storage and conversion are also
proposed. The Royal Society of Chemistry.
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Due to their unique properties, together with their ease of synthesis and functionalization, graphene-based
materials have been showing great potential in energy storage and conversion. These hybrid structures
display excellent material characteristics, including high carrier mobility, faster recombination rate and
long-time stability. In this review, after a short introduction to graphene and its derivatives, we
summarize the recent advances in the synthesis and applications of graphene and its derivatives in the
fields of energy storage (lithium ion, lithium—air, lithium—sulphur batteries and supercapacitors) and

conversion (oxygen reduction reaction for fuel cells). This article further highlights the working principles
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Introduction

At present, provoking energy and environmental issues, such as
the depletion of fossil fuels, pollution and global warming are
ringing alarm bells to human society. Therefore, renewable
energy storage and conversion materials, as well as their
devices, are highly required." In this context, these problems
can be overcome in two ways. Firstly, energy can be effectively
converted from its infinite sources, such as the oxygen
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storage and conversion are also proposed.

reduction reaction (ORR), solar power and water to applicable
forms, such as electricity or fuel. To achieve this goal, fuel cells,
solar cells and water splitting catalysts are of most concern.”®
Secondly, environmental benignity, low cost, and high perfor-
mance are required by energy storage devices. This is essentially
because of the sporadic features of most renewable energy
sources. Lithium-based batteries, especially lithium ion,
lithium-air and lithium-sulphur, are the most useful and
promising devices for such storage purposes.®™ Another
promising and efficient type of device for energy storage is the
supercapacitor that can store and release energy in a few
seconds." In such fields of catalysis and energy storage, the
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replacement of precious and rare metal electrodes and catalysts
with commercially present substitutes has appealed for much
consideration from both industrial and academic researchers.
Although extensive studies have been carried out involving the
use of non-precious metal electrodes and catalysts, the results
are far from practical values owing to the limited performance
of the discovered materials and environmental hazards. It is
worth noting that both theoretical calculations and experi-
mental values have demonstrated the considerable activity of
low cost metal-free materials with unique electronic and
nanostructural properties in a wide range of heterogeneous,
electrochemical and catalytic processes. Among them, carbon
and carbon-based materials have attracted much interest.'>'®
Graphene is an atomically thin, planar membrane of carbon
with exceptional properties, particularly electronic and electro-
chemical ones."” Since the first report of its synthesis via a
“Scotch tape” method in 2004, graphene research has emerged
as one of the most active research fields of science.'® In the past
few years, graphene has been extensively studied by chemists,
physicists and material scientists and engineers.” In graphene,
the sp? hybridization of carbon bonds is present, where the in-
plane o._. bonds are the strongest bonds and the out of plane =
bonds, which result in a delocalized network of electrons,
favour the electronic conduction of graphene and offer a weak
interaction among graphene layers, or between graphene and a
substrate.?*® On the other hand, graphene can be synthesized
and modified by facile solution methods that enable its easy
utilization for various fields.”*** Interestingly, the replacement
of various different types of atoms (N, B, S and P) with carbon in
graphene further enhanced the conductivity and electro-
chemical properties of graphene.'”**® Note that the synergistic
effects of graphene composited with other nanomaterials like
metals,””° metal oxides, sulphides, alloys®**® and poly-
meric*® materials make it promising for energy storage and
conversion devices.***

Therefore, the use of graphene and graphene-based mate-
rials as low cost, environment friendly and high performance
electrodes for ORR, supercapacitors and lithium-based
batteries is highly favoured.'®****° In this feature article, we

30-33 34-37

Yanglong Hou received his Ph.D.
in Materials Science from the
Harbin Institute of Technology
(China) in 2000. After a short
post-doctoral training at Peking
University he worked at the
University of Tokyo from 2002-
2005 as a JSPS foreign special
researcher and also at Brown
University from 2005-2007 as a
postdoctoral  researcher.  He
Jjoined Peking University in 2007,
and is now a Professor of Mate-
rials Science. His research interests include the design and chemical
synthesis of functional nanoparticles and graphene, and their
biomedical and energy related applications.

16 | J Mater. Chem. A, 2014, 2, 15-32

View Article Online

Feature Article

mainly focus on the synthesis and unique electrochemical
properties of graphene and its application towards lithium-
based different types of batteries, supercapacitors and ORR for
fuel cells.

Structure of graphene

Graphene is a two dimensional single layer of sp> hybridized
carbon atoms with hexagonal structure. The electronic prop-
erties of graphene are based on the arrangement and number
of graphene layers. Few-layer graphene possesses an electronic
structure different from that of bulk graphite. At such thick-
nesses, the layer number and interlayer ordering could affect
the physical and chemical properties of graphene (Fig. 1a and
b). For instance, mono-layer graphene is a zero-gap semi-
conductor with linear energy dispersion and its charge carriers
can be considered as a function of massless materials, which
travel at an effective speed of ~10° ms™'.** This unique band
structure of single layer graphene has made graphene a
fascinating system for quantum electrodynamics. Bi-layer
graphene electrons obey parabolic energy dispersion and the
material behaves like a zero-gap semiconductor. However, the
tuneable band gap of bi-layer graphene can be modified by
breaking the symmetry between the two layers.> These results
propose that bi-layer graphene could be a novel material for
future optoelectronic and microprocessor applications. In
contrast, tri-layer graphene performs as a semi-metal and its
band overlapping can be controlled by applying an external
electric field.®® The above properties of multilayer graphene
can hold only with the Bernal ABAB stacking of natural
graphite. Changes in the stacking arrangement via lateral
translation or angular mis-orientation can affect the interlayer
interactions and their properties (Fig. 1b).** Theoretical works
have proven that the band gap of graphene nanoribbons
(GNR) fluctuates inversely with the width of ribbon and edge
type (e.g., zigzag vs. armchair).”® The production of GNR by
physical methods produces defects which, along with other
lithographical issues, can hinder their device performances
(Fig. 1c).>*%°

(0) i, (©) i

(a)_ Layer Number anoribbons

armchair zigzag

Fig. 1 Polydispersity map of graphene. The electronic and optical
properties of graphene depend on (a) the layer number and (b) the
interlayer registration. Schematic band diagrams in the left of panel (a)
show the graphene band structure with (solid curves) and without
(dashed curves) an applied gate bias. (c) Graphene nanoribbons have
band gaps that vary as a function of their width and edge type.
Copyrights reserved to the American Chemical Society.>*
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Synthesis of graphene

Graphene and its composite are an emerging field that has
received tremendous attention from scientists and various
methods of its synthesis have been explored, including
mechanical  fabrication,”” physical®** and chemical
synthesis.®***” Among these methods, chemical vapour deposi-
tion (CVD)® and the exfoliated synthesis of graphene from
graphite®””® have become the most promising for the large-scale
synthesis of graphene. Zhang et al.” reported the vapour trapping
growth of flower like graphene via a CVD method. Fig. 2a shows a
schematic illustration of the experimental setup that is used to
prepare the six and four lobed flowers of graphene, in which
graphene was prepared using CH, as the carbon source on copper
foils. H, was introduced to the system at 7 sccm min~"* under a
pressure of 40 mTorr and the temperature was raised up to
1000 °C in 40 min. The Cu foils were first annealed at 1000 °C for
20 min. Then, CH, (1 scem min~ ') and H, (12.5 sccm min~ ") were
introduced to the reaction system for the growth of graphene and
the pressure was maintained at 200 mTorr for 30 min and finally it
was allowed to cool down the CVD chamber to room temperature.
Fig. 2b shows a scanning electron microscope (SEM) image of
graphene grown by the CVD method described above. The SEM
image clearly points out that CVD is a very sophisticated method
to grow highly pure and controlled number of layers of graphene
sheets with a low O/C ratio that is necessary for a better perfor-
mance of graphene.”””* However, the problems of harsh condi-
tions, high expense and limitation to large scale production are
the main hindrances that are forcing scientists to develop
chemical methods that can be controlled easily and produce large
amounts of graphene for practical applications.”>”

