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1. INTRODUCTION

Wood fuel was the main energy source before the 18th century,
and then coal started to dominate the energy component since
the invention of steam engine in the industrial revolution. By
the 1970s, electrical energy replaced coal with the appearance
of the steam engine, and fossil oil became the main energy
source in the world. Obviously, carbon materials always play a
significant role at the energy field in human history. However,
the use of carbon-material-based energy will cause the release of
a lot of carbon dioxide, which results in an undesired
greenhouse effect. In addition, carbon materials such as coal
and fossil oil are nonrenewable. Will carbon materials quit the
stage of energy history?
The answer is “no”. During the past half century, renewable

and green energy technologies (i.e., solar cells, fuel cells, and
lithium ion batteries, LIBs) have been developed with the use
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of carbon nanomaterials including fullerene, carbon nanotube
(CNT), graphene, and porous carbon due to their remarkable
mechanical, electrical, catalytic, optical, and thermal proper-
ties.1−3 More specifically, fullerene derivatives are still the best
electron acceptor in polymer solar cells (PSCs); CNT and
graphene are promising candidates of the next-generation of
transparent conductive films in solar cells, and they also exhibit
high electrochemical performances in LIBs and supercapacitors.
Porous carbon has also been broadly used as catalyst supports
and filters in many energy devices. Therefore, carbon materials
continue to play a critical role in the energy field.
In fact, there already exist some review articles that focus on

different aspects on the application of carbon nanomaterials for
energy in early years.3−6 Here we present a comprehensive
review on the advancement of carbon nanomaterials for energy
applications in recent years. The synthesis and properties of
four widely explored carbon nanomaterials, i.e., fullerene,
CNTs, graphene, and porous carbon, are systematically
described. Their promising applications in both energy
conversion and storage including solar cells, LIBs, and
supercapacitors as well as their integrations are then carefully
investigated with an emphasis on the flexible devices,
particularly, the recent emergence of lightweight and wearable
fiber-shaped devices. The remaining challenges and main
developing directions are finally highlighted.

2. CARBON NANOMATERIALS IN DIFFERENT
DIMENSIONS

Carbon plays a key role in the earth’s civilizations. It can form
strong bonds in different forms. Diamond and graphite are the
typical allotropes of carbon at nature. C−C sp3 hybridization
makes diamond the hardest natural material, while graphite is a
solid lubricant due to the loose interlamellar coupling among
sheets. In the last three decades, a lot of new carbon
nanomaterials were discovered, including fullerene, CNT,
graphene, mesoporous carbon, and so on. These carbon
nanomaterials exhibit promising applications in the field of
energy.

2.1. Fullerene

Buckminsterfullerene (C60) was the first discovered fullerene
molecule and the family’s namesake. It was named for in
homage to Buckminster Fuller. The structure, where it formed
the core of a “bucky onion”, was independently identified by
different researchers in the early 1980s. The discovery of
fullerenes greatly expanded the number of known carbon
allotropes, which were mainly limited to graphite and diamond.
The unique physical and chemical properties of these new
forms of carbon inspired many scientists to predict their
technological applications. C60 carbon clusters are good
electron acceptors,7 and PSCs based on conjugated polymer
and fullerene offer high opportunities as renewable energy
sources.8 It has been further shown that C60 and derivatives
undergo a variety of chemical reactions to produce functional
materials for efficient photoelectric devices.9

2.1.1. Structure. A typical fullerene molecule has a cage-like
fused-ring structure (truncated icosahedron) which bears a
strong resemblance to a soccer ball.10 C60 is made of 20 carbon
hexagons and 12 carbon pentagons with a bond along each
polygon edge (Figure 1). The bond between two hexagons can
be considered “double bond” and is shorter than the bond
between a hexagon and a pentagon. The van der Waals
diameter of a C60 molecule is about 1.01 nm, while nucleus to

