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ABSTRACT

Intensive interest in graphene has centered on its unique 2D crystal lattice and remarkable properties
that offer unique opportunities to address ever-increasing global energy demands. The past years have
witnessed considerable advances in the fabrication of graphene-based materials and significant
breakthroughs in advanced energy applications. In this Review, two methodologies for graphene
production, namely, the bottom-up growth from hydrocarbon precursors and the top-down exfoliation
of graphite (to graphene) and graphite oxide (to graphene oxide followed by reduction) are first
summarized. The advantages and disadvantages of these methods regarding their accessibility,
scalability, graphene quality, and inherent properties are compared. Particular attention is concentrated
on tailored nanostructures, electronic properties, and surface activities of these intriguing materials. The

Energy conversion preparation of graphene-based composites containing a wide range of active constituents (e.g.,

transition metals, metal oxides, and conducting polymers) by in-situ hybridization and ex-situ
recombination is also discussed with an emphasis on their microstructures and hybrid architectures.
This Review is devoted largely to current developments of graphene and its derivatives and composites
in energy conversion (i.e., polymer solar cells, dye-sensitized solar cells, perovskite solar cells, and fuel
cells) and energy storage (i.e., lithium-ion batteries and supercapacitors) on the basis of their intrinsic
attributes in improving photovoltaic and electrochemical performance. By critically evaluating the
relationship between the nanostructures and the device performance, we intend to provide general
guidelines for the design of advanced graphene-based materials with structure-to-property tailored
toward specific requirements for targeted energy applications. Lastly, the potential issues and the
perspective for future research in graphene-based materials for energy applications are also presented.

Abbreviations: AFC, alkaline fuel cell; AFM, atomic force microscopy; BET, Brunauer-Emmett-Teller; BH], bulk-heterojunction; CNT, carbon nanotube; CTAB, ctyltrimethyl
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By summarizing the current state-of-the-art as well as the exciting achievements from laboratory
research, this Review aims to demonstrate that real industrial applications of graphene-based materials
are to be expected in the near future. (1346 references).

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In response to the limited fossil fuel resources, emerging
ecological concerns and global warming, ever-increasing energy
consumption and human reliance on energy-based appliances, the
emerging development of clean, renewable, and sustainable energy
techniques has become increasingly important than ever. In this
context, current energy systems including solar cells, [ 1-3] fuel cells,
[4-6] lithium batteries [7-9] and supercapacitors, [10-12] have

attracted much attention in academia and industry alike. It is well
known that these energy devices in general possess an active or
electrolyte layer sandwiched by two electrodes with their overall
performance intrinsically and sensitively dependent on the
materials used [13]. Over the past decade, an exciting set of
emerging nanomaterials such as nanocarbons, metal-containing
compounds and functional nanocomposites with unusual nano-
scopic structure-dependent properties, have been largely devel-
oped. These materials are promising for fundamental research and
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advances in energy conversion and storage applications [14-
17]. However, such technologies must meet demanding perfor-
mance characteristics including large conversion efficiency, high
power delivery and energy storage, acceptable performance-to-cost
ratio, long-term cyclability, and operational safety. Should these
challenges be surmounted, such materials will have applications in
consumer electronics, portable devices, electric vehicles, hybrid
electric vehicles, and power grids as well as military and industrial
technologies. Clearly, the exploration of innovative nanomaterials
with tailored nanostructures and desired functionalities for
advanced energy applications is a necessary and attractive area of
research. To this end, graphene offers unique advantages over
conventional nanomaterials, and has motivated tremendous efforts
to capitalize on its advantageous attributes for high-performance
energy devices.

1.1. Overview of graphene toward energy applications

Graphene is a one-atom-thick layer of sp>-hybridized carbons
tightly arranged into a 2D honeycomb lattice. Initially labelled as
an ‘academic material’, graphene has quickly become a real
‘miracle material’ since its first successful isolation in 2004
[18]. With superior optical trenchancy (T, 97.7%), high electrical
conductivity (~10° S/cm) and inherent flexibility, graphene is the
most promising candidate for the replacement of expensive, brittle
indium tin oxide (ITO) as transparent electrodes for next-
generation optoelectronics and photovoltaics [19,20]. The high
charge mobility (~2 x 10° cm?/Vs, 200 times higher than silicon)
and electron transport capability of graphene render it a
competitive alternative for charge transport and separation layers
for solar cells [21-23]. The large specific surface area (SSA,
2630 m?/g), excellent chemical stability and electrochemical
activity enable graphene to be either an efficient metal-free
electrocatalyst or a catalyst-support for fuel cells [24,25]. The high
theoretical specific capacity (744 mAh/g) and specific capacitance
(550 F/g) and ultra-large surface-to-volume ratio, when combined
with the appealing properties noted above, make graphene an ideal
platform for enhanced energy storage and faster transportation of
ionic species and electric charges in lithium batteries [26] and
supercapacitors [27]. Monolayer graphene also possesses an
ultrahigh Young’s modulus of ~1.1TPa, an intrinsic fracture
strength of ~125GPa [28] and a high thermal conductivity
(5 x 10> W/mK) [29]. Due to these unique multifunctional
properties, graphene carries great potential to revolutionize
energy conversion and storage [30-32].

In addition, graphene exhibits excellent compatibility with
dissimilar active components (such as metal oxides, transition
metals and conducting polymers), thereby enabling the fabrication
of high-performance graphene-based composites via in-situ
hybridization and ex-situ recombination [33]. In these composites,
graphene and active components coexist in various forms of
microstructures such as anchored, wrapped, encapsulated, lay-
ered, sandwich-like and mixed modes to form 1D, 2D or 3D
macroscopic architectures [31,34]. Devices employing such
hybrids have considerably improved performance because of their
synergistic effects through suppressing the aggregation of
graphene and inter-particles, facilitating the charge transfer,
electron transport and ion diffusion, enabling the porosity and
more exposure of active sites, enhancing the catalytic activity and
electrochemical stability and/or buffering the volume variations
during the redox reactions and charging/discharging processes. For
simplification, graphene and its composites or hybrids are
hereafter referred to graphene-based materials (GBMs). Such
GBMs, with tailorable nanostructures, can open up new and
exciting opportunities to tackle the challenges triggered by the
ever-increasing global energy demands.

1.2. The scope of this review

As noted above, graphene carries many unique properties over
conventional materials. Hence, research into GBMs has grown at an
unprecedented rate. This has given rise to the so-called ‘graphene
gold rush’ or ‘graphene fever’ [35]. Clearly, it is timely and
necessary to systematically summarize recent progress in GBMs
with tailored nanostructures and their impressive applications in
energy conversion and storage. Herein, we first describe the state-
of-the-art synthesis of graphene based on top-down (mostly
derived from graphite) and bottom-up (from hydrocarbons)
techniques. Special attention is given to chemical and electronic
structures and energy-related properties. Moreover, the advan-
tages and disadvantages of synthetic methods in terms of
accessibility, scalability, crystal structures (i.e., crystal quality
and intrinsic and extrinsic defects), and inherent properties are
compared as well.

Significant advances of GBMs in energy conversion (i.e., fuel
cells, polymer solar cells (PSCs), dye-sensitized solar cells (DSSCs),
perovskite solar cells (PVSCs)) and energy storage (i.e., lithium-ion
batteries (LIBs) and supercapacitors) are then systematically
scrutinized. In this section, cell configuration, working principles
and current issues for each energy device are first briefly
introduced. Device performance is further detailed and critically
evaluated by employing GBMs as electrodes, active layers,
transport layers and/or electrolytes. We attempt to clarify the
relevance of GBMs in the as-fabricated devices with particular
emphasis on the relationships between the nanostructures and
observed performance characteristics. Representative references
are discussed by focusing on new breakthroughs, in which the
reported laboratory performance competes with or outperforms
commercially available state-of-the-art materials. The benefits of
incorporating GBMs in these devices are highlighted by outlining
the most significant results. Finally, current issues and an outlook
for future research directions of GBMs in respective energy
applications are provided.

This Review makes no attempt to be exhaustive although a
large amount of work is included. Notably, regardless of what work
has been done so far, to be commercially viable, a potential
material is required to exhibit the properties surpassing those of
existing ones at comparable costs. With the progress continuously
being made and the knowledge and technology being gained from
engineered GBMs and energy devices built upon them, a transition
from the laboratory research to real commercial applications in the
near future is likely.

2. Structure, properties and synthesis of graphene
2.1. Structure and properties

Graphene can be considered an isolated single layer (~0.34 nm
in thickness) of graphite. The lateral size of graphene varies from
several nanometers to centimeters depending on the synthetic
methods [36-38]. Pristine graphene sheets serve as basic building
blocks for all graphitic carbon allotropes. It can be wrapped up into
0D fullerene, rolled into 1D carbon nanotubes (CNTs) and stacked
into 3D graphite [35]. Note that graphene is the name initially
given to a single-layer (or monolayer) sheet of graphite [18]. The
term ‘graphene’ now is frequently prefixed by bi-/double-layer
[39-41] and few-layer [42-46] where ‘few’ usually indicates less
than 10 layers including bilayers unless otherwise stated [35]. The
term ‘multilayer’ [47-49] is also used to define graphene and
includes bilayer and few-layer but is not rigorously limited to
below 10 layers [50]. In addition, the terms ‘sheet’, [51-53] ‘flake’,
[54-56] and ‘platelet’ [57-59] are commonly used as suffixes to
describe graphene materials. Generally, the terms ‘sheet’ and
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Fig. 1. (a) Graphene imaged by transmission electron aberration-corrected microscope showing a monolayer (upper part), and a bilayer (lower part) with an overlay of
graphene lattice (red) and the second layer (blue), offset in the Bernal (AB) stacking of graphite [78]. Copyright 2008 American Chemical Society. (b) Scanning electron
micrograph (SEM) of graphene which shows that most of crystal’s edges are zigzag (blue lines) and armchair (red lines) configurations [35]. Copyright 2007 Nature Publishing
Group. (c) Optical photograph of graphene with one, two, three, and four layers as marked by number [79]. Copyright 2007 American Chemical Society (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).

‘flake’ correspond to monolayer or few-layer graphene while the
‘platelet’ indicates thick multilayer (close to or more than 10 layers)
graphene [60-62]. These prefixes and suffixes are independent of
the synthetic methods. Thicker layered structures should be
regarded as thin films of 3D graphite, not as 2D graphene crystals.
It has been reported that the electronic structure is highly
dependent on the number of graphene layers, approaching the
3D limit of graphite at 10 layers [63].

In graphene, each carbon atom covalently connects with each
other by three o bonds (in-plane) with the remaining 7 orbital
(out-of-plane) contributing to a delocalized network of electrons
(Fig. 1a) [18]. The edges of graphene exist in an armchair or zigzag
configuration (Fig. 1b) with the zigzag type being more stable
[64]. Two types of edges generally coexist for the majority of
graphene synthesized, and they have different electronic struc-
tures and properties that can be potentially tuned for specific
applications [65-68]. Monolayer graphene intrinsically exists in a
rippled form like a corrugated sheet with no stacking due to
thermal fluctuations [69,70]. Bilayer graphene retains the Bernal
(AB) stacking (Fig. 1a) of bulk graphite in contrast to the AAA
stacking [70]. However, both AB stacking and rhombohedral (ABC)
stacking forms coexist in few-layer graphene, showing less
commonly AAA stacking [71]. Both monolayer and multilayer
graphene (Fig. 1c) have unique properties that are distinct from
bulk graphite [72-77].

It is the electronic properties of graphene that have attracted
the most attention. The electronic-band structure arises from its
unique 1 electron system, where the empty conduction band (7"
band) touches the filled valence band (7 band) at the K and K’
points (Dirac points) in the reciprocal lattice space, accompanied
by a small overlap between valence and conduction bands (Fig. 2a)
[18]. Graphene can be considered a unique type of intrinsic
semiconductor or semimetal with a linear Dirac-like spectrum
around the Fermi energy (Fig. 2b) [20,80]. Bilayer graphene has a
parabolic spectrum with an extremely small band overlap
(1.6 meV), [63] and can be also referred to as a zero-gap
semiconductor with one type of electron and one type of hole.
For three and more graphene layers (Fig. 2¢), their band structures
become increasingly complicated along with the appearance of

several charge carriers and large overlaps of conduction and
valence bands [63,71,81].

Near the Dirac points, electrons in graphene obey a linear
dispersion relation on the wave vector and behave like massless
relativistic particles, travelling at the Fermi velocity up to 10 m/
s [82]. The charge mobility of graphene supported on an
insulating substrate is ~1.5x 10*cm?/Vs at 300K and
~6 x 10* cm?/Vs at 4 K with electrons and holes in concentra-
tions up to 10'>cm 2 [18]. The low temperature mobility for
suspended graphene can approach 2 x 10° cm?/Vs [83] and even
exceed 2.5 x 10° cm?/Vs, [84] with 100 times higher mobility
than that of silicon (1.5 x 10> cm?/Vs). The unusual quantum
Hall effect and Berry’s phase can be clearly observed for both
electron and hole carriers in graphene [85]. Graphene has a
sheet resistance (Rs) as low as 30 {)/sq due to its exceptional
conductivity [86].

Another important reason for the interest in graphene is its
unique optical and optoelectronic properties [20]. In the visible
region, monolayer graphene has negligible reflectance (<0.1%) of
incident light and an opacity of 2.3% (Fig. 2d), independent of
wavelength [87]. Consequently, monolayer graphene is almost
transparent (97.7%) and the transmittance linearly decreases with
the number of layers. For few-layer graphene, each sheet can be
considered as a 2D electron gas, with little interference from the
adjacent layers, making it optically equivalent to a superposition of
almost non-interacting monolayer graphene [88]. Graphene can be
also made luminescent by cutting it into nanoribbons and
quantum dots (QDs) or by doping to reduce the connectivity of
the delocalized m-electron network [89].

Long-range Tr-conjugation in graphene also yields extraordi-
nary thermal and mechanical properties. Graphene has been
experimentally [92-94] and theoretically [54,95,96] shown to
exhibit extremely high thermal conductivity of up to 5 x 10> W/
mK. This value is comparable to that of CNTs but much higher than
those of diamond and graphite [97]. It can be explained by the
strong covalent sp?-bonding which result in highly efficient heat
transfer by lattice vibrations via phonon-transport regimes. Due to
strong in-plane o bonds densely interconnected, pristine mono-
layer graphene has superior mechanical properties as well. Its
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Fig. 2. Electronic band structure: (a) the conductance band of graphene touches its valence band at the K and K’ points, and (b) linear band dispersion relation near the Dirac
points having gapless features [90]. Copyright 2007 Elsevier Ltd. (c) Electronic and optical properties of graphene depend on the layer number. Schematic diagrams in the left
of the panel show the graphene band structure with (solid curves) and without (dashed curves) an applied gate bias [91]. Copyright 2009 American Chemical Society. (d)
Photograph of a 50-mm aperture partially covered by graphene and its bilayer with optical absorbance of 2.3% per layer. The line scan profile shows the intensity of
transmitted white light along the yellow line [87]. Copyright 2008 American Association for the Advancement of Science(For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.).

Young’'s modulus and intrinsic strength can reach up to 1.0 TPa and
130 GPa, [28] respectively. Graphene also has an ultra-large
specific surface area (SSA, 2630 m?/g) [98] due to its extremely
high surface-to-thickness ratio. Moreover, defect-free or highly
crystalline graphene is chemically stable and inert [99]. Its large
conjugated surface can readily interact by physical adsorption and
- stacking with other molecules, [100] and can be further
activated by chemical functionalization [101]. Graphene also
shows high flexibility, thermal stability and outstanding resistance
to gas permeation. The combination of all these excellent
properties suggests a wide range of advanced energy applications.

2.2. General synthesis

Graphene synthesis is the first step toward practical applica-
tions and can be categorized into two methodologies: top-down
and bottom-up, as shown in Fig. 3. The top-down technique
involves: (i) isolating graphene from the stacked parent-materials
by solid-phase, liquid-phase or electrochemical exfoliation of
pristine graphite and graphite intercalated compounds (GICs), and
(ii) exfoliating graphite oxide into graphene oxide (GO) followed by
chemical, thermal, and electrochemical reduction [102-104]. For
clarity, we here define GO as graphene oxide and refer to it as such
throughout this review. The bottom-up approach involves building
up graphene from molecular precursors, typically including
chemical vapor deposition (CVD), [105-107] and epitaxial growth
[108]. The morphology, structure and properties of graphene, such
as stacked-layer, lateral size, defect and impurity contents, surface
chemistry, and solubility as well as electrical and thermal
conductivities, depend strongly on the synthetic method used
[109].

2.2.1. Exfoliation of graphite

The interlayer cohesive energy (61 meV/C) of bulk graphite
originates from van der Waals (vdW) attractions between the -
stacked graphene layers in a spacing of 0.34 nm and is much
weaker than the intra-layer covalent bonding [110]. The vdW
binding energy amounts to ~2 eV/nm? within graphite, [111] and
the equivalent force required is on the order of magnitude of
~300 nN/pwm? [112]. Theoretical calculations have suggested that
the vdW force can be reduced to zero for interlayer spacing greater
than 0.5 nm [113,114]. Efficient exfoliation of graphite can be
therefore achieved by introducing an external force beyond vdW
interactions and/or increasing the interlayer spacing in the solid
and liquid states.

2.2.1.1. Solid-phase exfoliation. Graphene was first experimentally
produced by repeated peeling of highly oriented pyrolytic graphite
(HOPG) using an everyday Scotch tape [ 18]. This process can isolate
a monolayer graphene sheet with a thickness of ~0.4 nm and
lateral size up to microns. This exfoliation method is quite simple
yet highly reliable to achieve the best samples in terms of purity,
defects, charge mobility, and optoelectronic properties. Such
cleaved graphene has been widely employed in laboratories to
study its intrinsic properties such as carrier mobility, [115,116]
ballistic transport, [83] thermal conductivity, [29] Raman spectra,
[117] and mechanical properties [28]. Despite its high structural
and electronic quality, graphene derived from micromechanical
cleavage is still low yield and low throughput [118].
Enlightened by the Scotch tape method, an industrial three-roll
mill machine was employed for mechanically-cleaving graphite in
the presence of a polymer adhesive [119]. This process can
continuously produce graphene sheets of 2.7-5.0 um in size and
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Fig. 3. Schematic for graphene synthesis through top-down and bottom-up methodologies.

1.13-1.41 nm in thickness. Dry ball-milling of graphite with
aromatic triazines [120,121] or ammonia borane [122] was
recently found to be efficient in exfoliating into few-layer graphene
sheets due to extensive molecular adsorption and inter-adsorbate
hydrogen bonding on the surface of graphene [123]. This milling
process allows fast exfoliation of graphite into large quantities of
few-layered graphene. Edge-functionalized graphene can be
produced by adding dry ice, [124] KOH, [125], and oxide gases
[126] during ball-milling of graphite. This technique also provides
an alternative fabrication approach to graphene-based composites
for versatile applications [127,128]. However, the obtained
materials are a mixture of monolayer and few-layered graphene
as well as un-exfoliated graphite flakes. Furthermore, such
mechanically-split graphene sheets tend to re-aggregate in the
solid state. Moreover, the presence of structural defects within
graphene inevitably leads to low electrical quality.

2.2.1.2. Liquid-phase exfoliation. Solution processing of layered
materials to 2D nanosheets has recently garnered much attention
[129]. Generally, liquid-phase exfoliation of graphite involves wet
chemical dispersion followed by sonication-induced exfoliation in
suitable solvents in the absence/presence of surfactants
[36,130,131]. Under sonication, shear forces and cavitation (the
growth and collapse of bubbles and voids due to pressure

Table 1
Solvents used for liquid-phase exfoliation of graphite to graphene.

fluctuations) act on bulk graphite to overcome interlayer vdW
forces and trigger exfoliation into smaller flakes gradually
[102,103]. Note that solvent molecules by themselves cannot
inherently dissolve graphene, and solvent-graphene interactions
thus need to balance inter-sheet attractions of graphene after
exfoliation so as to avoid their restacking. It has been suggested
that an efficient solvent enables its Hildebrand solubility
parameter (87) of ~23 MPa'/? and surface energy of ~70 mJ/m?
(equivalent to surface tension, y, of ~40 mJ/m?) to be close to that
of graphite (68 mJ/m?) to minimize their entropy of mixing
[36,132,133]. Based on the semi-empirical criterion proposed,
many organic solvents have been explored to exfoliate graphite
into graphene in the absence of surfactants (see Table 1).
N-methylpyrrolidone (NMP) was first used for the exfoliation of
graphite into graphene [133]. The exfoliated graphene sheets
consist of 28% monolayer and nearly 100% few-layer (<5) pristine
graphene with a few microns in lateral size. The yield of monolayer
graphene (up to 12 wt% relative to graphite) and total concentra-
tion of graphene dispersions (up to 63 mg/mL) can be significantly
improved by extension of sonication time [133,134] repeated
exfoliation, [133,135] and subjecting to solvothermal [136], and
supercritical treatments [137]. By controlling the centrifugation
rate of graphene dispersions, sheets with different size can be
further separated from each other [138]. Among organic solvents

Solvents Boling point (°C) 8t [132] (MPa'/?) y [133] (mJ/m?) C[132] (g/mL) Np [132] (%) Nos [132] (%) Yield [133] (wt%)
NMP 203 23 40.1 4.7 29 97 7.6
DMEU 225 23 42.5 5.4 11 70 7.2
GBL 204.5 25.6 46.5 4.1 - - 7.6
BBA 3235 213 45.95 4.7 - - 8.3
N12P 203.5 18.3 34.5 2.1 5 64 5.4
DMSO 189 26.7 42.98 3.7 - - 4.1
DMA 165.1 224 36.7 39 - - 7.2
DMF 154 249 371 4.1 - - 4.5
CHO 155 203 - 73 - - -
CPO 130.5 221 - 8.5 69 -
NVP 92-95 19.8 42.7 5.5 - - 6.6
IPA 82 23.6 21.66 3.1 - - 34
Chloroform 61.2 18.9 27.5 3.4 - - -
Acetone 56 199 25.2 1.2 7 74 2.5
Water 100 47.8 72.8 1.1 - - -

N-methylpyrrolidone (NMP); N,N'-dimethylformamide (DMF); N,N'-dimethylacetamide (DMAC); dimethyl sulfoxide (DMSO); 1,3-dimethyl-2-imidazolidinone (DMEU); 1-
vinyl-2-pyrrolidone (NVP); 1-dodecyl-2-pyrrolidinone (N12P); cyclohexanone (CHO); isopropanol (IPA). C: the concentration of graphene stabilized in solvents; yield: the
weight fraction of the exfoliated graphene remaining after centrifugation relative to pristine graphite; N;: Number fraction of monolayer graphene; N_s: number fraction of

1-5 layer graphene.



Y. Yang et al. /Materials Science and Engineering R 102 (2016) 1-72 7

@ S S CH, | CH; ]
Fo, | WF 4 F \F
N+ N+ le,, | N N n, | N+ Fo |l | F
B:ruF =p: ~p: ~ [o) _0 P
! » F / » 2 I\F (/ 14 I\F [l » /c\'sl/N\g/c\F
N F N N N F
cuJ CH; CH; CHy
1-Butyl-3-moth 1-Butyl-3-methylimidazoli 1-Hoxyl-3-moth 1-8utyl-3-mothylimi .

lelraﬂuoroborale (BmlmBF.)

® ; g
S—-ONa
H;C'\AMA/\Q’ g H,3C

hoxaﬂuorophosphale (BmimPFg) hexanuorophosphale (HmimPFg)

(lrlﬂuoromothanosulfcnyl)Imldo (BmimT;N)

o]

o_ (%o

o’\)}oH
so‘:l:lr;;:::ae(csyll)?sz)e"e +xH;0 HO{~of,—to~:OH, +y+z+w=20
OH Polyethylene glycol sorbitan
ﬁ Sodium cholate hydrate monooleate (Tween 80)
S-ONa
AANANANANAANAAN
HyC o N Ho.['\,o}/\/\/\AMMCHa
~/‘ -ON il
Sodium dodecy! sulfate (SDS) S 4 Polyethylene glycol octadecy! ether (Brij 700)
H;C o, \Hzo
\ __CH
HJC’\/\/\N\/\/\:N \CHJ di taur d '{' \/J\OH
Cetyltrimethylammonium : H, [o) Poly(elhylon.o glycol) b-poly(prczp)go:;sglty:gl_}
bromido (CTAB) Qg NN glycol) SI6345
\/\4 \/\’ 1 CH; CH;,
o
HyC " CHy
H;C—N:CH; '\H:O H+ /1\ CH;; CH;;
H3C W\/\/\/\/ Br HO' [o] n (o)
Didodecyldimethyl- 3-{(3-Cho!. io) Polyethylene glycol tert-octylpheny!

ammonium bromide (DDAB)

-propanesulfonam hydrate (CHAPS)

ether (Triton X-100)

Fig. 4. Chemical structures, chemical names, and partial abbreviations of (a) ionic liquids, and (b) commercial surfactants used for liquid-phase exfoliation of graphite into

graphene sheets.

used, NMP is the best solvent in terms of the fraction of monolayer
and few-layer graphene due to its matchable §r and y with
graphene, while N,N'-dimethylformamide (DMF) [137,139,140]
dimethyl sulfoxide (DMSO), [132,133] and fluorinated aromatic
solvents [141] exhibit an intermediate efficiency in exfoliating
graphite. Ionic liquids (ILs) (Fig. 4a) also present surface tensions
closely matching that of graphite, [142] and they have been
adopted for exfoliating graphite to produce few-layer graphene
with sheet sizes of several microns and dispersion concentrations
of up to 5.33 mg/ml [143-146]. Due to a poor mismatch of §rand y
of water coupled with the hydrophobic nature of graphene, it is
impractical for direct exfoliation of graphite in water [147].
Liquid-exfoliated graphene sheets are stabilized against re-
aggregation by solvent-graphene interaction. This interaction
alone is not strong enough to compensate for vdW attractions
between graphene interlayers [147]. The addition of surfactants,
[148] organic molecules [149,150] and polymers [151] to organic
solvents was found to promote the exfoliation of graphite and
long-term stabilization of graphene suspensions by virtue of
molecular adsorption onto the basal planes and edges of exfoliated
sheets. Furthermore, such additives can tune the surface tension of
water to an appropriate level for aqueous exfoliation of graphite.
Aqueous processing is ideal as it is a low cost and environmentally-
friendly option. Commercial surfactants (see Fig. 4b) have been
frequently used in recent years [152-156]. Generally, ionic
surfactants adsorbed on the sides of graphene produce charged
sheets. This arrangement provides a potential barrier by Coulomb
repulsion to prevent aggregation (Fig. 5a). Non-ionic surfactants
(usually amphiphilic block copolymers) are also attached to both
sides of graphene via hydrophobic interaction, providing steric
repulsion to separate graphene sheets (Fig. 5b). The presence of
hydrophobic aromatic rings in surfactant molecules, such as Triton
X-100 [153] and sodium dodecyl benzene sulfonate (SDBS) [157],

enables additional m-7 interactions with graphene and more
efficient exfoliation. It has been reported that surfactant-assisted
aqueous processing of graphite produces suspensions of crystalline
single-/few-layer graphene with yields up to ~10% and stable
concentrations on the order of magnitude of 0.1-1.0 mg/mL.

(b) Pluronic

[./c:c/q o'Qg:" .)“\c/"\,(]

Fig. 5. (a) Schematic illustration of the graphene exfoliation process. Graphite flakes
are combined with sodium cholate in aqueous solution. Sonication exfoliates few-
layer graphene flakes that are encapsulated by sodium cholate micelles
[155]. Copyright 2009 American Chemical Society. (b) Schematic illustrations of
the interaction of Pluronic and Tetronic copolymers (consisting of hydrophobic
polypropylene oxide and hydrophilic polyethylene oxide blocks) with graphene
sheets [154]. Copyright 2011 American Chemical Society.
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sheets.

Additional incorporation of metallic salts such as FeCl,, [158] NaCl
and CuCl, [159] into aqueous solutions of surfactants gives rise to
the ion-intercalation induced expansion of graphite and hence fast
exfoliation.

In addition to conventional surfactants, pyrene- and perylene-
containing molecules (Fig. 6), with hydrophobic aromatic rings and
hydrophilic functional groups, have been considered as surfactants
to assist in the exfoliation of graphite in aqueous solutions [160-
171]. While sonication serves to weaken vdW attractive forces
between layers in graphite, these conjugated molecules can
intercalate into interlayers and adsorb in-situ onto the graphene
surface through hydrophobic and - interactions between them
[172]. This process ensures efficient exfoliation of graphite and
subsequent stabilization of graphene in water by reducing surface
free energy and providing a repulsive potential barrier. By
undergoing charge-transfer interactions with graphene, elec-
tron-rich groups of pyrene and perylene molecules can further
enhance their exfoliation efficiency and stabilization ability.
Moreover, conjugated molecules with higher aqueous solubility
and stronger interactions with graphene are more effective in
exfoliating graphite and stabilizing graphene. Among pyrene
derivatives tested, pyrenesulfonic acid sodium salts were found
to produce the highest yield of ~70% few-layer graphene with
stable concentrations over 1.0 mg/mL [162]. Water-insoluble
chemicals of pyrene, aminopyrene, and pyrenebutanol fail to
induce the exfoliation of graphite, while partially-soluble pyr-
enesulfonic acid hydrate and pyrenemethylamine hydrochloride
give rise to a limited number of graphene sheets in water. Aqueous
processing of graphite assisted by perylene-containing molecules
can also achieve stable dispersions of single- and few-layer
graphene with concentrations up to 1.5 mg/mL [169]. These
conjugated additives open up an alternative route to the liquid-
phase exfoliation of graphite to graphene.

Liquid exfoliation of graphite has become an important
technology to produce defect-free or defect-few graphene. In
contrast to solid-phase exfoliation, this method is made even more

attractive due to the ease of scaling-up production and allowing
solution processing [173]. Stable liquid-exfoliated graphene
dispersions can function as conducting inks and hence enable
top-down approaches to print electronics, [174-176] and they can
also be processed into flexible, transparent, conducting, and free-
standing films for cell electrodes [166,177]. However, good
exfoliating-solvents are usually high boiling-point organics (see
Table 1) and ionic liquids, which are difficult to be fully removed
when processing graphene dispersions [133,141,178]. Alternative-
ly, poor solvents with low boiling-points serve to exfoliate graphite
into graphene with low yield and poor stability. Extended
sonication of graphite in low boiling-point solvents like chloroform
was found to achieve graphene concentrations up to 0.5 mg/mL
[179]. Unfortunately, this leads to increased defects and decreased
sheet sizes. Incorporation of organic molecules [180,181] and
functional polymers [182-185] into these poor solvents can
improve the efficiency by virtue of molecular intercalation/
adsorption induced exfoliation of graphite and steric stabilization
against restacking of graphene as detailed in aqueous solutions.
However, it is impossible to fully separate graphene from these
additives due to high affinity between the two. Moreover, liquid-
phase processing scalability is limited to the use of sonication as a
dominant source, and graphene yield rates are typically less than
0.04 g/h; far from being commercially viable. Therefore, new liquid
exfoliation techniques such as high-shear mixing [186] still needs
to be developed for achieving large-scale production of graphene
particularly in low boiling-point solvents with volumes of
hundreds or more.

2.2.1.3. Electrochemical exfoliation. Electrochemical exfoliation of
graphite into graphene involves utilizing graphite/HOPG rods or
foils as the sacrificial electrodes (mostly at the anode) in an
electrolysis cell and then collecting the exfoliated graphene from
the electrolyte solution. Various aqueous and non-aqueous
electrolyte solutions have been developed. The aqueous electro-
lytes of surfactants [187,188] and polymers [189,190] are
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Fig. 7. (a) Schematic illustration for the exfoliation of graphite into few-layer graphene flakes via intercalation of Li* complexes, where graphite was electrochemically
charged in Li*/PC using a high voltage. (b) Low magnification SEM image of the exfoliated graphene sheets, and (c) their thickness and size distribution histograms

[199]. Copyright 2011 American Chemical Society.

responsible for the electrolytic exfoliation of graphite into
graphene due to their hydrophobic aromatic rings interacting
with the r-orbitals of graphene. However, the adsorbed surfac-
tants and polymers cannot be fully removed, resulting in
interference with the electrical and electrochemical properties
of graphene. Protonic acids, such as sulfuric acid (H,SO4) and
phosphoric acid (H3PO,4), are found to be good electrolytes for the
exfoliation of graphite due to the intercalation of electrolyte
anions, radicals and their solvated complexes between the layers
[191-194]. The intercalation and hydrolysis of GICs can trigger the
expansion and cleavage of graphene sheets. Therefore, electro-
chemical exfoliation of graphite or HOPG electrodes in H,SO4
solution can be finished in a few minutes. However, it produces
thin sheets with high defect densities due to the strong oxidation of
graphite caused by H,SOy itself. The addition of KOH can lower the
acidity of the electrolyte and reduce the degree of oxidation [191].

In addition, incorporating ILs into aqueous electrolytes can
provide wide working potential windows with high electrochemi-
cal stability through a large temperature range. ILs have a strong
tendency to intercalate graphitic electrodes and yield large
quantities of graphene sheets [195,196]. Meanwhile, both oxygen
and hydroxide radicals derived from the anodic oxidation of water
serve as electrochemical “scissors” in the oxidative cleavage
reaction. High-yield (86%) graphene has been recently reported by
electrochemical exfoliation of graphite in organic electrolytes
containing ILs [197]. Graphite was also electrochemically exfoliat-
ed in NaCl/DMSO complexes [198].

Of note, electrochemical exfoliation of graphite usually occurs
at the anode where the oxidation reaction inevitably leads to the
formation of structural defects in graphene. A nonoxidative
electrochemical process was developed by using the electrochem-
ical charging of a negative graphite electrode in a LiClO4/propylene
carbonate (PC) electrolyte [199]. The exfoliation mechanism lies in
the expansion of the graphite electrode during charging at high
current density (—15 + 5 V) due to the co-intercalation of PC with Li*

to form ternary GICs, as shown in Fig. 7. Further sonication-assisted
exfoliation of GICs in a mixture of DMF and PC was found to give >70%
graphene sheets with layer number below 5. Besides a two-electrode
system reported in most cases, a three-electrode system has been
successfully performed for exfoliating graphite into graphene in pure
ILs, [200] IL/water, [201], and organic electrolytes [202,203]. This
process can be also promoted by adding lithium salts into the
electrolytes [201].