An alternative synthetic method, that is usually utilised
because of its ease of production, low cost and high yield, is the
chemical exfoliation of graphite. This includes the use of
sonication in both the dissolution and intercalation stages.”®
For example, with the assistance of sodium chelates”” which
encapsulate the layers of graphene from both sides, graphite
flakes are dispersed in a water-surfactant solution and con-
verted into monolayer graphene sheets by the shearing force of
sonication.” However, it is also possible without the addition of
any additive in many organic solvents that have an affinity for
graphite where sonication is used to provide the energy to split
the graphene precursor.®”**" The successful exfoliation by

6“2“\7
—— Vapor-trappini
o &\

Copper foil

Fig. 2 (a) Schematic diagram of a vapour trapping CVD method for
graphene growth. (b) SEM images of a six-lobe graphene flower grown
on Cu foil inside the vapour trapping tube. Copyrights reserved to the
American Chemical Society.”*
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sonication depends on the appropriate choice of solvent and
surfactant, as well as sonication parameters, such as sonication
frequency, amplitude and time.?**

The solvothermal exfoliation of graphite is commonly used to
produce large amounts of graphene. Qian et al** reported the
exfoliation of graphite with the help of highly polar organic solvent
acetonitrile at 180 °C for 12 h. Acetonitrile is a bipolar organic
solvent that inters into the graphite and peels off mono- or bi-layers
of graphene under high pressure. Fig. 3 explains the synthesis of
graphene from expendable graphite (EG) via solvothermal exfoli-
ation in acetonitrile with a high yield of up to 10-12%.

Doped graphene materials have attracted tremendous
attention because of their enhanced physical and chemical
performance, and how dopant elements enhance these prop-
erties are discussed further in the respective sections. For
example, Zheng et al. reported the synthesis of B, N-doped
graphene from solvothermal exfoliated graphene oxide (GO) via
a two-step doping strategy: N was first introduced by annealing
with NH; at a moderate temperature of 500 °C, and then boron
was incorporated by pyrolysis of the as-synthesized nitrogen (N)-
doped graphene with H;BO; at a high temperature of 900 °C.>
Other examples include the doping of sulphur to graphene via
the annealing of graphite oxide in the presence of benzyl
disulphide in an atmosphere of protective argon gas.** Highly
air-stable phosphorous (P)-doped graphene was prepared by a
CVD method using triphenylphosphine (TPP) as a phosphorus
source.” Another example of boron doping in graphene sheets
was carried out through a CVD approach using boron powder
and ethanol as the boron and carbon precursors, respectively.?
However, among all the doped graphene materials, N-doped
graphene has received tremendous attention from researchers.
For the synthesis of N-doped graphene, a lot of methods were
explored, including CVD, but their practical applications are
limited due to harsh experimental conditions, like high
temperature and low yield.”® To overcome these challenges,
Qian et al. developed a two-step liquid phase process to
synthesize N-doped graphene, as presented in Fig. 4. In the first
step, graphene was synthesized by a solvothermal exfoliation
process in acetonitrile using expandable graphite (EG) as the
starting precursor. After repeated centrifugation at 500 and

(a (D) ersapapmpmpn (C) Aol 3o &
Expansion Solvothermal g ¢

CEE S ——p R

m e Process

(d) €

Sonication © 4

(e)

Centrifugation
T

Fig. 3 Schematic illustration of the solvothermal assisted exfoliation
and dispersion of graphene sheets in acetonitrile (ACN): (a) pristine
expandable graphite; (b) EG; (c) insertion of ACN molecules into the
interlayers of EG; (d) exfoliated graphene sheets dispersed in ACN; (e)
optical images of four samples obtained under the different condi-
tions. Copyrights reserved to Springer.?
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Fig. 4 Schematic illustration of N-doped graphene sheets prepared
via SC reaction with ACN at 310 °C: (a) few-layer graphene sheets were
obtained by a solvothermal assisted exfoliation process and centrifu-
gation, and then were mixed with ACN in a corundum-lined autoclave
(b) N-doped graphene sheets were formed after SC reaction with ACN
at 310 °C for the designated time. Copyrights reserved to the American
Chemical Society.®

1500 rpm, few layer graphene was collected and then dispersed
in acetonitrile for further supercritical reaction to dope nitrogen
to the graphitic plane of graphene.®® Further research was
carried out to simplify the synthetic process of N-doped gra-
phene in the liquid phase. For the solvothermal reduction of
GO, its colloidal dispersion with N,H, and aqueous NH; at pH
of 10 was carried out.*® However, the nitrogen content of the as-
synthesized nitrogen-doped graphene was 4-5 wt% less than
the oxygen content of 8 wt%. A well-controlled liquid phase
synthesis process for N-doped graphene with low oxygen
content still needs to be designed.

Recently, Zhang et al. developed a facile one-step sol-
vothermal method to synthesize N-doped graphene from GO in
the presence of aqueous ammonia.”® The X-ray photoelectron
spectroscopy (XPS) results presented in Fig. 5 confirm the
successful doping of nitrogen with higher contents up to 10.5
at.%. The schematic diagram presented in Fig. 5d and the XPS

(@) () [geo
EENG 323at%

S
©
=
2
L
S oN 10.6 at %

T T T T T 7
202 290 288 286 284 282 280
Binding Energy / eV
(©) NG - d) Pyridinic N
Aming Eyyidi - Pyrrolic N
Graphitic N

. Pyrrolic H

5

© Graphitic 4 /N

£ - NH
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. Y

HoN

T T T T T T T
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Binding Energy / eV NH,

Fig. 5 XPS spectra of nitrogen-doped graphene: (a) C 1s XPS spectra
of GO and nitrogen-doped graphene; (b) percentages of nitrogen and
oxygen in the GO and nitrogen-doped graphene; (c) N 1s XPS spec-
trum of nitrogen-doped graphene; (d) schematic of the nitrogen-
doped graphene. Copyrights reserved to Elsevier Ltd.%
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results also reveal that the oxygen contents in the as-synthesized
N-doped graphene is lower. Furthermore, the N 1s XPS spectra
shows the presence of five typical nitrogen states, including
pyridinic N (ca. 398.3 eV), pyrrolic N (ca. 400.1 eV), graphitic N
(ca. 401.4 eV), oxidized N (402-404 eV) and amino N (ca. 399.2
eV). Probably, this strategy is helpful for the synthesis of N-
doped graphene in a very simple way with better yields and low
oxygen content.

Potential applications of graphene

Graphene due to its exceptional properties, such as its two
dimensional structures that can be assembled into three
dimensional networks, large specific area and porosity, strong
mechanical strength, high conductivity and electrochemically
active nature, has become a main focus of research. Graphene
can be synthesised in numerous ways based on physical and
chemical methods, and composited with a variety of materials
that make graphene fit for many applications. Graphene-based
materials have tremendous potential for application in various
fields, like electronics, catalysis, energy storage and conver-
sion."?%7336¢-*1 The properties of graphene which make it useful in
various applications are described in Scheme 1. Scheme 1 gives a
clear picture of how the properties of graphene make it useful in
different kinds of applications. Although, graphene is utilized to
enhance the electrochemical activity of a variety of materials. In
the following part of this feature article we will describe the
applications of graphene and graphene-based materials in the
fields of lithium ion battery (LIB), lithium-air/oxygen battery,
lithium-sulphur battery, supercapacitors and ORR.