nucleus diameter is about 0.71 nm.7 Another fairly common
fullerene is C70, while fullerenes with 72, 76, 84, and even up to
100 carbon atoms are also able to be obtained. The structure of
a fullerene is a mathematical polyhedron with pentagonal and
hexagonal faces. Fullerenes are similar in structure to graphite,
which is composed of a sheet of linked hexagonal rings, but
they contain pentagonal (or sometimes heptagonal) rings that
prevent the sheet from being planar.
However, finding applications for these peculiar structures

has been difficult because no one knows exactly how they are
formed. The first and oldest is the “bottom-up” theory, where
carbon cages are built atom-by-atom. The second, more recent,
theory takes a “top-down” approach, suggesting that fullerenes
form when much larger structures break into constituent parts.
After several years of debate with how the top-down theory
might work, researchers have discovered that asymmetrical
fullerenes formed from larger structures appear to settle into
stable fullerenes.11

2.1.2. Synthesis. Fullerenes occur only in small amounts
naturally, so a lot of efforts are made to synthesize them on a
large scale.12 Generally, they are synthesized by applying a large
current between two graphite electrodes in an inert
atmosphere. The resulting carbon plasma arc between the
electrodes cools into a sooty residue from which many
fullerenes can be isolated. The vaporization of graphite rods
and catalytic chemical vapor deposition (CVD) from carbon
sources are also used to synthesize fullerenes.13

2.1.3. Property. C60 is extremely stable at both high
temperatures and pressures. Fullerenes are insoluble in water
and sparingly soluble in aromatic solvents such as toluene. The
chemical reactivity of C60 is typical of an electron deficient
olefin,14 and it can react with nucleophiles. The vast majority of
reactants attack the 6, 6 ring junctions which possess higher
electron densities. Atomic doping converted C60 to C59NH5,
which paved a road to the use of C60 in the storage device for
hydrogen.15

The buckminsterfullerene C60 is an electron acceptor, which
can be electrochemically reduced up to 6 electrons. Due to this
spherical-conjugated system, it shows an exceptional energy
level structure. The molecular orbital spin−spin coupling

Figure 1. (a) Schematic illustration of fullerene and CNT from
graphene. (b) fullerenes and metallofullerenes. (c) Carbon hexagons,
pentagons and heptagons. Reproduced with permission from ref 10.
Copyright Macmillan Publishers (2013).
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constant is significantly higher than the benzene, even higher
than graphene.16 Hence, the difference of molecular energy
levels between singlet and triplet states is as low as 0.15 eV. As
a result, the electron intersystem crossing from singlet to triplet
states is abnormally fast (τISC = 650 ps) with a high efficiency
up to 96%. For photoinduced electron-transfer reactions (i.e.,
photodoping), it has been blended into electron-donating
matrices with hole conducting properties.17 Soluble derivatives
of C60, such as 1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61
(PCBM), have been widely used for PSCs.7,18,19

What makes fullerenes special is the combination of several
interesting properties, particularly in terms of electron-acceptor
capability, both in the solid state and in solution.20 For instance,
the formation of charge-transfer salts with a number of donor
groups or doping with metals has led to ferromagnetic or
superconducting materials. Furthermore, an entirely new
discipline, commonly called “fullerene chemistry”, has emerged
in the past few years. Fullerenes and metallofullerenes are also
involved in various biomedical applications.21−23 The medical
promise of metallofullerenes stems from the metal atoms caged
within them. Because the metal atoms are trapped in a cage of
carbon, they do not react with the outside world, making their
side effects low in both number and intensity.24 A lot of studies
are underway to further explore their excellent chemical and
physical properties.86,87

2.2. Carbon Nanotube

CNT is a representative one-dimension structure allotrope of
carbon. Since the discovery in 1991,25 CNT has been a
superstar in nanomaterials by attracting a great deal of interest
in both academy and industry due to its remarkable properties
and potential applications in a wide variety of fields. According
to the searching result from Web of Science, more than 37 000
papers and 2000 patents have been published related to CNTs.
2.2.1. Structure. CNT can be considered as a hollow

cylinder of carbon by scrolling single or multilayered
graphene26 (Figure 2a). A single-walled CNT (SWCNT) can
be considered as a single molecule and shows a great deal of
diversity in structure including diameter, length, and chirality.
The diameter and chirality of a SWCNT can be decided by

its (n, m) indices that depict the vector ch = na1 + ma2 which
connects crystallographically equivalent sites in a two-dimen-
sional graphene sheet (Figure 2b, a1 and a2 are unit vectors of
the graphene layer, and n and m are integers).27 The diameter
and chirality are then calculated by the following equation.3