2.2.2. Reduction of graphene oxide

2.2.2.1. An introduction to GO. GO is an atomically thin sheet of
graphite oxide, and its chemical structure intrinsically originates
from graphite oxide. Several structures have been proposed
including Hofmann, [204,205] Ruess, [206] Scholz-Boehm, [207]
Nakajima-Matsuo, [208,209] Lerf-Klinowski, [210,211] and Dékany
[212,213] models (Fig. 8). Among them, the Lerf-Klinowski model is
currently the most widely accepted configuration [211]. This model
consists of unoxidized aromatic regions and aliphatic six-membered
rings containing OH, epoxide and isolated C=C bonds whereas the
edges are terminated with OH and COOH groups [214,215]. Recently,
Ajayan et al. [216] have suggested the additional presence of five-
and six-membered-ring lactols decorating along the peripheral
edges of GO as well as esters of tertiary alcohols on the surface. The
type of oxygen functionalities and their relative proportion and
coverage density on GO vary drastically with the synthetic methods
and graphite sources used [217].

GO samples obtained by exfoliating graphite oxide are naturally
polydisperse in both their size and lateral dimensions with ranges
from several tens of nanometers to hundreds of microns [218]. The
apparent thickness of a monolayer GO sheet is theoretically
predicted to be ~0.8 nm [219] with reported experimental values
close to 1 nm [218]. The height is larger than that of a monolayer
pristine graphene (~0.34 nm) due to the presence of protruded
oxygen-containing groups and absorbed water molecules on both
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Fig. 8. Structural models of graphite oxide (and hence GO) proposed.

faces [220]. The mechanical strength of GO is reported to be lower
than that of graphene, [28] but it still has a large Young’s modulus
(~207.6 GPa) [221]. GO is electrically insulating with a Rs of
~10'2 Q/sq or higher, [222] due to the disruption of the
delocalized m-electron conjugation pathways by sp> C-0 bonding
and vacancy defects. The bandgap of GO can open and increases
with increasing sp> C-O fractions [215,223]. Because of full
removal of m-electrons, GO gives a direct electronic bandgap
of up to 3.1 eV [224]. Consequently, GO can transform from an
insulator to a semiconductor and to a graphene-like semi-metal
by reduction or restoration of sp?-C fractions [215,223,
225,226]. Such tunable conductivity and bandgap are highly
desirable to fabricate electronics and optoelectronics devices such
as solar cells [23,227].

Direct reduction of GO has been the most commonly used
method to produce large-quantities of graphene by removing
oxygen functionalities while restoring sp? conjugated network
[38,228,229]. The reduced GO is usually referred as reduced GO
(RGO) and can be also considered as chemically derived, converted
or modified graphene [230]. RGO shares close resemblance to
pristine graphene in both structure and properties. In general, a
color change from yellow (solution) or brown (solid) to black can
be experimentally observed upon the transformation of GO to
graphene. The C/O atomic ratio and conductivity generally increase
after GO reduction. However, the reduction efficiency largely
depends on the methods and processing parameters, resulting in
graphene with various properties [229-231]. There are numerous
routes for reducing GO, typically including thermal and chemical
reduction strategies.

2.2.2.2. Thermal annealing. Thermal reduction via deoxygenation
is typically carried out above 200 °C by annealing GO under
vacuum, inert or reducing atmosphere [222,232-235]. Chabal et al.
[236] have suggested that thermal annealing can facilitate the
formation of oxygen-containing free radicals in trapped water
found in GO which further attack carboxyl, hydroxyl, and carbonyl
groups to facilitate the restoration of mr-conjugation networks in
graphene. A recent study [237] has shown that GO reduction first
occurs at 127 °C and then continues smoothly above 600 °C with
oxygen and hydrogen loss and the conversion of sp> hybridized
carbons into sp? ones. The critical temperature appears to be

1000 °C for GO reduction, and the resultant graphene contains <2%
oxygen and 81.5% sp?-carbon atoms. Further reduction above
2000 °C results in almost oxygen-free graphene with a dramatic
restoration of pristine graphite structure. Higher heating temper-
ature usually leads to higher reduction degree and hence higher
electrical conductivity [219,238-240]. For instance, the electrical
conductivity of the thermally-annealed GO film (~10nm in
thickness) at 500 °C is 5000 S/m, which increases to 10,000 and
55,000 S/m at 700 and 1100 °C, [232], respectively. The conduc-
tivity can drastically rise up to 200,000 S/m by hydrogen arc
discharge treatment partially due to extremely high temperature
(>2000°C) in this process [241]. Further improvement in the
electrical conductivity can be achieved by thermal annealing of GO
in reducing gas [242]. Moreover, the direct thermal-decomposition
reduction of GO in air at relatively low temperatures was also
reported by Zangmeister [243] at 220 °C and Zhang [244] at 300-
350 °C, respectively, due to the deoxygenation via evolution of O,
CO, CO,, and H,0. The thermal annealing method is highly
favorable for direct use of graphene in its film form made by
vacuum filtration, spray coating, [245], or inkjet printing [246]. The
technique is unsuitable for GO used in a matrix material or on
substrates with low thermal tolerances [247,248]. Structural
damage and lattice defects throughout graphene are inevitably
caused by the release of gases during thermal annealing
[236,249,250].

2.2.2.3. Hydrothermal reduction. GO can be well-dispersed in
water and polar solvents to form stable suspensions due to the
presence of abundant hydrophilic and polar groups [251]. This
makes it very favorable for hydrothermal and solvothermal
treatments in a sealed autoclave at temperatures exceeding the
boiling-points of solvents, and hence provides alternative, facile
routes to convert GO to graphene. Such closed systems can induce
high temperatures and internal pressures for promoting the -
conjugation recovery of GO. In the case of hydrothermal
processing, GO reduction is typically performed at 120-180 °C
for 1-18 h, [38] and the overheated supercritical water plays the
role of reducing agent to remove oxygen-containing groups from
GO while restoring aromatic structures in the carbon Ilattice
[252,253]. It should be noteworthy that hydrothermal reduction
of GO is highly sensitive to the pH of aqueous solution
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Fig. 9. Photographs of (a) graphene products obtained by hydrothermal reduction of GO dispersions with different concentration at 180 °C for 12 h, (b) graphene hydrogels
obtained by hydrothermal reduction of 2 mg/mL of GO at 180 °C for different reaction times, and (c) strong hydrogels allowing easy handling and supporting weight, and (d)

SEM image of hydrogels interior porous microstructures [255]. Copyright 2010 American Chemical Society.

[252,254]. Basic conditions (e.g., pH=11) lead to stable suspen-
sions of graphene, while retaining large graphitic domains with
low defect concentration. In contrast, acidic solutions (e.g., pH = 3)
often yield aggregates of graphene sheets and even other graphitic
nanostructures. Acidic conditions also produce smaller lateral sizes
and larger numbers of defects. The reduction process is likely
analogous to the acid-catalyzed dehydration of alcohol where
water acts as a source of H' for the protonation of OH
[252]. Another reaction parameter to consider is the concentration
of the GO suspension. Generally, hydrothermal reduction of GO
suspensions produces black powder materials at low concentra-
tions and forms mechanically stable graphene hydrogels at high
concentrations (Fig. 9a-c) [255]. The apparent sizes of hydrogels
tend to increase with GO concentration but gradually decrease
with reaction time until steady state (Fig. 9b). The shape of
graphene hydrogels is also dependent on the shape of containers
used [256]. The resulting hydrogels have a well-defined and
interconnected network consisting of graphene sheets (Fig. 9d) and
can be directly frozen to produce porous graphene aerogels (also
called sponges) at a low cost. Both graphene hydrogels and
aerogels possess 3D nanostructures, large surface area, high
conductivities, flexibility and elasticity, and excellent chemical/
electrochemical properties [257-259]. Such properties make them
potentially useful as electrode materials for electrochemical
energy storage and conversion devices [260,261].

2.2.2.4. Solvothermal reduction. Hydrothermal reduction of GO in
water offers a green chemistry alternative to organic solvents.
However, such RGO materials appear in powdery or gel shapes, and
they are difficult to reprocess into films, coatings, or composites by
solution routes. The reason lies in the conversion of hydrophilic GO
to hydrophobic graphene upon reduction. Alternatively, solvother-
mal reduction of GO in organic solvents can produce relatively
stable graphene dispersions which are amenable to solution-
processing applications. Typically, solvothermal reduction of GO
has been carried out in polar organic solvents including NMP,
[262,263] DMF, [264-266] PC, [267] DMSO, [268] N,N'-dimethy-
lacetamide (DMAC), [269] tetraethylene glycol, [270] and acetoni-
trile [271]. These solvents have high boiling-points (>150 °C)

excepting acetonitrile and high stabilization potential of GO
[251]. For instance, thermal treatment of GO in NMP at ~205 °C for
24 h produces a stable, black suspension which can be further
filtered to remove NMP along with contaminants [262]. The
resulting graphene materials are readily re-dispersed into a variety
of polar organic solvents such as NMP, DMF, DMSO, and
acetonitrile to form stable colloidal suspensions. Similarly, good
redispersion is observed for RGO obtained in DMF with a stable
concentration of up to 1.0 mg/mL [265]. Interestingly, the C/O ratio
and electrical conductivity of RGO typically increase with
increasing time and temperature [267,268,272]. The effectiveness
of reduction can be further improved by adding reductants due to
the combination of chemical and solvothermal effects [272,273].

2.2.2.5. Chemical reduction. Both sides of the GO basal-plane are
decorated with hydroxyl and epoxy groups while its edge-plane
mainly consists of carboxyl and carbonyl groups [274]. Reduction
of GO by chemical reagents therefore aims at removing,
transforming, or deoxidizing these functional groups through
chemical reactions. Chemical reduction has been generally realized
at ambient to modest temperatures (~100 °C). Early on, hydrazine
(N2H4) was used for the reduction of graphite oxide, [275] and
consequently it became the first reagent for chemical conversion of
GO to graphene [276]. The resulting graphene has a SSA (466 m?/
g), a high C/O atomic ratio (10.3), and comparable conductivity
(2420 S/m) to graphite (2500 S/m). The reduction mechanism has
been postulated to proceed by a nucleophilic attack of hydrazine
on epoxide groups of GO to result in hydrazine alcohol moieties,
which release water molecules to form aminoaziridines followed
by thermal elimination of diimides to form double bonds on the
basal plane [229,276]. Hydrazine treatment of GO also enables the
formation of pyrazoline or pyrazole aromatic rings accompanied
with an elimination of carbonyl groups at the edges [277]. The
reduction effectiveness is dependent on the reaction temperature.
For example, the reduction at 95 °C for 3 h can produce a much
higher C/O ratio (15.1) relative to GO (3.1), but it is impossible to
realize at low temperature (<80 °C) for even extended reducing
times [278]. At present, hydrazine [279-282] and its derivatives
such as hydrazine hydrate, [225,283-285] dimethylhydrazine,
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[286,287], and phenylhydrazine [288], have been frequently used
for the mass-production of RGO materials.

In addition to hydrazine, there are a wide range of reagents
available for the reduction of GO including metal hydrides of
NaBH, [216,289-291] and LiAlH4 [292,293], hydrogen halides,
[294-300] alcohols, [301] amines, [302-306] ammonia, [307-310]
ammonia borane, [311,312] wurea, [313-316] saccharides,
[317,318] Vitamin C, [319-321] bacteria, [322-324] amino acids,
[325-327] metal/acids [328-334], metal/alkaline hybrids,
[335,336], and sulfur-containing organic [337-340] and inorganic
[337,341] compounds. Reduction mechanisms for each of these
reagents have been recently summarized [229]. The effectiveness
of reduction, quality and properties of the as-prepared RGO depend
on the methods used. For instance, N H4 is highly active in
reducing epoxy groups but has extremely low efficiency for
hydroxyl reduction even at high temperatures [278]. NaBH,4 is very
effective at reducing carbonyl species, but shows low to moderate
efficiency in the reduction of epoxide and carboxylic acids while
leaving most of hydroxyl groups unaltered after reduction. An
additional dehydration process involving concentrated H,SO,4 can
remove the majority of hydroxyl groups from NaBH,-reduced GO,
and further decarboxylization can be realized by thermal anneal-
ing to give an extremely high C/O ratio (>246) and conductivity
(2.02 x 10* S/m) [216]. It has been reported that that Rs of NaBH-
reduced GO films is much lower than that of N,H-reduced films
despite having similar C-O composition [289]. Other chemical
reduction routes have been proposed such as electrochemical
[342-345] and photocatalytic [346-349] reduction as well as a
combination of several routes [216,350].

Note that it is very difficult to remove oxygen completely and
thereby produce pure graphene from GO as described by
experimental and theoretic studies [215,351,352]. In addition,
direct treatment of aqueous GO with reductants usually results in
the agglomerated graphene materials [276]. The incorporation of
surfactants into aqueous GO before reduction can lead to stable
graphene dispersions [353,354]. Chemical reduction of GO is
favorable for scalable production and versatile functionalization
for graphene. However, many of the reducing agents employed are
not environment-friendly or are even highly toxic such as NoH,. Of
note, Vitamin C and N,H,4 have been found to show comparable
efficiency and capability in reducing GO [319,321]. Vitamin C-
reduced GO can be also obtained in water or organic solvents such

as DMF and NMP to form stable suspensions without aggregation.
In addition, Vitamin C is clearly non-toxic in contrast to N;H4 and is
also more stable than NaBH, in water. It is for these reasons that
reduction by Vitamin C would facilitate the use of graphene
materials for large-scale applications in a safer, greener and more
sustainable fashion.

2.2.3. CVD growth

CVD has emerged as an important method for scalable
production of high quality and large-area graphene films
[107]. This technique involves the pyrolysis of hydrocarbon
compounds on the surface of transition metal catalysts. The
quality of graphene is mainly determined by processing param-
eters such as catalysts, precursors, gas flow rate, temperature,
pressure, and time. As a typical heterogeneous catalysis system,
the CVD process generally includes four steps: [355] (i) adsorption
and catalytic decomposition of gas-phase precursors, (ii) diffusion
and dissolution of decomposed carbon species into bulk metals,
(iii) segregation of dissolved carbon atoms onto the surface of
metals, and (iv) surface nucleation and graphene growth.
Transition metals with an incomplete d shell (e.g., Ni and Co)
exhibit a certain degree of carbon solubility and thus produce
large-area few-layer polycrystalline graphene in most recipes (see
Fig. 10a-d) [356,357]. For metals with completely filled d shells
(e.g., Cu and Zn) having poor affinity to carbon, both dissolution
and subsequent segregation steps are prohibited in the CVD
process [358]. In this case, carbon atoms derived from hydrocarbon
precursors can directly diffuse on the metal surface and build up
thermodynamically stable graphene. This process easily results in
the formation of large-area monolayer graphene [359]. Over 95%
monolayer graphene films were also achieved by combining Cu
with Ni to form Ni-Cu binary alloys as a catalytic substrate [360].

Cu- and Ni-based CVD graphene has received the most
attention so far, [37,361] and other transition metals, such as Fe,
Ru, Co, Rh, I, Pd, Pt, Au and alloys such as Co-Ni, Au-Ni, Ni-Mo are
able to support the growth of graphene [362]. By tuning CVD
parameters, composition of catalysts and precursors, graphene
with desired layer number, grain size, band gap and doping effect
can be achieved [37,106]. However, CVD is usually limited to the
use of gas precursors. In addition, the current methods for
transferring graphene is to etch away the metal substrate with
etchants which leads to higher cost, toxic wastes and structural

Graphene
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Fig. 10. CVD-grown graphene. (a and b) Segregation of graphene from bulk metal at high temperature, the inset in (b) illustrates the layered surface structure of growth
substrate, (c) graphene wafer segregated on a Ni film, and (d) corresponding TEM image and selected-area electron diffraction pattern (SAED) revealing good crystallinity and
disordered AB stacking structure of bilayer graphene [357]. Copyright 2011 American Chemical Society. (e) The process for the roll-based production of graphene films grown
on a Cu foil and subsequent dry transfer-printing on a target substrate, (f) a transparent ultralarge-area graphene film transferred on a 35-inch PET sheet, and (g) a graphene-
based touch-screen panel connected to a computer with control software [86]. Copyright 2010 Macmillan Publishers Limited.
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damage to graphene. It should be highlighted that Ahn et al. [86]
have developed a roll-to-roll CVD technique (Fig. 10e) for the mass
production of monolayer 30-inch graphene films on flexible Cu
substrates. The as-produced films exhibit a Rs as low as ~125 )/sq
and 97.4% optical transmittance (Fig. 10f). Graphene film electro-
des can be further incorporated into a fully functional touch-screen
panel device capable of withstanding high strain (Fig. 10g). Further
development along such lines would likely create novel pathways
to electronic and optoelectronic applications.

2.2.4. Epitaxial growth

Thermal decomposition of SiC to produce monolayer graphene
has been demonstrated through the graphitization of SiC by Si
sublimation during high temperature vacuum annealing
[363,364]. The advantage of this approach is that insulating SiC
substrates are used so that transfer to another insulator is not
required. Unfortunately, thermal annealing under vacuum often
yields graphene layers with small graphene domains (30-200 nm)
[365]. Thermal decomposition of SiC is also not a self-limiting
process and hence graphene regions with different thicknesses often
coexist[366]. The presence of disilane during SiC decomposition was
found to reduce the Si sublimation rate, thus enabling the formation
of high quality graphene [367]. Seyller et al. [368] reported on the ex-
situ graphitization of Si-terminated SiC(0001) in Ar close to
atmospheric pressure to produce homogeneous monolayer gra-
phene films, which have high electronic mobility (2000 cm?/Vs at
27 K)and much larger sizes (~3 pm in widthand>50 wm in length)
than previously attainable. Large-scale homogeneous films are
particularly desirable for electronics production [369,370]. Epitaxial
graphene seems to be suitable for wafer-based electronic and
component applications; however, commercial SiC is still expensive,
particularly for large area films. Moreover, for epitaxial graphene,
high temperature (>1000 °C) is usually required, and this is not
compatible with current silicon electronics technology.

3. Graphene-based materials for lithium-ion batteries

Lithium-ion batteries (LIBs) were commercially introduced for
the first time by Sony Corporation in 1991. They are electrochemi-
cal storage devices that are composed of negative (anode) and
positive (cathode) electrodes, a porous separator (allowing Li ions
to transport through), and an electrolyte (conducting Li ions during
charging/discharging) [371]. LIBs work through a “rocking-chair”
mechanism to interconvert chemical and electrical energy
reversibly, in which Li ions continuously shuttle between the Li-
accepting anode and Li-releasing cathode. Today LIBs are the most
popular rechargeable battery type due to their high energy density
(up to 400 Wh/kg theoretically and 120-170 Wh/kg experimen-
tally), relatively low self-discharge, low maintenance, and
improved safety compared to conventional batteries. Over the
past two decades, LIBs have revolutionized consumer electronics
(e.g., cell phones, laptops and digital cameras) and are being
intensively pursued for large-scale energy applications typically
including electric vehicles and grid energy management. Currently
commercialized LIBs still suffer from low power densities, long
charging times, and poor cycle stability compared to super-
capacitors [372,373]. However, in addition to high capacity and
low cost, LIBs intended for use in the future electric vehicles must
also possess high power capability and fast charging rate, whereas
LIBs for stationary energy storage require longevity. To simulta-
neously achieve such goals, it is necessary to develop new
electrode materials with high electrical conductivity for fast
electron transport, well-designed nanostructures for shortening
diffusion distance of Li ions, and large accessible SSA for lithium
storage [374,375]. Owing to their unusual properties, GBMs have
attracted much interest as electrode materials in LIBs [376-378].

3.1. Graphene-based materials as anodes

3.1.1. Graphene anode

Graphite is the most commonly used anode material in LIBs,
and has a specific capacity of 372 mAh/g (340 mAh/g if including Li
own weight) by forming LiCg upon Li-intercalation between the
stacked layers [379]. It has been proposed that graphene can
accommodate Li ions through an adsorption mechanism on both
sides to form Li,Cg with a theoretical capacity of 744 mAh/g, [380],
which is twice that of graphite and other carbonaceous materials
such as CNTs [381,382]. Substituting graphene for graphite has
been explored to increase the lithiation sites and storage capacity.
In most studies previously reported, GO-derived graphene
materials are the anode of choice for LIBs [383]. The pioneering
work was reported by Honma et al. [384] who used hydrazine-
reduced GO sheets (consisting of 6-15 stacked layers) as an anode
material in LIBs. The resulting device gave a reversible capacity
(usually referring to charge capacity) of 540 mAh/g at a current
density of 50 mA/g. The crumpled flower-petal graphene sheets
with 2-3 stacked layers were also obtained by chemical reduction
of GO with hydrazine [381]. LIBs based on this anode architecture
can deliver a specific capacity of 945 mAh/g in the initial discharge
and a reversible capacity of 650 mAh/g in the first charge at
744 mA/g (1 C rate) and still maintain a specific capacity of
460 mAh/g after 100 cycles with 70.8% retention of initial capacity.
The thermally-reduced GO sheets, consisting of wrinkled fewer
layers (~4 layers) and large SSA (492.5 m?/g), can provide more Li-
insertion active sites such as edges and nanopores [385]. The first
discharge capacity of such graphene anodes is as high as
2035 mAh/g at 100 mA/g and the first reversible specific capacities
can reach up to 1264 and 718 mAh/g at 100 and 500 mA/g,
respectively. After 40 cycles, the reversible capacity remains
848 mAh/g at 100 mA/g, corresponding to a capacity retention of
67.1%. However, similar thermally-reduced GO sheets with 20-30
layers show relatively lower reversible capacities of 672 and
554 mAh/g at 0.2 and 1.0 mA/cm?, [386] respectively, due to the
strong stacking of graphene layers reducing the number of Li*
intercalation sites.

It is clear that the Li-storage capability in graphene is strongly
dependent on the production method. In a comparison study
(Fig. 11), Pan et al. [387] reported that for the hydrazine-reduced
GO, the first discharge and charge capacities at 50 mA/g are
708 and 330 mAh/g, respectively, which dramatically increase to
1544 and 1013 mAh/g for the thermally-reduced GO at 300 °C. The
discharge capacity remains high (1528 mAh/g) while the charge
capacity decreases to 794 mAh/g for the 600 °C-reduced GO. The
electron-beam-reduced GO also shows initial discharge and charge
capacities as high as 2042 and 1054 mAh/g, respectively. It has
been shown that GO sheets reduced by low-temperature pyrolysis
and electron-beam irradiation provide reversible capacities over
1000 mAh/g, which is much higher than values reported for the
hydrazine-reduced GO (330 mAh/g), pure GO (335 mAh/g) and
pristine graphite (350 mAh/g). With regards to the cycling
performance, the 300 °C-reduced GO exhibits high reversible
capacities of 1013-834 mAh/g with a capacity retention of 82%
after 15 cycles and high Coulombic efficiencies over 90% except the
first cycle (~65.6%). The electron-beam-reduced GO also shows
reversible capacities in the range of 1054-784 mAh/g with 74%
retention of capacity after 15 cycles. The big difference in specific
capacity of reduced GO materials originates intrinsically from their
structural parameters.

Previous studies have suggested that a high specific capacity
for LIBs can be achieved by using carbon anode materials with a
large interlayer spacing due to the large accessible space
[388]. According to the Li, covalent molecule model, the Li-
storage capacity canreach 1116 mAh/g using the carbon materials
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Fig. 11. (a) Charge-discharge profiles of natural graphite (i), pristine GO (ii), and hydrazine-reduced GO (iii); (b) charge-discharge profiles of 300 °C pyrolytic GO (iv), 600 °C

pyrolytic GO (v), and electron-beam-reduced GO (vi); (c) reversible (charge) capacity vs cycle numbers at a current density of 0.05 A/g [387]. Copyright 2009 American

Chemical Society.

with an interlayer spacing of ~0.4 nm. [389,390] Zhou et al. [391]
experimentally reported that triple-coaxial electrospun amor-
phous carbon nanotubes decorated with hollow graphitic carbon
nanospheres display an inter-planar distance of 0.34 nm, and
obtained a high reversible capacity of ~969 mAh/g and a
volumetric capacity of ~1.42 Ahjcm>. They further developed
an in-situ CVD method to grow CNTs on the surface of N-doped
carbon nanofibers (CNFs), and found that the d-spacing (dpoz) of
the (002) plane of graphene layer in CNTs and CNFs is in the range
of 0.34-0.42 nm [392]. The anode with this hybrid material can
deliver areversible capacity up to 1150 mAh/g at a current density
of 0.1 A/g even after 70 cycles. The same group recently used the
Ni-diffusion-induced graphitization to fabricate the N-doped
hollow-tunneled CNFs with a larger spacing of 0.36-0.45 nm
[393]. This material exhibits a remarkably reversible capacity as
high as 1560 mAh/g and an impressive volumetric capacity of
~1.8 Ahjcm? at 0.1 A/g. LIBs using such materials also show
outstandingrate capability and good cycling stability. However, in
the work by Pan et al. [387] the electron-beam-irradiated GO and
hydrazine-reduced GO have a comparable spacing (0.379 vs
0.381 nm), and the former exhibits a much higher capacity
(1054 mAh/g) than the latter (330 mAh/g). Similarly, the GO
reduced at 300 °C and hydrazine-reduced GO possess an identical
interlayer spacing. However, the former has a capacity of
1.88 times that of the latter. This correlation of specific capacity
with the interlayer spacing seems to be broken. There must be
other parameters affecting the storage capability of graphene.

Furthermore, Pan et al. [387] found a large difference in the
Raman intensity ratio of D to G band (Ip/Ig) for the abnormal
samples. The Ip/Ig of the electron-beam-reduced GO (1.51) is two
times that of the hydrazine-reduced GO (0.74) while the former
has a specific capacity of 3.2 times that of the latter. Given that a
higher Ip/Ig ratio usually indicates more disorder, more defects
(edges, vacancies, dangling bonds, sp>-bonded carbon, and
topological defects), and smaller sp?> domains, [394] it is suggested
that the highly-disordered graphene materials with enriched-
edges and defects may be responsible for enhanced Li-storage
capacity and Li-ion diffusion [395,396]. However, Morales et al.
[383] reported that the thermally-reduced GO at 500 °C has the
highest Ip/I¢ ratio and the smallest sp? domain, hence the greatest
disorder and number of defects. Yet despite this, it still delivers a
moderate capacity. There are some contradictory results, other
factors should be further considered in evaluating the specific
capacity of graphene anodes in the future.

Based on the above considerations, graphene sheets consisting
of fewer layers (hence larger accessible surface area exposed),
larger interlayer spacing, smaller sizes (hence more edges
available), more defects, and more crumpled nanostructures
(hence more nano-cavities and nano-voids between sheets) could
be beneficial to improving the Li-storage, cyclic performance, and

rate capability (the ability to deliver capacity at high current rates),
as evidenced by some theoretical [397] and experimental studies
[264,398,399]. However, some points remain debatable. First,
RGO-based anodes still suffer from high initial irreversible
capacities (mostly > 500 mAh/g) and low first-cycle Coulombic
efficiencies (usually <60%), which are mainly attributed to the
formation of solid electrolyte interphase (so-called SEI, usually
~10-100 nm in thickness, arising from the irreversible decompo-
sition of electrolyte to form a surface passivation layer around the
electrode) [400,401] as well as chemical reactions of Li ions with
the residual oxygen-containing functional groups in RGO
[31,402]. The formed by-products adsorbed on the electrode
surface can increase the energy barrier of the charge transfer
reaction resulting in capacity fading upon cycling particularly at
high rates [374]. During charging/discharging cycles, the residual
oxygenated groups of RGO can also be progressively reduced. This
leads to a re-stacking of graphene layers thus lowering Li-storage
capacity [31,383]. All side reactions consume Li and/or active
materials leading to a gradual decrease in storage capacity and
thereby relatively low capacity retention. Second, large voltage
hysteresis is often observed in RGO. This is possibly due to active
defects which react with Li at low voltages upon discharging, while
the breakage of strong Li-defect bonds requires higher voltages
during charging [387]. Third, no obvious voltage plateaus occur
from the discharge curve. This implies that such batteries may fail
to provide stable potential outputs [386]. Finally, and more
importantly, significant disordering and abundant defects inevita-
bly compromise the electron transport and electrochemical
stability of graphene sheets. This leads to low rate capability
and low power density. This clearly contradicts the original
purpose of using graphene-based anodes for LIBs. Therefore, it is
highly advisable to tailor the structural parameters and active
defects of graphene to an appropriate level to achieve consistent,
high-performance LIBs.

3.1.2. Carbonaceous hybrid anodes

The integration of carbonaceous nanomaterials with graphene
is highly conducive to enlarging the interlayer spacing and
preventing the restacking of graphene sheets during the electrode
fabrication and cycling operation and thereby making full use of
the interior space for Li-ion diffusion and storage [403-405]. Car-
bon allotropes such as fullerenes, CNTs, CNFs, and porous carbon
were found to combine well with graphene for fabricating
carbonaceous hybrid electrodes, as summarized in Table 2.

Honma et al. [384] reported for the first time that incorporating
CNTs and Cgp into graphene sheets can cause an expansion of the
layer-to-layer distance (d-spacing) of graphene sheets from
0.365nm to 0.4 nm, offering an enlarged interior space for
accommodating lithium and a capacity over 730 mAh/g
(540 mAh/g for graphene-only). Meanwhile, the presence of
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Table 2
Electrochemical performance of carbonaceous hybrids with graphene for LIB anodes.
Carbonaceous hybrids Voltage Specific capacity Cycling performance Refs
Carbon materials Graphene resource Graphene (r?/;l%?/t/r) ICE (%)  Current Capacity Capacity retention
loading (wt%) density (A/g) (mAh/g) (%)/cycles/current
density (A/g)
Porous carbon Carbonization of oriented 0.01-3.0 34 0.1 1150 100/50/0.1 [406]
microrod polydopamine 0.5 1089 101/150/0.5
1.0 841 (3rd)  99/700/1.0
S-doped porous Ionothermally reduced GO 0-3.0 55.6 0.05 1400 126.8/500/1 (2.7C) [407]
carbon 20 280
N-doped carbon Thermally reduced GO 7.86 at% N in 0.01-3.0 56.9 1.0 1203.4 100/100/1.0 [408]
graphene
C60 Hydrazine-reduced GO ~10 0.01-3.5 0.05 784 77/20/0.05 [384]
CNTs ~10 730 66/20/0.05
CNFs Thermally reduced GO 0.05-3.0 55 0.12mAh/cm? 667 91/30/0.12 [409]
Vertically Thermally reduced GO paper 0.001-3.0 95 0.1C (1C=300mA/g) 290 106.9/40/0.1C [410]
aligned CNTs
CNTs Thermally reduced GO 50 1.5-4.5 155 (307 F/cm®) 135 [411]
CNTs Thermally reduced GO 333 0.005-3.0 354 0.1C (1C=744mA/g) 548 73.2/100/0.1C [404]
66.7 39.9 0.1C 618 78.5/100/0.1C
0.5C 439 97.7/100/0.5C
N-doped CNTs Microwave-reduced GO 57.57 0.005-3.0 66 0.1 1620.3 82.8/142/0.1 [412]
CNTs Microwave-reduced GO 20.67 0.005-3.0 48 0.25 1187 85.6/140/0.5 [413]
CNTs Solar radiation reduced GO 50 0.05-3.0 66.5 0.09 1371 59/30/0.09 [414]
56/100/0.09
CNTs Microwave-reduced GO 0 0-3.0 184 0.03 204 91.7/50/0.03 [415]
30 223 219
70 30.8 293 103.4/50/0.03

ICE: initial Coulombic efficiency.

highly-conductive CNTs can promote electron transport and ion
diffusion and thereby reduce the charge-transfer resistance (Rcrt)
[414]. The reassembly of CNTs and graphene can also enable the
formation of mechanically-robust, free-standing, and binder-free
film electrodes for flexible LIBs [411,415,416]. Different from the
mixing method usually reported, Wang et al. [417] developed 3D
hierarchically-structured carbon hybrids by in-situ CVD growth of
CNTs on graphene. In their work, Co(OH), NPs were first deposited
onto GO by single-mode microwave irradiation. GO and Co(OH),
were further reduced by C;H, to graphene and Co at 500 °C,
respectively. CNTs with tunable length were then grown from the
surface of graphene by decomposition of C;H, in the presence of Co
NPs as the catalyst. For LIBs using such anodes, CNT/graphene
hybrids decorated with short CNTs (200-500 nm) were found to
exhibit higher reversible capacities (573 mAh/g at 74 mA/g) and
better rate capabilities (520 mAh/at 744 mA/g, 90.7% retention of
initial capacity) than those of CNT/graphene anodes containing
long CNTs (454 mAh/g and 73.1% for 400 nm-3 pm in length). It is
believed that such hierarchical hybrids with short CNTs enable a
good electrical contact, shortened diffusion distance for electrons
and ions, and nanoporous spaces for the electrolyte immersion and
diffusion, thus improving the electrochemical performance [410].

Based on a similar CVD method, Fan et al. [409] used the Co-
deposited GO sheets as a catalyst support to grow CNFs with an
outer diameter of ~20nm and a length less than 1 wm. The
effective intercalation of CNFs into graphene sheets produced CNF/
graphene hybrids with a higher SSA (315 m?/g) relative to
graphene (202 m?/g). Such hierarchical hybrid materials consist
of many cavities, nanochannels, open tips, and exposed edges of
graphene sheets, offering more extra spaces for Li storage. This
leads to a higher reversible capacity (667 mAh/g) compared to
graphene (453 mAh/g). In addition, 3D interconnected architec-
tures are favorable for facilitating contact between the electrolyte
and active materials to achieve fast Li-ion diffusion. These 3D
architectures are also beneficial to the collection and transport of
electrons while suppressing volume expansion/shrinkage during
cycling. The synergistic effect between CNFs and graphene sheets
therefore imparts CNF/graphene composites with high rate

performance and cycling stability. The reversible capacity of
CNF/graphene and pure graphene after 30 cycles decreases by 9%
and 38%, respectively. This is an encouraging improvement that
underscores how significant the architecture can be in perfor-
mance characteristics. The above CVD techniques enable the large-
scale production of hierarchical graphene hybrids with tunable
microstructures. It offers an alternative pathway to design
electrodes for electrochemical energy storage.