Lithium ion batteries

The LIB was first introduced in 1991 and has become the major
source of power for portable electronic devices, especially
laptop computers and wireless telephones in the last 20 years.
Current LIB technology is based on LiCoO, and graphite elec-
trodes, which is known as the first generation of LIBs.”” In the
future, electric vehicles (EV) and hybrid electric vehicles (HEV)
may be the best possible solution to reduce emissions of
greenhouse gases and critical pollutants by replacing petro-
leum-based transport. Rechargeable LIBs with high specific

Applicati

Properties ¥ Grap ¥
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Elasticity

Surface Area

Pgr;sity 4
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Electrochemistry

Scheme 1 Schematic illustration of the applications of graphene
based on its unique properties.
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energy and energy density with respect to other cell chemistries
are well suited for these kinds of vehicles. For example,
currently, practical nickel-metal hydride (NiMH) batteries
dominate in the HEV market with nominal specific energy and
an energy density of 75 W h kg™" and 240 W h L™, respectively.
In contrast, LIBs can achieve double the specific energy (150 W
h kg ') and energy density (400 W h L") of NiMH.* For the
advancement of LIBs, numerous concepts, principally innova-
tive novel positive and negative electrode materials, need to be
developed.

Anodes for lithium ion batteries

Recent advancements in communication and electronics
devices need batteries with faster recharging, longer life and
lower cost. Fortunately, LIBs are one of the big achievements in
advanced material electrochemistry,” possessing larger energy
and power densities than all other rechargeable batteries, which
could fulfil the necessities of energy storage devices with a
comparatively long cycle life.”> Continuous progress is going on
in the field of LIBs. In particular, anode materials composed of
lithium metal and alloys were cast off in 1980s, which were later
substituted by carbon materials to keep the LIBs safer.”®
Graphite remained the dominant commercial anode material
for a long time, but because of the low theoretical capacity (372
mA h g7') of graphite, it is not suitable as a practical anode for
hybrid EVs and HEVs.*® In this perspective, other anode mate-
rials were explored, such as silicon (4200 mA h g™ '), tin (994
mA h g ')* and germanium (1600 mA h g~ ).°® However, the
critical shortcomings of these materials are low capacity, poor
rate capability and rapid capacity fading because of their
volume expansion and low conductivity. To solve these draw-
backs, research on the designing of composites composed of
carbon,” graphene® and other metals*® were extensively carried
out. However, to achieve the practical values that make LIBs
applicable for EVs and HEVs, an appropriate electrode material
is still a challenge. On the other side, because of its conductive,
electrochemical active and elastic nature,*' graphene has been
proven to overcome issues, such as volume expansion, low
conductivity, rate capability and the capacity fading of electrode
materials.'*®'** So far, both theoretical and experimental results
have proven that the doping of N, B or S atoms into graphene
planes could further increase its electrochemical performance
and electron transport ability.'”>%1

Nowadays, researchers focus on the fabrication of anode
materials comprising of graphene, doped graphene and gra-
phene-based composites of electrochemically active materials.
Wang et al.’® reported the in situ constructing strategy in which
a highly conductive network, hierarchically porous structure
and heteroatom doping are ideally combined in one graphene
electrode. This kind of strategy offers a number of advantages,
like the porous structure which can accommodate more lithium
ions,* hierarchical designing which can overcome the problem
of aggregation and the large interfacial resistance of loosely
stacked graphene sheets.** On the other hand, the doping of
heteroatoms could improve the ability of graphene to interca-
late more lithium ions, enhance the conductivity of graphene

This journal is © The Royal Society of Chemistry 2014
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and facilitate the transport of electrons and ions.”**” Fig. 6a & b
show the growth of the above mentioned doped hierarchically
porous graphene (DHPG). It is apparent that the presented
morphology could be effective for a better performance as an
anode in LIBs. The performance of DHPG as an anode electrode
is presented in Fig. 6. Cyclic voltammetry (CV) curves confirm
the multi-position storage of lithium ions in the DHPG elec-
trode, as shown in Fig. 6c. Fig. 6d also shows that the DHPG-
based electrode has a high performance, even at a faster
charging rate with improved coulombic efficiency.

Metal sulphides are promising materials as anodes for LIBs
due to their high theoretical capacities, low cost and ease of
availability. However, capacity fading, low conductivity and
poor cyclability are the major drawbacks of cobalt
sulphides,'**** which are associated with the volume expan-
sion of electrodes that results in the decay of specific capacity
and the formation of polysulfide anions. These polysulfide
anions by dissolving in the organic solvent of electrolyte cause
low conductivity. Also migration of the polysulfide anions
across the separator membranes towards the cathode leads to
the poor rate capability. Mahmood et al. used graphene to
resolve these issues,® it acts as a conducting matrix, as well as a
buffering substrate. Apart from the enhancing effect on the
electrical conductivity, graphene with a large surface area and
high flexibility protects the active material from structural
changes and improves the contact between the electrolyte and
active material.** Graphene can also hinder the dissolution of
polysulfide anions in the electrolyte by absorbing them on its
amorphous surface, as a result improving the cyclic life by
enhancing the conduction of ions. Fig. 7 shows the TEM image
and cyclic performance of the Co3S,/G composite, which
confirms the synergetic effect of graphene and Co;S, for
improved performance.

v Chargecapacity 54

) ©  Discharge capacity
= 1Ag"
02 3Ag
H S 5 A "
s S0 Ag" .

04 20A gw " g_;o ;
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Fig. 6 TEM images of DHPG (a&b). The electrochemical performance
of DHPG electrodes: (c) cyclic voltammograms at a scan rate of 0.1 mV
s~ and (d) capacity over cycling at different current densities. Copy-
rights reserved to the American Chemical Society.***
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the columbic efficiency at a 0.2 C rate between 0 and 3V vs. Li*/Li. (b)
A TEM image of the Co3S4/G composites. Copyrights reserved to
Wiley.*®

Graphene is preferably used for the encapsulation of electro-
chemically active materials for energy storage and conversion
because of its extraordinary conductivity, large surface area,
excellent flexibility and high chemical stability.>****” Graphene can
be functionalized by various simple methods to produce localized
highly reactive regions which result in impressive properties for
respective applications."®*° Silicon is considered as a most
promising anode material for next generation LIBs, but its struc-
tural and interfacial stability issues still remain a big challenge.
One way to resolve these problems is to build energetic silicon
architectures supported with elastic and conductive materials that
could be adaptable. Wang et al.**® developed a novel self-sup-
porting binder free silicon-based electrode through the encapsu-
lation of silicon nanowires with dual adaptable apparels
(overlapped graphene sheaths and reduced GO overcoats). The
resulting architecture gives two advantages to the electrode.
Firstly, sealed and adaptable coated graphene sheets avoid the
direct contact of encapsulated silicon and electrolyte, enabling the
structural and interfacial stabilization. Secondly, the flexible and
conductive reduced GO controls the pulverization of the electrode
and provides the conductive homogeneity to the composite. As a
result, the composite electrodes exhibit an excellent reversible
specific capacity and rate capability with high capacity retention. It
is generally accepted that the creation of defects in the graphitic
planes of graphene by replacing the carbon atom with hetero-
atoms increases its electrochemical performance.>® For this
purpose, Zhou et al.** used N-doped graphene as a conductive and
elastic support to pin SnO, nanoparticles (NPs). This combination
is one step towards realizing tin-based anodes for LIBs. The
resulting composite has a high reversible capacity and good cycle
life because the NPs are pinned on the graphene sheets by Sn-N-C
bonds that prevent the aggregation of NPs. Meanwhile, graphene
maintained the undisturbed supply of the electrons that
enhanced the conductivity and stabilized the reversible storage
process of lithium ions.*>'*