π= + +D a n nm m( ) /2 2 1/2
(2.1)

θ = +− m m ntan [3 /( 2 )]1 1/2
(2.2)

The CNT presents an armchair and zigzag type when n = m
and m = 0, respectively. The others belong to a chiral type. The
electrical properties of CNTs depend on their diameters and
chiralities, which are both functions of (n, m).27 According to
the chirality, CNTs may be classified as semiconductive and
metallic, which follow a general rule: if (n − m) is a multiple of
3, they exhibit a metallic behavior, and if not, they show a
semiconducting behavior.28 In the case of multiwalled CNTs
(MWCNTs), as the distance between two walls is a constant of
0.34 nm, the chirality of each wall is different. Therefore, they
are metallic.
2.2.2. Synthesis. There are three main methods to

synthesize CNTs, i.e., arc-discharge deposition, laser ablation,
and CVD. The CNTs were first discovered during character-

izing the product of fullerene synthesized by arc discharge
deposition.25 Later, the SWCNTs were synthesized by
codeposition of metal Co and carbon.29,30 In 1995, Smalley
et al. discovered a new method to synthesize CNTs by heating
the graphic carbon with laser ablation instead of arc discharge.31

Arc discharge and laser ablation are both operated at relatively
high temperatures which result in a high cost.
Instead of solid carbon, carbon sources in a gas format can be

used to make CNTs by a CVD process at a much lower
temperature range of 500−1200 °C. The often used carbon
sources include CO, methanol, ethanol, and hydrocarbons.32−35

This method is more consistent with the conventional
semiconductor industry. In a CVD process, one can control
the diameter, wall number, and length of CNTs by varying the
structure and composition of catalysts. In 2004, Hata et al.
successfully elongated the lifetime of catalyst and synthesized
millimeter-long SWCNT arrays by adding ppm content of
water during the CVD synthesis.35 The outer diameters of
CNTs are mainly determined by the sizes of catalyst particles.
Yamada et al. selectively synthesized double-walled CNT
(DWCNT) arrays by changing the catalyst thickness.36 For
more details on synthesis, the readers may refer to more
specific reviews.37,38

2.2.3. Property. Due to their unique structures, CNTs have
been widely investigated for combined excellent mechanical,
electronic and thermal properties. Theoretical and experimental
results indicate that the CNT exhibits high Young’s modulus,
tensile strength, and electrical conductivity. Yu et al. measured
the Young’s modulus at a range of 320 to 1470 GPa by atomic
force microscopy.39 Demczyk et al. measured a Young’s
modulus of 0.9 TPa and tensile strength of 150 GPa.40 The
electrical conductivities of CNTs reached 107 S/m, and current
densities on the level of 106 A cm−2 had been achieved.41 CNTs
also exhibit excellent thermal and catalytic properties. Pop et al.
measured a thermal conductivity of almost 3500 W/m K at
room temperature for a SWCNT with a diameter of 1.7 nm and
developed a model to predict the thermal conductivity as a

Figure 2. (a) Illustration of the form of a graphene sheet (left),
SWCNT (middle), and MWCNT with three shells (right).
Reproduced with permission from ref 26. Copyright Springer
(2005). (b) Schematic of a two-dimensional graphene sheet
illustrating lattice vectors a1 and a2 and the roll-up vector ch = na1 +
ma2. The (n, 0) zigzag and (n, n) armchair tubes are indicated with
dashed lines. Reproduced with permission from ref 27. Copyright
Macmillan Publishers Ltd. (2005).
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function of diameter and temperature.42 Similarly, Kim et al.
measured a thermal conductivity above 3000 W/m K at room
temperature for MWCNTs using a microfabricated suspended
device.43 CNTs showed a high catalytic activity in oxygen
reduction reaction.44 They were comparable to the conven-
tional platinum in the reduction of triiodide, a key reaction of
the dye-sensitized solar cells (DSSCs).45 The excellent physical
and chemical properties of CNTs make them promising as
high-performance fillers in polymers.46