In addition, porous carbon materials can serve as physical
spacers reducing the aggregation of graphene sheets [418]. Fur-
thermore, such porous nanostructures also have the ability to
shorten the Li-ion transport path, accommodate large volume
changes, and enlarge the electrode-electrolyte interface. This can
lead to large capacities, high lithiation capability, and good cycling
stability [419]. The electrochemical performance can be further
improved by using doped carbon materials as hybrid components
[420]. As an example, S-doped porous carbon hybrid with
graphene (SPC/G) was obtained by an ionothermal method using
p-glucose and GO as the starting materials, and an IL of 1-butyl-3-
methylimidazolium hydrosulfate as the stabilizer for graphene and
sulfur source [407]. The SPC/G has micropores of ~0.5-1.7 nm and
alarger SSA (928 m?/g) than that of graphene-free SPC (706 m?/g).
When using this hybrid material as an anode, a high reversible
capacity of ~1400 mAh/g at 50 mA/g and a Columbic efficiency
over 99% remains in the first three cycles. The first discharge
capacity of SPC/G at 1 A/g is 615 mAh/g and increases gradually
after 10 cycles until reaching 780 mAh/g in the 500th cycle. The
capacity of 520 mAh/g can be recovered again at 1 A/g. Moreover,
the SPC/G still delivers a high capacity of 280 mAh/g at 20 A/g,
while SPC and graphene only deliver 82.5 and 66.1 mAh/g,
respectively. Therefore the SPC/G electrode exhibits high capacity,
good reversibility, high cycling stability, and excellent rate
performance, which are attributed to the combined effect of two
kinds of nanocarbons. Herein SPC serves as the main host for Li
adsorption and reservoir while 2D graphene sheets can further
impart SPC/G with more active sites for Li storage. S-doping further
increases the electrochemical activity of porous carbon by
increasing the number of nanopores and interlayer spacing.
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Besides, graphene sheets can favor SPC/G with high electronic
conductivity for fast Li diffusion and storage. Furthermore, the
enhanced capacity upon cycling arises from the gradual electro-
chemical activation process of SPC/G partially due to S-doping and
residual oxygenated groups in graphene [421].

3.1.3. Alloying graphene hybrids

Dey [422] found for the first time that Li can electrochemically
alloy with other metals in many organic electrolytes containing Li-
ions at ambient temperature. Electrochemical alloying reactions
can also occur spontaneously for a wide range of metalloids and
metallic compounds [423]. The Li alloying/dealloying mechanism
of such metals (M) in LIBs can be given in Egs. (1) and (2).

General : M+ nLi* + ne~ < Li,M(e™ = electron) (1)

ForSi : Si + 4.4Li" +4.4e~ — Lig4Si (2)

Over the past decades, such alloy-based anodes have been
extensively explored for the development of high energy LIB
applications due to their high theoretical capacities and low
working potentials [424,425]. Typically, theoretical specific
capacities of fully-lithiated Silicon (Li44Si), Germanium (Lig 4Ge),
and Tin (Li44Sn) are calculated to be as high as ~4200, 1624, and
994 mAh/g, respectively, and their corresponding discharge
voltages are ~0.4, 0.5, and 0.6V (vs Li) [426]. However, the
commercial use of bulk alloy anodes in LIBs has been limited by
their low capacity retention and low cycling stability. For instance,
the irreversible capacity loss of the Si anode in the first cycle is as
high as 2650 mAh/g and its reversible capacity drops by 70% after
only five cycles [426,427]. Both high initial-irreversible capacity
loss and rapid capacity fading during cycling for such anodes are
due to their large volume changes upon alloying/dealloying
(lithiation/delithiation). The volume expansion, originating from
a 440% increase in the number of atoms present in each active
material in the fully lithiated state, was reported to be near 434%
for amorphous and 399% for crystalline Si, 382% for amorphous and
353% for crystalline Ge, and 305% for amorphous and 259% for
crystalline Sn, respectively [428]. Such huge volume variation can
produce ultrahigh internal stress that induces dramatic pulveriza-
tion of electroactive materials, electrode cracking and fracture, and
hence electrical disconnection from current collector [429]. The
mechanical failure of active materials and anodes therefore brings
about low capacity retention, poor cyclability, and reversibility. In
this case, the SEI layer formed in alloy anodes is usually unstable
and unavoidably becomes thick upon cycling due to a continuous
reaction of active materials with the electrolyte. This results in a
gradual increase in capacity fading and cell resistance and hence
low power delivery [430]. To mitigate the above setbacks, the most
common method is to hybridize metallic NPs with carbonaceous
materials such as amorphous/mesoporous carbon, graphite, CNFs,
and CNTs [424,425]. With great structure-property advantages
over traditional carbon materials, graphene has been more
extensively explored for fabricating hybrid anodes alloyed by
metalloids and metals such as Si, Ge, and Sn over the past years.

3.1.3.1. Si/graphene hybrids. Si has the highest theoretical capacity
among all active materials, and it is environmentally benign,
abundant, inexpensive, and also safer than graphite
[431,432]. Moreover, the burgeoning semiconductor industry
enables a scalable infrastructure for processing Si-based materials.
A commercially available Si/graphene hybrid was recently used in
LIB anodes [433]. Considerable effort has been invested in Si/
graphene anodes for high-performance LIBs over the past years.
Recently, various Si nanostructures such as NPs, [434-437]
nanowires, [438-440] mesoporous Si, [441], and porous Si

[442,443] have been combined with graphene via three synthetic
routes.

The simplest methodology is to directly blend graphene with
pre-synthesized Si in solid or in solution states. Direct solid-phase
mixing cannot effectively induce uniform dispersion of graphene
sheets and Si NPs, thus showing only moderate improvement in
capacity fading [444]. Zhu et al. [445,446] demonstrated a
discharge-plasma-assisted milling (P-milling) method that
enables embedding Si NPs into graphene sheets (Fig. 12a). After
20 h, the solid-milled sample consists of ~20-layered graphene
sheets with thickness of 7-8 nm and Si NPs with diameter of 20-
200 nm (Fig. 12b,c). LIBs with this anode (~30 wt% Si) can deliver
the first discharge and charge capacity of 1184 and 847 mAh/g at
0.2 A/g, respectively. This corresponds to an initial Coulombic
efficiency of 71.6% and an irreversible capacity loss of 337 mAh/g.
The reversible capacity at 50 mA/g after 50 cycles remains
976 mAh/g, which drops to 853 and 723 mAh/g at 100 and
400 mA/g after 50 cycles (Fig. 12d), indicating capacity retentions
of 87 and 74% of that at 50 mA/g, respectively. Very recently, Yuan
etal. [447] reported on the solution mixing of bulk Si particles (~90
wt%) and hydrazine-reduced GO under ultrasonication. The
resulting alloy anode exhibits a reversible capacity of
2787 mAh/g at 0.1 A/g, and retains 1000 mAh/g at 1A/g after
50 cycles with a Columbic efficiency of 99%. This stable charge/
discharge performance at high rates is mainly attributed to the
self-encapsulation of micro-sized porous Si particles with the
electrically-conductive and mechanically-flexible graphene sheets
by electrostatic interaction.

The second methodology is based on the in-situ formation of Si
NPs on graphene, and can be conducted by magnesiothermic
reduction of SiO, to Si, [448-451] direct deposition with Si target,
[452] and in-situ CVD growth with Si-containing precursors
[440,453-456]. For instance, Zhu et al. [457] reported a 3D porous
Si/graphene composite prepared by combining an in-situ sol-gel
reaction of tetraethylorthosilicate and magnesiothermic reduction
in the presence of GO sheets (Fig. 13a and b). The reversible
capacity for this hybrid anode maintains 900 mAh/g at charge rates
of 0.1-1 A/g (Fig. 13c), and remains at 360 and 290 mAh/g at 5 and
10 A/g after 100 cycles, respectively. Ren et al. [458] fabricated
graphene-supported Si thin films by microwave plasma-enhanced
CVD (MPECVD) to yield 3D graphene on Ni foil followed by direct
deposition of Si onto this scaffold by radio frequency sputtering
using a Si target (Fig. 13d and e). The resulting anodes deliver a
specific capacity of 1560 mAh/g at 0.797 A/g with a Columbic
efficiency of 99.4% and capacity retention of 84% after 500 cycles.
Specific capacities of 1083 and 803 mAh/g can be maintained after
1200 cycles at 2.39 and 7.17 A/g (Fig. 13f), respectively. Such high
capacity, excellent cyclability, and rate capability are attributed to
the highly-porous, conductive 3D graphene scaffold which
provides high-speed pathways for transporting ions and electrons
between the electrode and current collector, high mechanical
flexibility, and porosity for relieving internal force inside Si and
accommodating large volume changes during charge/discharge
processes, and large SSA enabling more active sites and electrolyte
immersion for high capacity and fast electrochemical kinetics
[440,451,456]. In addition, this thin-film technology adopted for
direct deposition of 3D graphene and Si is additive-free. This opens
up new opportunities for the fabrication of all-solid-state thin film
LIBs.

Recently, Wang et al. [459] used SiH,4 as a precursor to grow Si
NPs on the surface of MPECVD-grown graphene on Cu foil current
collectors. The resulting hybrids can be directly used as binder-free
anodes, showing a high reversible capacity (1528 mAh/g at 0.15 A/
g), high Columbic efficiency (97-100%) after the 1st cycle, good
cyclability (88.6% after 50 cycles), and fast charge/discharge rate
(412 mAh/g at 8A/g). Cho et al. [460] performed thermal
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decomposition of SiH, to form the island structure of amorphous Si
NPs (5-10 nm) that arranged homogeneously on both sides of
thermally-reduced porous GO sheets (Fig. 14a). The as-fabricated
Si NP (82 wt%) backbone-graphene (a-SiBG) electrode delivers
charge capacities as high as 2699, 2450, 1622, and 1148 mAh/g at
current densities of 0.56, 2.8, 14, and 28 A/g (Fig. 14d), respectively,
with a high Coulombic efficiency (~92.5%) in the 1st cycle. The rate
capability of a-SiBG is significantly higher than that of crystalline Si
nanopowder (c-SiNP) (e.g., 1812 and 5 mAh/g at 0.56 and 28 A/g,
respectively). Interestingly, a-SiBG exhibits almost no capacity
fading while retaining average charge capacities of up to
1103 mAh/g over 1000 cycles and average Columbic efficiencies
close to 100% over all cycles (Fig. 14e). A coin-type full-cell
consisting of an a-SiBG anode and LiCoO, cathode also exhibits a
high specific energy of 468 and 288 Wh/kg under specific powers
of 7 and 11 kW/kg, respectively. Such excellent electrochemical
performance originates from the tailorable hybrid nanostructures
which show an elastic behavior on volume variations during

lithium alloying/dealloying (Fig. 14a and b), a decreased electrode
thickness upon cycling as a result of self-compacting (Fig. 14c) and
fast electron transport/lithium diffusion.

The most widely used methodology is post-reduction of GO in
the presence of Si NPs which are subsequently encapsulated in the
graphene matrix [461-466]. Si/graphene hybrids can be made by
chemically reducing the mixed suspension of Si/GO upon addition
of reactants [467]. In most cases, Si/graphene alloys are produced
by thermal annealing of the dried Si/GO hybrids from their
suspensions which are subjected to either freeze-drying, [468,469]
spray drying, [470] spin coating, [465] air drying, [471], or
electrospinning [472,473]. The key advantage for these methods is
that GO sheets can be individually dispersed into water to form
stable suspensions and accordingly retard the aggregation of Si NPs
by coating with graphene sheets after reduction. However,
hydrophobic Si NPs still tend to self-aggregate in aqueous media,
resulting ininhomogeneous mixing of Si NPs and GO sheets. A
solvent exchange process was recently proposed in which Si NPs
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were ultrasonically dispersed in NMP, showing better dispersion
and stability compared to in water [474,475]. After discarding the
NMP supernatant by centrifugation, the residual NMP molecules
adsorbed on the surface of Si NPs can improve the compatibility
with aqueous suspensions of GO. The anode using this material
(50 wt¥% Si) has a relatively low capacity loss (32%) compared to the
untreated sample (46%) after 30 cycles [475]. This indistinctive
improvement arises from some residual aggregates remaining
after solvent exchange due to the weak interaction between NMP
and Si NPs.

The exposure of Si NPs to air or O, is an alternative way to
induce a very thin superficial layer of hydrophilic SiOy that favors
their dispersion in water [476]. This process effectively avoids the
aggregation of Si and suppresses the re-stacking of graphene
sheets, thus generating homogeneous Si/graphene composites. The
alloy anode with ~31 wt% of Si NPs (~50 nm in diameter) was
found to exhibit a stable reversible capacity on the order of
1000 mAh/g and a capacity retention of ~80% after 100 cycles at
0.5A/g [477]. The presence of SiO, around Si can be further
modified by surface coupling of active molecules such as amino-
silanes which can endow Si NPs with a positively-charged surface
for dispersion in aqueous media [478]. On the other hand, GO
sheets are known to be decorated with negatively-charged
carboxyl and phenolic hydroxyl groups through ionization over
a wide pH range [281]. These charged groups on Si and GO provide
electrostatic repulsion to prevent their self-aggregation. More
importantly, the oppositely-charged GO sheets and functionalized-
Si enable the fabrication of homogeneous graphene-encapsulated
Si hybrids (Si@G) by electrostatic-attraction co-assembly and
subsequent reduction [479,480]. As an example using this method,
aminopropyltriethoxysilane (APS)-modified Si NPs (72 wt%) were

uniformly encapsulated by graphene sheets [481]. The as-
fabricated anode can contribute to exceptionally high capacity
(2250 mAh/gat 0.1 A/g), good rate capability (1900 and 1000 mAh/
g at 1 and 10 A/g respectively), and superior cycling stability (85%
of initial capacity after 120 cycles). Si@G hybrids were also
fabricated by electrostatic co-assembly between negatively-
charged Si NPs and positively-charged graphene by poly(ionic
liquid). The resulting anodes delivered a capacity of 803 mAh/g at
0.2 A/g at 100 cycles and <0.25% capacity fading per cycle before
150 cycles [482]. It should be highlighted here that this self-
assembly strategy is highly effective in fabricating homogeneous
GO-derived composites by electrostatic interactions between
consecutively-adsorbed and oppositely-charged species [483-
485].

The passivation layer of SiOx can help to disperse Si into
aqueous media, however, it also acts as an electronic insulator and
a Li-ion diffusion barrier, leading to slow power delivery,
incomplete lithiation and relatively low capacity and cycling
performance of Si-based electrodes [486,487]. To overcome this
issue, Guo et al. [488] extended an electrostatic self-assembly
strategy to create homogeneous Si/graphene composites. As
shown in Fig. 15a, a positively-charged polyelectrolyte of
poly(diallydimethylammonium chloride) (PDDA) is first adsorbed
on Si NPs. The obtained positively-charged Si NPs then uniformly
assemble with negatively-charged GO sheets through electrostatic
interactions to produce well-mixed Si/GO composites. After freeze-
drying, thermal reduction, and hydrofluoric acid (HF) treatment;
PDDA decomposes almost completely and the SiOy layer (Fig. 15b)
is fully etched away from Si NPs. Then SiOx-free Si NPs (80.1 wt%)
are uniformly-encapsulated by wrinkled graphene sheets (Fig. 15¢
and d). The cyclic voltammetry (CV) curves of such Si@G exhibit
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2014 American Chemical Society.

two cathodic peaks at 0.05 and 0.21 V due to the formation of Li-Si
alloy phases, and two anodic peaks at 0.31 and 0.51 V correspond
to the dealloying of Li-Si alloys (Fig. 15e). Si@G exhibits an initial
discharge capacity of up to 2920 mAh/g at 0.1 A/g, and its
reversible charge capacity reaches 1720 mAh/g and remains
1205 mAh/g after 150 cycles (Fig. 15f). Moreover, the reversible
capacities are still as high as 1452, 1320, and 990 mAh/g with

increasing current densities from 400 to 800 to 1600 mA/g
(Fig. 15g). Recently, Xie et al. [489] demonstrated the fabrication
of oxide-free carbon-coated Si@G by co-assembly between
polyaniline (PANI)-grafted Si NPs and GO through -7 and
electrostatic interactions followed by thermal annealing. The Si@G
(66 wt% Si) electrode exhibits a high initial Coulombic efficiency
(73.2%) which increases rapidly and remains above 99% during the
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following cycling tests. The reversible specific capacity is
~1500 mAh/g at 50 mA/g and retains above 900 mAh/g after
300 cycles at 2 A/g. Such high capacity, cycling performance and
rate capability of Si@G hybrids are mainly attributed to the
incorporation of graphene sheets which deliver sufficient electrons
to Si NPs and buffer the mechanical deformation during Li-Si
alloying/dealloying. Meanwhile, many nano-sized spaces between
graphene sheets and Si NPs can promote Li diffusion and also
accommodate the volume changes of Si NPs. In addition, carbon
coating layers coated on Si NPs work together with graphene to
suppress the re-aggregation of Si NPs and to avoid structural and
interfacial destruction. This allows the overall electrode to be
highly conductive and active during charging/discharging
[478,490].

3.1.3.2. Sn/graphene hybrids. Sn has a lower gravimetric capacity
but a comparable volumetric capacity (~2000 mAh/cm?) with
respect to Li and Si and hence it is an attractive anode material
[491]. Like other Li-alloying materials, however, the Sn anode has
been limited by its large volume variation during cycling
associated with the formation of a Li-Sn intermetallic phase

[423]. Based on the advantages of graphene, Sn/graphene alloy
anodes have been proposed to minimize such volume changes and
thereby lead to stable cycling profiles for LIBs [492]. Considerable
efforts have been devoted to encapsulating Sn in graphene-based
anodes by using various methods such as arc-discharge, [493]
thermal-evaporation deposition, [494,495] electrophoretic depo-
sition, [496] ball-milling, [497] solution mixing, [498], and melt
mixing [499]. The most used method is based on the co-reduction
of GO and Sn-containing precursors [500-509]. Zhi et al. [510]
reported on the synthesis of graphene-confined Sn nanosheets by
reduction of GO-supported SnO, NPs via hydrolysis, hydrothermal
and annealing treatments. The as-fabricated 60.1 wt% Sn/graphene
anode exhibits high reversible capacity (1380 mAh/g at 50 mA/g),
an initial Coulombic efficiency of 66.5%, and excellent cycling
performance (> 590 mAh/g after 60 cycles). It should be noted that
metallic Sn usually melts at a low temperature (~232 °C) which is
further reduced when particle sizes approach nanoscale levels. Sn
NPs prefer to agglomerate during the high-temperature processing
required in most cases. It therefore remains a challenge to
effectively control Sn-based nanostructures when hybridized with
graphene sheets.
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In order to avoid the coalescence between separated Sn NPs,
Sn-carbon core-shell (Sn@C) nanostructures have been developed
in which the carbon layer serves to stabilize the Sn NPs
[511,512]. Hierarchical Sn@C NPs embedded graphene sheets
were recently fabricated by a CVD procedure (Fig. 16a), in which
SnO, NPs were reduced to crystalline Sn NPs followed by coating
with a carbon layer via ethylene decomposition [513]. The Sn@C-
graphene anode (Fig. 16b and c) exhibits an initial discharge
capacity as high as 1069 mAh/g at 75 mA/g which remains as high
as 566 mAh/g after 100 cycles. This is partially due to spatial
confinement of individual Sn NPs by the outer shell [514]. Simi-
larly, Zhi et al. [515] performed a hydrolysis process of SnCl, in the
presence of GO to yield SnO, NP-decorated graphene sheets.
When heated under a gas mixture of C,H,/Ar at 600 °C, the
graphene-supported Sn@C nanocables could be obtained
(Fig. 16d-f). As shown in Fig. 16g, the as-fabricated anode
consistently exhibits much higher specific capacity at a series of
current rates when compared to the graphene-Sn electrode
(prepared by thermal reduction of graphene-SnO, at 700 °Cin the
absence of acetylene). Moreover, Sn NPs supported on graphene
were found to catalyze the decomposition of ethylene for
continuing CVD growth of CNTs [502]. The resulting Sn@CNT-
graphene hybrid anode shows an initial charge capacity up to
1160 at 0.1 A/g and excellent rate capability (828 and 594 mAh/g
at 1 and 5A/g respectively), and retains 982 mAh/g after
100 cycles. Recently, Wang et al. [516] reported a new strategy
to grow self-assembled Sn@CNTs on vertically-aligned graphene

nanosheets (VAGNs) (Fig. 16h and i) by microwave plasma
irradiation reduction of SnO, and in-situ encapsulating Sn NPs in
CNTs upon introducing CH4/H,. This hierarchical Sn@CNT-VAGN
anode exhibits a high reversible capacity of 1026 mAh/g at 0.25C,
excellent cycling performance and high-rate capability (Fig. 16j
and k), high Coulombic efficiency of 92-100%, and a fast charge-
discharge rate.

He et al. [517] used SnCl, as a catalyst and the 3D self-assembly
of NaCl particles as a template to develop a one-step CVD method
for 3D porous graphene networks anchored with graphene-
encapsulated Sn NPs (Sn@G-PGNWs, see Fig. 17a and b). The high
resolution TEM (HRTEM) image further shows that Sn NPs exist as
a crystallized-amorphous core-shell nanostructure, and are
encapsulated by a ~1 nm thick graphene shell (Fig. 17c). This
3D Sn@G-PGNW anode exhibits a large capacity (1022 mAh/g at
0.2 A/g), high Coulombic efficiency, long-term cycling stability
(Fig. 17d) and superior rate capability (865, 652 and 270 mAh/g at
0.5,2 and 10 A/g, respectively, see Fig. 17e). It’s interesting to note
that all of these properties are higher than values reported for LIB
anodes based on commercial Sn NPs and Sn/C composites. Sn@G
NPs tightly bound onto VAGNs (Sn@G-VAGNSs, see Fig. 17f, g) was
also realized by a combination of CVD and hydrothermal methods
[518]. This Sn@G-VAGN anode exhibits a larger-than-theoretical
reversible capacity of 1037 mAh/g, long-term cyclic stability at
high rates (retaining 400 mAh/g at a 6C rate over 5000 cycles)and a
power density of 1588.6 W/kg with an energy density of
117.67 Wh/kg.
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Fig. 17. Sn@G-PGNWs: (a) Schematic illustration for a one-step in-situ CVD process, (b) TEM and (c) HRTEM images, (d) Cycle performance of Sn@G-PGNWs, Sn/C composites
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Chemical Society. Sn@G-VAGNSs: (f) SEM image (the inset XPS spectrum), and (g) HRTEM image (indicating a crystalline Sn core coated by graphene shells). Morphological and
structural changes of the Sn@G-VAGN anode after 120 cycles: (h) TEM image of a typical Sn@G NP at the fully-discharged state. (i) TEM image of Sn@G NP at the fully-charged
state. Sn NPs are pulverized into smaller ones which are still encapsulated in graphene shells [518]. Copyright 2014 Elsevier Ltd.

The outstanding electrochemical performances as demonstrat-
ed above are attributed to unique hierarchical nanostructures and
synergetic effects of Sn/graphene hybrids. Taking Sn@G-VAGN as
an example, the graphene sheath prevents Sn NPs from coalescing
into bulk moieties. More importantly graphene acts as an effective
physical barrier protecting the Sn core against direct contact with
either each other or the electrolyte during battery cycling. Fig. 17h
shows an expanded Sn core after 120 cycles upon lithiation due to
the formation of a Sn-Li alloy. Fig. 17i displays a shrunken Sn core
after delithiation. The initial Sn core was pulverized into smaller
NPs which remained encapsulated in graphene with a well-
preserved core-shell structure. The Li-ion conductive SEI film

remained unbroken and served as a protective layer to accom-
modate large volume changes during alloying/dealloying. This
double-shielding effect is a key contributor to the excellent
mechanical stability and cycle performance of this material.
Moreover, the Sn core remained in intimate contact with the
graphene shell during charging/discharging. The flexible gra-
phene shell therefore can act as a conducting bridge between Sn
NPs and the underlying matrix. This ensures permanent electrical
interconnectivity and short transport pathways of Li-ions and
electrons within the overall electrode. This promotes faster
charging/discharging rates, higher energy delivery and improved
rate capability. In addition, Sn@G NPs enable an efficient
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[531]. Copyright 2012 American Chemical Society.

prevention of graphene agglomeration and 3D porosity retention
in the electrode. This increases the accessible interface for the
electrolyte and promotes fast charge transport. This results an
enhanced capacity and alleviates large volume changes. There-
fore, graphene-alloy anodes containing Sn encapsulated in either
carbon, CNTs or graphene shells show promise for high-perfor-
mance LIBs.

3.1.3.3. Ge/graphene hybrids. Despite high theoretical capacity and
low working potential, Ge has not been investigated as much as an
anode material due to its higher cost compared to Siand Sn [425]. Ge
typically exhibits a higher Coulombic efficiency than Si- and Sn-
based anodes in the first cycle. Furthermore, the smaller bandgap
(0.6eV) of Ge allows for orders of magnitude higher electrical
conductivity (~2.1 S/m) and Li-ion diffusivity (6.25 x 10~'2 cm?/s)
than Si(~1.6 mS/m, 1.9 x 10~ !4 cm?/s). This is promising for higher
power capability [428,519,520]. It is therefore worth investigating
the potential of Ge-based anodes toward high-rate LIBs for electric
vehicles [521]. Similar to fabricating Si- and Sn-based anodes, the
method of hybridizing/coating Ge with carbonaceous materials has
been used to enhance the cycling stability and capacity retention of
Ge-based anodes in LIBs [423,522].

At present, Ge/graphene hybrids have been fabricated by
various methods such as solution mixing, [498] solvothemral
reduction of GO and organic Ge precursor, [523] chemical
reduction of GO and inorganic Ge precursors, [524,525] thermal
annealing of GO and Ge precursors, [526] plasma-enhanced CVD
growth of graphene and reduction of GeO,, [527] and thermal
evaporation deposition of Ge onto graphene [528,529]. Similar to
fabricating Si- and Sn-based anodes, the co-reduction of GO and
Ge-containing precursors has also appeared as a commonly-used
method to produce Ge-based anodes. As an example, Tuan et al.
[526] fabricated graphene composites with ~80 wt% single-crystal

Ge NPs (~4.9nm) by thermal decomposition of Gel, in the
presence of oleylamine-functionalized GO. The resulting Ge/
graphene anode exhibits a superior capacity (1332 mAh/g at
0.2C) and a high-rate capability over hundreds of cycles.
Furthermore, pouch-type full cells assembled using this anode
and LiCoO, cathode output a large current (20 mAh) capable of
powering wide range of electronic devices such as a light-emitting
diode (LED) arrays consisting of over 150 bulbs, blue LED arrays, a
scrolling LED marquee, and an electric fan. This work clearly
demonstrates a proof of concept of graphene-based anodes toward
practical LIB applications.

As previously described, encapsulating Ge in an additional
carbon shell ensures a double protection strategy for enhancing
both cyclability and rate capability of Ge/graphene hybrid anodes
[530]. For instance, Guo et al. [531] reported the fabrication of
Ge@C-graphene composites by solution reaction between GeBr,
and oleylamine and subsequent high-temperature carbonization
followed by solution mixing with thermally-reduced GO sheets
(Fig. 18a). Ge NPs were uniformly covered by a carbon layer (2-
3 nm in thickness, see Fig. 18b), thus avoiding the self-aggregation
and direct exposure to the electrolyte. Ge@C NPs (10-15 nm) were
also dispersed in graphene networks (Fig. 18c) serving as an
efficient mechanical support and electron-conducting pathway.
This hierarchical composite shows higher initial discharge
(1803 mAh/g) and charge (938 mAh/g) specific capacities and,
better cycling performance (remaining ~940 mAh/g at 50 mA/g
after 50 cycles, see Fig. 18d) and higher rate capability (Fig. 18e)
compared to pristine Ge@C NPs. These improvements arise from
the unique double protection of Ge NPs through Ge@C core-shell
nanostructures and electronically-conductive, elastic graphene
networks promoting low charge-transfer resistance (Fig. 18f).

Recently, direct growth of few-layer graphene from the surface
Ge nanowires was successfully achieved using catalyst-free routes



24 Y. Yang et al./Materials Science and Engineering R 102 (2016) 1-72

N
3.3A
Ge(11 1)

//

33A
Ge(111)

(C)1soo - — RTIET (d)2000 x w= GUGoNW
~ 1400. 40C (4.8Ag") S P 1.0C (1.2Ag™) 2 GoNW
40.2.0.5 C1.0 C2.0 Q3.0 C4.0 C5.0 C10 C:20 C:0.2

%_» 5001 %m 1600 csoc %28
€ 1000{/ E 200 {™ sl o
> » > hamaa |
£ 800 3 s e
& 600 2 800+ - N
S 400 S ‘ L
g £ 400 Sons L
S 200+ S teres
a g frses
7] 0 v v v ) 0 -

o] 50 100 150 200 0O 5 10 15 20 25 30 35 40 45 50

Number of cycle Number of cycle

Fig. 19. (a and b) TEM images of Ge@G nanowires made by arc-discharge [532]. Copyright 2013 Royal Society of Chemistry. Electrochemical performances of Ge@G made by
CVD (black W charging; red @ discharging) and bare Ge (blue A charging; green ¥ discharging) nanowire anodes: (c) Cycle performance at a rate of 4.0 C, and (d) rate
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article.).

via arc-discharge [532] and CVD [533] processes. The as-fabricated
Ge@G composites are composed of a thin graphene sheath and a
crystalized Ge nanowire core (Fig. 19a and b). Anodes based on
such Ge@G core-shell nanowires exhibit specific capacities as high
as 1059 mAh/g at a 4.0C rate (1.0 C=1.2A/g) and capacity
retention beyond 90% after 200 cycles (Fig. 19c). The Coulombic
efficiencies range from 98.3% to 99.7% beyond the 2nd cycle up to
the 200th cycle. In contrast, bare Ge nanowires provide much
lower specific capacity (321 mAh/g) and poor capacity retention
(41%) after 200 cycles. Ge@G nanowire anodes also show excellent
rate capability even at a high C-rate (Fig. 19d). The specific capacity
reaches ~363 mAh/g at 20C, and can be recovered (98.6%
retention) when the C-rate is returned to the initial 0.2 C after
45 cycles. For the graphene-free Ge nanowire anode, however, its
specific capacity reduces rapidly with increasing the C-rate from
0.2 to 20 C, accompanied with a specific capacity as low as 20 mAh/
g at 20 C. The improved performance of Ge@G nanowires can be
attributed to mechanically robust Ge nanowire with high-quality
graphene which promotes high electrical interconnectivity and
conduction over the electrode. Meanwhile, a thin coating of few-
layer graphene allows Li-ions to quickly diffuse into and out of the
core Ge nanowire. Electrochemical performance can be further
enhanced by using highly-conductive and electroactive N-doped
graphene sheets as the matrix [534,535]. In addition, CNTs can be
introduced to physically-disperse Ge NPs mechanically-stabilize
and electrically-interconnect the Ge/graphene anode leading to
better LIB cycling performance [536]. These strategies will
contribute to future developments of graphene-protected alloy
electrodes for electrochemical applications.

3.1.4. Metal oxide/graphene composites
LIB anodes based on metal oxides are generally classified into
three main categories: insertion, conversion, and alloying types

in terms of reaction mechanisms with Li [424]. Insertion-type
metal oxides typically include TiO-, vanadium oxides (e.g., V,0s,
V013, LiV308), lithium titanium oxides (e.g., Li4Ti5012, LiTi204,
LiCrTiOy4, SrLi»TigO14) and lithium phosphates (e.g., LiTiy(PO4)s,
LisV3(POy4)s3, LiVPO4F) [425]. The fundamental electrochemical
reactions for two typical insertion-type metal oxides are
illustrated in Egs. (3)-(6). Such Li-intercalating materials usually
undergo a so-called “topotactic reaction” process which involves
the insertion (intercalation) and extraction (deintercalation) of
Li-ions into and from the host lattice with minor modification of
the crystal structure. Insertion-type anodes thus exhibit long
lifetimes, low irreversible capacity loss and small volume
variation. They are currently limited to low inherent electrical
conductivities, low specific capacities, high intercalation poten-
tials (e.g., <1073 S/cm, ~175 mAh/g and ~1.55V for commer-
cial LigTisOq; in turn) and inter-particle aggregation [537].

General : MOy +nLi* +ne™ < Li,M,O,
LimMxOy +nLi + +ne~ < LipmnMyOy
ForTiO,: TiOy +nLit +ne” < LiyTiOy(n< 1)

ForLisTisOq5: LigTisOq3 +3LiT +3e™ « LizTis012 (6)

Most metal oxides belong to conversion-type materials and
include binary compounds (M,0,, M: Mn, Fe, Co, Ni, Cu, Mo, Ru,
etc.), ternary (binary metal) oxides (A;B,0O_, A or B: Mn, Fe, Co, Ni or
Cu, A # B), and complex oxides [538]. In principle, conversion-type
anodes undergo a reversible “conversion (redox)/displacement”
electrochemical reaction which involves the formation and
decomposition of Li,O along with the reduction to and oxidation
of metallic NPs, as expressed in Egs. (7)-(10). These reactions
therefore involve the full reduction of transition metals to their
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Table 3
Electrochemical performance of metal oxide/graphene composite anodes for LIBs.
Graphene composites Voltage Specific capacity Cycling performance Refs
M,0, M,0, M,0, :3:%;2% ICE (%) Current Capacity Capacity retention (%)/
nano-structres loading (wt%) density (A/g) (mAh/g) cycles/current density (A/g)
Insertion-type M,O,
LisTisOq2 NPs 95 0.8-2.5 / 30C(1C=175mAh/g) 122 94.8/300/20C [571]
LisTisOq2 NPs 98.8 1.0-2.5 / 123.5 94.6/100/10C [572]
LisTisOq2 Nanosheets 84.5 1.0-2.5 / 60C 82.5 96.9/100/1C [573]
97.5/100/10C
97.1/100/60 C

TiO, Nanotubes 84.5 1.0-3.0 / 10C 118 79.5/150/5C (1 C=337 mAh/g) [574]
TiO, Nanosheets 77.8 1.0-3.0 / 40C 200 80/1000/40C (1C=335mAh/g) [575]
Conversion-type M0,
a-Fe,03 Nanorods 58.3 0.005-3.0 61.3 1 210.7 34.7/30/0.1 [576]
a-Fe,03 Nanodisks 75.6 0.005-3.0 / 10 337 85.6/50/0.2 [563]
a-Fey03 Nanospindles 75.6 0.005-3.0 70.8 0.1 969 (100th) 62.3/100/0.1 [570]

0.5 589 (100th) 65.6/100/0.5

1 368 (100th) 37.5/100/1

5 336 (100th) 48.1/100/5
Fes04 Hollow NPs 90.2 0.005-3.0 - 0.1 ~900 (50th) ~100/50/0.1 [577]
Fe304 Nanorods 75 0.01-3.0 60.2 4.864 569 95/100/1C [578]
Fe304 NPs 50 0.01-3.0 61.6 5 300 58.7/50/0.1 [579]
Fe;04 NPs 80 0.01-3.0 66 60C 190 S1/500/1C [580]
Co0304 NPs 75.4 0.01-3.0 68.6 0.05 ~935 (30th) S1/30/0.05 [581]
Co304 Hollow nanospheres 76.2 0.01-3.0 69.3 5 259 81.6/100/1 [582]
Co504 Nanorods 80 0.01-3.0 70.4 1 1090 S1/40/0.1 [583]
Co304 Nanosheets / 0.05-3.0 76.6 5C 130 63.9/50/0.2C (1C=891 mAh/g) [584]
MnO Nanosheets 82.6 0.01-3.0 / 3 625.8 96/400/2 [545]
MnO NPs 91.1 0.01-3.0 69.5 5 202 S1/90/0.1 [553]
Mn304 Needles 65.7 0.01-3.0 / 0.075 720 (100th) 53.3/100/0.072 [585]
MnO, Nanorods / 0.2-3.0 0.4 698 51.7/15/0.050 [586]
MnO, Nanotubes ~50 0.01-3.0 / 1.6 208 / [587]
CuO Nanorods 0.001-3.0 64.7 5C 262 74/50/0.1C (1C=674mAh/g) [588]
CuO Nanosheets 50 0.01-3.0 91.6 0.067 736.8 (50th) / [589]
Cu0/Cu,0 Hollow nanospheres 0.005-3.0 65 5 183 45/60/0.2 [590]
NiO NPs 68.5 0.01-3.0 65.1 4 152 76.6/100/0.1 [554]
Ni/NiO Core-shell <96 0.001-3.0 73 3 700 74.7/300/1.5 [591]
Al,03/Zn0 Core-shell 53 0.01-3.0 53.1 1 415 60.8/2-100/0.1 [592]
Alloy-type M0,
Sn0, NPs ~80 0.01-2.5 74.3 2 580 ~73/50/0.1 [593]
SnO, NPs 90 0.01-2.0 61.6 4 212.8 60/120/0.08 [594]
Sn0, Mesoporous 78.8 0.01-3.0 69.4 0.782 621.5 53.1/50/0.0782 [560]
Sn0, Nanorods 69.5 0.01-3.0 / 2 583.3 96.2/100/0.2 [595]
SnO, Nanorods 44 0.01-3.0 / 0.1 710 (50th) 61.9/50/0.1 [596]

ICE: initial Coulombic efficiency; SI: slight increase.

metallic state. Due to the multiple-electron reactions, conversion-
type anodes can deliver large capacities and high energy density.
Unfortunately, they are limited by many drawbacks such as poor
conductivity, high redox potential, large potential hysteresis
between oxidation and reduction, large volume changes, severe
inter-particle aggregation, unstable SEI, low cycling stability, and
short lifetime [539].