Very recently, Mahmood et al.'** used N-doped graphene to
anchor the NPs of Ni;S, and explored its effect on the perfor-
mance of Ni;S,;. The synthetic scheme used is presented in
Fig. 8, which illustrates that the NPs are anchored by the
functional groups present on the graphene sheets. Here, they
explored that annealing increased the electrochemical coupling

20 | J Mater. Chem. A, 2014, 2, 15-32

View Article Online

Feature Article

Urea-treated ~
NiCl, 6H.0 |0
_—

TAA, 200 °C/16h

Ni,S,/NG composite

Fig. 8 Schematic illustration of the preparation of the NizS4/NG
composite. Copyrights reserved to Wiley.**°

between NPs and graphene, which enhanced the electro-
chemical performance of the composite. Also another inter-
esting phenomenon reported was that by annealing, one phase
of nickel sulphide (NizS,) is converted to another phase
(NiS;.03), as shown in Fig. 9a.""" Fig. 9 confirms that the high
reversible capacity with excellent capacity retention is the result
of the synergetic effect of graphene and NPs. In this work, they
explored three factors that have a capacity enhancing effect,
firstly the annealing process boosts up the electrochemical
performance of the composite by making better electrochemical
coupling. Secondly the oxygenated groups present on the gra-
phene sheets are used to pin the NPs, so the effect of the
oxygenated groups on the conductivity and electrochemical
performance is eliminated and a controlled thickness layer of
solid electrolyte interface (SEI) film is formed.?® The third factor
which promotes the reversible capacity of the composite is the
type of nitrogen in the graphitic planes of graphene, as pyridinic
graphene is more electrochemically active than pyrrolic gra-
phene (Fig. 9).° The synergetic effect of the composite is also
depicted in the CV curves (the peak in the oxidation process
near 1.2-1.4 V is related to the composite) presented in Fig. 9d.
The last and most important benefit of graphene incorporation
is the retention of structural integrity limiting the production of
polysulphide anion.
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Fig. 9 (a) XRD patterns of NizS4, NizS4/NG, NizS4/NG-250 °C, NizS4/
NG-300 °C and NiS;03/NG-350 °C. (b) Cyclic behaviour and
coulombic efficiency of the NizS4/NG-250 °C composite at 0.2 C in
the range of 0-3 V. (c) Comparison of the discharge capacities of
NizS4, NG, NizS4/NG, NizS4/NG-250 °C and NiS; 93/NG-350°Cat 0.2 C
in the range of 0—3 V. (d) CV curves of NizS4/NG-250 °C at a scanning
rate of 0.2 mV st in the range of 0-3 V vs. Li*/Li. Copyrights reserved
to Wiley.t°
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Electrochemical impedance spectroscopy (EIS) measure-
ments are well known to study the conductivity influence of
graphene in the composite. Fig. 10a shows the Nyquist plots of
nickel sulphide and graphene composites. The inset of Fig. 10a
represents the equivalent circuit diagram which was used to
calculate the actual values of the different resistances. Fig. 10b
shows a schematic illustration of the composites on the basis of
the electrochemical behaviour towards the reversible storage of
lithium ions. From Fig. 10b, it is obvious that both NPs and N-
doped graphene are active towards the reversible storage of
lithium ion and the enhanced performance of the composite is
because of the synergetic effect between NPs and N-doped gra-
phene. From Fig. 10a it is clear that the introduction of gra-
phene reduces the different types of resistances, like
electrolytes, charge transfer, SEI film resistances and facilitates
the easy and faster transfer of electrons and ions. These are the
resistances which are overcome by graphene to enhance the
performance of the composites. Similar behaviour is presented
in various systems that use graphene as a conductive, elastic
and electrochemically active substrate.?”3%31:35:108.110

Cathodes for lithium ion batteries

Rechargeable LIBs have been declared as one of the most
promising energy storage devices, especially as power sources
for EVs and HEVs. Apart from high energy density, high power
density is another essential requirement in the aforementioned
applications. Cathode materials in conventional LIBs are based
on lithium transition metal phosphates or oxides (e.g. LiFePO,
or LiCo0O,)"*>"** that can reversibly store lithium ions. With the
advances in research, many inorganic cathode materials have
been established to display high capacity retention at reasonable
charge-discharge rates, such as 1 C or 5 C, but failed to release
all of their energy in a few seconds like supercapacitors, ulti-
mately leading to low capacities under high charge-discharge
conditions. This can be attributed to the relatively slow lithium
ion diffusion kinetics in the electrode. Here, we will give an
insight into the different modifications based on graphene and
active materials to enhance the performance and power density
of LIBs. Wang et al."** reported the role of oxygen groups for the
better performance of graphene paper as a cathode for primary
LIB. It was also investigated that by annealing oxygen free gra-
phene paper can be achieved, but it was good to use

Z"lohm

O Ni,S-NG-250°C

A NiS, -NG-350°C

0 5 100 150 200 250 3
Z'lohm

Fig. 10 (a) Nyquist plots for NizS4, NizS4/NG, NizS4/NG-250 °C and
NiS1.03/NG-350 °C in the range of 100 kHz to 10 mHz. (b) Schematic
illustration of the active nature of both nickel sulphides NPs and
nitrogen-doped graphene and the conduction enhancement effect of
NG. Copyrights reserved to Wiley.*®
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deoxygenated paper as the anode. Another problem associated
with oxygenated graphene is that it produces a thick SEI,>” which
results in the loss of large capacity as it hinders the passage of
lithium ion diffusion.***>'** This phenomenon was also pre-
sented in the results of Wang et al. Rao et al.**® reported a lithium
transition metal oxide (LiNi;/3C04/3Mn,/30,) as a cathode for
second generation of LIBs, but faced capacity fading as well.
Thus, to solve this problem, they incorporated graphene to the
system and observed the high capacity retention at even faster
charge-discharge rates. To demonstrate how graphene
enhanced the performance and maintained the high capacity
retention, they used EIS, which confirmed that graphene can
reduce the SEI film resistance to achieve a faster movement of
lithium ions across the electrode and allow better contact
between the active materials and electrolyte.>”**

Liu et al.' developed a facile strategy to synthesize iron
fluoride NPs pinned on graphene sheets by producing defects in
graphene sheets by HF, these defects were the anchoring sites
for NPs and because of these defects, the composites showed a
better performance. Fig. 11 shows the synthetic scheme of the
FeF;-graphene composite. Fig. 12 presents the electrochemical
performance of the composite and it is clear that the composite
has a good performance and capacity retention, even at faster
charge-discharge rates. The group claimed that the higher
performance was attributed to the intimate contact of NPs with
2D graphene sheets and the presence of conductive substrate in
the form of graphene. The strong interactions in NPs and gra-
phene through covalent or van der Waals binding can protect
their aggregation during the reversible lithium intercalation
and as a result are helpful for a higher performance.*® Another
group also used N-doped graphene as a conductive and elec-
trochemical active buffering substrate to improve the capacity
and capacity retention of VO, by preserving the structural
changes and synergism between graphene and VO, providing a
large contact area for the electrolyte and electrode.™® It is also a
useful method to improve the conductivity and electrochemical
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Fig. 11 Diagram of the chemical route to the iron fluoride—graphene
nanocomposites for LIB cathode materials. The iron fluoride NPs are
not shown at their actual size. Copyright reserved to the Royal Society
of Chemistry.**”
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Fig. 12 Electrochemical performances of the FeFz—graphene nano-
composite cathode materials measured in the voltage range of 2.0—
4.5 V: (a) voltage—capacity curves at a 0.2 C rate in the first 20
discharge—charge cycles; (b) cycling performance at different rates
(increased from 0.3 C to 5 C). Copyrights reserved to the Royal Society
of Chemistry.*”

properties of graphene by incorporating heteroatoms in the
graphitic plane of graphene.**?***3* Therefore the overall
performance of the electrode is increased.