2.2.4. Preparation of Carbon Nanotube Fibers. The
synthesized CNT powders are generally polydispersed in both
length and diameter. In particular, the CNTs are highly
entangled with each other. This random organization of CNTs
has largely decreased the mechanical and electronic properties
of the resulting bulk materials and limited their applications in
many fields including energy. To this end, a lot of efforts are
made to prepare aligned CNT materials including arrays, films,
and fibers. In particular, aligned CNT fibers have recently
attracted increasing attentions for their application in flexible
energy conversion and storage devices. Several general and
effective methods are successfully developed to prepare CNT
fiber materials aiming at excellent mechanical and electronic
properties.
2.2.4.1. Wet Spinning to Prepare the Carbon Nanotube

Fiber. Wet spinning is a traditional method for preparing
polymer fibers. This process requires a polymer solvent as
spinning dope. Wet spinning gets its name from the wet bath
where the spinneret is submerged and the fiber coagulates.
However, the intrinsic chemical inertness as well as the strong
interaction of CNTs limits their solubility in aqueous, organic,
or acid media. Therefore, surfactants or chemical treatments are
necessary to increase the compatibility with solvent.
Figure 3 illustrates the wet spinning and collecting process

for a CNT fiber. CNT powders are first dispersed in a solvent

with the aid of surfactants, and the resulting suspension is
extruded into a poly(vinyl alcohol) solution to form the desired
fiber. The as-spun fibers contained poly(vinyl alcohol) that can
be removed after a washing treatment.47 The CNT fiber
showed excellent mechanical properties with elastic modulus to
be ten times higher than a Bucky paper. The tensile strength
and electrical conductivity achieve 150 MPa and 1000 S/m,
respectively.
After optimization of the fabrication and without removing

poly(vinyl alcohol), Dalton et al. made a supertough CNT fiber
with a tensile strength up to 1.8 GPa.48 The poly(vinyl

alcohol)-containing CNT fibers could be further woven into
flexible supercapacitors. However, due to the existence of
surfactants and polymers that decrease the electronic properties
of CNTs such as conductivities, the electrochemical perform-
ance needs to be improved. The related application detail and
following improvement will be discussed later
Based on the fact that SWCNTs could be dissolved in

sulfuric acid fumes and formed a liquid-crystalline phase to
enable a high alignment, an encouraging breakthrough was
made by Ericson et al. in 2004. Macroscopically continuous,
neat SWCNT fibers were successfully spun from a suspension
of SWCNTs in superacids.49 Polarized Raman spectroscopy
and X-ray diffraction (XRD) characterization confirmed the
alignment of SWCNTs within the fiber. The neat SWCNT
fibers possess excellent mechanical properties, with a Young’s
modulus of 120 GPa and a tensile strength of 116 MPa.
Compared with the SWCNT/PVA composite fibers, the bare
CNT fibers displayed a poor toughness; however, the CNT
fibers demonstrated high electrical conductivities up to 5 × 105

S/m and thermal conductivities of 21 W/m K due to the
absence of impurities, which is promising for use in electronic
textiles, a mainstream direction in wearable electronics, to be
discussed later. To further improve the spinning processability
of SWCNT solutions, chlorosulfonic acid was utilized to
enhance the solubility in the liquid phase. By controlling the
liquid-crystalline phase behavior of SWCNTs in superacids,
Davis et al. had prepared bare SWCNT fibers and films in a
process similar to those used in the commercial spinning of
high-performance aramidic fibers out of strong acids.50 The
high concentrated CNT solutions favored the formation of
liquid-crystal domains, and thus CNTs can be readily
assembled into macroscopic fibers or sheets with controlled
morphologies. Mechanical and electrical tests indicated that the
obtained single-walled CNT fibers had a strength within 50−
150 MPa and an electrical conductivity up to 8300 S cm−1.
These achievements encouraged the engineering of macro-