General : MO, + 2yLi* +2ye~ < xM +yLi,O (7)
ForCoO : CoO + 2Li* +2e~ « Co + Li,O (8)
ForCo304: Co304 + 8Li* 4+ 8e~ « 3Co + 4Li,0 9)
ForFe,05: Fe;03 +6Li + +6e~ « 2Fe + 3Li,O (10)

Encouraged by high specific capacities, low potential (vs Li/Li*)
and high cell operating voltage of metallic or semi-metallic
elements like Sn, Ge, and Si, alloy-type metal oxides have been
recently considered as prospective anodes for LIBs [538]. Mean-
while, metal oxides are easier to handle and process compared to
metals. Such alloy anodes include binary tin oxides (SnO, Sn0O-),

ternary tin oxides (M,SnO,, M: Mg, Mn, Fe, Co, Zn, Ca, Sr, Ba, Y, Nd,
etc.) and mixed oxides ZnM,0,4 (M: Fe, Co, and Mn) which involve
the electrochemical reduction to the respective metals by Li-ions
followed by the formation of Li alloys (usually intermetallic
compounds). These oxides usually participate in the conversion
and alloying reactions, as shown in Eqs. (11) and (12) using SnO; as
a typical example. However, alloy anodes in LIBs have been limited
by poor cyclic capability and high capacity fading due to the huge
volume variation during alloying/de-alloying processes [371,425].

Conversion : SnO; +4Li" +4e~ < Sn + 2Li,0 (11)

Alloying : Sn + 4.4Li" +4.4e” « Liz4Sn (12)

Due to the high intrinsic capacities of metal oxides coupled with
their abundance, low cost, and easy preparation have stimulated a
wide spectrum of materials engineering strategies to alleviate the
associated problems mentioned above [540]. Over the past years,
metal oxide/graphene composites have been developed in an
intensive effort to improve the overall performance of metal oxide
anodes in LIBs [26,34,541]. A wide variety of synthetic methods
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have been investigated including: [33] (i) ex-situ hybridization of
pre-synthesized metal oxides and graphene or GO followed by
reduction, [542] (ii) co-reduction of metal-containing precursors
and GO sheets by chemical, hydrothermal, solvothermal, micro-
wave and/or thermal annealing ways, [543-547] (iii) in-situ
growth of metal oxides onto graphene or GO followed by reduction
[548-551], and (iv) post-deposition of nanostructured metal
oxides onto graphene using electrochemical and thermal evapo-
ration methods [552]. When making graphene-based composites,
metal oxides occur in various nanostructured forms such as solid
NPs, [553,554] hollow NPs, [555,556] core-shell NPs, [557] porous
NPs, [558-560] quantum dots, [561,562] nanodisks, [563]
nanotubes, [564]| nanorods, [565,566] nanosheets, [567,568]
nanoflowers, [569], and nanospindles [570]. Graphene hybrid
anodes based on such nanostructured metal oxides have shown
great improvements in LIB specific capacity, rate capability, and
cycling performance (see Table 3).

As described above, the controllability of nanostructured metal
oxides when meeting 2D graphene sheets allows us to tailor their
spatial distribution and to build hierarchically-architectured
composites. Fig. 20 shows several structural models proposed
for the formation of metal oxide/graphene composites [34]. Direct
mechanical mixing of graphene sheets with pre-synthesized metal
oxides is the simplest method for producing composite electrodes
in which diverse nanostructures typically coexist [571,597]. In this
system, graphene serves as an electrically-conductive additive that
helps constructing an effective electron transfer network through-
out the overall electrode [598]. However, nanostructured metal
oxides and graphene sheets are prone to aggregate into large ones,
thereby showing limited improvement in the electrochemical
performance [599].

For a layered structure, metal oxides are alternated with
graphene sheets to form a self-assembled layer-like composite
[600-602] which can be further processed into a macroscopic
paper or film by vacuum filtration or solution casting.[603,604]
The most commonly used method is based on an electrostatic self-
assembly between charged metal oxides or metal precursors and
functionalized graphene/GO sheets [605,606]. For instance, Liu
etal. [607] used anionic-surfactant functionalized graphene sheets
as building blocks for chelating with oppositely charged metal
cation species to construct ordered metal oxide/graphene compo-
sites in which alternating layers of graphene and metal oxide

Encapsulated

Sandwich-like

nanocrystals are assembled into a layered nanostructure. Free-
standing SnO,/graphene film anodes produced by vacuum
filtration deliver steady specific capacities of 760 mAh/g (close
to the theoretical 780 mAh/g) at 0.008 A/g, 625 mAh/g at 0.01 A/g
after 10 cycles, and excellent rate performance (225 and 550 mAh/
g at 0.08 and 0.02 A/g). Recently, Zhang et al. [608] fabricated
binder-free, mechanically-robust layered CoO/graphene compo-
sites by an electrostatic spread growth of Co(OH), followed by drop
casting and sintering. The as-fabricated anodes exhibit high rate
capability over a wide temperature range (0-55 °C) and excellent
cycle stability (retaining ~390 mAh/g at 0 °C and >800 mAh/g at
50 °C after 500 cycles at 1 A/g).

The structure of sandwich-like composites approximates that
of layered composites. During fabrication of such materials,
however, graphene usually serves as a template to generate metal
oxides which are immobilized between graphene sheets
[609,610]. Sandwich-like SnO,, [611] Co304, [612] Fe304, [613],
and TiO, [614]/graphene composites have been reported with
superior electrochemical performance. Unique textural features of
layer- and sandwich-structured composite anodes allow them to
be additive-free and even metal current-collector-free. This allows
high storage capacities per mass and volume to be obtained
[615,616]. Such hybrid anodes are mechanically-flexible and have
promising applications in portable, wearable and implantable
devices. The disadvantages stem from anisotropic Li-ion insertion
and diffusion with kinetic barriers through graphene sheets
[617]. Devices employing such anodes need to be rationally
fabricated so as to achieve high performance [618]. At present,
such layered and sandwich-like electrodes are also not suitable for
industrial applications because of their limited processing
techniques.

Graphene-wrapped metal oxides have been mainly fabricated
by in-situ intercalation of metal-containing precursors into
graphene or GO sheets followed by chemical and/or thermal
treatment. Li et al. [619] reported on the synthesis of graphene
nanosheet-wrapped Fe30, NPs (GNS/Fe;04, see Fig. 21a-c) by
hydrolysis of FeCls-6H,0 to obtain FeOOH particles embedded in
few-layer graphene followed by annealing reduction of FeOOH to
Fe304 NPs in-situ. The reversible capacity of GNS/Fes0, in the first
cycle is 900 mAh/g, which gradually increases to 1026 mAh/g at
35 mA/g after 30 cycles with Coulombic efficiency close to 100%
(Fig. 21e). The GNS/Fe50,4 anode retains a capacity of 520 mAh/g at

Wrapped

Fig. 20. Nanoarchitecture models of metal oxide/graphene hybrid electrode materials. Encapsulated: metal oxides are encapsulated by graphene shells. Mixed: graphene
sheets and metal oxides are pre-synthesized separately and mechanically mixed during fabricating electrodes. Wrapped: metal oxides are usually surrounded by multiple
graphene sheets in a more regular fashion. Anchored: metal oxides are in-situ anchored onto the surface of graphene sheets. Sandwich-like: graphene functions as a template
to direct metal oxide/graphene sandwich-like structures. Layered: metal oxides are alternated with graphene sheets to build a layered composite [31]. Copyright

2014 Macmillan Publishers Limited.
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Fig. 21. (a) Cross-sectional SEM and (b and c) TEM images of graphene-wrapped Fe;04 NPs (GNS/Fe30,4), and (d) SEM image of GNS/Fe30,4 anode after 30 discharge/charge
cycles. Electrochemical performances of anodes based on commercial Fe;04 particles, GNS/Fe;04 composite, and bare Fe,05 particles: (e) at a current density of 35 mA/g and
(f) at current densities of 35-1750 mA/g. (g) Cycling performance of GNS/Fe304 at 700 mA/g over 100 cycles. Solid symbols: discharge; hollow symbols: charge

[619]. Copyright 2010 American Chemical Society.

1.75 A/g (Fig. 21f). This corresponds to a 53% retention of initial
capacity; much higher than the 10% and 3% of initial capacity
retention for commercial Fe;0, and bare Fe,Os particles,
respectively. This electrode retains 91% of its initial capacity at
700 mA/g after 100 cycles (Fig. 21g). Furthermore, after charging/
discharging for 30 cycles, Fe304 NPs are still well-dispersed, and
closely embedded in graphene sheets (Fig. 21d). The overall
morphology and Fe304 particle size are nearly the same as in the
initial state. Wrapping Fe304 NPs with flexible graphene sheets can
effectively prevent the detachment and agglomeration of pulver-
ized Fe304 NPs and accommodate the large stress and strain
changes of the electrode during cycling. To date, a variety of metal
oxides such as hollow Li3VOy,, [620] hollow Co304 spheres, [582]
ZnMn,04 nanorods, [621] hollow Zn,SnO, boxes, [622,623]
dandelion-like LisTisO;, microspheres, [624] Co,(OH)3Cl NPs,
[625] CuO NPs, [626] rice-like FeCO3 NPs, [627] SnO, nanotubes,
[628], and MnO, nanorods [629] have been wrapped by graphene
sheets to produce composite anodes which also provide superior
electrochemical performance in terms of their specific capacity,
rate capability and cycling performance.

For graphene-encapsulated metal oxides, Feng et al. [630]
reported the encapsulation of Cos04 (91.5 wt%) in ultrathin
graphene shells by an electrostatic co-assembly between positive-
ly-charged Co304 NPs and negatively-charged GO sheets followed
by chemical reduction. The Co304@G anode exhibits a very high
reversible capacity of 1100 mAh/g at 74 mA/g in the first 10 cycles
and over 1000 mAh/g after 130 cycles. The 94% retention of initial
capacity after 30 cycles is much higher than the 67% for the Co304/
graphene anode prepared by simple mechanical blending.
Moreover, the film resistance (10.5€)) and Rqr (27.9 Q) are
significantly lower than those of bare Co;04 NPs (27.8 and 97.9 ())
due to graphene shells that increase both the electrical conductiv-
ity of the overall electrode and electrochemical activity of Co304
NPs. Similar electrostatic self-assembly processes have been
adopted for producing graphene-encapsulated mesoporous
Co304 microspheres [631] and graphene-encapsulated hollow

Fe304 NPs, [577] all of which deliver a high and stable reversible
capacity (>800 mAh/g) at 0.1 A/g over 35 cycles. Moreover,
Fe304@G NPs [632] and mesoporous TiO,@G microspheres [633]
produced by hydrothermal method, Li,MnTis0g@G NPs by sol-gel
method, [634] graphene-encapsulated CoS, nanocages by sol-
vothermal treatment of GO and the respective metal-containing
precursors have all shown improved electrochemical performance.
The key advantage of graphene encapsulation over other models
arises from its double-shielding role that protects metal oxides
against direct contact with the electrolyte and core pulverization.,
This ensures permanent electrical connectivity and short transport
pathways of Li-ions and electrons within the overall electrodes
[635].

Metal oxides anchored on graphene or graphene-supported
metal oxides are mainly produced by wet-chemistry strategies
such as hydro-/solvo-thermal synthesis, electrostatic assembly,
chemical deposition, and sol-gel processes [550,568,636-640]. In
these cases, graphene serves as an efficient support for immobiliz-
ing metal ions followed by hydrolysis or redox, nucleation and in-
situ growth of nanostructures [543,547,641,642]. 2D Graphene
sheets also enable a more uniform distribution of nanostructured
metal oxides [643,644]. Of note, both GO and RGO sheets contain
hydrophilic oxygen-containing functional groups, which enable
them to be well dispersed in aqueous or polar organic solvents to
form stable colloids through electrostatic stabilization
[281,645,646]. Topology and structural defects (e.g., edges,
vacancies, and holes) of GO and RGO also function as anchoring
centers for directing the formation of various nanostructures [647-
649]. Furthermore, the presence of oxygenated groups in GO or
RGO has been found to promote the formation of ultrafine
nanostructures. The amount of functional groups has a significant
influence on the size, morphology, distribution, and crystallinity of
metal oxides anchored on the surface [650,651]. Such functionali-
ty-rich GO or RGO suspensions are therefore an excellent template
system for anchoring metal precursors and their oxide counter-
parts with tailored nanostructures [652-654].
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Based on the advantages and underlying mechanism men-
tioned above, Dai et al. [655] demonstrated a two-step solution-
phase method for anchoring Mn3;04 NPs on RGO by hydrolysis of
Mn(Ac), on GO followed by hydrothermal treatment (see Fig. 22a).
Well-crystallized Mn304 NPs (10-20 nm) were found to uniformly
distribute on RGO sheets to form Mn304/RGO composites (Fig. 22b
and c¢) which exhibit large specific capacity (~900 mAh/g at 40 mA/
g), high rate capability (~390 mAh/g at 1600 mA/g) and good
cycling stability (retaining 730 mAh/g at 400 mA/g after 40 cycles)
(Fig. 22d). Cheng et al. [581] reported the synthesis of Co304 NPs
anchored on RGO by dispersing a Co?" salt and RGO into basic
aqueous solution and transforming Co(OH),/RGO into Co304/RGO
by calcination at 450 °C (see Fig. 22e). Single crystalline Co304 NPs
(10-30 nm) are homogeneously anchored on RGO (Fig. 22f and g)
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and the resulting hybrid anode exhibits an initial reversible
capacity of 753 mAh/g which increases to 935 mAh/g after
30 cycles with better cycling performance than pure graphene
and Cos;0,4 anodes (Fig. 22h). They also used RGO and metal
precursors as the starting materials to fabricate graphene
composites containing mesoporous anatase TiO, nanospheres
which show a specific capacity of 97 mAh/g at a 50 Crate. This is six
times higher than that of the reference TiO, anode [559]. Of note,
hydro-/solvo-thermal reduction of GO sheets can be used to easily
form porous graphene hydrogels, aerogels or foams. Such 3D
templates can be used to anchor metal oxides to produce 3D
porous composites [656]. Such hybrid anodes consist of 3D
graphene conductive networks which enable fast ion and electron
transfer Kinetics, easy access of the electrolyte, and a shortened ion
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Fig. 22. Mn304 NPs anchored on RGO: (a) schematic representation of the fabrication process, (b) TEM (inset shows the electron diffraction pattern of Mn304 NPs on RGO) and
(c) HRTEM images, and (d) capacity retention at various current densities [655]. Copyright 2010 American Chemical Society. Co304 NPs anchored on RGO: (e) the fabrication
process, (f) TEM and (g) HRTEM images, and (h) cycling performance of graphene, Co304, and Co304/RGO composite anodes [581]. Copyright 2010 American Chemical Society.
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diffusion length. This translates to large storage capability, high-
rate performance, and cycling stability [657-659].

However, there are no available data and direct evidences to
identify which structural model enables a larger capacity, higher
rate capability or better cyclic performance than others. Irrespec-
tive of the structural models of metal oxide/graphene composites,
these unique hierarchical hybrid architectures lead to overall
improvements in their electrochemical performance. For nano-
structured metal oxides, they can prevent graphene sheets from
restacking during material preparation and electrode charging/
discharging [543,651,660,661] and also provide high storage
capacities for LIBs by reversible insertion/extraction, conversion
(redox) or alloying/de-alloying reactions with Li
[605,662,663]. Graphene plays a multifunctional role in synthe-
sizing composites, fabricating electrodes, and improving perfor-
mance. First, graphene functions as a large scaffold to support,
separate, disperse and stabilize metal oxides thus alleviating the
inter-particle aggregation during materials and electrode proces-
sing [664,665]. Second, graphene sheets serve as an elastic matrix
buffering large volume changes during charging/discharging and
suppressing the pulverization of metal oxides, the degradation of
electrode, the electrical disconnection from current collectors and
the disintegration of the battery [666-668]. Third, graphene
networks act as an efficient electron-conducting pathway between
metal oxides and current collectors. Each graphene sheet can be
considered as a mini-current collector to bridge a 3D conductive
network throughout the electrode [669-671]. Moreover, graphene
improves the electrochemical activity and reaction kinetics in
hybrid electrodes especially when it is properly doped with
heteroatoms [611,672]. Graphene can also stabilize the SEI layer
when metal oxides are tightly encapsulated, coated, and/or
wrapped by graphene shells [629,630,673,674]. This enables
metal oxide/graphene hybrid anodes to have large specific
capacity, high energy/power density, long-term life, and excellent
cyclic and rate performance. This makes commercial applications
for such hybrid anodes are quite promising [26,34].

3.2. Graphene-based materials as cathodes

The cathode of LIBs is typically a transition metal compound
that serves as the host for reversible Li-ion intercalation/
deintercalation during charge/discharge processes [675]. The
important characteristics for the cathode include: the voltage at
which it exchanges lithium, the amount of reversible Li-ion
intercalation, the stability of the intrinsic material, and the
transportation of electron conduction and Li-ion diffusion
[676]. The first two factors determine the energy density (usually
high voltage leading to high energy density), and the latter factors
limit the lifetime and rate performance of LIBs. LiCoO, is the first
commercial material for LIBs introduced in 1990, and is still
commonly used in LIBs manufactured today. Recently, a wide
variety of nanostructured metal compounds have been explored as
cathode materials with improved storage capacity, Faradaic
reaction kinetics and cyclability [677-679]. However, practical
applications of these cathode materials are limited by several
issues such as low electrical conductivity, slow Li-ion diffusion,
inter-particle aggregation, large volume expansion, and irrevers-
ible phase transitions [680,681].

Carbonaceous materials including graphene usually provide a
low voltage window (below 1.5 V vs Li/Li*), and therefore they have
been widely used as anodes but rarely reported as a cathode
material in LIBs [384,682-684]. A few recent studies found that
oxygen functional groups on CNTs can interact with Li-ions in the
voltage window above 1.5V vs Li/Li* [411,685]. The reaction
between Li-ions and carbonyl/carboxylic acid groups occurs at a
higher voltage of ~3 V vs Li/Li* [686,687]. In this context, Lee et al.

|688] fabricated free-standing RGO films with controlled C/O ratios
by thermal reduction of GO. When evaluating RGO films as
cathodes, the presence of hydroxyl, carbonyl, and carboxylic
groups on RGO were identified as lithiation-active species. The
RGO film cathode (C/O: 15) can deliver an initial specific discharge
capacity of 125 mAh/g at 0.137 A/g, which decreases with
increasing the C/O ratio (e.g., 80 mAh/g for C/O: 25) due to lower
amount of oxygen functional groups. This RGO cathode also shows
excellent rate capability (~115 and 82 mAh/g at 1.37 and 5.48 A/g,
respectively) due to fast Faradaic reactions of surface oxygen-
containing groups. Recently, Liu et al. [689] fabricated a graphene-
porous polyaryltriazine-derived framework material in which
electroactive aromatic networks are immobilized on electrically-
conductive RGO sheets through covalent bonding. This hybrid
cathode exhibits high capacity and long cycle life (retaining
capacity of ~395 mAh/g at 5 A/g over 5100 cycles) and excellent
rate capability (135 mAh/g at a high rate of 15 A/g). Although few
studies on graphene cathodes have been reported, these results
suggest the possibility of oxygen-rich graphene materials as
promising cathodes for high power application.

As mentioned previously, pristine graphene cannot be used
directly to increase the storage capacity of Li-ions. However, it does
provide a large surface to anchor and separate metal oxides, high
electrical conductivity, and mechanical support to the cathode.
Most studies have focused on utilizing graphene as a new promoter
in the cathode [26,690]. Recently graphene-based composite
cathode materials have been prepared by sol-gel, [691] hydro-
thermal, [692] solvothermal, [693,694]| photothermal, [695] spray-
drying, [696] electrophoresis, [697] co-precipitation, [698], and
thermal annealing [699] methods. Similar to anodes of metal
oxide/graphene composites, these cathode composites can also
form wrapped, [700-702] anchored, [703-705] encapsulated,
[706] layered, [707] mixed, [708,709], and sandwich-like archi-
tectures [710,711]. Various active materials have been used for
fabricating graphene hybrid cathodes including vanadium oxides
(e.g., VO3 [692,712]) and lithium-containing compounds such as
Li3V5(POy)s, [713-716] LIMnPO,, [717] Li,FeSiO,, [718,719] LiCoy,
3Ni1/3Mn1/302, [720—722] LiNiQ5MI‘l1_504, [723], and LiMH204
[724-727]. Among them, V,0s [728-730] and LiFePO, (LFP)
[731-737] have been widely reported to exhibit improved
performances when combined with graphene in the cathode.

Olivine-structured LFP is one of the most promising cathode
materials due to its low cost, low toxicity, relatively large capacity
(170 mAh/g), high electrochemical potential, intrinsic stability,
and safety [679,738,739]. The key limitations associated with LFP
are its low electrical conductivity (10~°S/cm) and low Li-ion
diffusivity (107'°-10712 cm?/s) resulting in poor rate capability for
hampering high power applications of LIBs [740,741]. Recently,
Tour et al. [706] reported the fabrication of graphene-encapsulated
LFP NPs (LFP@G) by a solid state reaction between graphene-
coated Fe NP and LiH,PO4 (see Fig. 23a-c). When used a cathode,
LFP@G gives a small gap (~45mV) between the charge and
discharge plateaus (Fig. 23d). This corresponds to a low over-
potential during the charge-discharge process due to the good
ionic and electronic conductivity of LFP NPs capped by graphene
shells. The first discharge and charge specific capacities of LFP@G
are 145 mAh/g and 150 mAh/g, respectively, giving an initial
Coulombic efficiency of 97% at 0.1 C (17 mA/g). The LFP@G cathode
also exhibits excellent cycling stability (95.3% capacity retention
after 1000 cycles at 1C) and rate capability (128, 98, 84, and
54 mAh/g at rates of 1, 5, 10, and 20 C, respectively) (Fig. 23e) due
to fast ionic diffusion in LFP NPs and efficient electron transport
and transfer benefiting from graphene coatings. Direct solution
mixing of electrochemically-exfoliated few-layer graphene with
commercially-available LFP particles was also performed to
produce graphene-coated LFP composites [742]. This hybrid
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Fig. 23. Graphene-encapsulated LFP NPs: (a) the synthetic route to LFP@G starting from Fe@G, HRTEM images of (b) Fe@G and (c) LFP@G with core-shell structures, (d) charge-
discharge profiles at 17 mA/g (0.1 C) in a potential range of 2.0-4.3 V (vs Li/Li*), and (e) specific capacity and rate performance at different current densities of the LFP@G
cathode [706]. Copyright 2014 Royal Society of Chemistry. Sandwich-like LFP/graphene hybrids: (f) the proposed formation mechanism, (g) HRTEM image, and (h) rate
performance at rates of 15 and 20 C. The inset corresponds to the discharge curves [711]. Copyright 2013 Royal Society of Chemistry.

cathode with 2 wt% graphene has an energy density as high as
686 Wh/kg and can deliver a capacity of 208 mAh/g (beyond the
theoretical 170 mAh/g) due to the reversible redox reaction
between Li-ions and graphene. Guo et al. [711] used an in-situ
graphitizing interlayer of dodecylamine between two lamellar
FePO, layers to achieve conductive (18.9 S/cm) sandwich-like LFP/
graphene sheets (Fig. 23f and g). In this case, the thin LFP sheets
provide short channels for Li-ion diffusion and the intercalated-
graphene can facilitate electron transportation. This contributes to
high-rate performance with high capacities of 90 mAh/g at 15C
and 70 mAh/g at 20 C, respectively (Fig. 23h). Coating LFP NPs with
carbon produces a double protection layer which further contrib-
utes to performance improvements [743,744].

V,0s is a very attractive candidate for the cathode materials in
LIBs because of its abundance and much higher theoretical
capacity (443 mAh/g) compared to other commonly used cathode
materials such as LiCoO, (140 mAh/g), LiMn,04 (148 mAh/g), and
LFP (170 mAh/g) [675]. In addition to irreversible phase transition
upon deep discharge, like most metal oxides, V,0s has low
electrical conductivity (1072-10"3S/cm) [745] and low Li-ion
diffusivity (10~ 12-10'3 cm?/s) [746,747] and hence poor cyclabil-
ity and rate capability. To address those problems, various
nanostructured V,0s/graphene composites have been recently
developed as cathode materials for LIBs. For example, single
crystalline V,05 nanowires supported on graphene ensure short
diffusion pathways for Li-ions and excellent electrical conductivity
[748]. The as-fabricated cathode delivers an initial discharge

capacity as high as 412 mAh/g at 50 mA/g and remains 316 mAh/g
at 1600 mA/g showing high capacity and exceptional rate
capability. Porous V,0s5 spheres anchored on graphene sheets
were realized by hydrothermal and annealing treatments of GO
and vanadium isopropoxide [749]. The resulting composites
display superior cathode performance with high reversible
capacity and good cycling stability (remaining ~202 mAh/g at
90 mA/g in the 50th cycle) as well as excellent rate capability
(102 mAh/g at 19 C) due to the formation of a highly-conductive
and structurally-robust network and the inhibition of inter-
particle agglomeration induced by graphene support. Recently,
Kang et al. [712] fabricated ball-like V,0s/graphene hybrids by
spray-pyrolysis of colloidal GO and ammonium vanadate assisted
by thermal post-treatment in which V,0s nanocrystals are
uniformly decorated on the crumbled-graphene balls. This
hierarchically-designed cathode delivers higher initial charge
(280 mAh/g at 1 A/g) and discharge (282 mAh/g) capacities than
macroporous V5,05 (221 and 205 mAh/g, respectively). This hybrid
cathode also retains a discharge capacity up to 214 mAh/g at 1 A/g
after 100 cycles with ~100% Columbic efficiency. More recently,
Xie etal.[750] incorporated 2 wt% graphene into V,0s nanoribbons
via a sol-gel process. The V,0s/graphene hybrid cathode exhibits a
specific capacity as high as 438 mAh/g (approaching the theoreti-
cal 443 mAh/g), long cyclability (80% retention of initial capacity at
1C after 150 cycles) and high rate capability (419, 315, and
201 mAh/g at 0.1, 1, and 10 C, respectively) all of which are much
higher than pure V,05 nanoribbons. The introduction of a small
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amount of graphene into V,05 can effectively improve the hybrid
nanostructure resulting in significant improvements in electronic
conduction, vanadium redox reaction, Li-ion diffusion, and
structural stability. Nanostructure-tailored V,05 combined with
2D graphene provides a new avenue to create hierarchical-
architecture materials by solution-phase processing. Such meth-
ods can be easily scaled-up, and the starting materials are
abundant. These points motivate promising widespread industrial
potential for new cathode materials.

4. Graphene-based materials for supercapacitors

Electrochemical capacitors have been frequently called super-
capacitors and also ultracapacitors because of their extraordinarily
high capacitance compared to conventional electrostatic and
electrolytic capacitors [751]. Supercapacitors consist of two
electrodes electrically connected with an electrolyte and mechan-
ically separated by an ion-permeable but electron-insulating
membrane (separator). Supercapacitors were first introduced in
1978 on the market to provide computer memory backup power
[752]. A more recent example is the use of supercapacitors in
emergency doors on the Airbus A380[10]. Supercapacitors are very
similar to lithium batteries in device configuration and manufac-
ture. Unlike batteries, supercapacitors especially electric double-
layer capacitors (EDLCs) can operate at high charge/discharge rates
over a million cycles, and store and release energy in seconds.
Consequently, supercapacitors enable large current density within
a short time interval, high energy-delivery-capability with high
power density (10 kW/kg), long cycle life (>100 times battery life)
and low maintenance cost as well. However, the energy density (4-
5 Wh/kg) in supercapacitors is much lower than that in batteries
(120-170 Wh/kg for LIBs) [753,754]. In addition, the voltage
delivered for supercapacitors varies with the state of discharge
whereas batteries tend to have a fairly constant output voltage
[754]. Supercapacitors are therefore considered as a complement
for batteries especially in high-rate applications such as electric
vehicles or hybrid electric vehicles.

Supercapacitors can be divided into EDLCs and psuedocapaci-
tors based on their energy storage mechanisms [752,755]. For a
supercapacitor, CV, galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (EIS) are the three
common techniques used to evaluate the electrochemical perfor-
mance parameters such as [663] specific capacitance, power
density, energy density, operating voltage, equivalent series
resistance (ESR), charge/discharge rate, and capacity retention.
That increasing energy density while retaining high power density
and long cycle life has remained central to supercapacitors. The
intrinsic properties and microstructure of electrode materials are
crucial for achieving such goals [10,754].

4.1. Graphene-based materials for electric double-layer capacitors

EDLCs store electrical energy through electrode polarization
under an applied voltage followed by electrostatic adsorption of
electrolyte ions to form electric double layers at the electrode-
electrolyte interface. The electrostatic storage in EDLCs is a non-
Faradic process without charge transfer across the interface.
Currently, porous carbonaceous materials, including activated
carbon, carbide derived carbon, templated carbon, carbon aerogels,
xerogels, carbon fibers and CNTs, have been widely used as
electrode materials in EDLCs [756,757]. However, these active
materials are limited to one or several factors among intrinsic
capacitance, SSA, production cost, and electrode processing. The
intrinsic double-layer capacitance of monolayer graphene was
measured to be ~21 wF/cm? with a theoretical capacitance as high

as 550 F/g for EDLCs if the entire SSA of pristine graphene is fully
utilized [758].

Graphene EDLCs were first reported by Rao et al. [759] who
used thermally annealed GO at 1050 °C as electrode materials with
a SSA of 925 m?/g. Specific capacitances were measured to be
117 and 75 F/g in 1 M H,S04 and IL electrolytes at a scan rate of
100 mV/s, respectively, which are more than that of single-walled
CNTs (64 F/g) and multi-walled CNTs (14 F/g). Subsequently,
hydrazine-hydrate-reduced GO sheets with 15-25 wm in lateral
dimension and a SSA of 705 m?/g were used as electrodes to
fabricate EDLCs [760]. Specific capacitances of 135 and 99 F/g at a
current density of 10 mA/g, and 107 and 85 F/g at a scan rate of
40 mV/s were obtained in aqueous KOH and organic electrolytes,
respectively. Using microwave-reduced GO as an electrode
material in an EDLC, [761] a specific capacitance of 191 F/g was
achieved at 150 mA/g with KOH electrolyte, and was retained to be
174 F/g at 600 mA/g. However, experimental results obtained from
graphene EDLCs are usually less than 200 F/g in specific capaci-
tance which is far below its theoretical value.

4.1.1. Graphene paper/film electrodes

Due to strong -7 interaction between graphene sheets,
aggregation or restacking is one major problem that limits
individual graphene sheets from realizing their full potential in
electrodes. This compromises high SSA of graphene and accounts for
low specific capacitances due to low accessible SSA for electrolyte
ions. Meanwhile, high electrical conduction of graphene is also
compromised by inter-sheet contact resistance. Many strategies
have been developed to improve the capacitive performance over
the past years. Reduction of GO with gaseous hydrazine was
proposed, [762] resulting in an EDLC with high specific capacitance
(205 F/g), power density (10 kW/kg), energy density (28.5 Wh/kg),
and excellent cyclability with 90% retention of initial capacitance
after 1200 cycles in a KOH electrolyte. A low-temperature method to
highly reduce GO was recently proposed by Li et al. [763] using a
sodium-ammonia (Na-NHs3) system (in a dry ice-acetone bath) as a
reducing agent. The resulting graphene films have a SSA of 648 m?/g,
and can be directly used as electrodes for EDLCs showing a high
specific capacitance (263 F/g). Recently, Kaner et al. [764] used a
commercial CD/DVD optical drive to perform laser reduction of GO
films to graphene (Fig. 24). The as-produced films have high
electrical conductivity (1738 S/m), and SSA (1520 m?/g) can be
directly used as electrodes for EDLCs. The devices offer specific
capacitances of 265 and 275 F/g in organic and IL electrolytes,
respectively. They also exhibit ultrahigh energy density (1.36 mWh/
cm?) while maintaining high power density (~20W/cm?®) and
excellent cycle stability. KOH activation of reduced GO paper was
also reported to give highly conductive, free-standing, and flexible
porous graphene films with a very high SSA (2400 m?/g) and a high
in-plane conductivity (5880S/m) [765]. An EDLC using such
electrodes gives an extremely low ESR on the order of 0.1 (), and
high-power delivery of ~500 kW/kg while maintaining a high
specific capacitance (120 F/g) and energy density (26 Wh/kg).