Other than common inorganic materials, organic cathode
materials, consisting of small molecules and polymers, have also
been highlighted recently as a novel group of green lithium
battery electrodes, owing to their sustainability and environ-
mental benignity."*® Song et al.**® reported the graphene-poly-
mer (poly-(anthraquinonyl sulphide) and polyimide) hybrid
cathode for LIBs. The resultant hybrid has a number of advan-
tages, such as high performance even at higher charge-discharge
with extraordinary capacity retention. The hybrid composite is
environmentally friendly and safe to use in high charge-
discharge applications. Thus the proper combination of suitable
high energy density materials with conductive substrates,
both for anodes and cathodes will enable the commercial avail-
ability of second generation LIBs for EVs and HEVs.

Lithium—air batteries

To address the problems concerned with the climate change of
the world and the electrification of transport, development in
energy storage devices are required.””** Among several storage
systems, rechargeable batteries, particularly LIBs are a smart
technology because of their high energy density and excellent
efficiency. LIBs have been extensively used in a variety of elec-
tronic devices that are important in life.’* However, after a
steady improvement up to 15% during the last two decades, the
energy density of LIBs is now reaching its theoretical limit
defined by the specific energies of cathode and anode materials
used in LIBs and can provide an energy storage limit up to 100
miles.’”® However, in the recent decades of research, the pursuit
of the next generation of energy storage devices has been
investigated worldwide. Among various electrochemical energy
storage systems investigated until the present time, the
lithium-air (Li-air) battery is one of the most promising
breakthroughs of electrochemistry.’** Li-air batteries have
advantages over conventional LIBs with a 10 times higher
theoretical energy density because lithium metal as an anode
has a capacity 10 times higher than that of conventional
graphite anodes."” Secondly, oxygen as the cathode of a Li-air
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battery can be absorbed easily from the environment resulting
in a substantial reduction of the weight and cost of the battery.
In this context Li-air batteries can achieve sufficient amounts of
energy storage for EVs that can derive the EVs up to 300 miles.**®
Fig. 13 shows a schematic of the generally operated Li-air
batteries, of the two basic types of Li-air batteries, one is non-
aqueous and the other one is an aqueous battery based on
electrolytes."” The basic chemical reaction at the anode is
similar in both cases, as illustrated in eqn (1), but the funda-
mental reaction at the cathode is different and is based on the
medium as represented in eqn (2) and (3) (aqueous) and (4)
(non-aqueous).'2*2®
Anode

Li & Li" +e” 1)
Cathode (aqueous)
alkaline: O, + 2H,0 + de~ < 4OH™ (E, = 3.43 V vs. Li/Li")(2)
acidic: O, + 4~ + 4H" o 2H,0 (E, = 4.26 V vs. Li/Li*) (3)
Cathode (non-aqueous)
0, + 2 +2Li* © L0, (E, = 2.96 V vs. Li/Li*)  (4)

There are a number of factors that could affect the perfor-
mance of Li-air batteries, such as oxygen partial pressure,
relative humidity, electrolyte composition, selection of cata-
lysts, the structure of the carbonaceous materials, air electrode
and the overall cell design.******7**1 Another main problem is the
precipitation of reaction products, such as Li,O,, on the surface
and the pores of the electrode which ultimately block the oxygen
passage and decrease the capacity of the Li-air batteries.'**
Thus, there is an acute need to construct a novel air electrode
that has the ability for a rapid oxygen diffusion pathway and
catalyse LiO, reactions preventing excessive growth of the
discharge products that block chemical pathways through its
micropores and nanoporosity (<50 nm), respectively.'>>*2®

Considering the above points in synthesis, there are three
basic issues that have so far hindered the complete develop-
ment of the Li-air battery. First the instability of the electrolytes
in the cell environment. This problem can be solved by
searching media expected to be more stable than common
carbonate organic electrolytes, such as dimethoxy ethane-based

Anode/Electrolyte Interface Cathode/Electrolyte Interface

Fig. 13 Schematic representation of an Li—air battery. Copyrights
reserved to the American Chemical Society.®
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solutions, ionic liquid-based solutions and poly(ethyleneoxide)-
lithium salt, for example, PEO-LiCF;SO; polymer membranes,
however, with limited achievement."»**” The second problem is
associated with the limited reversibility of the electrochemical
process, which can be addressed by developing appropriate
cathode architectures and also by exploration of the catalyst.***°
The third point is the reactivity of the lithium metal anode
which is hard to resolve, but efforts have been carried out by
using some coating that can prevent the dendrite formation on
the surface of the metallic lithium anode."””'**

Cathodic catalysts for lithium-air batteries

The performance of the Li-air batteries depends on the air
electrode and this determines the voltage drop of the Li-air
battery. The performance is affected by the type, structure and
morphology of the materials. In the early classes of Li-air
batteries porous carbon was used as the air electrode and all the
Li-O, reactions occurred on the carbon. So it is important to get
highly porous carbon with a large surface area for the better
performance of the battery. Likewise, super P-carbon has a
smaller surface area of 62 m> g™, but it has a higher perfor-
mance than normal carbon because it has a higher porosity with
an average pore size of 50 nm. Therefore it is obvious that the
pore size is more important than the surface for better catalysis
and a smooth pathway for the air to pass. Currently, graphene
and graphene-based catalysis are also in use as air electrodes
and result in very high performances. Xiao et al. synthesized
functionalized graphene sheets (FGSs) that self-assembled
hierarchically into three dimensional (3D) porous networks
(Fig. 14a). These FGSs were used as the air electrode in Li-air
batteries that delivered an extremely high capacity of 15 000 mA
h g~ (Fig. 14c), because of their ability to accommodate the by-
products of catalysis and enhance the pathway of air, empha-
sizing the potential application of graphene in Li-air batteries.

Here, it is observed that two important factors have been
highlighted that are responsible for the improved performance
of the graphene-based air electrode. The first one is the
morphology of graphene in which numerous large tunnels
facilitate a continuous oxygen flow into the air electrode, while
the other one is that small pores provide tri-phase areas for the
oxygen reduction. By using such a strategy to design the air
electrode the problem of Li,O, deposition on the graphene
surface can also be tuned so it cannot block the passage of the
oxygen. Xiao et al. used Density Functional Theory (DFT)

Ccio=14
0.1 mA/cm? in oxygen (2atm) )

0 4000 8000 12000 16000
Specific Capacity (mAh/g Carbon)

Fig. 14 (a) SEM images of the as-prepared FGS (C/O = 14) air elec-
trodes. (b) SEM image of a discharged air electrode using FGS with C/
O =14. (c) The discharge curve of a Li-O, cell using FGS (C/O = 14) as
the air electrode (PO, = 2 atm). Copyrights reserved to the American
Chemical Society.*?3
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calculations to confirm the nucleation mechanism of Li,O,,
which prefers to nucleate and grow near functionalized lattice
defect sites on graphene. So in this way it has a stronger inter-
action with functional groups that are the sites of its nucleation.
However, another important advantage of this variation in free
energy as a function of the size of Li,O, cluster is that in the
surroundings of these defective sites the aggregation of Li,0,
clusters is energetically unfavourable. Therefore the deposited
Li,O, forms isolated nanosized “islands” on FGSs, further
confirming smooth oxygen passage during the discharge
process (Fig. 14b). So the small size of the reaction products will
enhance the performance and re-chargeability of the battery as
it prevents the increase in impedance of electrodes. Another
example of a graphene-based composite for the air electrode
was presented by Wu et al.,”* they grew N-doped graphene
sheets from aniline monomers on carbon nanotubes in the
presence of some metallic particles and sulphides for the ORR
in Li-air batteries (Fig. 15). The presence of the nitrogen
heteroatoms increases the catalytic properties of the graphene
and results in the unique combination of a doped porous
structure for higher performance. So it is concluded that the
pore size and architecture with a higher surface area is neces-
sary for the construction of the high performance Li-air
batteries.