scopic single-walled CNT fibers through a superacid route, but
it is not effective for multiwalled CNTs. To this end, Zhang et
al. further developed a coagulation process in which MWCNT
fibers were spun from a liquid-crystalline ethylene glycol
dispersion with ethylene glycol as a dispersant.51 This process
was also applicable for nitrogen-doped MWCNTs. The
modulus of N-doped MWCNT fibers was 142 ± 70 GPa
with a strength of 0.17 ± 0.07 GPa. The electrical
conductivities of MWCNT and N-MWCNT fibers were 8 ×
103 and 3 × 104 S/m, respectively, relatively lower than the
SWCNT fiber. Further optimization of the spinning process is
imperative to improve the mechanical and electrical properties
of multiwalled CNT fibers.
A great deal of attention was paid to optimizing the spinning

process to further improve the mechanical and electrical
properties of MWCNT fibers.52 By using longer MWCNTs
with a length of about 5 μm and chlorosulfonic acid as the
solvent, Behabtu et al.52 report high-performance fibers that
combined an average tensile strength of 1.0 ± 0.2 GPa and an
average electrical conductivity of (2.9 ± 0.3) × 106 S/m as well
as high stiffness and thermal conductivity. These fibers
consisted of large production of CNTs with low cost and
were produced by high-throughput wet spinning (Figure 4). It
was found that in the wet spinning process, technique
optimization and process control play a more important role
in the resulting performance of CNT fiber while the CNT

Figure 3. (a) Schematic of the experimental setup used to extrude
SWCNT ribbon. (b) CNTs used for wet spinning. Reproduced with
permission from ref 47. Copyright The American Association for the
Advancement of Science (2000). (c−e) CNT fibers containing PVA
fabricated by the wet spinning method. Reproduced with permission
from ref 48. Copyright Royal Society of Chemistry (2004).
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characters including length, diameters, and wall numbers,
notwithstanding some exceptions, are not dominant.
2.2.4.2. Dry-Drawing from Spinnable Carbon Nanotube

Array. Dry-drawing CNTs from spinnable arrays into fibers
represents another promising method.53,54 Similar to the wet
spinning method, the synthesis of CNTs and preparation of
fibers include two separated steps. A superaligned CNT array
that consists of both narrowly dispersed wall number and
diameter for the CNT is first synthesized by CVD. Aligned
CNTs are then assembled into continuous fibers by a dry-
drawing and twisting process. Specifically, aligned CNT sheets
are pulled out of the array and have been then made into
flexible fibers by two typical methods. One, an aligned CNT
sheet is directly twisted into a fiber (Figure 5a).54 Two, the

aligned CNT sheet passes through a volatile solvent and shrinks
into a dense fiber after evaporation of solvent (Figure 5b).55

However, both methods are not ideal, e.g., there remain many
voids in the fiber during a twisting process, while the surface
structure is irregular and rough after a shrinking treatment.
Recently, the two methods were integrated into one by adding
the volatile solvent in the region of the triangle sheet and then
twisting the fiber for a densifization.56 This combined method
may be also developed to incorporate a second phase to make
CNT composite or hybrid fibers by replacing the pure solvent
with a functional material solution. In addition, applying a
tensile stress during twisting, by drawing fiber through a zigzag
path where tensions are exerted between the pillars, the
resulting CNT fibers are improved in alignment and inceased in

mechanical strength (Figure 5c).57 However, the tensioning
zone may introduce an extra tension force, which was
unfavorable for preparing ultrathin fibers that were prone to
break under the tension during the twisting process.