Moreover, intercalating foreign molecules between graphene
sheets is a straightforward method to prevent them from
aggregating. For instance, Li et al. [766] demonstrated that face-
to-face-stacked multilayered graphene films remain largely
separated in a solvated state. In this case, water molecules act
as spacers existing between graphene sheets (Fig. 25a and b)
thereby showing a highly open pore structure that allows
electrolyte ions to easily gain access to the surface of individual
sheets. Supercapacitors fabricated with such solvated graphene
film electrodes give specific capacitances of up to 156.5 F/g in
H,S0,4 at an ultrahigh current of 1080 A/g. The devices also provide
one to three orders of magnitude higher power density (414.0 kW/
kg at 108 A/g) with respect to freeze-dried/thermally annealed
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Fig. 24. (a-d) A GO film supported on a flexible substrate is placed on the top of a LightScribe-enabled DVD media disc. A computer image is then laser-irradiated on the GO
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Fig. 25. (a) An optical photograph of water-solvated flexible graphene film and its cross-section cartoon. SEM images of cross-sections for (b) a freeze-dried film of water-
solvated graphene [766] and (c) an electrolyte-mediated graphene film containing 78.9 vol% H,SO,4 [767]. Copyright: 2011 Wiley-Vch and 2013 American Association for the

Advancement of Science.

counterparts and other carbon materials and exhibit excellent
cyclability with over 97% retention of initial capacitance over
10,000 cycles at 100A/g. Furthermore, the water-solvated
graphene films can be converted to IL-solvated graphene films
by solvent-exchange with ILs. Supercapacitors using IL-solvated
graphene films can offer higher values of specific capacitance
(273.1 F/g), energy density (~150.9 Wh/kg) and power density
(~776.8 kW/kg). Note that the highest energy density is even
comparable to that of LIBs based on CNT electrodes [687]. By taking
advantage of RGO's intrinsic micro-corrugated 2D configuration
and self-assembly behavior, Li et al. [767] further demonstrated
that liquid-solvated graphene materials can be formed by capillary
compression of adaptive graphene gel films in the presence of
liquid electrolytes (Fig. 25c). The electrolyte-mediated graphene
films can create a continuous ion transport network resulting in
exceptional volumetric energy densities (60 Wh/L).

4.1.2. 3D Graphene-based electrodes

3D GBMs with continuously interconnected porous architectures,
such as hydrogels, aerogels, foams, and sponges can preserve the
intrinsic properties of individual graphene sheets [768]. More
importantly, such frameworks could provide electrodes with good
mechanical stability, high SSA, highly conductive network, and fast
carrier transport kinetics resulting in dramatic improvements in
storage capacitance, cyclability, and rate capability [769,770]. Hy-
drothermal reduction of GO has been widely used to produce 3D
porous materials [257,768,771]. This method can produce graphene
materials with desired macroscopic shapes via molding in a one-pot,
low-cost, time- and energy-saving, and low-temperature process

(see Fig. 26) [772]. Graphene hydrogels with 3D networks have been
realized by one-step hydrothermal reduction of aqueous GO with
concentrations above 0.5 mg/mL at 180 °C for 1-12 h [255]. The as-
prepared graphene hydrogels with high SSA (964 m?/g) are
electrically conductive, mechanically strong, and thermally stable.
EDLCs based on such electrodes exhibit a specific capacitance of
152 F/g at 20 mV/s which is about 50% higher than that of EDLCs
based on RGO agglomerated particles under the same testing
conditions (100 F/g at 20 mV/s) [98]. Further reduction of graphene
hydrogels with hydrazine or HI can improve their conductivity by
one order of magnitude. EDLCs made from hydrazine-reduced
hydrogels exhibit a large specific capacitance of 220 F/g at 1 A/g,
moderate power density (30 kW/kg), and energy density (5.7 Wh/kg
at 100 A/g) as well as long cycle life along with ~92% capacitance
retention after 2000 cycles at 4 A/g [773]. Chemically modified
graphene hydrogels with organic molecules can further improve the
specific capacitances of devices [774,775]. Solvothermal reduction of
GO has been reported to form 3D organogels [776,777]. Graphene
organogels can also be used as the electrodes of supercapacitors
which show specific capacitances of 140 F/g at 1 A/g, high energy
density (15.4 Wh/kg), and power density (16.3 kW/kg) at 30A/g
[776].

Recently, Ruoff group developed an effective method to produce
3D porous (0.6-5nm pores in width) graphene by microwave-
induced exfoliation/reduction of GO followed by chemical activation
with KOH [778]. The resulting graphene materials have an ultrahigh
SSA of up to 3100 m?/g, high electrical conductivity (500 S/m), and
low oxygen and hydrogen content. The constructed EDLCs give high
specific capacitance (166 F/g), energy density (70 Wh/kg) and power
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Fig. 26. Different macroscopic shapes of graphene hydrogels via low temperature casting; (a) triangular prism, (b) quadrangular prism, (c) joint ring, (d) crucible, (e) screw
stem, and (f) gear. The insets at each bottom-left corner correspond to their three dimensional cartoons [772]. Copyright 2012 Wiley-Vch.

density (250 kW/kg) at 5.7 A/g with organic electrolytes. Moreover,
97% of initial capacitance can be retained after 10,000 charge/
discharge cycles at 2.5 A/g in an IL electrolyte indicating excellent
cycling stability. Zhang et al. [779] reported a facile, green, and
scalable method to prepare porous 3D graphene-based bulk
materials. The technique involves two standard industry steps
(seeFig.27a): (i) in-situ hydrothermal polymerization/carbonization
of the mixture of GO with biomass or industrially-sourced carbon
and (ii) chemical activation with KOH. These as-produced materials

hydrothermal

[
carbonization

mainly consist of defective/wrinkled monolayer graphene sheets
with partial covalent-bonding between each other. They exhibit a
sponge-like morphology and porous structure (Fig. 27b and c¢) with
an ultrahigh SSA (3523 m?/g) and excellent bulk conductivity
(303 S/m) when using phenol and formaldehyde as carbon sources.
The outstanding properties are demonstrated by their super-
capacitors which produce high values of specific gravimetric
capacitance (231F/g), volumetric capacitance (92 F/cm?®), and
energy density (98 Wh/kg) with over 90% capacitance retention

Fig. 27. (a) A schematic for synthesizing porous 3D GBMs, (b) SEM and (c) TEM images of graphene using phenol and formaldehyde as carbon sources, and (d) a 3D porous

model [779]. Copyright 2013 Macmillan Publishers Limited.
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Fig. 28. (a) Schematic illustration for producing a 3D bubble-like graphene network by a sugar-blowing approach using glucose and NH,4Cl. (b) SEM image of 3D graphene. The
insets correspond to a photograph of graphene film in a bottle and a topological configuration connected by two bubbles, respectively. (c) SEM image of the flat backside of 3D
graphene with regular arrangement of connected cells identified by artificial quilt colors. (d) HRTEM images of a one- to two-layered graphene (left), and a three- to four-
layered graphene (right). Scale bars: 50 wm (in a), 200 wm (in b and c) and 5 nm (in d) [792]. Copyright 2013 Macmillan Publishers Limited.

after 5000 cycles at 1 A/g in IL electrolytes. Moreover, deposition of
GO sheets or graphene hydrogels into porous conductive substrates
(e.g., nickel foam) [780] or matrices [781,782] also forms well-
defined 3D hybrid materials which can be directly used as high-
performance EDLC electrodes. In the case of flexible conductive
supports, the resulting graphene hybrid materials are beneficial for
the fabrication of flexible supercapacitors [782-785].

CVD techniques have been also used to produce 3D graphene
materials [786,787]. 3D Graphene sheets have been grown on
various inert substrates (Al,0s, Si, GaN, or Quartz) from PVA/iron
precursors [788] showing high conductivity (5200 S/m), SSA
(1025 m?/g), and great porosity (~3.4 cm?/g). This provides easy
contact and transportation of both charges and electrolyte through
the 3D conducting pathways and enables EDLCs with high specific
capacitance (245F/g at 5mV/s) and 96.5% retention after
6000 cycles in H,SO4 electrolyte. When using conductive
substrates instead, the 3D topological configuration can provide
intimate interfacial contact between the current collector and
active materials. This is highly desirable to reduce the contact
resistance and mitigate the constriction/spreading resistance
[789]. When vertically oriented graphene sheets are grown directly
on metal current collectors, and they can work as electrically
conducting bridges to facilitate charge transport and minimize
electronic and ionic resistances [790]. This allows for super-
capcitors with high power and rate capabilities as well as ultrafast
resistor-capacitor time constants (<200 ms, in contrast with ~1's
for conventional EDLCs) [791]. Recently, Bando et al. [792]
developed a sugar-blowing approach to grow 3D self-supported
graphene bubble networks through heating of glucose and NH,4CI.
As shown in Fig. 28, the bubble-like mesoporous material consists
of continuous mono- or few-layered graphitic membranes that are
firmly scaffolded by micrometre-scale graphitic struts. High SSA
(1005 m?/g), and ultralow density (3.0 mg/cm?) are achieved
simultaneously. An EDLC using this material has specific capaci-
tances as high as 250 F/g at 1 A/g and 130 F/g at 100 A/g.

4.1.3. Carbonaceous hybrid electrodes

Table 4 summarizes the electrochemical performance of
graphene hybrid electrodes containing carbonaceous materials
of fullerenes, CNTs, CNFs, porous carbon, and activated carbon. Of
particular interest, the incorporation of 1D CNTs into 2D graphene
can form 3D networks and prevent them from restacking by steric
hindrance [793-795]. Reducing GO in the presence of CNTs is a
direct method [796,797]. A hybrid electrode consisting of reduced
GO and CNTs (9:1 in weight) exhibits much higher values of SSA
(538.9 m?/g) and specific capacitance (326.5 F/g at 20 mV/s) than
pure graphene (138.2 m?/g, 83 F/g at 20 mV/s) [796]. Both energy
and power densities are as high as 21.74 Wh/kg and 78.29 kW/kg,
respectively. Dai et al. [798] created a 3D pillared vertically aligned
CNT-graphene architecture by intercalated growth of CNTs into
thermally expanded HOPG (Fig. 29a-c). The resulting hybrid
electrode exhibits a modest SSA of ~213.7 m?/g and specific
capacitance of ~110 F/g at 10 mV/s. Fan et al. [799] fabricated 3D
CNT/graphene hybrids by CVD approach using Co particles
deposited GO as catalytic substrates in the presence of CO or
C,H, as the carbon source. As shown in Fig. 29(d-f), CNTs pillars are
grown in between graphene sheets and distributed uniformly but
sparsely on the whole sheet surface. The resulting hybrid materials
have a higher SSA (612 m?/g) compared to pure graphene (202 m?/
g) due to the effective intercalation and distribution of CNTs
between graphene sheets. Supercapacitors based on such hybrid
electrodes have high specific capacitance (385 F/g at 10 mV/s) and
excellent electrochemical stability. Recently, Ozkan et al. [800]
used nickel foam as a catalytic substrate to grow CNTs and
graphene simultaneously via a one-step ambient pressure CVD
process. The resulting few-layer graphene/CNT foams possess a
large SSA of 743 m?/g and EDLCs based on such hybrid foams show
large values of specific capacitance (286 F/g), energy density
(39.72 Wh/kg), and power density (154.67 kW/kg) as well as high
cyclability with 99.34% capacitance retention after 85,000 cycles.
In addition, carbon spheres can also be intercalated between



Table 4

Supercapacitors based on carbonaceous hybrids with graphene and their super-capacitive performance.

Hybrid electrode Electrolyte Super-capacitive performance Ref
Carbon materials Graphene resource SSA (m?/g) xiggxage Emax P (W/kg) Specific capacitance and rate capability Cyclability
(Whike) at Emax Initial Final Final rate/ Retention Retention (%)
rate (Cspr) rate (Cspr) Initial rate  of Csp (%) after cycles
CNTs ~25 wt% KOH activated GO 652 EmimBF, 0-4V 110.6 400k 0.5A/g 20A/g 40 49.7 98.2_10k@10A/g [810]
199F/g 99F/g
CNTs Ascorbic acid 1M KOH —1.0~0V 3.2mA/cm?  24mAjcm? 80 90 93.1_10k@6.4mA/cm? [811]
reduced GO 18 mF/cm? 16.2 mF/cm?
CNTs ~50 wt% Hydrothermally/ TEABF,/polycarbonate 34.3 400 05A/g 5Alg 10 714 [812]
chemically reduced GO 109.7F/g 78.3F/g
CNTs Hydrothermally reduced GO 396 PVA/H5PO,4 0-1.0V 6.3 mWh/cm? 26.7mA/cm? 93_10k@250mA/cm>  [813]
300F/cm®
CNTs N,H,-reduced GO 4213 1M EMI-TFSI 0-4.0V 155.6 03A/g 3.1A/g 10.3 57.8 129_1K@2A/g [814]
280F/g 161.9F/g
CNTs Hi-reduced GO PVA/H3P040-0.8V 0.5W/cm? 1 mWh/cm? 0.05A/cm® 1.6 Ajcm? 32 50 93_10k@0.8A/cm> [815]
38.8 F/cm? 19.9 F/cm?
CNTs CVD graphene 807 6M KOH 0-1.0V 10mV/s 500 mV/s 50 78.2 100_5 k@450 mV/s [816]
98.5F/g 77F/g
Activated carbon Annealing GO 798 EMI-TFSI 0-4.0 V 99.2 1k 0.5A/g 4Alg 8 45 89_3k@1A/g [817]
179F/g 80.5F/g
Activated carbon Hydrothermally reduced GO 2106 6M KOH 0-1.0V 22.3 33.2 1mV/s 200mV/s 200 47.6 94.7_5k@100mV/s [818]
210F/g 100F/g
Activated carbon Hydrothermally reduced GO 2806 1M TEABF, in AN 0-2.3V 322 1.1k 2Alg 16A/g 8 83.6 90_2.5k@4Alg [819]
171F/g 143F/g
Carbon fibres Electrochemically reduced GO 1M NaySO4 0-1.0V 8.5mW/cm?  21.4uWh/cm? 10mV/s 95_5k@10mV/s [820]
22.6 wF/cm
Cellulose nanofiber VC-Na reduced GO PVA/H,S0,4 0-1.0V 20 uWh/cm?  15.5mW/cm?  0.7mA/cm?  11.2mA/cm? 16 66 99.1_5k@3.4mA/cm?  [821]
203F/g 134F/g
Cgo ~10 wt% Glucose-reduced GO 6M KOH 0-1.0 V 1A/g 10A/g 10 77.1 92.4_1k@1A/g [822]
135.4F/g 104.4F/g
Porous carbon Pyrolysis GO with KOH 2927 6M KOH -1 to 0V 11.3Wh/L 45WJL 0.5A/g 20A/g 40 65.1 97.2_5k@500 mV/s [823]
481F/g 313F/g
Porous carbon 6 wt%  Hydrothermal/annealing GO 254 6M KOH —-1.0 to 0V 6.2@5mV/s 3545 05A/g 10A/g 20 71.6 92.6_1k@300mV/s [809]
197 F/g 141F/g
Porous carbon Hydrothermally reduced GO 460 6M KOH —-1.0to OV 0.1A/g 10A/g 100 58.6 >90_10k@2A/g [824]
324F/g 190F/g
Porous carbon fabrics  Hydrothermally reduced 322.6 6M KOH 0-1.0V 0.1A/g 5A/g 50 49.1 92_10k@3A/g [825]
GO (15 wt%) 391F/g 195F/g
Carbon black 20 vol%) N,Hs-reduced GO 6M KOH 0-1.0V 5.1k 10mV/s 500mV/s 50 60 96.15_2k@10A/g [826]
138F/g 81.6F/g
1M LiPFg 0-3.0V 26 10mV/s 95.65_2k@10A/g
83.2F/g

Emax: Maximum energy densigy; P: power density; Cspi: initial specific capacitance; Cspr: final specific capacitance; TEABF,: tetraethyl ammonium tetrafluoroborate; EMI-TFSI: 1-ethyl-3-methyl imidazolium bis(trifluoromethane

sulfone) imide; EmimBF,4: 1-ethyl-3-methylimidazolium tetrafluoroborate; AN: acetonitrile.
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Fig. 29. (a) Schematic diagram for a 3D CNT-graphene hybrid nanostructure and SEM images of (b) thermally expanded HOPG, and (c) 3D pillared CNT-graphene architectures
under different magnifications [798]. SEM images of graphene/CNT hybrids obtained by CVD using Co-anchored GO sheets as catalysts with CO (d and e), and C,H4 (f) as
carbon sources, respectively [799]. Copyright: 2011 American Chemical Society and 2010 Wiley-Vch.

graphene sheets to form 3D architectures with improved capaci-
tive performances [801,802]. These graphitic hybrid materials are
promising electrodes for EDLCs due to large electrolyte-accessible
SSA, highly conductive pathways, and rapid electron and electro-
lyte ions transport [803-808]. It should be noted that the specific
capacitance decreases with an excess amount of carbon additives
in such hybrids since graphene has the highest intrinsic capaci-
tance among carbon nanomaterials [809].

4.1.4. Volumetric capacitive performance

Supercapacitors have been usually reported using gravimetric
rather than volumetric capacitive performance [10,768,769]. How-
ever, volumetric capacitance, energy, and power density are crucial
to assemble devices in realistic applications [827]. Especially for
microdevices, gravimetric energy density is almost irrelevant
compared to volumetric energy because the weight of active
materials used in devices is negligible. Porous electrodes such as
GBM aerogels, due to low packing density (<0.5 g/cm?), have large
empty spaces flooded by the electrolyte. This increases the
weight of devices without enhancing capacitance and energy

Graphene
-~ “nanosheet

Evaporation

Removal of water

~~Water

Hydrogel

Shrinking @
N

[827]. Moreover, there is often a very limited volume available for
power sources when assembling the integrated devices and
portable electronics [828]. It is significantly more important for
an electrode material to possess a high volumetric capacitance.
Tao et al. [829] reported a highly compact but porous graphene
material (abbreviated as HPGM) that was produced by room-
temperature vacuum drying of the hydrothermally-reduced GO
hydrogels. HPGM consists of densely interlinked few-layer sheets
and have a low pore volume (0.16 cm?/g) and high apparent density
(1.58 g/cm?) which is much higher than that (~0.02 g/cm?) of the
freeze-dried porous graphene material (PGM) due to the presence of
abundant macropores and mesopores. Different formation mecha-
nisms are proposed as shown in Fig. 30. Although HPGM and PGM
exhibit comparable SSA (367 vs 370 m?/g) and similar gravimetric
capacitances (238 vs 235 F/g at 0.1 A/g), the volumetric capacitance
of HPGM reaches up to 376 F/m>® which is nearly 40 times higher
than that of PGM (10 F/m?). Meanwhile, HPGM shows an excellent
cyclability with ~96% capacitance retention at 0.5 A/g after >4000
cycles, and also a good rate capability with ~69% retention at 15 A/g.
The maximum energy density of such a supercapacitor is up to

PGM

HPGM

Fig. 30. Formation process of PGM and HPGM starting from graphene hydrogels, and corresponding SEM images (Upper: PGM through freeze drying, lower: HPGM through
evaporation-induced drying at room temperature under vacuum) [829]. Copyright 2013 Macmillan Publishers Limited.
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Fig. 31. (a) Schematic illustration for fabricating vertically-aligned graphene electrodes where electrolyte ions (pink dots) can be homogeneously and directly diffused into
graphene sheets. (b) Cross-sectional SEM image of graphene electrodes [831]. Copyright 2014 American Chemical Society(For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.).

13.1 Wh/Lata power density of 39.5 W/Lin aqueous electrolyte, and
can be further increased to 37.1 Wh/L and 98.8 W/L in organic
electrolyte, respectively. This implies low-temperature vacuum-
drying of hydrogels is an alternative method to produce electrode
materials with low pore volume and high packing density while
retaining large SSA and hence, excellent volumetric capacitance.

Low-temperature treatment of GO using Mg(OH), nanosheet
templates was found to produce graphene sheets with high SSA
and low pore volume, and consequently ultrahigh specific
gravimetric (456 F/g) and volumetric (470 F/cm?) capacitances
which are over 3 times higher than hydrazine-reduced GO
[830]. The assembled supercapacitor also exhibits an ultrahigh
volumetric energy density (27.2 Wh/L) and excellent cycling
stability with 134% capacitance retention after 10,000 cycles.
Lee et al. [831] fabricated highly dense and vertically aligned
graphene (VAG) electrodes by a combination of hand-rolling and
cutting processes using GO/CNT hybrid films as the starting
materials, as shown in Fig. 31. The opened-edge VAG electrode
exhibits a high packing density (1.18 g/cm?). CNTs herein act as
spacers for suitable pore sizes close to 0.9 nm and additives to
improve conductivity. The as-prepared VAG electrode demon-
strates high rate capability and much higher volumetric (171 F/
cm®) and area (1.83 F/cm?) capacitances than reduced GO
powder (62 F/cm?, 0.06 F/cm?). Chemically bonded graphene/
CNT hybrids were achieved by amide bonding and used as
flexible electrodes to show a large volumetric capacitance
(165 F/cm?) [812].

4.2. Graphene-based materials for pseudocapacitors

Psuedocapacitors store energy through highly reversible
Faradic redox reactions between the electrolyte and active
electrodes in addition to electric double-layer storage [752]. Con-
ducting polymers and metal oxides are the most attractive
materials for pseudo-capacitive storage because of their electro-
chemical activity and their capability to carry out the Faradaic
redox reaction [10]. In principle, compared to EDLCs, pseudoca-
pacitors exhibit higher capacitance and energy density due to the
coexistence of electrostatic and electrochemical storage occurring
at the surface and also near-surface areas (several tens of
nanometers from the surface) of the electrodes, [10] but relatively
low power density due to low electrical conductivity of materials
and slow electron transfer kinetics [756]. In addition, pseudo-
capacitive materials generally suffer from low stability and short
lifetimes because of their degradation and aging by swelling and
shrinking during redox reactions. In this regard, GBMs are
exceptionally attractive due to their high electrical conductivity,
large SSA, low cost, high mechanical strength and flexibility, and

tunable porous microstructures as well as easy fabrication of the
electrodes [15,832].

4.2.1. Conducting polymer/graphene composites

Among conducting polymers, PANI is the most widely used for
supercapacitors due to its large theoretical capacitance (2000 F/g),
high electroactivity, low cost and facile synthesis [833,834]. Gra-
phene/PANI composites have been successfully prepared by in-situ
polymerization, [835-842] physical mixing, [843-845] layer-by-
layer (LBL) assembly, [846] electrodeposition, [847,848] electro-
spinning, [849] and chemical grafting [850,851] methods. Among
them, the in-situ polymerization technique is easy, widely
accepted and capable of high volume production due to the good
solubility of GO and aniline precursors [852-855]. Wei et al. [856]
reported a hierarchical composite of PANI nanowire arrays grown
vertically on GO sheets by in-situ chemical polymerization. In the
case of dilute aniline (0.05 M), heterogeneous nucleation on GO
sheets was observed, resulting in a high yield of uniform aligned
PANI arrays (see Fig. 32). GO/PANI supercapacitors show a high
specific capacitance of 555 F/g at 0.2 A/g while retaining 227 F/g at
2 A/g due to good rate capability. Meanwhile, 92% capacitance
retention after 2000 cycles is reported for GO/PANI while pure
PANI retains only 74% of its initial capacitance. GO/PANI
composites thus possess a synergistic effect of PANI and GO with
higher electrochemical capacitance and better stability than each
individual component. Yu et al. [837] developed a method to
fabricate free-standing graphene paper on which uniform PANI
nanorod arrays can be then grown in-situ by electropolymerization
to produce flexible graphene/PANI composite paper. The graphene/
PANI electrode exhibit a higher capacitance (763 F/g@ 1A/g)
compared to that of graphene paper and PANI film (180 and 520 F/
g, respectively) due to the contribution of both dual-layer
capacitance and pseudocapacitance, and better cycling stability
with 82% capacitance retention after 1000 cycles relative to the
51.9% of PANI film. Recently, chemically-grafted graphene with
PANI nanowire arrays was performed by grafting aminophenyl
groups as active sites for in-situ vertical growth of PANI arrays onto
graphene sheets [857]. The resulting composites have a high
capacitance of 590 F/g at 0.1 A/g and no loss of capacitance after
200 cycles at 2 A/g.

Graphene/polypyrrole (PPY) composites have been also pre-
pared by electropolymerization, [858,859] chemical polymeriza-
tion, [860-862] electrodeposition, [863,864], and physical mixing
[865]. All show improved supercapactive performance compared
to their individual components. Other conducting polymers, such
as poly(3,4-ethylenedioxythiophene) (PEDOT), [859] have been
rarely reported due to their high cost. In a recent study, PANI, PPY,
and PEDOT were coated on the surface of graphene by in-situ
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Fig. 32. (a) Schematic illustration of heterogeneous nucleation and growth mechanism of PANI nanowires on GO nanosheets, and (b and ¢) SEM images of GO/PANI
composites. Electrochemical performance: (d) CV curves of GO, PANI, and GO/PANI composites at a scan rate of 20 mV/s; (e) charge-discharging curves, (f) specific capacitance
of at different current densities, and (g) cycling stability of PANI and GO/PANI [856]. Copyright 2010 American Chemical Society.

polymerization to obtain conducting polymer composites
(Fig. 33a-c) [866]. Graphene/PANI, graphene/PPY, and graphene/
PEDOT electrodes have specific capacitances of 361, 249, and
108 F/g at 0.3 A/g, respectively, which correspondingly decrease to
305, 189, and 99 F/g at 2.0 A/g (see Fig. 33d-f). Graphene/PANI
composites have a higher capacitance and better rate performance
with a higher retention of initial capacitance compared to the other
two composites. These composites show high cycling ability with
comparable capacitive retentions (81-88%) after 1000 cycles with
higher retentions than that of pure PANI (68% retention after
600 cycles). Graphene sheets are here believed to provide a robust
support for conducting polymers; preventing them from swelling
and shrinking during long-term cycling.

4.2.2. Metal oxide/graphene composites

Metal oxides have long been studied as potential electrode
materials for pseudocapacitors due to the ease of mass production,
and specific capacitance over twice that of conventional carbon-
based electrode materials [867]. However, metal oxides are low
conductive and relatively expensive. Pseudocapacitors based on
these materials show low cyclability and rate performance which
fail to meet practical requirements of commercial applications
[15]. Graphene is a preferred candidate to couple with metal oxides
in light of its high conductivity, large SSA, and excellent
mechanical/electrochemical stability [34].

Among all pseudocapacitive materials, RuO, appears to be the
most promising electrode material due to its high theoretical
capacitance (1358 F/g) and metallic conductivity (300 S/cm) for
efficient charge transport [868]. Its hydrous nature allows a high
rate of proton exchange and hence, rapid charging-discharging
[868]. RuO,-based supercapacitors can also exhibit a wide voltage
window of ~1.2V in acidic electrolytes and thus possess high
energy density [869]. However, like all nanoparticles (NPs), RuO,
NPs easily form large aggregates which often induce incomplete
redox reactions and significant degradation in the electrochemical
performance. Recently, a combination of sol-gel and low-
temperature annealing processes was used to prepare graphene/
RuO, composites [651] in which RuO, nanoparticles (5-20 nm)
were uniformly anchored on the graphene surface. Graphene/
RuO,-based supercapacitors exhibit high specific capacitance
(570F/g for 38.3 wt% Ru loading), enhanced rate capability,
excellent cycling stability (97.9% retention after 1000 cycles), high
energy density (20.1 Wh/kg at 0.1 A/g) and high power density
(10 kW/kg). Ozkan et al. [870] fabricated a 3D graphene and CNT
hybrid foam architecture for uniformly anchoring RuO, (sub-5 nm)
NPs. Supercapacitors based on such 3D hybrids have high
gravimetric (502.78 F/g) and area (1.11 F/cm?) specific capaci-
tances, and both energy and power densities are as high as
39.28 Wh/kg, and 128.01 kW/kg, respectively. These devices also
give an excellent cyclability with 106% capacitance retention over
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Fig. 33. TEM images (upper) and charge/discharge curves (lower) of (a, d) graphene/PEDOT, (b, e) graphene/PPY, and (c, f) graphene/PANI composites and corresponding

electrodes [866]. Copyright 2012 American Chemical Society.

8100 cycles. However, RuO, is too expensive for widespread
practical applications and it also exhibits high toxicity. Hence it has
long been used as a model material for exploring fundamental
mechanisms of super-capacitive performance [868].

Manganese oxide, typically MnO,, is frequently considered as a
potential electrode material for supercapacitors because of its high
theoretical capacitance (up to 1380 F/g), low cost due to abundant
availability on earth, environmental benignity and ease of large-
scale production [871,872]. Unfortunately, its poor conductivity
(107°-10"%S/cm) limits the rate capability for high-power
applications [12]. He et al. [873] used highly conductive
(5500 S/m) graphene networks to support MnO, by electrodepo-
sition. Supercapacitors based on such graphene/MnO, show high
area capacitance of 1.42 F/cm? (2 mV/s) and power density (62 W/
kg). In addition to RuO, [651,874-877] and MnO-, [873,878-884]
graphene has also been hybridized with other metallic compounds,
such as ZnO, [885-887] NiO, [888-890] SnO,, [891-893] CeO,,
[894] Mn30., [895-901] Fe30.4, [902-905] Co304, [906-909] V505
[910-914] as well as Co(OH), [915-917] and Ni(OH),, [918-921]
to fabricate the electrode materials. Supercapacitors based on such
hybrid electrodes have shown improved electrochemical perfor-
mance (see Table 5). In these cases, metal oxides contribute to large
pseudocapacitance by means of rich surface/near-surface redox
reactions while graphene contributes an electric dual-layer
capacitance via the adsorption/desorption of electrolyte ions.
Meanwhile, graphene serves as a robust framework for supporting
metal oxide particles and also forms a conductive network having a
high transportation rate for electrolyte ions and electrons
throughout the electrode.

5. Graphene-based materials for fuel cells

Fuel cells are electrochemical devices that directly convert
chemical energy into electrical energy through chemical reactions
at the electrode-electrolyte interface [751]. A primitive fuel cell
was first reported over 175 years ago [936]. Fuel cells have drawn
tremendous attention since then due to their high energy density,
high efficiency, and low emission of pollutants. Fuel cells under
active development typically include six types based on the
electrolyte used in cells, [937] and they are alkaline fuel cells
(AFCs), polymer-electrolyte membrane fuel cells (PEMFCs, also
called proton-exchange membrane fuel cells, or solid polymer

electrolyte fuel cells), direct-methanol fuel cells (DMFCs), phos-
phoric-acid fuel cell (PAFCs), molten-carbonate fuel cell (MCFCs),
and solid-oxide fuel cells (SOFCs) in an order of increasing
operational temperature while decreasing overall efficiency
(Fig. 34) [938]. DMFCs can be considered as a subcategory of
PEMFCs in which methanol is electrochemically oxidized directly
in cells [939,940]. Each fuel cell has its own advantages,
limitations, and potential applications [751,937,938].

5.1. Hybrid electrocatalysts

Reactions in fuel cells usually involve the oxidation of fuels (such
as hydrogen, methanol, and formic acid) on the anode and the
oxygen reduction reaction (ORR) on the cathode where the oxygen
source is from airin most cases. Platinum (Pt) has long been regarded
as the best catalyst for anode and cathode reactions especially for
low-temperature fuel cells. Other noble metals such as Au, Ru, Pd, Ni,
and their alloys have also been reported to catalyze the electrode
reactions in fuel cells [941-943]. Noble metal catalysts still suffer
from sluggish reaction kinetics, high cost, crossover effects (caused
by the diffusion of fuel molecules from the anode to the cathode),
carbon monoxide (CO) deactivation, and susceptibility to time-
dependent drift [944]. On the other hand, these catalyst NPs are
usually required to be dispersed uniformly on a catalyst support so
as to increase electroactive surface area and catalytic activities,
improve cycling stability and lifetime and also lower the electrode
cost. Carbon black has been the most widely used support for state-
of-the-art commercial catalysts in fuel cells mainly due to its low
cost [945]. Other carbon materials such as active porous carbon,
[942,946] CNTs, [947] graphite, [948] carbon aerogels, [949], and
non-carbon materials [950,951] have also been proposed as catalyst
supports. An excellent catalyst-support material should exhibit low
cost, large SSA for uniform dispersion of catalysts, high electrical
conductivity, strong coupling with catalysts as well as high chemical
and electrochemical stability in the electrolytes [951,952]. However,
such hybrid catalysts are still hindered by self-aggregation of
catalyst NPs, activity degradation, catalyst poisoning, or corrosion
and oxidation of catalysts and supports under operating conditions
[950,953,954]. The key breakthrough for fuel cells lies in developing
cost-effective, highly-conductive electrocatalysts that can acceler-
ate ORR and fuel oxidation while retaining high stability and
durability.