Anodes for lithium-air batteries

Lithium metal was considered as a promising anode for Li-air
batteries due to its higher specific energy (3600 W h kg~ ") and
lower potential (—3.04 V vs. SHE)."” Therefore, dendrite
formation on the surface of lithium metal during the charging-
discharging decay of the performance of the battery is still a
challenge for the real application of lithium metal as an anode
after many years of research." This is because of the continuous
formation of the SEI film and dead lithium on the surface of the
lithium metal electrode.*™® After extensive studies, researchers
proposed three theories to understand the formation of the
dendrites on the surface of the lithium metal. Among them, the
first one is the SEI film theory, according to which lithium
deposition is higher where the conductivity of the Li* ions is
higher, as presented in Fig. 16."***** The second point of interest
for the formation of dendrites is the breaking sites of SEI film
because of the energy difference. The third one is the structural

Nitrogen-doped
« Graphene-sheet

Polyaniline ._

Graphitization
—

Cobalt

Fig. 15 Scheme of the formation of nitrogen-doped graphene sheets
derived from polyaniline and Co precursors using carbon nanotubes as
a template. Copyrights reserved to the American Chemical Society.*3°
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Fig. 16 A description of the morphology and failure mechanisms of
lithium electrodes during Li deposition and Li dissolution and relevant
AFM images describing the selected phenomena: the beginning of
dendrite formation and non-uniform Li dissolution accompanied by
the breakdown and repair of the surface films (Li-electrodes in an EC-
DMC/LIiPF¢ solution). Copyrights reserved to Elsevier Ltd.***

defects present in the lithium metal as defects are higher in
energy to accumulate more precipitated products.**®

To date, there is no well-established way to use lithium metal
as an anode safely and successfully, but many groups have done
a lot of work to address these issues. A facile method is the
coating of the anode with conductive films composed of lithium
ion, but this methodology cannot ensure the total safety as
these coatings are fragile and break in the charging-discharg-
ing processes.'»'** However, modifications are made on the
basis of electrolyte solvents, additives, use of lithium salts,
organic electrolytes. As the formation of LiF by the decompo-
sition of the electrolyte can prevent the capacity fading, thus
using electrolytes containing fluoride are helpful to prevent the
formation of dendrites. However, the incorporation of lithium
salts as LiPF¢ and LiBF, and additives like HF will also be
helpful to decrease the formation of dendrites by producing LiF
decomposition materials.”*>***¢ Because of the mechanical
strength and elastic behaviour of polymeric electrolytes, such as
PEO (polyethylene oxide) and PVDF (poly(vinylideneflouride)),
can also hinder the formation of dendrites.’*” However,
dendrites have the ability to penetrate in the polymeric sheets,
so this method cannot completely get rid of dendrite formation.
The SEI film consists of two layers, the inner layer made of Li,O
and the outer layer composed of LiF, LiOH and Li,CO;. Thus,
solid organic and inorganic electrolytes are alternative choices
to control the problems of SEI films.**® As, the inorganic addi-
tives influence the inner and organic and polymeric additive
have positive effects on the outer layer of SEIL. Therefore, a lot of
research needs to make the lithium-based anodes applicable in
the Li-air batteries. Recently, Hassoun et al.** reported a lithi-
ated silicon-based anode for Li-air batteries with good stability
and higher performance (Fig. 17). It is a good idea to make
lithium-based materials applicable in the real Li-air batteries,
but in such a case volume expansion and aggregation of the NPs
is another problem that later becomes the reason for the lower
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Fig. 17 SEM image of lithiated silicon (yellow circles highlighting the
SEl film). (b) Cyclic performance of a Li—air battery based on a lithiated
silicon anode. Copyrights reserved to the American Chemical
Society.™*

performance that can be resolved using graphene as a
mechanical and conductive buffer.

Lithium—sulphur batteries

Lithium-based batteries are well known because of their high
energy density and safety. However, existing batteries are not
fulfilling the requirement of long time periods of storage
because of their low energy densities. Therefore, another class
of lithium-based batteries, known as “lithium-sulphur”
batteries, has received much attention of researchers due to its
low weight, safety and high energy density.”®® If the heavy
anodes of LIBs are changed by the low weight sulphur or its
composites, the resultant batteries are called lithium-sulphur
batteries. Because of its high theoretical capacity (1672 mA h
g~ "), sulphur has ability to replace the conventional electrode in
the LIBs and is considered as a promising energy storage
material in future batteries.'*® The theoretical specific energy
and volumetric energy densities are 2600 W h kg~ 'and 2800 W h
L™, respectively by considering the complete formation of Li,S,
which is much higher than that of conventional LIBs."** Other
advantages of sulphur include low price, natural abundance
and environmentally benignity, which make it appealing for
second generation LIBs for use in EVs.'*

However, there are a lot hurdles that need to be overcome
before the realization of lithium-sulphur batteries in EVs and
other applications.’® Here, we will describe shortly the prob-
lems associated with lithium-sulphur batteries and how
scientists tried to solve these issues by using different meth-
odologies. The first problem is the low conductivity of sulphur
(5 x 107°° s em™ "), which becomes the reason of low contact
and the poor electrochemical performance of the sulphur
electrode,® resulting in the low capacity and capacity fading of
the electrode. This problem can be solved by the incorporation
of the high conductive substrates like the carbon and graphene
to enhance the conductivity of the sulphur electrode.****** The
second problem related to the sulphur is its volume change up
to 76% during the charging and discharging process, which
leads to the structural deterioration and break down in the
morphology and decrease in electrode performance.*® This
problem can be solved by the incorporation of elastically strong
buffering materials that can prevent structural changes in the
electrode, like the doping of inorganic elements and organic
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hybrid composites.****** The third major issue is related to the
formation of polysulfide anions that can cause structural
damage, low conductivity and by reaction with lithium cathode
make the dendrites on the surface of the lithium elec-
trode.'*>'5*>> Therefore, the performance and the capacity of
the sulphur electrode are badly affected. The other issue related
to these polysulfide anions is the concentration gradient by the
production of high order polysulfide anions that move towards
the cathode and react there on the surface of the lithium metal
and produce low order polysulfide anions.'*® Thus, there is a
build up of a concentration gradient that moves across the
battery called a polysulfide shuttle that greatly affects the
performance.*** This problem can be solved by the incorpora-
tion of porous materials that can absorb these materials and
prevent them from dissolving in the electrolyte organic solvents,
or by modifying the electrolytes as solid electrolytes.'#>'4314%:154
All these problems are inter-related to each other, so we need to
modify all the components of the lithium-sulphur battery
including the cathode, anode, electrolytes and separator
membranes,'>13%1%¢

There have been many efforts made by different groups to
enhance the capacity of the lithium-sulphur battery by incor-
porating, carbon, graphene and polymeric additives. Wang
et al.**® reported the synthesis of micro porous carbon with a
graphitic structure matrix to stabilize the structure of the
sulphur electrode and enhance its capacity. As the size of pol-
ysulfide anions is small, there is a chance of their escape
through the porous carbon and affecting the performance of the
electrode. To overcome this problem, Yang et al.* reported the
coating of conductive polymer on sulphur for a better perfor-
mance and for controlling the dissolution problem of the pol-
ysulfide anions, but still the escape of the polysulfide anions is
not completely overcome. The 2D structure, high conductivity,
porous and elastically strong nature of graphene received more
attention of researchers to solve the above discussed problem
associated with lithium-sulphur batteries. Secondly, the
aromatic nature of graphene can act as a strong barrier in the
flow of polysulfide anions. Jin et al.*® reported the synthesis of
sulphur impregnated graphene paper that can improve the
capacity retention of the sulphur electrode up to 83% by
enhancing the conductivity and structural stability of the
sulphur. Wang et al.**° reported a graphene sulphur composite
with a unique architecture as they synthesized the polyethylene
coated sulphur particles and GO decorated with carbon parti-
cles. Finally they combined this structure to one that can
provide the control of polysulfide anions and maintain the
conductivity and structural integrity of sulphur, resulting in
high performance (Fig. 18).