2.2.4.3. Direct Synthesis of Carbon Nanotube Fibers. To
sustain the superior mechanical and electrical properties of
individual CNTs, it is required that individual CNTs are grown
as long as possible and interaction forces among CNTs are
designed as strong as possible. Longer CNTs reduce the
number of CNT ends and CNT junctions in a fiber, yielding
both higher strengths and electrical and thermal conductivities.
An ideal model lies in that all individual CNTs with the same
length are penetrated from one end to the other end. There has
been a great effort devoted to fabricate long CNTs in the past
decade. Zheng et al. synthesized 4-cm-long SWCNTs under an
ambient condition.58 Recently, by optimizing the growing
parameters and applying a “furnace-moving” method, Zhang et
al. synthesized 55 cm-long CNTs with integral structures.59

The tensile strength of such long CNTs was up to 120 GPa and
the breaking strain was up to 15%, both approximating their
theoretical values. However, the yield of long CNTs and the
array density are relatively low, and both of them need to be
increased for a large-scale application.

2.2.4.4. Spinning from Carbon Nanotube Aerogels. In the
effort to synthesize structure-controllable CNTs, an encourag-
ing breakthrough was made to produce macroscopic SWCNT
strands with thicknesses of tens to hundreds of micrometers
and lengths of several centimeters through a vertically floating
CVD method.60 Metallic behavior was discovered with a
conductivity of around 5 × 105 S/m at a temperature range of
90−300 K.
Adopting a similar method, Li et al. prepared continuous

CNT fibers by mechanically drawing CNT aerogel from the
gaseous reaction zone and then directly winding it onto a
roller.61 This method relied on assembling CNTs in the gas
flow via van der Waal’s interactions. Ethanol or acetone vapor is
usually employed as the carbon source. The maximal electrical
conductivity of as-synthesized CNT fibers reached 8.3 × 105 S/
m, but the tensile strength was typically lower than 1 GPa.
Recently, Li et al. advanced this approach by using a mixture of
ethanol and acetone vapors as the carbon source to make
continuous CNT fibers with a multilayered structure.62 The
continuous CNT fiber can be as long as several kilometers with
conductivity of 5000 S cm−1. Besides, this process is favorable
for MWCNTs with large diameters while a few wall numbers,
so the MWCNTs collapsed into a dog-bond structure under
the stress. The increased friction force among the collapsed
MWCNTs was further found to strengthen the fibers.63,64

2.3. Graphene

Graphene was discovered by Novoselov and Geim with a
micromechanical exfoliation method in 2004.65 It had attracted
increasing attention from both academy and industry since
then.1,5,6,66−68

2.3.1. Structure. Graphene, a single layer of carbon atoms
bonded together in a honeycomb crystal lattice, is the
fundamental structure in the carbon world. As shown in Figure
6, graphene is the mother of all graphitic forms. They can be
made into 0D fullerenes, rolled into 1D nanotubes and stacked
into 3D graphite.66

2.3.2. Synthesis. Graphene had been first obtained by
repeatedly striping graphite crystal until a monatomic sheet was
maintained.65 A lot of new approaches are then developed

Figure 4. (a) Optical micrograph of a briefringent fiber. (b)
Experimental equipment for wet spinning. (c) Winding drums with
collected fibers. (d, e) Side views of a single- and 19-filament spinning,
respectively. Reproduced with permission from ref 52. Copyright The
American Association for the Advancement of Science (2013).

Figure 5. CNT fibers fabricated from aligned spinnable CNT arrays by
(a) simple twisting. Reproduced with permission from ref 54.
Copyright The American Association for the Advancement of Science
(2004). (b) Solvent treatment. Reproduced with permission from ref
55. Copyright John Wiley and Sons (2006). (c) Tensioning and
twisting. Reproduced with permission from ref 57. Copyright Royal
Society of Chemistry (2004).
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mainly through chemical reactions. One, it is epitaxially grown
on electrically insulating surfaces such as SiC.69,70 Two,
hydrocarbons are used to synthesize graphene on metal
substrates like Ni and Cu. Few-layer graphene sheets were
formed on Ni substrates,71,72 while single-layer graphene sheets
had been produced on Cu substrates.73,74 Third, graphene
oxide sheets were prepared by exfoliation of graphite under acid
oxidation, followed by reduction.75 Although a great quantity of
graphene can be obtained to meet large-scale applications, the
quality is relatively lower due to the damage of graphene during
the oxidation and reduction. Finally, graphene nanoribbon may
be also synthesized by unzipping the CNTs.76