Table 5
Pseudocapacitors based on metal oxide/graphene composites and their super-capacitive performance.
Composite electrode Super-capacitive performance Refs
Capacitive materials Graphene resource SSA Electrolyte & Emax (Wh/kg) P (W/kg) Specific capacitance and rate capability Cyclability
(m?/g) voltage window at Epax
Initial rate Final rate Final rate/ Retention Retention (%)
(Cspr) (Cspr) Initial rate  of Csp; (%)  after cycles
RuO; (5-20nm; GO, annealing 281 1M H,S04 —0.2 to 0.8V 20.1@0.1A/g 50@0.1A/g 1mV/s 50 36 ~97.9_1k@ 1A/g B [651]
38.3 wt% Ru) 570F/g
100 wt% graphene 108 22.2@0.1A/g 1mV/s 42_1k@ 1A/g
606 F/g
100 wt% RuO, 3.0 3.1@0.1A/g 1mV/s 90.9_1k@1A/g
148F/g
RuO; (<2 nm) CVD graphene 1M H,S04 0-0.9V 57.5 23 k 10mV/s 70_4k@0.5V/s B [877]
~650F/g
RuO, (40 wt%) N,H,4-reduced GO 0.5M H,S04 1.2V 20.28 (14.03) 600 (12Kk) 5A/g 94_1k@5A/g A [874]
100F/g
MnO, (100-300nm),  Thermally reduced GO 3M KCl 0-1.0V 5mV/s 1V/s 200 32 ~80_1.5k@50 mV/s B [922]
100 wt% 215F/g 68F/g
99 wt% 50.2 365F/g 167F/g 46 ~100_1.5k@50mV/s
97 wt% 42.9 310F/g 183F/g 49
90 wt% 36.6 265F/g 227F|g 86
MnO, sheets N-graphene (GO, urea) 158.74 1M NaySO4 0-1.0V 0.2A/g 2A/g 10 74.9 94.2_2k@0.2A/g B [923]
(~66.9 wt%) 257F[g 192.5F/g
MnO; needle GO 1M NaySO4 0-1.0V 0.15A/g 1A/g 54 84.1_1k@0.2A/g B [879]
(~90 wt%) 216F/g 111.1F/g
MnO; (38.1 wt%) Activated GO 1391 1M H,S04 0-1.0V 0.25A/g 20A/g 80 87.7_1k@15A[g A [924]
256 F/g 187F/g
Hollow MnO, GO, heating/150°C 69.8@0.5A/g 0.5A/g 1.5A/g 3 83_1k@0.6 A/g B [925]
(53.3 wt%) 578F/g 136F/g
MnO,; (300-400 nm, N,H,4-reduced GO 152 1M H,S04 —0.1 to 0.9V 0.2A/g 10A/g 50 B [926]
90 wt%) 250F/g 162F/g
Layered MnO, N,Hy4-reduced GO 1M Na,SO4 0-1.0V 2mvV/s 0.5 V/s 250 73.5 95.4_1.5k@0.5V/s B [927,928]
(78 wt%) 310F/g 228F/g
MnO, N,H4-H,;0-reduced GO 1M NaySO4 0-1.0V 17.2@0.2A/g  200@0.2A/g 0.2A/g 78.7_1k@0.2 Alg B [929]
124F/g
Flower-like MnO, Sponge-supported GO, 1M NaySO4 0-1.0V 8.34 2mV/s ~90_10k@10V/s A [930]
HI reduction ~450F/g
MnO, (61 wt%) Graphene aerogel (GO, 793 0.5M Na,S0,4 0-0.9V 2mV/s 1V/s 500 95_50k@1V/s B [931]
resorcinol- formaldehyde) 410F/g 264F/g
MnO, CVD 3D graphene foam 0.5M Na,S04 0-1.0V 6.8 62 1.5mA/cm? ~82_5k@1.5mA/cm? A [873]
29.8F/g
Mn30,4 (68.4 wt%) N,H4-reduced GO 1M NaySO,4 —0.1 to 0.8V 5mV/s 50mV/s 10 248_300@10mV/s B [895]
153F/g 86F/g
Mn504 (~18.4nm, GO, MSHR 0.5M Na,S04 0-1.0V 3.7@1.2A/g 508@1.2A/g 25mV/s 40 81 A [899]
82.4 wt%) 193F/g
Fe304 (~90 wt%) GO reduced in NaOH 0.5M LiOH —-1.15 to 0.1V 0.5A/g 10A/g 20 90 95_1k@2A/g B [902]
solution at 80°C 326F/g 304F/g
Fe;04 (~73.5 wt%) Hydrothermally-reduced GO 192 1M KOH -0.2 to 0.8V 124@1A/g 332@1A/g 1A/g 5A/g ~112_10k@10A/g B [904]
843F/g 480F/g
Fe304 (20-40m) GO, urea, MSHR 723 1M H,S04 0-1V 9@3.75A/g 3000@3.75A/g  0.25A/g 3.75A/g ~97_12k@0.25mAJg A [932]
88F/g 72F|g
Co304 (20 nm, Hydrothermally-reduced GO 1129 2M KOH 0-0.85V 39 8.3k 2mvV/s 50mvV/s 50 82.6 ~95.6_1k@2A/g A [908]
92.8 wt%) 472F|g 86F/g
V505 nanorods Solvothermally reduced GO 49.16 8M LiCl -0.3 to 0.7V 29.33 10k 1A/g 20A/g 20 ~84_1k@1A/g B [933]
(~92 wt%) 74.58 500 537F/g 211.2F/g
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Emax: Maximum energy densigy; P: power density; Csp;: initial specific capacitance; Csp: final specific capacitance; A: performance data measured by a symmetrical cell; B: performance data measured by a single electrode; SILAR:

successive ionic layer adsorption and reaction method; MSHR: microwave-assisted hydrothermal reduction.
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Fig. 34. Fuel-cell types, chemical reactions and processes that occur in various
systems. The fuel oxidation reaction on the anode involves the liberation of
electrons (e.g., 0>~ +H,=H,0+2e~ or H,=2H"+2e"). These electrons travel
round the external circuit producing electrical energy by means of the external load,
and arrive at the cathode to participate in the reduction reaction (e.g, 1/
20, +2e” =0% or1/20, + 2H" + 2e” = H,0). The reaction products such as H,0 are
formed on the anode for SOFCs, MCFCs and AFCs, and on the cathode for PAFCs and
PEMEFCs.

As mentioned above, graphene can provide an ultra large SSA to
support and disperse catalyst NPs uniformly thus suppressing
inter-particle aggregation and enabling more exposure of available
electroactive sites. Particularly for GO-derived graphene materials,
they usually contains topographic defects (vacancies, holes, edges,
and distortions) and residual functional groups (carbonyl, epoxide,
hydroxyl, and carboxyl groups) which allow them to be active
substrates for growing and immobilizing catalyst NPs with strong
interactions and high structural stability [955]. The above features
when combined with the high electrical conductivity and
electrochemical stability of graphene can also facilitate the charge
transfer from nanocatalysts to graphene and mass transport
through the electrode surface thereby affording high conversion
efficiency [956]. As reported extensively (see Table 6),
[377,755,952,957] graphene hybrid catalysts for fuel cells have
shown their advantages such as high electrocatalytic activity, long
operation durability, great tolerance to crossover effect toward
fuels, and low cost, all of which make graphene hybrid catalysts
potential competitors to metal nanocatalysts [24,25,958].

Graphene-supported nanocatalysts have been mainly produced
by reducing catalyst precursors and GO through in-situ or ex-situ
methods [984-986]. For instance, Pt NPs (5.1 nm in diameter) were
uniformly deposited onto graphene sheets by synchronous
reduction of H,PtClg and GO using NaBH,4 [987]. The resulting
Pt/graphene catalysts exhibit higher catalytic activity for both
methanol oxidation reaction (MOR) and ORR, and also better
stability compared to Pt (5.7 nm) supported on carbon black due to
the uniform distribution of Pt NPs and enhanced interaction
between Pt and graphene. Ravishankar et al. [988] reported an
ultrafast microwave-assisted process to produce graphene-sup-
ported Pt catalysts by co-reduction of GO and H,PtClg in ethylene
glycol. Ultrafine Pt NPs (2-3 nm) were uniformly distributed on
graphene and showed excellent catalytic activity for MOR.
Electrochemical reduction was demonstrated to produce Pt/
graphene catalysts for fuel cells with high electrocatalytic activity
and long-term stability [989]. In addition, Pt NPs can be directly
deposited onto the surface of N;Hy-reduced GO [990] and show a
larger electrochemically-active surface area (ECSA; 24.01 m?/g)
than carbon black-supported Pt catalysts (20.61 m?/g) and higher



Table 6
Graphene hybrid electrocatalysts and their applications in fuel cells.
Graphene-supported electrocatalysts Catalytic performance Applications Refs
Graphene source Catalysts Graphene (wt%) ECSA Max. current/power density Current or ECSA
Retention (%)
Graphene-supported metals
GO, NaBH4 Pt (5-6 nm) 44.6 m?[g (30.1 m?/g)? 199.6 mA/mg (101.2 mA/mg)* MOR [959]
PDDA-GO, NaBH,4 Pt (~4.6 nm) ~40 141.6 m?/g 2.53 mA/cm? MOR [960]
S-graphene (GO, phenyl disulfide) Pt NPs (2.1 nm) 139 mA/mg (121 mA/mg)? 87%@500 cycles (48%)* ORR [961]
Graphene (GO) Pt NPs (2.25nm) 101 mA/mg 54%@500 cycles
CVD 3D graphene Pt (~3nm) 16.8m?/g (13.1)° ~2.5mA/cm? ~65%@2k cycles (~45%)* MOR [962]
S-graphene (GO, (CgHsS),, 1000 °C) Pt NWs (3-25nm in 24.5m?/gm (53 m?/gm)? 167 mA/mg (125 mA/mg)? 58%@3 k cycles (1%)* ORR [963]
diameter)
GO, 1000°C Pt NWs 24.0m?/gm 132 mA/mgp, ! 28%
DNA-graphene Pd NPs (5nm) 32 147.1m?/g 140.1 mA/mg (63.9 mA/mg)? FAOR [964]
Graphene Pd NPs (12nm) 30 73.2m?g 93.8 mA/mg
GO, N,H4H,0, hydrothermal Ni NPs 16.3mA/cm? (0.5M EtOH) EOR [965]
GO, hydrothermal Cu nanocubes (~50nm) 95.3%@200 cycles DHFC [966]
GO Au NPs (~29.2nm) 2.70mA/cm? (2.96 mA/cm?) 92.5%@5 ks (7.8%)° ORR [967]
GO, electrochemical reduction Au NPs (~6.8 nm) 0.862 cm? 133%@50ks (55%)* ORR [968]
Graphene-supported alloys
Graphene PtRu 68 m?/g 20.8 mA/cm? MOR [969]
GO, heating PtAu (~4.5nm) ~60 185 mW/cm? FAOR [970]
GO, melamine, annealing Pt3Au (4-5nm) 72.7 60.9m?/g (45.7 m?[g)* 0.417 Ag? (0.064 A/g?) 76.5%@2k cycles (39.9%)" MOR [971]
GO, annealing Pt;Au (4-5nm) 72.9 49.2m?/g 0.186A/g?
GO, microwave Pt3Pd 49.8m?(g 394mA/mg MOR [972]
GO, NaBH,4 PtRu (~2.8 nm) 80 157.2m?/g (52 m?/g)? 860A/g (206A/g) MOR [973]
CVD 3D graphene PtRu (~4.24nm) 80 186.2m?/g (54.2 m?/g)* 109.3mA/cm? (MeOH) 99.3%@900 cycles MOR [974]
78.6 mA/cm? (EtOH) (21.2%)* for MOR EOR
32.5%@900 cycles
(0.9%)? for EOR
GO, EG reduction NiPd (2-6 nm) 81.8 108.3m?/g 4428 mA/mgpq MOR [975]
GO, EG reduction Ir,V NPs (2.02 nm) 15.331cm? (0.619 cm?)? 231 pA/cm? ORR [976]
GO, NH3 TiN (8.8 nm) 20.27 90%@25,0005s (27%)* [977]
GO, heating Pt;Co (4-5nm) ~60 57 m?/g 875 mW/cm? ORR [978]
GO, heating Pt;Cr (4-5nm) ~60 55m?/g 985 mW/cm?
3D Graphene (GO, hydrothermal) PtPdCu (30nm) 75.32 183 mA/cm? (55 mA/cm?)? ~94%@1 k cycles [979]
Graphene-supported metal oxides
GO, NH3H,0 Mns04 spheres 17 2.47 mA/cm? ORR [980]
Mn;0,4 cubes 20 3.41 mA/cm??
Mns0, ellipsoids 16 3.70mA/cm?
GO, NH3H,0 Co304 NPs (4-8 nm) 30 52.6 mA/cm? (68.0 mA/cm?)? ~100%@10-25ks (20-48%)" ORR [981]
OER
GO, hydrothermal reduction Co304 NPs (12-25nm) 12.3mA/cm?
3D graphene (GO, polypyrrole, 180 °C) Fe304 NPs (20-80nm) 53.8 -2.56 mA/cm? 79.3%@20ks (61%)* ORR [982]
GO, NH3H,0 MnCo,04 (~10nm) ~20 151 mA/cm? 96.5%@20ks (67%) ORR [983]

Jx: Kinetic current density; n: electron transfer number; ECSA: electrochemically active surface area calculated by integrating the hydrogen adsorption-desorption region.

2 Data from the commercial Pt/C; FAOR: Formic acid oxidation reaction; EOR: ethanol oxidation reaction; DHFC: Direct hydrazine fuel cell; OER: Oxygen evolution reaction; EG: Ethylene glycol.
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Fig. 35. CV cures of commercial Pt/C, Pt/graphene, PtPd/graphene and PtCo/graphene in (a) N,-saturated 0.5 M HCIO4 and (b) 0.5 M CH30H/0.5 M HClO4 electrolytes at 50 mV/
s, and (c) Chronoamperometric curves recorded at 0.65 V (vs Ag/AgCl) of electrocatalysts in 0.5 M CH30H/0.5 M HCIO4 electrolyte for 3000 s [994]. Copyright 2013 Elsevier

Ltd.

tolerance to CO. ECSAs for Pt/chemically reduced GO hybrids can
be significantly enhanced by thermal annealing as well [956].

Defect sites of reduced GO can serve as anchoring centers for
the formation of catalyst NPs. However, these structural defects
often weaken the intrinsic electronic transport of graphene and
also cause graphene-supported catalysts to be unstable under
harsh electrochemical conditions [991]. Chen et al. [992] used a 3D
CVD-graphene as an electrode support for pulsed electrochemical
deposition of Pt NPs. The electrochemically active area is 58%
higher for Pt/3D-graphene than for Pt/CNF due to better dispersion
of Pt on 3D-graphene. Pt/3D-graphene hybrids give a higher peak
current density of the forward anodic peak (I, ~1.6 mA/cm?) than
Pt/CNF (0.8 mA/cm?) and Pt/C catalysts (1.39 mA/cm?), suggesting
that 3D-graphene can effectively promote electron transport and
MOR. Meanwhile, the current density ratio (I¢/I,,) of I to the reverse
anodic peak (Ip) was calculated to be 2.25 for Pt/3D-graphene. The
value is much higher than those reported for Pt/CNF (0.8) and Pt/C
catalysts (~1) reflecting a more complete oxidation of methanol to
CO, during the reverse anodic scan and less accumulation of
carbonaceous residues on the catalyst surface [993].

Recently, few-layer graphene sheets were produced by liquid-
phase exfoliation of graphite in NMP, and monodisperse Pt and its
alloy NPs (2-3 nm) were then deposited onto the surface by
solvothermal reaction [994]. The resulting electrocatalysts in
DMEFCs show ECSAs varying as follows: PtPd/graphene (116.7 m?/
g) >PtCo/graphene (103.6 m?/g)>Pt/C (33.9 m?/g)>Pt/graphene
(28.6 m?/g) (Fig. 35a). The I; values (Fig. 35b) of Pt/graphene, Pt-
Pd/graphene and Pt-Co/graphene are 4.93, 4.39 and 4.01 mA/cm?,
respectively. These values are more than twice that of commercial
Pt/C (1.68 mA/cm?). The calculated I/I,, values of Pt/graphene
(1.197), Pt-Pd/graphene (1.128), and Pt-Co/graphene (1.558) are
also higher than that of commercial Pt/C (0.893). By comparison,
graphene-supported catalysts provide more effective electron
transfer through the electrode surface and more active sites for
electrochemical reaction. This leads to higher catalytic activity and
higher efficiency oxidation of methanol to CO,. These results are
attributed to the high conductivity of graphene, good dispersion of
catalysts, strong graphene-catalyst interaction, easy accessibility
of electrolyte ions, and excellent mass transport. Moreover,
graphene-supported bimetallic catalysts exhibit larger values of
ECSA, If/ls, and Ir as well as excellent electrocatalytic durability
(Fig. 35¢). This also leads to better electrocatalytic performance
compared to pure Pt catalysts [994]. One reason is that the
electronic structure of Pt atoms is modified by Co or Pd resulting in
a favorable Pt-Pt distance [995]. Another lies in the fact that Pd and
Co are relatively oxophilic metals compared to individual Pt and
therefore act as promoters for oxidative removal of CO on the Pt

shell by the available oxygen-containing species formed on the
neighboring secondary metal particles [996-998]. This is beneficial
for increasing the resistance to Pt catalyst poisoning by chemi-
sorbed CO formed during MOR in DMFCs [951,999].

To date, a variety of non-Pt catalysts including Pd, [1000-1002]
Fe, [1003-1005] Au, [967,968,1006] Ag, [1007-1010] Cu, [966] Co,
[1011] Ni metals, [965] bimetallic catalysts such as Pt-Ru,
[973,974,1012-1014] Pt-Au, [970,1015-1017] Pt-Sn, [1018] Pt-
Fe, [1019] Pt-Ni, [1020-1024] Au-Pd, [1025,1026] Ag-Pd, [1027]
Ni-Pd, [975] Ru-Co, [1028], and Ir-V [976] as well as ternary metal
catalysts (e.g., Pt-Pd-Au [979,1029]) have been widely exploited in
combination with graphene to improve their catalytic performance
in fuel cells and reduce the use of Pt. Transition metal oxides are
particularly attractive catalyst materials due to their abundance, low
cost and low toxicity [1030]. Recently, graphene-supported oxides
such as cobalt oxides, [981,1031-1034] manganese oxides [1035-
1038], iron oxides, [982,1039] copper oxides, [1040], and multime-
tallic oxides, [983] have also proven to be efficient catalysts that
exhibit comparable ORR activity, long catalytic stability, and better
tolerance to methanol crossover and CO poisoning compared to
commercial Pt/C catalysts [1041]. Moreover, the electrocatalytic
performance of these metal or oxide catalysts can be further
improved by using doped-graphene [961,981,1042-1046] or
functionalized graphene [960,964,1047-1049] as catalyst supports
due to the presence of abundant active sites for uniform dispersion
of catalyst NPs and hence improved graphene-catalyst binding and
ECSAs.

5.2. Electrolyte membranes

For fuel cells, proton and water transport take place in
membranes (usually ~10-100 wm in thickness) during cell
operation. It is essential to develop polymer electrolyte mem-
branes (PEMs) with favorable properties including strong toler-
ance to catalyst and various intermediates as well as high chemical,
thermal, and mechanical stability [1050,1051]. PEMs require low
fuel permeability and high ionic/proton conductivity while
preventing electron transport and fuel crossover between two
electrodes. Current PEMs are mostly based on perfluorosulfonic
polymers, the most prominent of which, Nafion, has a mechani-
cally robust backbone of polytetrafluoroethylene, and sulfonic acid
group charge sites for proton transport. However, Nafion-based
PEMs are still limited due to high cost, low conductivity at low
humidity and/or high temperature, methanol permeability, and
mechanical instability at operating temperatures [939,1052]. Due
to its high SSA, mechanical strength, chemical stability and barrier
properties, electrically-insulating GO has attracted great interest in
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Fig. 36. Cross-sectional TEM (a), SEM (b) images and optical picture (inset) of SGON membrane. Proton conductivity (c) and methanol permeability (d) of Nafion, SGON, and
GON membranes. (e) Polarization curves of DMFC single cells obtained from SGON membranes under operating temperatures of 40, 50, and 60 °C. (f) Nyquist impedance (Z)
plots for Nafion, GO, and SGON membranes [1063]. Copyright 2011 American Chemical Society.

developing high-performance PEMs with improved mechanical
and thermal stability, methanol crossover barrier, proton conduc-
tivity, and a wide temperature window [1053-1062].

In an early work reported by Hong et al. [1063] 0.5 wt%
sulfonated GO (SGO) was mixed with Nafion in DMF followed by
solution casting to obtain SGO/Nafion (SGON) composite mem-
branes. The transport properties were then compared to those of
pristine Nafion and 0.5 wt% GO/Nafion (GON) membranes. Due to
good compatibility and strong interfacial interaction between SGO
and Nafion, SGO sheets are well exfoliated, randomly dispersed,
and also tightly held in the matrix (Fig. 36a and b). SGON
membranes exhibit significantly enhanced proton conductivity
over a wide temperature range (Fig. 36¢), low activation energy for
ionic conduction, high ion exchange capacity (0.97 eq/g) and
reduced methanol permeability (Fig. 36d). This is predominantly
due to the high water uptake (~95.4%) in nanochannels compared
to Nafion (48.4%) and GON (71.1%) membranes. The excellent
transport properties of SGON were further evaluated by a DMFC
single cell under operating conditions of 1 M methanol at the
anode side and for oxygen gas at the cathode side. For example at
60 °C operation temperature (Fig. 36e), the maximum power
density of a SGON-based cell (132 mW/cm?) is higher than that of
Nafion (101 mW/cm?) and GON-based cells (120 mW/cm?).
Meanwhile, the cell resistance values are 13, 11, and 9 mQ for
Nafion, GON, and SGON membranes (Fig. 36f), respectively,
indicating less electrolyte resistance in SGON as a consequence
of chemical sulfonation improving proton transport.

A later study suggests that there exists an optimal ratio of SGO
in SGON membranes [1064]. For a low SGO loading (0-1.0 wt%),
the proton conductivity increases and methanol permeability
decreases with increasing SGO content. Herein the uniformly-
dispersed SGO sheets create more densely interconnected
channels for proton transfer while blocking methanol from
migrating through the membrane. With further loading (1.0-5.0
wt%), the aggregation of SGO sheets predominates throughout the
matrix, thereby reducing the conductivity and barrier ability of
SGON membranes. At the optimal loading of 0.05-0.5 wt%, SGON

membranes also show high methanol selectivity in conjunction
with excellent transport properties and thus deserve to be
implemented in DMFCs. The actual cells exhibit higher current
and power densities, lower methanol crossover, and faster reaction
kinetics compared to commercial Nafion membranes. Further-
more, the incorporation of SGO into PEMs leads to enhanced
mechanical and thermal properties as well as improved tolerance
to pressure during assembling the membrane electrode. It should
be noted that during the fabrication of SGON membranes by a
solution casting method, SGO sheets tended to preferentially form
parallel to the film surface [1064,1065]. Nicotera et al. [1065]
reported that these aligned SGON membranes show a significant
blocking effect toward methanol crossover in the orthogonal
direction due to an increase in the tortuosity of the pathway while
maintaining high proton mobility even at high operating
temperatures up to 130 °C. Electrochemical properties from a
single DMFC also show a significant reduction in Ohmic loss and
acceptable power density at high temperatures and therefore
promise an extension of operating range of DMFCs toward high
temperatures.

6. Graphene-based materials for solar cells

Solar cells or photovoltaic cells can convert solar energy directly
into electrical energy by the photovoltaic effect. Such devices
usually consist of active-layer materials sandwiched between an
anode and a cathode one of which must be transparent to allow
sunlight to pass through. Nowadays, the key to their commercial
application lies in improving the power conversion efficiency (PCE)
while lowering cost by developing high-performance active layer
and electrode materials. With its unique structure and properties,
graphene and its derivatives have been widely used as transparent
electrodes, [1066-1071] and counter-electrodes, [1072] and also
as active materials including light harvesting/acceptor layers,
[1073-1075] charge transport layers, [21,23,1076-1080] Schottky
junctions, [1081-1083] and intermediate layers for tandem SCs.
Based on theoretical simulations, Tour and Yong [1084] claimed
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that graphene-based organic photovoltaics have the potential for
single-cell efficiencies exceeding 12% (and 24% in a stacked
structure). This section will summarize recent advances of GBMs in
PSCs, DSSCs, and PVSCs.

6.1. Graphene-based materials for polymer solar cells

Polymer solar cells (PSCs), also known as organic photovoltaic
cells, have attracted great attention due to their light weight,
relatively low cost, large-area manufacturing, and compatibility
with flexible substrates [1085]. Currently, the most effective PSCs
are fabricated by a bulk-heterojunction (BHJ) architecture using
conjugated polymers as an electron donor and fullerene derivative
[6,6]-phenyl Cgq-butyric acid methyl ester (PCBM) as an electron
acceptor [1086]. The state-of-the-art PSCs have achieved a PCE of
9.2% in a single BH] device with an inverted structure, [1087] and
are moving PCEs towards the goal threshold of 10% for commercial
applications [1088]. The PCEs of PSCs are still lower than those of
inorganic SCs [1089,1090]. In recent years, GBMs have demon-
strated multiple improvements in the photovoltaic performance of
PSCs [1066,1091-1095].

6.1.1. Electron-acceptor materials

Graphene’s energy levels can be tuned by controlling its size
and layers. It also exhibits improved electron transport properties
and higher carrier mobility than fullerene derivatives
[1096,1097]. Furthermore, high SSA and one-atom thickness 2D
planar structure of graphene can provide a large donor-acceptor
interface for fast charge separation and electron transfer. Graphene
therefore is a competitive alternative to PCBM as an acceptor for
PSCs. Cheng et al. [1073] presented the first fabrication of PSCs
using phenyl-isocyanate functionalized graphene as the electron-
acceptor and poly(3-octylthiophene) (P30T) as the donor material,
resulting in the best PCE (1.4%) for the devices with 5 wt%
graphene. Similarly, the incorporation of graphene into poly(3-
hexylthiophene) (P3HT) can induce a significant photolumines-
cence quenching for P3HT due to strong electron/energy transfer
from P3HT to graphene [1098]. For devices with a configuration of
ITO/PEDOT:PSS/P3HT:graphene/LiF/Al, the PCE increases first and
then decreases with increasing graphene content. The device
containing 10 wt% graphene shows the best performance with a
PCE of 1.1%, an open-circuit voltage (Voc) of 0.72 V, a short-circuit
current density (Jsc) of 4.0 mA/cm? and a fill factor (FF) of
0.38 after thermal annealing at 160 °C for 10 min. The PCE is only
0.15% for the un-annealed device and only a moderate PCE (0.57%)
for the device under annealing at 210 °C for 10 min. This indicates
that in addition to graphene content, proper annealing conditions
are also critical for the good device performance. Recently, 20 wt%
functionalized-GO with phenyl-isothiocyanate (GO-PITC) was
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used as the electron acceptor for an ITO/PEDOT:PSS/P3HT:GO-
PITC/Al device to give a PCE of 1.02% [1099]. It seems that graphene
exhibits inferior photovoltaic characteristics compared to fullerene
derivatives when used as acceptor in the active layer [1100].

Gupta et al. [1101] used aniline-functionalized graphene
quantum dots (ANI-GQDs) as the electron-acceptor to fabricate
the device ITO/PEDOT:PSS/P3HT:ANI-GQDs/LiF/Al. The best per-
formance is obtained from 1 wt% ANI-GQDs in the device with
maximum values of PCE = 1.14%, Voc = 0.61V, Jsc =3.51 mA/cm?,
and FF = 0.53 (Fig. 37a). PCE and FF values are much higher than
0.65% and 0.28 obtained from the optimized device with 10 wt%
ANI-graphene sheets (ANI-GSs) in P3HT. For PSCs, photocurrent is
mostly limited by photoinduced charge carrier generation and
transport, thus the nanoscale morphology of active layer is an
important factor for determining FF. Large domains (100-200 nm
diameter) exist in the P3HT:ANI-GSs film (Fig. 37b) due to large-
scale phase separation which are much larger than the diffusion
length of excitons (10 nm). In comparison, uniform and fine
features are seen in the AFM image of P3HT:ANI-GQDs film
(Fig. 37¢), suggesting nanoscale phase separation. This results in an
enhancement of the exciton migration to the donor-acceptor
interface and hence, a decrease in the resistance and a
corresponding increase in FF. An electrochemical approach to
green-luminescent GQDs (3-5 nm) was performed by Qu et al.
using a filtration-formed graphene film as a working electrode
[1102]. The as-prepared GQDs were then integrated into the ITO/
PEDOT:PSS/P3HT:GQDs/Al device, giving a peak PCE of 1.28%.
However, PCE values reported are still low, suggesting that
graphene and its derivatives are still far from being used as an
electron acceptor material in PSCs.

6.1.2. Charge transport layers

6.1.2.1. Hole transport layer (HTL). In PSCs, photon absorption by
semiconducting polymers creates excitons (bound electron-hole
pairs). Charge generation requires the dissociation of excitons at
the donor-acceptor interface. However, in a pristine BHJ device,
both donor and acceptor phases are in direct electrical contact with
the anode and cathode, resulting in the recombination of carriers
and current leakage. To minimize such detrimental effects and
facilitate charge collection by the electrodes, PSCs often employ an
electron blocking HTL between the transparent anode and active
layer. The HTL should be a wide bandgap p-type material that has a
proper work-function to ensure the Ohmic contact with the donor
material without increasing the series resistance in devices
[1103]. Semiconducting PEDOT:PSS is the most commonly used
HTL in PSCs, but it has high acidity, hygroscopicity, and
inhomogeneous electrical properties, resulting in the degradation
of device performance and lifetime [1104]. Contrary to pristine

Fig. 37. (a) J-V characteristics of PCSs based on ANI-GQDs with different GQDs content and ANI-GSs annealed at 160 °C for 10 min. AFM images of (b) P3HT:ANI-GSs and (c)

P3HT:ANI-GQDs films [1101]. Copyright 2011 American Chemical Society.
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Fig. 38. (a) The device structure: ITO/GO/P3HT:PCBM/Al, and energy level diagrams, (b) Current-voltage characteristics of photovoltaic devices with no hole transport layer
(curve labeled as ITO), with 30 nm PEDOT:PSS layer, and 2 nm thick GO film. (¢) Charge recombination rate versus light intensities obtained using transient open-circuit
voltage decay measurements for ITO-only, PEDOT:PSS, and 2 nm GO thin film devices. The inset shows the transient photovoltage decay curves of the corresponding devices

[1107]. Copyright 2010 American Chemical Society.

graphene with highly efficient electron transport, GO and its
derivatives showed high hole-transport capability in PSCs
[21,1076,1105,1106]. Chen et al. [1107] demonstrated the use of
GO thin films with large bandgap (~3.6 eV) and lateral resistivity in
excess of 10° {)/cm as the HTL in the ITO/GO/P3HT:PCBM/Al device
(see Fig. 38a). The ITO-only device exhibits a PCE of 1.8 + 0.2% while
the insertion of a 2nm thick GO thin film between ITO and
P3HT:PCBM shows substantial increases in Vgc, Jsc, and FF
(Fig. 38b). This leads to an enhanced PCE (3.5 + 0.3%) which is
comparable to the PCE (3.6 +0.2%) of the device fabricated with
PEDOT:PSS. Furthermore, the transient photovoltage decay lifetimes
for ITO-only, PEDOT:PSS HTL, and GO HTL devices were found to be
8.1, 9.6, and 11.6 ws, respectively (Fig. 38c). The longer charge
recombination lifetimes in GO indicate lower recombination rates.
This suggests effective suppression of leakage current and separation
of carriers via efficient transport of holes to ITO and blocking of
electrons. A clear trend of decreasing PCE with increasing GO film
thickness is observed. This is most likely due to the increase in serial
resistance resulting in lower Jsc and FF and slightly lower film
transmittance with thickness. Similar performance improvements
and HTL thickness effects have been observed in the devices using p-
toluenesulfonylhydrazide reduced GO [1108] and GQDs [1109] as the
HTL materials.

6.1.2.2. Electron transport layer (ETL). The ETL between the cathode
and active layer plays an important role in increasing the PCE with
enhanced Jsc and FF due to improved charge transport and
extraction [21,23]. ETL materials should have a proper work
function to match the acceptor material to facilitate electron
extraction and efficiently transport electrons to minimize series
resistance in the device. Recently, Heeger et al. [1110] used a
~1 nm-thick GO film as the ETL. The active layer is composed of
poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-(4',7’-di-2-thienyl-
2',1",3’-benzothiadiazole)] (PCDTBT) and [6,6]-phenyl C71-butyric
acid methyl ester (PC71BM). The ITO/PEDOT:PSS/
PCDTBT:PC71BM/GO/AI device shows values of PCE = 6.72% and
Jsc=12.36 mA/cm? which are higher than the PCE=5.35% and
Jsc = 10.36 obtained for the same device without the GO layer. The
improved Jsc and PCE are attributed to the efficient electron
transport and extraction from the active layer to the Al cathode.
Furthermore, the device with sequentially deposited GO and a TiOy
interlayer exhibits the highest PCE of 7.5% due to the synergistic
effect of improved charge transport and enhanced optical field
amplitude compared to devices with single coated TiOy or GO. The
GO ETL also improves device stability because it serves as an
oxygen scavenger preventing degradation of the active layer in air.
A RGO/fullerene composite was also used as the ETL for a PSC with

a PCE of 3.89%, which is higher than 3.39% of the control device
without a ETL [1111].

6.1.2.3. Both HTL and ETL. Dai et al. [1112] reported that GO and
Cesium-neutralized GO (GO-Cs, Fig. 39a) have bandgaps of 2.74 eV
and 1.79 eV, respectively, and can be potentially used as hole- and
electron-transport layers in the normal device ITO(anode)/GO/
P3HT:PCBM/GO-Cs/Al (cathode) and the inverted device ITO(-
cathode)/GO-Cs/P3HT:PCBM/GO/Al (anode) (Fig. 39b). As shown in
Fig. 39c¢, the work function of GO (4.6-4.8 eV) matches both ITO
and the HOMO level of P3HT to form an Ohmic contact with the
active layer for efficient hole extraction. The work function of GO-
Cs (3.9-4.1 eV) matches both the Al and the LUMO level of PCBM to
form an Ohmic contact with the active layer for efficient electron
extraction. Carboxyl groups on the periphery of GO can also dope
P3HT at the interface to facilitate the Ohmic contact formation for
effective hole extraction [1076,1113]. The normal device (Fig. 39d)
shows better photovoltaic performance (PCE = 3.67%, Voc = 0.61V,
Jsc=10.3 mA/cm?, FF=0.59) than that of the reference device
(PCE=3.15%, Voc=0.61V, Jsc=9.67 mA/cm? FF=0.52) with
PEDOT:PSS and LiF as interlayers. Based on the J-V curve
(Fig. 39e), the inverted device gives a PCE of 2.97% which is much
higher than that of the control inverted device (1.2%) using Cs,CO3
and PEDOT:PSS as electron- and hole-extraction layers, respec-
tively. The relatively weak light absorption characteristic of GO and
GO-Cs, together with good solution-processability for forming
ultrathin film (~2 nm), facilitates light transmission to the active
layer. Furthermore, the high external quantum efficiency (68%) for
the normal and inverted devices implies that the charge-extraction
performance of GO and GO-Cs is independent of the electrode
materials. These results clearly suggest that GO and GO-Cs can
work very well in a single device and their charge-extraction
performance is comparable to those of the state-of-art interface
materials currently used in BH] solar cells. Therefore, graphene
derivatives seem to be versatile hole-/electron-transport materials
for various BHJ SCs.

6.1.3. Intermediate layers for tandem cells

For PSCs, one of current limitations lies in the narrow
absorption window compared to solar cells with inorganic
semiconductors as photoactive materials. To utilize solar radiation
effectively, an alternative approach is to stack high- and low-
bandgap materials with complementary absorption spectra to
fabricate tandem/multijunction cells [1114-1117]. By intercon-
necting a front subcell (using high-bandgap materials) with a rear
subcell (using low-bandgap materials) by an intermediate layer
either in series or in parallel fashion; V¢ or Jsc can be, in principle,
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Fig. 39. (a) Schematic structure and synthetic route to GO-Cs, (b) device configurations and (c) energy level diagrams of the normal device (left) and inverted device (right)
with GO as the hole-extraction layer and GO-Cs as the electron-extraction layer, and J-V curves of (d) the normal device and (e) the inverted device [1112]. Copyright

2012 Wiley-Vch.

doubled [1118]. High PCEs beyond 10% were recently achieved for
tandem PSCs [1119]. In general, an efficient intermediate layer
requires high conductivity, high transparency, low surface
roughness, and high mechanical and chemical stability. The
intermediate layer must serve as a strong physical boundary to
prevent intermixing of the two subcells.