Supercapacitors

The capacitors with higher energy, as well as power densities,
are known as supercapacitors (also called ultracapacitors or
electrochemical capacitors). This capacitance results as a
consequence of electrostatic interactions via the physical
accumulation of charge (electric double layer capacitor, EDLC)
or Faradaic charge transfer that occurs through the reversible
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Fig. 18 (a) Schematic presentation of the design architecture (b) TEM
image of the graphene—PEG-sulphur composite (c) cyclic perfor-
mance of the composite. Copyrights reserved to the American
Chemical Society.**°

Faradaic redox reaction (pseudocapacitance) at the electrode-
electrolyte interface.®®'® In EDLC, energy is stored through
polarization followed by the adsorption of ionic charges on the
surface of the electrode and hence the surface area of the
electrode plays a major role.'*>'** Because of the high surface
area, porous structure, chemical inertness, and good electrical
conductivity, carbon-based electrodes are promising contes-
tants for supercapacitors.>®***> In contrast conducting polymers
and metal oxides and hydroxides are promising candidates for
pseudocapacitors because of their electrochemically active
nature and their ability to carry out the Faradaic redox reac-
tion.™#1*1%* T ow voltage windows are the major hurdle for
carbon-based materials to fully utilize their large surface area to
accumulate maximum charge and show higher capacitance.'®
Organic electrolytes have been utilized to increase the opera-
tional voltage windows instead of aqueous electrolytes, but their
low thermal stability causes capacity fading.'*® In this regard,
ionic electrolytes have shown interesting results with large
organic ions, low vapour pressure, wide liquid range, high ionic
conductivity, good electrochemical as well as thermal stability,
along with its extensive potential window (normally, in between
3 and 7 V).'**'” Therefore, the performance of ionic electrolytes
is adversely affected by the moisture, so a highly sophisticated
moisture controlled process is required to utilize ionic electro-
lytes." However, this problem was successfully sorted out by the
use of the hydrophobic ionic electrolytes.’® To enhance the
performance of the capacitance of carbon based materials
researchers utilized different morphologies e.g. wrinkled or 3D
networks etc. and composites of different carbonaceous mate-
rials like graphene/carbon nanotubes (CNTs) or polymer
etc.'** 71 Yu et al.*** reported a graphene/CNTs composite, while
keeping in mind the effect of surface area and conductivity for
large specific capacitance and stable performance in aqueous
electrolyte. They first modified the CNTs with polymer for good
dispersion and as a result these CNTs had an enhanced surface
area, electrochemical ability and conductivity of the composite.
As, is well known the incorporation of heteroatoms to the gra-
phene enhances its conductivity and electrochemical perfor-
mance via interrupting its m-electron cloud."”” Han et al.**®
reported high surface area B-doped graphene through a solu-
tion method for high performance supercapacitors. They
utilized the effect that the doping of heteroatoms can change
the electronic structure and density of state (DOS) signifi-
cantly,"”® thus modifying the quantum capacitance and leading
to higher interfacial capacitance values. Therefore, the
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efficacious adsorption of electrolyte ions is a key factor to
generate extraordinary specific capacitance.’ So for this
purpose, Gao et al.* reported the use of a graphene hydrogel
that can provide a high surface area along with large spaces
because of its high porosity. Cao et al.'” reported the synthesis
of a 3D graphene network decorated with NiO, to get the
synergetic effect of high porosity with a large surface area,
which makes the maximum access of electrolyte ions to the
metal oxide for high capacitance and excellent durability.
However, metal oxides have low conductivity issues that can
also be resolved by making their composite with highly
conductive graphene sheets to bring high performance super-
capacitors into reality. Furthermore another additional problem
of the low voltage operation of supercapacitors electrodes is a
big hindrance in their practical applications. Recently, Chang
et al'” reported the synthesis of a graphene/metal oxide
composite of two different metals as the positive (graphene/
MnO,) and negative (graphene/MoO;) electrodes to increase the
voltage window to obtain the maximum performance. The
voltage window or working potential depends on the dissocia-
tion energy of the electrolyte. On the other hand, for asymmetric
supercapacitors, the operation potential is determined by the
work function difference of two metal oxides, similar to battery
operation. Thus, the selection of two metal oxides with the
largest work function difference is helpful for a wide opera-
tional voltage of supercapacitors as (graphene/MnO,) and
(graphene/MoO;) systems. Recently, Ji et al'®® reported a
beautiful work by constructing a 3D foam of graphene loaded
with Ni(OH),. The composite can successfully use the high
mobility of electrons by graphene to Ni(OH), and porous
Ni(OH), can shorten the diffusion path and as a result a high
capacitance comes out (Fig. 19). In short, a highly porous with
large surface area, elastically strong, conductive and electro-
chemically active graphene and its composites with high
capacitance materials are extremely helpful in the realization of
supercapacitors.

Oxygen reduction reaction for fuel
cells

The fuel cell is a type of energy conversion device, which
converts chemical energy to electrical energy by oxidizing the
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Fig. 19 (a) TEM image of a cross section of the 3D graphene/Ni(OH),
composite (b) Ragone plots of the asymmetric supercapacitor based
on the full cell, compared with some high-end commercial super-
capacitors. Copyrights reserved to the American Chemical Society.!¢
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fuel catalysed by the catalysts immobilized on electrodes."'”®
Fuel cells have great potential as clean and efficient power
sources for EVs due to their high energy conversion efficiency,
low operation temperature, low or even zero emission, high
energy and power density.>> However, the slow kinetics of the
ORR (O, + 4H' + 4~ — 2H,0) is the major hindering factor in
the energy conversion efficiency of fuel cells and their large-
scale commercialization.® Therefore, it is essential to develop an
efficient electrocatalyst for the ORR at the cathode in fuel cells
and even Li-air batteries.*"*”'** Conventionally, Pt-based
materials have been recycled as active electrocatalysts for both
anodes and cathodes in fuel cells. Although Pt-based materials
have been considered as the best electrocatalyst for the ORR in
fuel cells they still face a lot of hurdles. For example, Pt-based
cathode electrocatalysts are subject to the crossover effect
caused by the fuel molecules that diffuse from the anode side to
the cathode through the membrane in fuel cells and CO
poisoning that generates the carbonates precipitation and
results in lowering the pH of the system.”**'*® Furthermore, a
major “bottleneck” in the market availability of the fuel cell
technology is the high cost of Pt, together with its limited
reserve in nature.*® To reduce the cost of a fuel cell it is neces-
sary to replace the Pt with a metal or metal-free catalyst, and this
has thus generated a great deal of interest."””