2.3.3. Property. Similar to CNTs, graphene has been
widely explored for distinguished mechanical, electronic, and
thermal properties. The tensile strength and Young’s modulus
are as high as 125 and ∼1100 GPa, respectively, enabling
potential applications for ultrastrong materials and composite
materials.77 The electrical conductivity and charge mobility
achieve 1 × 108 S/m and 2 × 105 cm2/(V s), respectively, so
they can be widely used for various electronic devices.78 The
high specific surface area (e.g., 2630 m2/g) is particularly useful
for energy storage materials including lithium ion batteries and
supercapacitors.79 A high thermal conductivity of ∼5000 W/
mK is also necessary for a good stability in the use of both
energy conversion and storage.80

2.3.4. Preparation of Graphene Fibers. A wet spinning
method is generally used to prepare graphene fibers based on
graphene oxide (GO) dispersions. GO lyotropic nematic liquid
crystals are first injected into a coagulation bath to form
continuous fibers.81 More aligned fibers can be prepared by use
of a drawing tension during the collecting process. The
diameters of GO fibers depend on the concentration of
graphene oxide solution, injecting speed, collecting speed, and
diameter of syringe needle. Subsequent chemical reduction of
GO fibers in HI solution or hydrazine hydrate produces the
desired graphene fibers. After reduction, the interlayer distances
are decreased to 0.37 nm, close to that in graphite (0.34 nm).
These graphene fibers exhibit a tensile strength of 250 MPa and
electrical conductivity of ∼2 × 104 S/m.

However, the surface morphologies of graphene fibers were
not smooth and displayed a noncircular cross section (Figure
7). The cross-sectional shape of wet-spun fibers is closely

associated with the choice of coagulation conditions, so this
problem could be solved by selecting an appropriate solvent for
GO dispersion and matching coagulation bath.60 It is also
effective to make graphene fibers with a circular cross section
by coating a GO film, followed by a scrolling process.82

Compared with the wet spinning, this scrolling method exhibits
several advantages. For instance, the toughness has been found
to be much increased with a smooth surface and high ductility.
The scrolling process was carried out in a dry state and could be
used to easily prepare multifunctional GO nanocomposite
fibers.
Graphene fibers can be also prepared by baking a GO

aqueous suspension in a glass tube. The aqueous GO
suspension is injected into the glass pipeline and then sealed
at the two ends, followed by a baking process. The pipe
geometry determines the fiber shape. The as-prepared graphene
fiber typically showed a porous network structure, which
allowed for the effective incorporation of guest components for
composite fibers.83

Besides modified Hummer’s methods, there are also other
approaches to make graphene at a large scale based on the
solution process, e.g., graphene nanoribbons obtained by
unzipping CNTs. Carretero et al. present a scalable method
for fabricating long and narrow graphene nanoribbons that can
be assembled into aligned continuous fibers with excellent
electronic and mechanical properties. They are achieved by
chemically unzipping an aligned MWCNT sheet, followed by a
thermal reduction of the oxidized GO. Polarized infrared
spectra verified a high degree of alignment in the graphene
nanoribbon before and after the reduction.84

2.4. Mesoporous Carbon

Mesopores are identified as a narrow pore size range of 2−50
nm. Mesoporous materials were first reported in 1992, when
the researchers from Mobil discovered a novel family of
M41S.85 Significant interests have been attracted to these novel
nanostructured carbon materials since then due to a high
surface area, tunable pore size, diversified pore shape, and
controllable pore dispersibility. In 1999, a highly ordered
mesoporous carbon (OMC) was reported by Ryoo et al.

Figure 6. Graphene is the mother of all graphitic forms including 0D
fullerene, 1D SWCNT, and 3D graphite. Reproduced with permission
from ref 66. Copyright Macmillan Publishers Ltd. (2007).