Graphene films meet most of the criteria needed in an
intermediate layer and are also readily transferred to a wide
range of substrates. As a proof of concept, Loh et al. [1120] used the
CVD-grown graphene film as an intermediate layer to fabricate
series and parallel connected tandem devices (Fig. 40a). Two BH]J
layers include P3HT:PCBM as the active layer 1 (bottom cell) and
zinc phthalocyanine:fullerene (ZnPc:Cgp) as the active layer 2 (top
cell). In the case of series connected cells, graphene severs as a
recombination center for extracting both electrons and holes from
bottom cell and top cell, respectively. Of note, low work function
modification of graphene (4.2 eV) is only favorable for electron
extraction. Graphene coated by MoO; with a high work function
(6.76 eV) can increase the work function to 5.5 eV (Fig. 40b and c).
As a consequence, using MoOs-modified graphene as the

intermediate layer, high Voc (1V) and Jsc (11.6 mA/cm?) values
are achieved for series- and parallel-connected tandem devices,
respectively. These are much higher than the V¢ (0.58 V) and Jsc
(7.6 mA/cm?) of single cells. As expected, graphene can effectively
join subcells to multiply Voc and Jsc. The overall PCE of series-
connected tandem cell is 2.3%, and the parallel-connected tandem
cell gives a PCE of 2.9% which is close to the sum (3.3%) of the two
subcells.

Huangetal.[1121] used a transparent GO/PEDOT composite gel
as a sticky intermediate layer (Fig. 41a) to construct solution-
processed tandem PSCs through direct adhesive lamination. As
shown in Fig. 41b, the Vo of the tandem cell is 0.94 V and reaches
84% of the Vo sum of individual front and rear subcells (0.59 V and
0.53V, respectively) due to good connection between the two
subcells. The overall PCE of the tandem cell is 4.14%, which is
higher than that of either individual subcell (2.92% and 3.75%,
respectively). However, the reference device using PEDOT:PSS as
an interconnect shows a lower Voc and PCE than single-layer
devices due to the inefficient separation between the two subcells.
This essentially leads to convert the tandem device into a single
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Fig. 40. Schematic diagram of device configurations (a), and energy level diagrams of tandem cells connected in series (b) and in parallel (c) fashions, respectively

[1120]. Copyright 2011 Wiley-Vch.
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Fig. 41. (a) Cross-sectional SEM image of a tandem device using GO/PEDOT as the intermediate layer. Scale bar: 150 nm, and (b) J-V characteristics of separately-prepared
front cells (black) and rear cells (red) along with tandem cells laminated with PEDOT:PSS only (blue) and GO/PEDOT gel (green), respectively [1121]. (c¢) A normal tandem cell
configuration and (d) corresponding false-colored cross-sectional SEM image showing the layers in the tandem device using GO:SWCNTSs as the intermediate layer. Scale bars

are 200 nm (main) and 50 nm (insets). (e) An inverted tandem device configuration

and (f) corresponding cross-sectional SEM images. Scale bars are 200 nm (main) and

50 nm (insets). (g)J-V characteristics of single subcell (black) and a normal tandem cell (red). (h) J-V characteristics of single subcell (black) and an inverted tandem cell (red)
[1122]. Copyright: 2011 American Chemical Society and 2012 Wiley-Vch(For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).

thickened device with much higher internal resistance. In contrast,
GO's good barrier properties make it favorable for preventing
intermixing in solution-processed tandem cells. Water-process-
able GO:SWCNT (1:0.2 in weight) thin films are also used as an
effective intermediate layer to serially connect two BHJ SCs in both

normal (Fig. 41c and d) and inverted configurations (Fig. 41e and f)
by all-solution processing routes [1122]. As shown in Fig. 41g, Voc
and PCE values for typical single-layer cells are calculated to be
0.56 V, and 3.41%, respectively. These are increased to 0.94 V and
4.10% for the normal tandem cell configuration. For the inverted
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devices (Fig. 41h), Voc and PCE values for subcells are calculated to
be 0.83 V, and 2.90%, which are increased to 0.83 V, and 3.50% for
their tandem cells, respectively. Both normal and inverted tandem
cells produce significantly increased Vqcs, reaching 84% and 80% of
the Voc sum of subcells, respectively. These results clearly suggest
that GO:SWCNTs thin films can serve as good mechanical separator
and electrical interconnect between the two subcells.

6.1.4. Transparent conducting electrodes

Transparent conducting electrodes (TCEs) are an essential part
of optoelectronic devices. Currently, TCEs based on n-type
semiconductive ITO are used in PSCs and set the industrial standard
with>80% transmittance (T) at 550 nm, Rs of 5-400 )/sq (Ohms per
square), and a favorable work function (4.2-5.3eV) [1123-
1125]. However, ITO faces several serious issues including high
production cost, limited reserves of indium, intrinsic brittleness and
instability under acidic and basic environments [1093]. With high
conductivity, transparency, excellent charge mobility, mechanical
flexibility, and low cost, graphene transparent films can be
considered as one of the most promising transparent electrode
materials for replacing ITO [231,1093,1126-1128].

In general, T values of graphene films are inversely proportional
to their thicknesses. For example, thermal polymerization of super
phenalene derivatives can produce graphene films with thick-
nesses of 30, 22, 12, and 4 nm, which correspond to transmittances
of 55, 66, 80, and 90%, respectively, at 500 nm [1129]. In the case of
micromechanically-exfoliated [87] and CVD-grown graphene
films, [356,1130] the T values linearly decrease with increasing
layer number. For instance, CVD graphene films with 1, 2, 3, and
4 layers have transmittances of 97.4, 95.1, 92.9, and 90.1% at
550 nm, respectively [86]. However, compared to the exfoliated
and CVD graphene films, graphene synthesized by aromatic
molecules and GO-derived graphene films exhibit higher T values
at the same layer of graphene and film thickness due to the
presence of topological defects favorable for light transmission
[1129,1131]. Moreover, thicker films of graphene have higher
electron conductivities and lower Rs. In this scenario, Dai et al.
[242] fabricated graphene films by assembly of liquid-exfoliated
graphene sheets on quartz in a layer-by-layer manner, and found
that the one-, two- and three-layer LB films afford Rs values of
~150, 20 and 8 k() and transparencies of ~93, 88, and 83% at
1000 nm, respectively. The enhancement of electron conductivity
achieves low Rs at the cost of T for a TCE. An optimal balance
between T and Rs is therefore required for graphene films.

The dependence of Rs on T for a given TCE can be expressed as
T=[1+ (ZQ/ZRS)(aOp/adC)]*Z, where Zj, 0o, and ogc are the free-
space impedance (377 (), optical conductivity, and bidimensional
d.c. conductivity of thin films [20,1132,1133]. Rs is linked to oy4. by
Rs=(04cN)"! where N is the film thickness. The relationship
between T and Rs seems to be controlled by the ratio of o4c/oop,
which can be considered as a figure of merit (FOM) for TCEs since
high values of 04c/0,p endow them with desirable high Tand low Rs
[1134,1135]. Moreover the T and Rs of graphene films and
consequently oq./0,p, are highly dependent on their crystal quality
and film quality which are closely related to both the graphene
source and fabrication methods. The fabrication of graphene films
can be technically classified into dry (graphene grown on a
substrate and subsequent transfer) [1136-1139] and wet/solution
processing methods (spray depositing, [1140] dipping, [232] spin
casting, [222] and vacuum filtration, [281,350], and LBL assembly
[242]). In order to achieve the commercial target of T > 90% and
Rs < 100 €2/sq, a FOM of o4c/o,p, > 35 is suggested for a TCE. From
data published previously, graphene films made by CVD exhibit the
best performance with oq4c/o,, of 4-11 while liquid-exfoliated
graphene, chemically-synthesized graphene, and GO-derived
graphene films show poorer quality and performance with much

lower oy4c/o,p ratios (usually <1) [1141] due to the presence of
intrinsic defects, inter-sheet junctions and tunneling barriers in
the solution-processed films. Currently, the oq4c/0,p Of graphene
TCEs appears to be much lower than the target FOM of 35. However,
note that the above expression is appropriate for a bulk-like film
(i.e., 0q4c is invariant with the film thickness). That is, this FOM is not
always appropriate, particularly in the high T regime, due to the
percolation behavior with characteristic of sparse networks with
limited connectivity and few continuous conductive paths
[1135,1142,1143].

In addition, the oq4./o,p, is suggested to be primarily controlled
by 04c, where o4 can be rewritten as o4 = nue, in whichn, i, and e
are the carrier density, carrier mobility, and elementary charge,
respectively [82]. A high o4, enables graphene films to have low Rs
(high conductance) and high T simultaneously. There are two ways
to enhance o4 by increasing either n or p [1126]. Note that for
multilayer graphene, n and u are in the order of magnitude of
10*cm?/V's and 10'2cm™2, respectively [18]. It is possible to
achieve o4c/oop > 35 if graphene films have a level consistent with
nu>1.3 x 10'%/Vs [1141]. As reported, both chemical doping
[1144,1145] and substrate-induced doping [1146,1147] can
effectively enhance the electrical properties of graphene films
and give n, i values close to 10'7/V s. This means that the o4./c,p, Of
graphene films can be close to or even higher than the FOM of
35. Coleman et al. [1141] predicted that substrate-induced doping
of graphene can result in a potential o4c/oop up to 330, i.e, T~ 91%
and Rs=11{)/sq, which is more than sufficient for industrial
application of TCEs. Experimentally, Novoselov et al. [140]
reported the use of a layer of PVA to induce n-type doping,
resulting in the formation of micromechanically-exfoliated gra-
phene films with p ~3 x 10'2cm 2, T~ 98% and Rs =400 {}/sq.
Using HNOs-treated CVD-graphene, Ahn et al. [86] achieved a p-
doped film with Rs as low as 30 {)/sq at T ~90%; comparable to
commercial ITO. These results clearly show that TCEs derived from
graphene, in combination with subsequent doping, could poten-
tially outperform ITO in solar cell applications.

PSCs with graphene TCEs has been carried out in recent years as
summarized in Table 7. It can be clearly seen that an optimal
balance between Rs and T, i.e., 04c/0op, is crucial to achieve a high
PCE for a PSC. The CVD-grown graphene thin films, with much
better quality and higher electrical conductivity compared to both
reduced GO and chemically-synthesized graphene films, usually
allow their TCE-based PSCs to exhibit larger PCEs. However, CVD
growth of other multicomponent layered materials is less matched
to subsequent device application and often needs further transfer.
TCEs derived from RGO films can be easily deposited on the
desirable substrates by solution processing; which is inexpensive,
reproducible high throughput manner and highly-compatible with
existing roll-to-roll transfer processing [222,281,1148-1150]. The
large-scale production of highly conducting films from RGO
remains elusive. But current results can fulfill basic requirements
for some optoelectronic devices such as touch screens, flat panel
displays, and LEDs. It should be pointed out that a TCE is only one
component in a PSC. The design, fabrication, and integration of
practical devices also play crucial roles in realizing high-perfor-
mance. Therefore, there is still potential for performance
enhancements by perfecting the quality of graphene and its thin
films [242,350,356,1130,1151,1152] and optimizing the choice of
both active layer and transport layer materials and the fabrication
process of devices [1153,1154].

6.2. Graphene-based materials for dye-sensitized solar cells
DSSCs pioneered by Grdtzel, [1169,1170] have been considered

as an attractive potential substitute for traditional silicon-based
cells due to their respectable PCEs (over 10%), low production cost,
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Table 7
Graphene-based TCEs used in PSCs and their photovoltaic performances.
Graphene-based TCEs Cell configuration Cell performance Refs
Graphene source Rs (2/sq) T (%) Jsc (mA/cm?) Voc (V) FF PCE (%)
CVD-grown graphene
Ni catalyst; 210-1350 72-91 Graphene/PEDOT:PSS/ 2.39 0.32 0.27 0.21 [1155]
PDMS-assisted transfer P3HT:PCBM/LiF/Al
Treated by UV 5.56 0.55 0.243 0.74
Modified by PBASE 6.05 0.55 0.513 1.71 (3.10)*
Cu catalyst PMMA-assisted 250 92 Graphene/PEDOT:PSS/ 4.43 0.53 0.36 0.85 [1156]
transfer CuPc/Cgo/BCP/Ag
374 84.2 Graphene/PEDOT:PSS/ 6.906 0.521 0.326 1.17 (3.43)* [1157]
P3HT:PCBM/Ca:Al
35k 89 PET/Graphene/PEDOT/ 473 0.48 0.52 1.18 (1.27)*  [1158]
CuPc/C60/BCP/Al
80 90 Graphene/MoOs + PEDOT: 7-8 0.59 0.45-0.51 2.50 (3.0)* [1154]
PSS/P3HT:PCBM/LiF/Al
1.2k 96 Au/Gra/Al-TiO,/P3HT: 8.55 0.60 0.501 2.58 (3.45)" [1159]
PCBM/Mo0s3/Ag (inverted)
Graphene/P3HT/Si nanowirle 351 0.48 0.59 9.94 [1160]
Cu catalyst; thermal releasing ITO/ZnO/P3HT:PCBM/ 10.5 0.54 0.44 2.5 [1161]
tape-assisted transfer GO/Graphene (inverted type)
Cu catalyst; TCNQ-graphene 278 92.2 Graphene/PEDOT: 8.90 0.57 0.48 2.58 (4.1)° [1153]
stacked films PSS/P3HT:PCBM/Ca/Al
Ni catalyst; etching followed ~606 ~87 Graphene/PEDOT: 9.03 0.60 0.48 2.60 (3.80)" [1162]
by scooping PSS/P3HT:PCBM/TiO,/Al
Cu catalyst Roll-to-roll transfer 400 Graphene/PEDOT: 10.19 0.62 0.2525 3.98 (3.86)° [1163]
PSS/P3HT:PCBM/Al
Graphene/P3HT/Si 37.81 0.48 0.57 1034
nanohole
Reduced GO
Hydrazine vapor and 17.9k 69 Graphene/PEDOT: 1.18 0.46 0.25 0.13 (3.59)* [1164]
annealing/700°C PSS/P3HT:PCBM/LiF/Al
Hydrazine vapor and 420 61.2 Graphene/ZnO/P3HT/ 0.33 0.31 [1165]
annealing/1100°C PEDOT:PSS/Au
Thermal annealing/1000 °C 16.0k 88 PET/Graphene/PEDOT: 1.74 0.557 0.30 0.28 [1166]
PSS/P3HT:PCBM/TiO,/Al
6.6k 78 3.31 0.560 0.31 0.61
3.2k 65 4.39 0.561 0.32 0.78
1.6k 55 4.24 0.557 0.32 0.77
Thermal annealing/900°C 401 21 Graphene/PEDOT: 2.97 0.50 0.57 0.86 [1167]
PSS/P3HT:PCBM/LiF/Al
486 38 3.50 0.52 0.54 0.99
512 46 5.66 0.54 0.55 1.66
600 55 6.35 0.54 0.58 2.04 (3.00)*
750 65 2.39 0.52 0.34 0.41
Hydrazine-reduced GO:SWCNTs 240 86 Graphene:CNTs/PEDOT: 3.47 0.583 0.421 0.85 [794]
PSS/P3HT:PCBM/Ca:Al
Chemically-synthesized graphene
Superphenalene pyrolysis/1100°C 18k 85 Graphene/P3HT:PCBM/Ag 0.36 0.38 0.25 0.29 (1.17)* [1129]
Camphor pyrolysis/900 °C 1.645k 81 Graphene/PEDOT: 4.82 0.54 0.26 0.68 (1.21)° [1168]

PSS/P3HT:PCBM/Al

2 The PCE of the control cell using TIO; TCNQ: tetracyanoquinodimethane; PBASE: pyrene buanoic acid succidymidyl ester.

and easy fabrication [1171]. A typical DSSC device (see Fig. 42a)
consists of a dye-sensitized mesoporous semiconductor (usually
TiO,) scaffold on a transparent electrode (usually fluorine doped
tin oxide, FTO) as the photoanode, a hole-conducting electrolyte
containing the redox couple (usually iodide/triiodide, I~ /I37), and a
catalytic counter-electrode (or cathode, usually platinized FTO)
[1172]. For DSSCs which use redox mediators for charge transport,
the photon-induced oxidation of dye occurs at the photoanode,
while the reduction of redox species used to regenerate the dye
occurs at the counter-electrode [1173]. DSSCs therefore require
relatively large over-potentials to drive electron injection to TiO,
and regenerate the oxidized dye. With unique structure-depen-
dent properties, GBMs have been incorporated into each compo-
nent of DSSCs and have served as multifunctional roles (Fig. 42b)
[1174].

6.2.1. Counter-electrodes
The counter-electrode (cathode) plays a key role in DSSCs and
should be highly conductive and highly catalytic to ensure rapid

redox pair formation after electron injection. The most commonly
used counter-electrode is based on a thin film (1-5nm) of Pt
deposited on an FTO or ITO substrate. However, Pt is expensive and
also degrades over time while in contact with an iodide/triiodide
liquid electrolyte. As an alternative, graphene-based counter-
electrodes (GCEs) have been extensively investigated over the past
years [1175].

6.2.1.1. RGO as GCEs. Shietal.[160] reported for the first time FTO-
supported NyH4-H,0-reduced GO film (200 S/m in conductivity) as
a GCE in DSSCs showing a much higher PCE of 2.2% compared to
FTO-only DSSC (0.048%) but poorer than Pt-based DSSC (3.98%).
Jeon et al. [1176] found that the PCE of DSSCs with GCEs based on
electrophoretically-deposited GO thin films increases with reduc-
tion temperature (200-600°C) while the Rcr between the
electrolyte and electrode decreases due to the increased conduc-
tivity and charge transport ability [1177]. The highest PCE of 5.69%
and the lowest Rqr of 38 () are achieved on a DSSC with GCE
annealed at 600 °C. Huang et al. [1178] found that champion values
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Fig. 42. (a) Schematic configuration of a typical DSSC device [1172]. Copyright
2012 Macmillan Publishers Limited. (b) Schematic of a DSSC incorporating
graphene in each part [1174]. Copyright 2014 American Chemical Society.

of PCE (6.81%) and Rcr (1.2 Q cm?) for a DSSC are based on
thermally-reduced GO films annealed at 400 °C rather than at
450 °C. Generally, thermal annealing of GO at high temperature
can remove functional groups from GO to restore its m-conjugated
structure. This leads to an increased conductivity which can
facilitate charge transport [225]. The residual oxygen-containing
functional groups and suitable defective structures can serve as
active sites responsible for catalytic performance [1179]. Low Rcr
values account for the enhanced reduction of triiodide ions at the
interface between the electrode and electrolyte which increases
the availability of I ions at the dye-electrolyte interface. This also
enables the suppression of charge recombination in the photo-
anode leading to increases in both Vo and PCE [1180]. However,
reduced GO materials are usually limited by their low conductivity
due to the presence of defects [1181,1182]. Pristine graphene is

also not an optimal candidate for GCEs due to the lack of active
sites available for electrocatalysis [1183-1185].

6.2.1.2. 3D Graphene as GCEs. Performance improvements can be
made on GCEs by tailoring their microstructures and architectures
[1184,1186-1190]. Vertically oriented graphene (VOG) films
(Fig. 43a) with graphene sheets perpendicular to the substrate
were recently prepared by Zhu et al. using plasma-enhanced CVD
with methane and nitrogen as source gases [1191]. As modelled in
Fig. 43b, VOG electrodes provide rapid electron-transfer kinetics
and high electrocatalytic activity toward the I7/I;~ redox couple
due to the fully exposed active edges. Using VOG as a GCE, the
corresponding DSSC gives a PCE of 7.63%; slightly lower than the
PCE of 8.48% for the Pt-based cell. Hu et al. [1192] used a bottom-
up method to produce 3D honeycomb-structured graphene
through thermal reaction between Li;O and CO at 550 °C for
different reaction times. The longer reaction time, the higher the
Rcr and hence, the PCEs for graphene-based DSSCs are lower. The
best materials made at 550 °C for 12 h exhibit low resistance
(Rs =24 ), low Rer (20 Q) and excellent catalytic performance for
their counter-electrodes. The highest PCE is 7.8% which is
comparable to 8.0% for the Pt-based DSSC. The observed
performance is attributed to the formation of a 3D conductive
network that provides large SSA and porosity for improved
electrolyte-electrode interaction and electrolyte/reactant diffu-
sion. 3D porous GCEs have thus been proposed to have better
performance in DSSCs compared to common bulk and film
materials [1193,1194].

6.2.1.3. Graphene hybrids as GCEs. Impressive performance
improvements have also been made in GCEs by combining them
with metals (Pt [1195-1201] and Au [1202]), metal compounds
(NiO, [1203,1204] ZnO, [1205] CoS, [1206,1207] CoS,, [1208] MoS,,
[1209] NiS, [1210] BiySs, [1211,1212] Nij2Ps, [1213] and Mn30,4
[1214]), carbonaceous materials (CNTs, [1215-1219] carbon black,
[1220] mesoporous carbon, [1221] and activated carbon [1222])
conducting polymers (PPY, [1223,1224] PANI, [1225-1231]
PEDOT, [1232,1233], and Nafion [1234]), and multiple components
[1235-1237]. The above work aims at developing GCEs with high
catalytic activity, low Rcr, large accessible SSA, and low cost in
order to compete with Pt electrode. For instance, Choi et al. [1196]
presented a dry-plasma reduction process to uniformly hybridize
Pt NPs (0.5-4 nm) onto graphene (Fig. 44a) through co-reduction
of Pt precursors and GO. The DSSC-based on Pt/graphene has a
higher PCE of 8.56% and a lower Ry of 0.61 {2 cm? compared to
DSSCs with GO-only (4.48%, 12.19 Q) cm?) and Pt-sputtered
electrode (8.18%, 1.22 ) cm?). Xu et al. [1238] reported on a thin

Fig. 43. SEM image of (a) vertically oriented graphene (VOG) and (b) a schematic showing VOG-based counter-electrodes with fast charge transfer [1191]. Copyright

2014 Royal Society of Chemistry.
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Fig. 44. TEM images of (a) Pt/graphene [1196]. Copyright 2013 Royal Society of Chemistry. (b) SEM image of SWCNT/graphene composites, (c) CV curves of I"/I;~ with
different working electrodes, and (d) J-V characteristics of DSSCs with different materials as counter-electrodes [1241]. The inset in (d) shows the device structure. Copyright

2013 American Chemical Society.

film GCE using LBL assembly of GO and PDDA followed by
electrochemical reduction. The device achieves a high PCE of 9.5%,
which is slightly higher than 9.14% for the Pt-based cells. Yin et al.
[1239] reported an electrochemical process to fabricate PPY/
graphene porous composites as a GCE with excellent activity
toward triiodide reduction. The PPY/graphene-based cell gives a
comparable PCE (6.45%), but higher Rt (80.07 {)) compared to the
thermally deposited Pt-based device (7.14%, 46.68 {)). GQD-doped
PPY films were also explored as GCEs [1240]. The performance in
DSSCs achieves the highest PCE (5.27%) which is ~20% higher than
that of the PPY-based cell (4.46%) and comparable to that of Pt-
based devices (6.02%). The performance improvements mainly
originate from large interfacial active sites and hybrid effects.

Recently, Ouyang et al. [1241] found that the incorporation of
20 wt% SWCNTs into graphene produces composite electrodes
(Fig. 44b) that outperform individual Pt, graphene and SWCNTs in
catalyzing Is~ reduction (Fig. 44c). The as-fabricated DSSC achieves
a Voc of 0.86V and PCE of 8.37% which are superior to all the
control DSSCs with Pt (0.77 V, 7.79%), SWCNTs (0.75 V, 7.75%) and
graphene-only (0.78 V, 7.19%) as counter-electrodes (Fig. 44d). By
hybridizing N-doped graphene and SWCNTs to form a 3D aerogel,
Ma et al. [1242] found that the resulting DSSC achieved a PCE of
8.31%. In these cases, graphene enables high electrocatalytic
activity, while SWCNTs give rise to high conductivity for the
composites and also facilitate the penetration of redox species into
the graphene matrix. GCEs with a 3D porous structure provide a
large SSA and good surface hydrophilicity to facilitate the
electrolyte-electrode interaction, electrolyte-reactant diffusion,
and charge transfer. Moreover, the composite electrodes have
better stability than Pt in catalyzing the redox of I /I3~ due to the
degradation of Pt in the electrolyte whereas SWCNTSs and graphene
are quite stable [1190].

6.2.1.4. Transparent GCEs. Unlike the photoanode, optical trans-
parency is not a prerequisite for the catalytic counter-electrode. In
most cases, GCEs are nontransparent to visible light. Some
additional benefits, nevertheless, from optically transparent
counter-electrodes involve the fabrication of plastic DSSCs and
integrated photovoltaic systems like tandem DSSCs as well as
certain practical applications in windows, roof panels, and
decorative installations [1183,1243,1244]. Transparent counter-
electrodes based on GBMs have recently been reported for
constructing DSSCs [1245-1248]. Kavan et al. [1249] reported
transparent (T > 85% at 400-1100 nm) GCEs fabricated by drop-
casting on FTO from commercial graphene nanoplatelets. Trans-
parent GCEs in DSSCs exhibit low Rcr and high catalytic activity
toward the I~ /I3~ redox couple due to the presence of edge defects
and oxide groups, resulting in PCEs of 5.16% and 5.73% in IL and
traditional electrolytes, respectively. Recently, Choi et al. [1250]
used graphene-supported Pt NPs as a transparent GCE achieving a
PCE of 6.55% for front-side and 5.17% for back-side illumination,
respectively. Ramaprabhu and Kaniyoor [1251] employed a
cationic PDDA to functionalize graphene and to assist in uniform
tethering of Pt NPs. The as-fabricated Pt—-PDDA/graphene counter-
electrode is highly transparent (~88% at 550 nm) and highly
catalytic (Rer < 1 2 cm?) in DSSCs and results in an enhanced PCE
of ~5.7% as compared to ~4.5% for the Pt-based reference cell.
DSSCs based on transparent MoS,/graphene hybrid films (>70% at
400-800 nm) were also reported showing a lower Rer (2.34 ) cm?)
and a higher PCE (5.81%) compared to the devices with individual
graphene (6.24 Q) cm?, 2.68%) and MoS, (3.65 () cm?, 4.15%)
electrodes [1252].

Transparent GCEs have also demonstrated high electrocatalytic
activity toward the Co>*/?* redox couples and hence potential
applications in iodine-free DSSCs [1253]. Grdetzel et al. [1254]
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reported that commercial graphene nanoplatelets in the form of a
thin semitransparent film on FTO exhibit high catalytic activity for
Co(L),>*?* (L = 6-(1H-pyrazol-1-yl)-2,2'-bipyridine). The same
GCE exhibits much better electrocatalytic activity for the
Co(bpy);>*?* redox couple, [1255] even outperforming the Pt
electrode under comparable conditions. GCEs also show better
electrochemical stability under cycling potential when compared
to the Pt electrode. All DSSCs, regardless of Co-based redox couples
used, employing GCEs with 66% transparency under sun illumina-
tion by various light intensities (0.1-1.0) achieved PCEs over 9.0%
(up to 9.7%), which is comparable to the device used the Pt
electrode. These findings have promised a straight forward
application in the development of DSSCs with PCEs exceeding 10%.

6.2.2. Photoanodes

Miillen et al. [232] used a thermally-reduced GO film as the
FTO-free window electrode to fabricate the first solid-state DSSC
which, however, gives an extremely low PCE (0.26%) due to the
high series resistance, relatively low transmittance and electronic
interfacial change. Although this seems to provide an alternative to
the ubiquitously employed metal oxide window electrodes, the
use of only graphene as a TCE has been rarely reported so far. A
more frequent use of GBMs has been their incorporation into the
blocking, scaffold and/or scattering layer of the photoanode. In
these instances, graphene serves to accelerate photogenerated
electron transport, [1256-1260] retard charge recombination,
[1261-1265] inhibit back-transport reaction, [ 1266,1267] increase
dye absorption, [1268-1270] and/or enhance light scattering and
light harvesting [1256,1261,1271]. These lead to a large photocur-
rent density, high charge-carrier collection efficiency, and hence
high-performance DSSCs.

6.2.2.1. GBMsinTiO,. Zhaietal.[1261]incorporated graphene into
nanostructured TiO, to form the composite photoanode for DSSCs.
Graphene can serve as a 2D bridge to enable fast electron transport,
low charge recombination and high light scattering [1272]. As a
consequence, Jsc is increased by 45% without sacrificing Voc and
the best PCE reaches 6.97% with a 39% increment relative to the
TiO,-only photoanode (5.01%) and a significant improvent
compared to CNT/TiO, composite electrodes (0.58%). Graphene/
TiO, composite photoanodes were fabricated by a heterogeneous
coagulation between Nafion-coated graphene and commercial
TiO, NPs to ensure strong interfacial binding [1273]. Incorporation
of graphene into TiO, results in both increased dye adsorption and
longer electron lifetimes. The DSSC device with 0.5 wt% graphene
yields a PCE of 4.28% which is 59% higher than that without
graphene. The graphene/TiO, film photoanode made by a
hydrothermal reaction shows high porosity and large SSA which
favor full adsorption of the sensitized dye [1274]. Compared to
pure TiO, electrodes, the graphene/TiO, electrode exhibits lower
charge transfer resistance and thus suppresses charge recombina-
tion. The device based on graphene/TiO, reaches a PCE of 7.52%,
which is 17.7% higher than the TiO,-based cell. A 3D-hybridized
graphene/CNT/TiO, composite was also used as the photoanode to
fabricate DSSCs showing a PCE of 6.11% with a 31% improvement
compared to the TiO,-based device [1275]. Hu and Tang [1256]
simultaneously incorporated graphene into the transport, scaffold,
and scattering layers of the photoanode resulting in a DSSC with a
much higher PCE (9.24%) compared to 6.25% for the TiO,-only
device.

6.2.2.2. Dependence of GBM loading. The fraction of graphene in
TiO, has a strong influence on the performance of DSSCs. PCEs of
DSSCs wusually increase and then decrease with increasing
graphene content in the TiO, composites [1256]. Yu et al.
[1271] reported an optimal amount of 0.75 wt% graphene in

TiO, composites in the range of 0.1-1.2 wt% and achieved a
champion PCE of 5.77%, which is higher than that of pure TiO; cells
(4.61%). Zhou et al. [1276] incorporated 2 wt% graphene into
graphene/TiO, photoanodes to obtain the highest PCE of 7.1%
which is superior to 5.3% and 4.6% for DSSCs based on TiO, and
5.0 wt% graphene/TiO, photoanodes, respectively. Stadler et al.
[1262] found that the 1.6 wt% graphene/TiO, hybrid has the
highest SSA (229.13 m?/g) compared to TiO, hybrids containing
0.8 wt% (203.07 m?/g), 4 wt% (215.8 m?/g), and 16 wt% (205.2 m?/
g) graphene and no graphene (193 m?/g). Accordingly, DSSCs based
on these photoanodes show PCEs of 7.68, 5.34, 4.24, 3.54, and
4.78% in turn. Recently, Chen et al. [1277] synthesized graphene/
TiO, composites (Fig. 45a and b) by in-situ thermolysis of 10,10~
dibromo-9,9’-bianthryl monomers (CogH¢Br3) in the presence of
varied TiO, nanocrystals, and used these materials as photoanodes.
They found that the incident photon-to-current conversion
efficiency (IPCE) gradually increases with graphene content from
0.0 to 0.75 wt% and then decreases at graphene over 0.75 wt%
loading in their TiO, composites (Fig. 45c). Also, the photoanode
with the 0.75 wt% graphene/TiO, composite has the smallest
charge recombination resistance (18.0 {)) at the dye-sensitized
TiO,/electrolyte interface (Fig. 45d) and the longest electron life-
time (53.1 ms) (Fig. 45e). Therefore, DSSCs based on the 0.75 wt%
graphene/TiO, composite possess the highest PCE of 8.25%
(Fig. 45f), which is increased by 65% compared to that of pure
TiO, photoanode (5.01%).

The strong dependence of the device performance on the
loading fraction of graphene in its TiO, composites can be
explained as follows. A certain amount of graphene can effectively
reduce Rcr at the anode-electrolyte interface. In this respect,
graphene can facilitate interfacial transfer of photoinduced
electrons from TiO, to graphene and then rapid transport to
current collectors, thereby lowering backward reactions and
charge recombination. Meanwhile, 2D graphene contributes to a
large conjugated SSA for increased dye absorption which enables
more light harvesting and more photogenerated electrons being
injected into the conduction band of TiO, from the excited state of
dye [1262,1277]. Moreover, the presence of graphene in the
composite photoanode results in a large pore volume which can
promote the efficient diffusion of I~ /I3~ redox shuttle to regenerate
dye [1271]. However, excessive graphene loading leads to reduced
crystallinity of TiO, and poor electron diffusion and transport, and
accordingly high interfacial resistance and high charge recombi-
nation [1262,1271]. In addition, high graphene loading causes self-
agglomeration and severely shields light harvesting of dye and
decreases the number of photogenerated electrons under illumi-
nation [1276]. Therefore, an optimal amount of graphene in the
photoanode is vitally important to reach a high PCE for DSSCs.

6.2.3. Solid state electrolytes

The electrolyte plays an important role in charge carrier
transport and dye regeneration, and therefore has great influence
on the photovoltaic performance and long-term stability of DSSCs.
In order to work efficiently, an electrolyte must fulfill certain
characteristics including minimal potential losses, fast charge
transport (arising from small redox species, high diffusion
coefficient and good interfacial contact with two electrodes),
weak absorption of visible light as well as high electrochemical,
thermal and interfacial stability [1278]. Organic solvents like
acetonitrile and valeronitrile are commonly employed as the
solvents for DSSC electrolytes due to low viscosity, high dielectric
constant, and rapid ionic transfer kinetics. DSSCs with high
reported PCEs are almost based on such liquid electrolytes
containing redox couples [1279,1280]. However, liquid redox
electrolyte-based DSSCs face two significant problems including
leakage of electrolytes and evaporation of organic solvents. These
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Fig. 45. (a) TEM image of 0.75 wt% graphene/TiO, composites and (b) cross-sectional SEM image of its film. (c) IPCE curves, (d) Nyquist curves, (e) Bode phase plots, and (f) J-V
curves of DSSCs with graphene/TiO, composite films.[1277] Copyright 2014 Royal Society of Chemistry.

drawbacks induce higher overall internal resistance due to a lower
concentration of charge carriers and significantly decrease the
recovery of excited dye molecules due to the loss of medium for
redox couple transport. Additional problems involve the corrosion
of cells over time, high temperature instability (when using
outdoors), and manufacturing complexity during sealing and
integration into flexible devices. Alternative strategies have
recently been made by developing quasi-solid-state-electrolytes
(QSSEs) based on ILs, organic-inorganic hybrids and polymer
electrolytes [1278]. Unfortunately, the PCEs of such DSSCs remain
much lower than those of liquid electrolyte-based DSSCs due to the
relatively low charge mobility of the redox couple in QSSEs, high
recombination rate at the electrode-QSSE interface and incomplete
penetration of QSSEs into the mesoporous photoanode. To address
the above issues, some researchers have succeeded in incorporat-
ing graphene materials into DSSC electrolytes to serve as QSSEs
with greatly improved cell performances [1281-1285].