To overcome these problems, nanostructured catalyst
supports, such as different kinds of carbon (e.g. active carbon,
porous carbon, carbon nanotubes, graphene etc.), mesoporous
silica, carbides, conducting polymers and metals have been
established to exploit the electroactive surface area of catalysts
and enhance their catalytic activity with improved durability.*
Among these, graphene, a 2D single layer sheet of hexagonal
carbon atoms, has emerged as a new generation catalyst
support because of its high surface area, excellent electrical
conductivity, good chemical and environmental stability and
strong coupling with catalyst NPs."”® Despite the incredible
progress in graphene-based catalysts for the ORR, there is
another unique advantage of graphene: its controllable
assembly to 3D networks with active NPs loadings as ORR
catalysts.* Such systems are attractive targets, as they permit
the utilization of the distinctive topographies of graphene
sheets, as well as the presence of macroporosity and multidi-
mensional electron transport pathways."””'”®

Both theoretical calculations and experiments have
confirmed that the incorporation of heteroatoms (N, P, B) into
sp®> hybridized carbon frameworks in graphene is generally
effective in improving their electrical properties and chemical
activities.? Initially, it was proposed that the high activity may
be attributed to the larger electronegativity of N (3.04) with
respect to C atoms (2.55) and the formation of positive charge
density on the adjacent C atoms.*® These factors may result in
the favourable adsorption of O,.'** Very recently, other carbon
materials doped with low electronegativity atoms, such as P-
doped graphite layers (2.19) (ref. 182) and B-doped CNTs (2.04)
(ref. 183), have also shown pronounced catalytic activity. It is
very interesting to see the results when the doped element has a
similar electronegativity to carbon. Sulphur (2.58) and selenium
(2.55) have a close electronegativity to carbon (2.55) and were
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doped in graphene and used as a cathode for the ORR.*®* The
results showed that the electrocatalytic performances of the Se/
S-doped graphene exhibited excellent catalytic activity, long-
term stability, and high methanol tolerance in alkaline media
for the ORR.* Theoretical studies using simulation calculations
have confirmed that breaking the electroneutrality of graphitic
materials to create charged sites favourable for O, adsorption is
a key factor in enhancing ORR activity, regardless of dopant
type.”*”® Obviously, tailoring the electronic arrangement of
graphene by doping could be a practical strategy for producing
significantly improved materials for the ORR in fuel cells.

A lot of research has tried to overcome the problems
mentioned above and to enhance the performance of the elec-
trocatalyst by using graphene as a conductive and elastically
strong substrate to prevent the structural changes of cathodic
materials. Many groups have worked even to explore graphene
itself as a good cathodic catalyst for ORR by incorporating
heteroatoms in the graphene. Zhang et al.*® reported a facile
method to prepare N-doped graphene with amino functional
groups for the cathodic ORR. The amino functional graphene has
shown good performance with a better tolerance to the crossover
effect of fuel. They also explored the effect of different nitrogen
centres on the catalytic activity of the cathodic ORR. Therefore,
the experimental results showed that the graphitic and amino
types of nitrogen determine the onset potential and electron
transfer number, while the total content of graphitic and pyr-
idinic nitrogen atoms is involved in enhancing the current
density in the electrocatalytic activity for the ORR (Fig. 20).'%

Yang et al.** prepared S-doped graphene and found that the
electronegativity of the doping element is not important, but an
important factor is the disruption of electroneutrality of
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Fig. 20 (a) CV curves of AG in a N,- and O,-saturated 0.1 M KOH
solution at a scanning rate of 100 mV s™*. (b) LSV curves of CCG, Pt/C
and AG electrodes in an O,-saturated 0.1 M KOH solution at a scan-
ning rate of 10 mV s~ and a rotation speed of 1600 rpm. (c) RDE curves
of AG electrode in an O,-saturated 0.1 M KOH solution with different
rotation speeds at a scanning rate of 10 mV s~ . Inset shows the K—L
plots of J versus w™Y2 at different electrode potentials derived from
RDE measurements. (d) Current—time response of AG and Pt/C
electrodes at 0.28 V in an O,-saturated 0.1 M KOH at a rotation speed
of 1600 rpm. Copyrights reserved to Elsevier Ltd.®
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rights reserved to the Royal Society of Chemistry.®

graphitic planes which enhances the adsorption of O, and
becomes the center for oxygen catalysis, resulting in the
enhanced performance of doped graphene. Mahmood et al.**
prepared the graphene-based cobalt sulphide composite and
concluded that the existence of graphene enhanced the
conductivity, provided a large surface area and functionalized
centers for more O, adsorption, resulting in higher ORR
performance. They also explored catalysts for the ORR in acidic
media. If the electrocatalyst was first treated with acid to remove
the inactive species, it was helpful to increase their performance.

Zhang et al.® reported an N-doped graphene composite with
iron phthalocyanine (FePc) to present a new class of non-
precious metal electrocatalysts. They explored that N-doping in
graphene synergistically with FePc provides a large number of
catalytically active centers to develop a electrocatalyst that has a
high catalytic activity with superior conductivity, resulting in a
better performance overall and a higher tolerance to fuel than

Fig. 22 SEM images of (a) 3D graphene and (b) 3D graphene
composited with FezO,4. Copyrights reserved to the American
Chemical Society.*®
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commercial Pt/C as shown in Fig. 21. Zhang et al'”> also
reported recently that the doping of phosphorus to the graphitic
plane of graphene can enhance the oxygen reduction on the
cathode of fuel cells better than ordinary graphene as phos-
phorus can activate the neutral w-electronic cloud of graphene.
Wu et al*® opened up a new path to improve the catalytic
performance of electrocatalysts by designing 3D networks of
graphene that provide a larger surface area and multidimen-
sional passage for O, flow than the conventional 2D graphene
sheets, as shown in Fig. 22. So using such a strategy like the 3D
support of electrochemically active and conductive substrates
with high performance non-precious electrocatalysts will aid in
the realization of fuel cells in the future.

Conclusion and outlook

Graphene displays an exceptional chemical structure, and
outstanding electronic, optical, thermal and mechanical prop-
erties. A large number of synthetic methods have been estab-
lished to synthesize high quality graphene including chemical
and physical strategies in order to meet the increasing demands
for thin film processing, composite incorporation and device
integration. Numerous materials have been composited with
graphene, such as polymers, NPs of semiconductor, metals,
metal oxides, sulphides, alloys, CNTs, organic materials etc. The
enhancement in the properties of these composited materials
not only depends on the individual components, but also on the
interactions between them. Therefore, to improve the properties
of graphene-based materials, it is necessary to control the
distribution, density, kinds of chemical bonds, as well as three
dimensional arrangements of the composites. Thus, various
assembly methodologies have been developed for the constant
demand of property optimization; the particular efforts are
directed towards the design and formation of specially con-
structed hybrid architectures rather than random mixtures.
More effort should be directed to effectively enlarge the specific
surface area, porosity, reduce the O/C ratio and increase the
conductivity of the electrode. Although there is a lot of research
regarding the manipulation of the properties of graphene-based
materials, there are still some issues present like the low specific
surface area and conductivity of the composites. During the
composite formation, graphene layers restacked and the actual
surface area of the graphene is not exposed. This problem can be
solved by designing the unique morphology that can prevent the
restacking of graphene and exposed its surface, also by incor-
porating the heteroatoms that can increase the conductivity and
electrochemical performance. There are a lot of reports in which
the doping of different elements (N, S, Se, P, B) and the 3D
architecture tackled this problem.*® Secondly, the stability of
graphene-based composites in LIBs or supercapacitors
decreases during lithium and/or electrolyte insertion and
extraction. Thus, it is necessary to modify the chemical or
physical interactions of the NPs with graphene so as to stabilize
the structure in real applications. Zhou et al.** reported the
binding of SnO, NPs on graphene sheets through the Sn-N-C
and Sn-O-C bonds to overcome the structural changes and
aggregation of NPs. Researchers have solved a lot of the
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bottlenecks in applying graphene and graphene-based materials
in energy systems, but their working mechanisms are only partly
clear. After completely understanding and resolving the afore-
mentioned problems regarding graphene, a revolution of clean
and renewable energy materials and devices will be realized.
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