6.2.3.1. Electrolytes based on ILs and hybrid gels. Gun’koetal.[1286]
incorporated small amounts (0.125-3 wt %) of graphene into an IL
of 1-propyl-3-methyl imidazolium iodide (PMII) containing I~ /I3~
to form a new hybrid electrolytes. DSSCs based on this electrolyte
show a champion PCE of 2.6% at 1.0 wt% graphene, which is
25 times greater than the PMII-based DSSC (0.1%). This originates
from the fact that graphene functions as an efficient transporter
which lowers Rcr at the electrolyte—electrode interface and allows
fast charge transfer throughout the electrolyte. Graphene also
serves as an active electrocatalyst for the reduction of Is~ in the
electrolyte [1287,1288]. Ouyang et al. reported [1289] the
formation of composite gel electrolytes by mixing GO with 3-
methoxypropionitrile (MPN) solvent followed by addition of an
iodide mediator. Dynamic rheological measurements suggest that
GO sheets form 3D solid networks in the gels which hold MPN
molecules due to both hydrogen bonding and polar-polar
interactions between GO and MPN. The ionic conductivity of

2.5 wt% GO-MPN electrolyte is 7.24 mS/cm which decreases to
3.14 and 2.08 mS/cm with GO loadings at 4.0 and 6.0 wt%,
respectively, due to the blocking of ionic transport by non-ionically
conductive GO. Meanwhile, the prolonged ultrasonication allows
GO sheets to be fragmented into smaller pieces which lead to
higher ionic conductivity, larger diffusion constant of triiodide and
higher PCEs for DSSCs with GO-MPN electrolytes. DSSCs with
2.5 wt% GO-MPN electrolyte with 10-min-sonicated-GO exhibit a
champion PCE of 6.70% which is close to that (7.18%) of the control
liquid DSSCs without GO. Additional incorporation of 0.25 wt%
MWCNTs into the GO-MPN electrolyte can further reinforce GO
networks and reduce the ionic diffusion length of redox species in
the electrolyte [1290]. DSSCs based on GO-MWCNT-MPN electro-
lytes exhibit increased Voc and Jsc and therefore the PCE increases
to 7.12%. In addition to MPN, a wide range of solvents such as
ethanol, 1-pentanol, 1-butanol, diethylene glycol, THF, acetonitrile,
water, DMF, and DMSO, can form gels by incorporating small
amounts (0.25-1.6 wt%) of GO [1282]. The use of 1.0 wt% GO-
acetonitrile gel containing I~ /I3~ as a QSSE achieves an improved
PCE of 7.5% compared to the corresponding liquid electrolyte
analogues (6.9%). These studies suggest that GO gel electrolytes
can be used as potential candidates for quasi-solid state DSSCs.

6.2.3.2. Polymer composite electrolytes. Yang et al. [1291] sug-
gested that graphene sheets could be uniformly coated by
polyethylene oxide (PEO) to form graphene/PEO composites gels
(Fig. 46a). Compared to bare PEO (1.21 mS/cm), the optimized 0.5%
graphene/PEO composite electrolyte containing Lil, I, and tert-
butyl pyridine gives a higher ionic conductivity of 3.22 mS/cm due
to the improved generation of the iodide redox couple and
enhanced ionic interactions. A DSSC based on this QSSE exhibits a
higher PCE (5.2%) than that of bare PEO-based DSSCs (1.9%).
Recently, Tang et al. reported the use of freeze-dried microporous
poly(acrylic acid)-poly(ethylene glycol) (PAA-PEG) (Fig. 46b)
[1292] and PAA-CTAB (Fig. 46¢) [1293] as scaffolds for the uptake
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Fig. 46. (a) SEM image of 0.5 wt% graphene/PEO composites [1291]. Copyright 2013 Royal Society of Chemistry. SEM images of freeze-dried microporous samples of (b) PAA-
PEG, [1292] Copyright 2014 Royal Society of Chemistry, and (c) PAA-CTAB, [1293] Copyright 2014 Elsevier Ltd. (d) Schematic diagram for a DSSC using a PAA-CTAB/graphene
gel electrolyte. The transportation of reflux electrons along conducting channels within the PAA-CTAB/graphene gel electrolyte is marked. J-V characteristics of DSSCs from

(e) PAA-CTAB and (f) PAA-PEG gel electrolytes.

of graphene, GO, graphite, and liquid electrolytes. PAA-CTAB/
graphene was found to have a liquid electrolyte loading of 14.1 g/g
(polymer gel electrolyte), which is higher than 13.1, 11.4, and
6.73 g/g for PAA-CTAB/GO, PAA-CTAB/graphite, and PAA-CTAB,
respectively. PAA-CTAB/graphene thus shows a higher room-
temperature ionic conductivity (10.56 mS/cm) compared to PAA-
CTAB/GO (9.91 mS/cm), PAA-CTAB/graphite (7.33 mS/cm), and
PAA-CTAB (6.78 mS/cm) due to its higher liquid electrolyte content
in per unit volume. Similarly, the highest values of liquid
electrolyte loading (21.1 g/g) and room-temperature ionic con-
ductivity (11.60 mS/cm) were also observed in the PAA-PEG/
graphene gel electrolyte. It is noteworthy to mention that the
interconnected channels from graphene, GO, or graphite in QSSEs
can conduct electrons from the Pt counter-electrode into the 3D
framework and participate in the electrocatalytic reaction of I /I3~
redox species (Fig. 46d). This leads to fast charge transport, lower
Rcr, high electrocatalytic activity, and long-term electrochemical
stability. DSSCs made from PAA-CTAB/graphene, PAA-CTAB/GO,
and PAA-CTAB/graphite exhibit PCEs of 7.06, 6.35, and 6.17%
(Fig. 46e), respectively These are higher than PCEs reported for
DSSCs based on PAA-PEG electrolytes (6.07%) [1293]. Also, the
PAA-PEG/graphene based DSSC exhibits the highest PCE of 7.74%
compared to DSSCs based on gel electrolytes of PAA-PEG/GO
(6.49%), PAA-PEG/graphite (5.63%), and PAA-PEG (5.02%) (Fig. 46f).
It should be noted that conductive graphene networks in contact
with both electrodes can create a short circuit in DSSCs thus
diminishing performance. In contrast, insulating GO is catalytic
towards the redox couple and also highly compatible with many
polar solvents and redox mediators making it easy to form gel
electrolytes with good ionic conductivity. In this regard, GO is
preferable in fabricating QSSEs for DSSCs.

6.3. Graphene-based materials for perovskite solar cells
Organic-inorganic hybrid solar cells based on organometal

halide perovskites have triggered great attention in photovoltaic
devices [1294] with reported PCEs skyrocketing from 3.8% [1295]

to 10.9%[1296] to 16.2% [1297] and finally to 19.3% [1089] in only
five years. Both meso-superstructured [1296,1298-1300] and
planar heterojunction [1301-1303] PVSCs have been developed
with excellent cell performances. Organometal halide perovskites
(typically taking the form of CH3NH3MX3, M = Pb or Sn, X = Cl, Br
and/or I) play the key role serving as light-harvesting materials,
which have advantages including large absorption coefficients,
high carrier mobility, direct bandgap, low-temperature solution-
processability, low cost, and high stability [1304-1307]. One
prominent feature of halide perovskites is to have long electron
and hole diffusion lengths (e.g., ~100 nm for CH3NH5Pbls, [1308]
and >1 pm for CH3NH5Pbl;_,Cl, [1309]) compared to solution-
processed organic photovoltaic materials (~10 nm), [1310] and
colloidal QD films (80 & 10 nm) [1311]. The larger diffusion length is
aresult of longer recombination lifetime and hence is consistent with
a high carrier-collection efficiency and superior performance
[1309,1312,1313]. However, electron and hole extraction times in
PVSCs are measured to be 0.4 and 0.66 ns, respectively, which are
much longer than the hot carrier cooling (or thermalization) time
(~0.4 ps) [1308]. Therefore some of photon energy is lost due to the
thermalization and carrier trapping. Therefore, ultrafast electron
injection is required in order to compete with carrier trapping and
thermalization/cooling and achieve high PCEs in PVSCs [1314].

In this regard, Fan et al. [1315] fabricated PVSCs by inserting an
ultrathin layer of electrochemically-produced GQDs between
perovskite (CH3NH3Pblz) and TiO, (Fig. 47a-d). As shown in
Fig. 47e, GQDs-loaded devices give higher values of Jsc and V¢ and
similar FF values compared to devices without GQDs. Therefore,
the cells with the GQD layer achieve PCEs of 10.15% and those
without GQDs achieve PCEs of 8.81%. The higher V¢ suggests that
the ultrathin GQD layer can serve as a superfast bridge to facilitate
electron injection from CH3NHsPbl; into TiO, leading to significant
enhancement in the photocurrent and PCE. Further evidence from
transient absorption measurements shows that IPCE and
absorbed-photon-to-current conversion efficiencies are signifi-
cantly enhanced upon the insertion of GQDs. Thus a faster electron
extraction time is observed in the presence of GQDs (90-106 ps)
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Fig. 47. Schematic representation of (a) cell configuration where mesoporous TiO, is either loaded with GQDs or not, (b) energy band alignment relative to vacuum, (c) edge-
modified GQD structure, and (d) cross-sectional SEM image of a complete device. Schematic illustration for electron generation and extraction at (f) CH3NH3Pbl3/TiO, and (g)
CH3NH;3PbI3/GQDs/TiO, interfaces, and (h) crystal structure of CH3NH3Pbls. Spiro-MeOTAD corresponds to (2, 2/, 7, 7'-tetrakis-(N, N-di-p-methoxyphenyl-amine)-9, 9'-
spirobifluorene as a well-known HTL material [1315]. Copyright 2014 American Chemical Society.

than in their absence (260-307 ps). This allows for competition
with carrier trapping (Fig. 47f and g) and results in greater
performance enhancements. This work shows that GQDs can serve
as a superfast electron tunnel for PVSCs. Further work on GQD-
induced ultra-rapid electron injection may allow hot carrier
extraction before cooling down to the band edges and trigger new
pathways for future development of optoelectronic devices.

As mentioned above, GO can be used as an efficient HTL
material in PSCs due to its appropriate work function, acceptable
resistivity and surface doping effect [1076,1107,1316]. Recently,
Sunetal.[1317] attempted to employ GO as a hole conductor in the
inverted planar heterojunction PVSCs (see Fig. 48a and b). The
CH5NH5PbI;_Cl, perovskite on the spin-coated GO films exhibits
homogeneous surface coverage (Fig. 48c), enhanced crystalliza-
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Fig. 48. (a) The inverted device configuration consisting of ITO/GO/CH3;NH;Pbl;_,Cl,/PCBM/ZnO/Al and (b) its corresponding cross-sectional SEM image in false color. SEM
image (c) and 2D grazing incidence X-ray diffraction (GIXRD) profile (d) of CH3NH3Pbl;_Cl, film on the ITO/GO substrate and (e) radially integrated intensity plots along the
ring at g = 10 nm ™! assigned to the (110) plane of CHsNH5Pbl;_,Cl, perovskite structure. (f) -V curve of the champion device employing ~2 nm-GO film as the hole conductor

[1317]. Copyright 2014 Royal Society of Chemistry.
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Fig. 49. (a) Cross-sectional SEM image with color-enhanced and annotated cross-section showing a general schematic of cell architecture, and (b) energy levels of the
materials used. CV characteristics of (c) the best performing cell based on a graphene-TiO, composite and (d) cells from different electron collection layers under solar
irradiation (solid line) and in the dark (dotted line) [1324]. Copyright 2014 American Chemical Society.

tion, and preferred in-plane orientation of the (110) plane (Fig. 48d
and e). Photoluminescence quenching occurs upon coupling
CH5NH5PbI;_,Cl, with GO and gives a quenching efficiency of
52.8% for a 2 nm thick GO film. This is comparable to TiO, (47%)
[1318] which indicates efficient charge transfer. A champion PCE of
12.4% has been reported for a device with a 2 nm thick GO film as
the hole conductor (Fig. 48f). This value is much higher than 2.64%
for the device without a hole conductor, and also larger than 9.26%
for the PEDOT:PSS-based device. These findings demonstrate the
efficient hole extraction from perovskite to GO. Recently, Wang
et al. reported [1319] that GO can act as dual-function interface
modifier for improving wettability and retarding recombination in
PVSCs. Specifically, GO can form a buffer layer between
CH3NH;3Pbl; and Spiro-MeOTAD. GO interacts with perovskite
by forming Pb-0 bonds and with HTL via 7r— stacking. This leads
to an improved interface contact between perovskite and HTL,
enhanced charge-collection efficiency and an enhanced
Jsc. Moreover, using GO as an insulating buffer layer can retard
charge recombination in devices leading to increases in Voc and FF.
As a result, the average efficiency increased from 10.0% for cells
without GO to 14.5% for GO-loaded devices (15.1% for a champion
cell). GO may hold promise to replace the currently mostly used,
expensive Spiro-OMeTAD, offering an alternative to develop high-
performance PVSCs [1320].

High PCEs in solution-processed PVSCs have been frequently
achieved using electron-collection layers (usually TiO,) that often
require sintering at over 400 °C to increase their crystallinity and
achieve high charge carrier mobility [1307,1314,1321-
1323]. High-temperature processing, however, is unfavorable for
low-cost production, applications on plastic substrates, and
multijunction devices. Recently, Snaith et al. [1324] developed a
low-temperature-processed (<150 °C) composite of pristine gra-
phene (~5 layers) and anatase-TiO, NPs (~25 nm in diameter) and

used it as an electron-collection layer in mesostructured PVSCs
(Fig. 49a and b) by a low-cost, solution-based deposition
procedure. They observed a reduced series resistance and an
unexpected reduction in recombination losses by incorporating
graphene. The optimal concentration of graphene in graphene/TiO,
composites is 0.6 wt%. As shown in Fig. 49c, the best sub-150 °C-
processed device exhibits high values of Jsc (21.9 mA/cm?), Voc
(1.05 V), and FF (0.73) to give a champion PCE of up to 15.6%. This is
higher than that of devices containing graphene-only (5.9%), TiO»-
only (10.0%), and sintered TiO,-only (14.1%) layers (Fig. 49d). This
work opens up an alternative pathway for fabricating high-
efficiency solar cells by a low-temperature processing technique.
By combining with fast printing deposition methods, graphene/
TiO, composites are potentially compatible with the reel-to-reel
process for future industrial manufacture.

7. Conclusions and perspectives
7.1. General challenges in production of graphene

The past 10 years have witnessed substantial progress in the
synthesis of GBMs by either top-down (mostly derived from
graphite) or bottom-up (from hydrocarbons) techniques. There are
many advantages and some disadvantages for each method in
terms of crystal quality, accessibility and scalability (purity, cost,
yield, quantity, etc.). For instance, solid-phase micromechanical
exfoliation can yield high-quality graphene at the laboratory level,
but suffers from extremely low throughput. Liquid-phase exfolia-
tion of graphite produces graphene that is relatively scalable and
highly crystalline; however, specific surfactants are usually
required to improve the exfoliation efficiency and to stabilize
graphene suspensions. These exfoliated materials are also a
mixture of small amounts of monolayer, a majority of few-layered
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graphene, and un-exfoliated graphite flakes. This requires subse-
quent separation and purification. Epitaxial growth on SiC and
chemical synthesis from structurally-defined precursors are
alternative methods to graphene and are often limited by their
low yield, expensive cost, and high reaction temperature. CVD
produces large-area graphene films with high structural and
electronic quality. Nevertheless, CVD-grown graphene materials
are usually polycrystalline with many rotational grain boundaries,
and they are often required to transfer from the catalytic support to
the substrate of interest. Both chemical and thermal reduction of
GO to graphene allows for the production of bulk quantities with
high yield and low cost. However, reduced GO usually exists in the
low-to-medium quality due to the presence of intrinsic defects
(edges, vacancies, distortions, etc.) and extrinsic defects (hetero-
atom-containing groups).

In spite of great advancements achieved in graphene produc-
tion, there are still technical issues toward energy conversion and
storage applications. “Mass-produced graphene has the same
outstanding performance as the best samples obtained in research
laboratories” [30] is the most critical challenge to address. The
promising methods should be accessible, controllable, and
scalable. In this regard, the reduction of GO, CVD, and liquid-
phase exfoliation are three methods to be given serious
consideration. In particular, CVD produces graphene with precise
control of layer thickness, lateral size, stacking order, and
crystallinity. Apart from its high production cost it is the most
promising method. Future research toward CVD growth of
graphene should focus on the following: (i) optimize the transfer
process with the aim of minimizing the damage to graphene and of
recovering the sacrificial metals; (ii) grow graphene directly on the
targeted substrate to overcome the degraded properties caused by
the transfer process; (iii) perform low-temperature growth of
graphene on the insulating substrates for flexible devices; (iv)
produce single-crystalline graphene of centimeter to wafer-scale
size to minimize device-to-device variations in practical electron-
ics and optics; [107], and (v) deeply understand growth mecha-
nisms and dynamics to make graphene grains with precisely
controlled layers and spatial structures.

Liquid-phase exfoliation of graphite to graphene has tended to
exhibit either high production rates through long-time sonication
or low yields with low defect concentrations, but usually not both.
Future research is directed at optimizing the process to produce
large-area single-/few-layer graphene with few defect, high purity,
high yield, and productivity. This requires: (i) tailoring solvent
systems to match surface energy of graphene; (ii) pretreating
graphite by intercalation and/or thermal expansion in conjunction
with surfactant assistance prior to exfoliation; and (iii) removing/
recycling solvents and additives from the final product. It is also
important to understand the mechanisms of exfoliation, disper-
sion, and subsequent stabilization of graphene in solutions.
Reduction of GO has ensured mass production of graphene, but
more attention should be paid to: (i) synthesizing graphite oxide
with highly-effective oxidants by green processing; (ii) optimizing
the exfoliation of graphite oxide into large-area, monolayer GO
sheets; (iii) developing new reductants and/or reduction routes to
high-quality graphene, in particular, to dope and functionalize
graphene simultaneously; and (iv) identifying the reduction
mechanisms so as to tailor the electronic and chemical structures
of graphene for specific requirements.

Last but not least, a judicious selection of methods to produce
graphene is required for targeted applications because each
graphene has different properties integrally tied to its synthesis.
Micromechanically-exfoliated graphene with a perfect 2D struc-
ture is suitable for fundamental research of intrinsic properties.
Large-area films of CVD-grown graphene with high conductivity
are preferably used as TCEs for flexible photovoltaics. GO-derived

graphene materials with abundant active sites are more effective
in anode applications for LIBs and catalytic counter-electrodes for
DSSCs. Furthermore, GO and RGO have high compatibility with
metals, metallic compounds and conducting polymers. This
enables the efficient fabrication of graphene-based composites
which further serve as graphene-supported catalysts for fuel cells
and hybrid electrodes for DSSCs, LIBs, and supercapacitors. Liquid
processing of graphite can produce high-quality graphene and also
allows for wet-chemical functionalization and further hybridiza-
tion with other active components. This method can thus provide
samples for fundamental characterization and has a potential to
produce TCEs for solar cells and composite electrodes for fuel cells,
LIBs, and supercapacitors if high yields can be obtained. In addition,
solution-processed graphene from liquid-exfoliated graphene and
RGO colloids enables the production of conducting inks and top-
down approaches to print electronics. Therefore, liquid-phase
exfoliation, in particular GO reduction, is an essential method for
producing GBMs for energy conversion and storage applications.
Other techniques such as epitaxial growth, chemical synthesis, and
thermal pyrolysis remain relatively marginal and unsuitable for
bulk production and electrode fabrication. Irrespective of the
method used, to be commercially viable in the near future, GBMs
must exhibit their properties which substantially surpass those of
existing materials used at comparable costs. The device perfor-
mance through synthesis-tailored structure-to-properties of GBMs
is pivotal to achieve practical applications.

7.2. Engineering graphene for future energy applications

The integration of GBMs into LIBs, supercapacitors, fuel cells,
and solar cells has achieved significant breakthroughs in recent
years. An enormous amount of performance data reported for such
devices using GBMs throughout research laboratories can compete
with the existing commercial materials. The future commercial
success of GBMs in practical applications depends on the
development of low-cost production methods and more intrinsi-
cally, their nanostructures with on-demand properties for targeted
applications. The looming issue, therefore, is how to tailor the
nanostructure-to-properties of GBMs to fulfill specific require-
ments for particular devices since energy conversion and storage
mechanisms are quite different for each one.

7.2.1. Toward electrochemical energy storage

GBMs have extensively demonstrated their feasibility and
superiority in electrochemical energy storage. It has been well
documented that lithium batteries and supercapacitors based on
GBMs electrodes have achieved significant performance improve-
ments in energy and power density, specific capacity/capacitance,
charge/discharge rates, cycling life, capacity/capacitance retention,
and rate capability. Early and sustained breakthroughs warrant the
continued exploration of graphene-based electrochemical devices.
In addition to developing cost-effective, green, and bulk-produc-
tion methods, future research efforts on GBMs should be
conducted to engineer their nanostructures, architectures and
property parameters such as SSA, porosity, conductivity, surface
activity, and chemical functionality.

7.2.1.1. Enlarging SSA accessible to charge storage. The amount of
charge stored per unit mass, volume or area of an active material
positively correlates with (but not in linearly) its SSA, and
determines the specific capacity/capacitance and therefore energy
density of LIBs and supercapacitors. Although monolayer graphene
has high SSA and theoretical specific capacity/capacitance for
boosting energy density, this does not seem to be the case in
practical devices. Aggregation and restacking of graphene sheets
can occur during material preparation, electrode manufacturing,
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device fabrication, and cycling operation. Each of these cases can
potentially reduce the effective surface available for charge
storage. Therefore, future research efforts should concentrate on
minimizing the graphene re-stacking and aggregation, i.e.,
maximizing SSA accessible to the electrolyte, by: (i) creating 3D
porous nanostructures (such as hydrogels, aerogels, foams, or
sponges) of GBMs prepared by hydrothermal/solvothermal treat-
ment, chemical etching and activation, and hydrothermal carboni-
zation; (ii) intercalating with spacer materials such as CNTs,
carbon NPs, fullerenes, and ions in order to prevent the restacking
of graphene sheets; and (iii) optimizing the electrode manufactur-
ing process by direct growth or alignment of GBMs on the current
collector, or by in-situ formation of free-standing, binder-free, and
current-collector-free electrodes.

7.2.1.2. Enhancing packing density while retaining high
SSA. Although GBMs have been reported with promising perfor-
mance, most of them cannot yet compete with existing materials
partially due to their low packing density and accordingly low
volumetric energy and power density. Such GBMs exist with an
excessively large pore volume, and thus some void spaces
(especially macropores) in the electrodes are flooded by the
electrolyte, increasing the weight and volume of the resulting
devices without adding capacity/capacitance. This property is
detrimental to the assembly of such power sources into integrated
and portable electronics. Therefore, more attention should be paid
to enhance the packing density (or decrease the pore volume) of
GBM-based electrodes without sacrificing their high SSA. One can
expect to achieve a high packing density by developing new
methods such as template-directed synthesis, LBL assembly, and
chemical activation of GBMs. Large densities can be also achieved
by post-treatment of as-synthesized GBMs, such as evaporation
drying of hydrogels, and capillary compression of aerogels. It
should be emphasized that in addition to SSA and pore volume,
pore sizes, and their distribution in GBM-based electrodes have
significant influence on the electrochemical performance. The
relationship between porosity and performance should be
thoroughly explored both theoretically and experimentally in
the future.

7.2.1.3. Hybridizing with electroactive components to improve
performance. By utilizing in-situ or ex-situ methods, graphene
has combined with various electroactive materials (usually metal
oxides or conducting polymers) to produce hybrid electrodes in
which graphene functions as an electrically-conductive scaffold,
substrate, separator, or wrapper. The electrochemical performance
of such electrodes has been considerably improved by suppressing
the aggregation of graphene and particles, enhancing porosity,
exposing more electroactive sites, facilitating electron transport and
ion diffusion, extending the potential window and accommodating
volume expansion/contraction during redox reactions, and charg-
ing/discharging. Graphene-based hybrid electrodes are commer-
cially viable for supercapacitor and battery applications. However,
several issues remain to be further addressed in the near future
including: (i) functionalizing graphene to improve the interface with
active materials and compatibility with the electrolyte for fast
charge transport and diffusion; (ii) tailoring the phase composition
and microscopic/macroscopic morphology to ensure uniform
dispersion, conductive interconnection, optimal porosity, good
mechanical stability, high SSA and packing density, and finally high
charge/discharge capacities without sacrificing cyclability and rate
capability; (iii) clarifying the relationship between the composition,
nanostructure (layer number, defect, size, doping, etc.), morphology
(e.g., crumpled, porous, film, or 3D), electrode properties and device
performance; and (iv) understanding the energy storage mecha-
nism. Future generations of supercapacitors (LIBs) should be

expected to come close to existing LIBs in energy (power) density
while retaining their high power (energy) density at reasonable cost.

7.2.2. Toward electrochemical energy conversion

GBM-based electrocatalysts on the anode and cathode of fuel
cells have been widely reported and demonstrated their ability to
enhance ORR and fuel oxidation. Meanwhile, long-term stability
and lifetime and high resistance to corrosion have also been
achieved while retaining good tolerance to methanol crossover and
CO poisoning. Due to potentially low cost and high electrocatalytic
activity, GBMs are potential replacements for conventional
nanocatalysts. The catalytic performance is dependent on three
factors, including: (i) nanostructures (size, shape, and composi-
tion) and surface distribution (uniformity, and density) of metallic
NPs, (ii) quality of graphene, and (iii) interactions between them.
Accordingly, future research should mainly follow the below
directions. First, nanostructure-controlled synthesis methods
which facilitate the homogeneous immobilization of well-defined
catalyst NPs onto graphene are essential. This is because the
catalyst NPs’ activity is highly dependent on their nanostructures
(especially the exposed crystal facet) and dispersion states. In-situ
growth and ex-situ deposition of metallic NPs on the surface of
graphene are two primary methods. The second requires uniform
surface properties throughout graphene sheets for uniform
deposition of catalyst NPs. Of note, more structural defects in
graphene enable higher catalytic activity at the expense of
electrochemical durability in fuel cells because of corrosion and
degradation starting from the defects. However, the presence of
defective sites can induce the growth and accumulation of metallic
NPs. This enables strong coupling between graphene and catalyst
NPs and hence imparts stable electrochemical performance to fuel
cells. An optimal balance between catalytic activity and structural
integrity of graphene should be considered to ensure electrochem-
ical stability of hybrid catalysts. Lastly, greater efforts should be
devoted to understanding the synergistic catalytic effects in fuel
cells.

7.2.3. Toward solar energy conversion

GBM s can be incorporated into each part of solar cells and can
serve a variety of roles which improve their performance and/or
reduce the cost of such devices. For example, the use of GBMs for
catalytic counter-electrodes to replace Pt in DSSCs and TCEs to
replace ITO in PSCs has improved the performance-to-cost ratio of
these devices. GBMs have also demonstrated their ability to
function as charge transport materials in solar cells. The activity in
these fields is currently growing rapidly; however, many signifi-
cant issues remain to be addressed in order to develop high-
performance solar cells based on GBMs.

7.2.3.1. GBMs toward TCEs. Despite substantial progress in both
quality and scalability of graphene thin films, the combined T and
Rs targets have not yet been achieved. Almost all PSCs based on
graphene TCEs have exhibited lower PCEs compared to ITO-based
cells. To compete with ITO for future applications in PSCs, there are
four major routes for the fabrication of graphene TCEs: (i)
synthesizing defect-free, large-area graphene with few layers
and boundaries to lower Rs while retaining high carrier mobility
() and oy4c/oop; (ii) doping graphene thin films to increase the
carrier density (n) and hence o4c/0,p; (iii) hybridizing with other
materials such as metals to improve T, Rs, and 04c/0,p simulta-
neously; and (iv) tuning the work function of GBMs by chemical
functionalization to minimize the energy barriers for charge
injection. In the case of DSSCs, the use of graphene-only
photoanodes has given extremely low PCEs. Many reports have
demonstrated that graphene can be well-integrated with the TiO,
photoanode layer, imparting higher PCEs to DSSCs compared to
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TiO,-only counterparts. Note that TiO, NPs need to be homo-
geneously deposited onto the surface of graphene, and each TiO,
NP has to be in close contact with graphene. An optimal fraction
(usually <2.0 wt%) of graphene is also important for forming a
percolated, conducting network through the TiO, matrix. Further-
more, thermal annealing is wusually required to sinter
TiO,. Therefore, starting with GO followed by thermal reduction
should be a primary option to produce graphene/TiO, composite
photoanodes. In addition, there have been few reports on the use of
GBMs as TCEs in PVSCs. New explorations and insights into
graphene-based TCEs for PVSCs are highly encouraged since PVSCs
can achieve higher PCEs with respect to PSCs and DSSCs, and
especially many similarities with DSSCs in their photovoltaic
mechanisms.

7.2.3.2. GBMs toward counter-electrodes. One of the widest and
most successful uses of GBMs has been as counter-electrodes in
DSSCs. The ability to facilitate electron transfer (high exchange
current density) and lower Rcr between electrolyte and electrode
has allowed GBMs to efficiently catalyze the reduction of redox
species to regenerate the sensitizer after electron injection.
Future research toward counter-electrodes is conceivable by: (i)
developing new methods to produce graphene with controllable
nanostructures; (ii) integrating graphene with highly-active
components such as metals and metal compounds, and (iii)
creating 3D porous architectures composed of graphene net-
works (or interconnected with other components). Each of these
points aims at the production of GBMs with high electric
conductivity, abundant active sites, and a large accessible SSA to
achieve an optimal balance between electric conductivity and
catalytic activity for high-performance DSSCs. Moreover, trans-
parent counter-electrodes based on GBMs are important to the
fabrication of tandem DSSCs and need to be further explored.
GBMs may also open up new horizons in DSSCs when used with
new redox mediators. As an emerging example, GBMs have been
used as the best performing counter-electrodes in Co(bpy);>*/?*-
mediated DSSCs with the highestefficiency record to date (13%)
[1280].

7.2.3.3. GBMs toward charge transport. GBMs with high work-
functions as the HTL, low work-function as the ETL and both
functions in tandem cells have shown the ability to enhance the
charge transport rate and collection efficiency by minimizing
energy barriers and suppressing carrier recombination to
enhance PCEs and lifetime. Charge-collection and transport
are important issues in photovoltaic devices. Future work should
focus on tuning the work function and bandgap of GBMs to
energetically match the electrode and active layer by: (i)
controlling the reduction or oxidization degree of GO; (ii)
adjusting the doping type or level of graphene; (iii) site-selective
functionalization of graphene basal planes or its edges; (iv)
tailoring the lateral size, layer and dimensionality of graphene;
and (v) hybridizing with other wide-/narrow-bandgap p-/n-type
materials. For instance, p-type GO with a high work-function is
usually used as a HTL material in PSCs while zero or low bandgap
graphene can enhance the electron transfer capability of the
TiO, photoanode in DSSCs. Furthermore, to be a good interface
the surface wettability of GBMs with their contact layers should
be considered in terms of device processing. Solution-process-
able GBMs are probably advantageous. In this regard, graphene
prepared via solution processing and incorporated in TiO, NPs
was used as an ETL in PVSCs to achieve a PCE of 15.6%
[1324]. This is the highest PCE among graphene-based solar cells
reported to date. Continued research efforts in this field will
likely yield promising developments in photovoltaic technolo-
gies.

7.2.4. Toward flexible energy devices

Flexible energy devices have promising applications in portable,
wearable, and implantable devices such as roll-up displays, touch
screens, electronic papers, wearable electronics, smart gloves, and
implantable sensors [1325-1328]. With variable solution-pro-
cessability (for graphene derived from liquid-phase exfoliation
and soluble GO), transferability between substrates (for CVD and
solution-processed graphene), and compatibility with roll-to-roll
processing and printing, graphene has been demonstrated in the
manufacturing feasibility of flexible fibers, thin films, papers, and 3D
porous architectures. More importantly is that graphene intrinsi-
cally possesses high mechanical flexibility and elasticity, good
compatibility with plastic/flexible substrates and nonplanar sur-
faces, and excellent tolerance to mechanical strain/stress. All of
these enable it to maintain stable performance parameters under
mechanical deformation. Representative examples based on GBMs
include flexible supercapacitors, [764,785,1329-1331] LIBs, [ 1332-
1335] LSBs, [1336-1338] fuel cells, [1339] organic photovoltaics,
[1340-1343] DSSCs,[1237,1344,1345] and LEDs [19]. Such flexible
devices are anticipated to convert and store energy upon repeated
bending, folding, stretching, rolling or twisting without unduly
sacrificing their performance. Rapid development and considerable
achievements have been made in graphene-based flexible devices in
recent years [1346].

Note that flexible devices and their conventional counterparts
are identical in their working mechanisms and general issues and
thereby a full summary for graphene-based flexible devices is not
included here. The key challenge lies in maintaining stable
performance for such devices under continuous mechanical
deformation. The optimal fabrication of GBM-based flexible
electrodes is the first step. For example, as for flexible TCEs of
photovoltaics, high-quality graphene thin films are difficult to
grow directly on plastic substrates because they cannot resist the
high-temperatures required for annealing RGO or GO films.
Graphene transferring processes and GO reduction methods still
need to be carefully optimized to achieve satisfactory electrical
conductivity and transparency. In the case of supercapacitors and
LIBs, insulating-polymer binders are typically used in traditional
electrodes resulting in an increased electrical resistivity and the
addition of dead weight. Hybridization with electroactive materi-
als (usually metal compounds) to produce composite electrodes is
highly desirable in order to obtain larger capacities, higher energy
densities and improved porosity. It is a challenge to maintain
constant performance of graphene-based flexible electrodes
containing relatively rigid, brittle inorganic components under
mechanical deformation. In this regard, integrating nanosheet-/
nanowire-like active materials with graphene or intercalating
ultrasmall NPs into graphene sheets may produce structurally-
stable flexible electrodes. An ideal flexible electrode should be
binder-free, 3D, porous possess high conductivity, large electro-
chemically-accessible surfaces, short charge transfer/diffusion
path, and high packing density.

As summarized in this review, because of extraordinary
advantages over conventional materials, graphene has demon-
strated its potential to tackle the challenges triggered by ever-
growing global energy concerns. Graphene is not a panacea for all
problems in this exciting field. However, it is reasonably believed
that graphene could function as a promoter to revolutionize state-
of-the-art energy techniques if GBMs are engineered by cost-
effective, scalable methods adaptable to specific requirements for
targeted applications.
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