Figure 7. SEM images of graphene fibers. Scale bars, 50 μm.
Reproduced with permission from ref 81. Copyright Macmillan
Publishers Ltd. (2011).
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through a negative replication of mesoporous silica.86 The
highly ordered and tunable mesoporous structure and high
specific surface area make it a good candidate for various
applications such as electrochemical sensors, catalyst supports,
adsorbents and fuel cells. Further efforts on functionalizing the
OMC by introducing the other components to create carbon-
based composites are made to improve the material perform-
ance in application.
2.4.1. Structure. OMC is generally produced by a template

method, and a wide variety of shapes and morphologies
including single crystals,87 monoliths,88 fibers,88 nanospheres,89

vesicles,90 and films91 are available. The OMC is also well
recognized by a long-range structural order made of
mesoporous channels that may be arranged in hexagonal,
cubic, lamellar, or wormlike mesostructures, enabling high
specific surface areas.92

The first OMC synthesized by Ryoo et al., denoted as CMK-
1, is a reversal of the MCM-48 silica template with an Ia3d
symmetry.86 It exhibits a porous structure consisting of two
disconnected interwoven three-dimensional pores (Figure 8).

CMK-1 displays a high nitrogen Brunauer−Emmett−Teller
(BET) specific surface area (1500−1800 m2/g) and a large total
pore volume (0.9−1.2 cm3/g) with a uniform pore size of
appropriately 3 nm.86,93 The adsorption capacity and specific
surface area of CMK-1 are even larger than those of the MCM-
48, indicating that the OMC is not a simply negative replica
from the silica template. A structure transformation should
occur during the removing process of silica framework.92

The ordered structures can be easily controlled by varying
the mesoporous silica templates. For one example, the Ia3d
symmetric MCM-48 and FDU-5 silica templates resulted in
I41a symmetric carbon and cubic Ia3d symmetric carbon,
respectively. For another example, SBA-15 templates with
Pm3n and p6mm structures produced CMK-2 carbon with a
cubic Pm3n symmetry and CMK-3 and CMK-5 carbon with a
2D hexagonal p6mm symmetry, respectively.94 The different
types of mesoporous structures are key to the application of the
OMC.
2.4.2. Synthesis. Both hard and soft templates can be used

to synthesize the OMC materials. The cubic mesoporous silica
MCM-48 was first used by Ryoo et al.86 as the hard template to
synthesize the OMC. Briefly, a carbon source solution was

impregnated into the mesoporous silica template, followed by
heating to a temperature of around 800 °C for carbonization.
The hydrofluoric acid or sodium hydroxide solution was finally
used to remove the silica to obtain the desired OMC. Besides
MCM-48, many other mesoporous silicas such as SBA
series,95,96 M41S family,97 MSU-H98 and hexagonal meso-
porous silicas99 are also developed as hard templates. Recently
colloid silica particles and silica gels were explored as hard
templates,100 but they need time-consuming steps with a low
efficiency during the preparation. Furfuryl alcohol, sucrose,
naphthalene, mesophase pitch, acetylene, polyacrylonitrile and
phenolic resin are generally used as carbon sources. A
carbonization of mesoporous phenyl-bridged organosilica/
surfactant materials may also produce carbon nanomaterials
without the use of extra carbon precursors.101

A soft template is developed through a self-assembly process
with amphiphilic surfactant block copolymers as both templates
and carbon precursors.102−104 First, phenolic resin and block
copolymer surfactant are assembled into three-dimensional
ordered mesostructures. Second, the surfactant is removed to
synthesize mesoporous polymer materials. Third, the carbon-
ization of polymers leads to the formation of the mesoporous
carbon. The synthesis by soft templates is basically derived
from the hydrogen-bonding interactions between templates and
precursors, which proves an efficient route to synthesize OMC
materials.105 Compared with the hard templates above, a soft
template is also low-cost, convenient, and suitable for a large-
scale production; the as-synthesized carbon nanomaterials can
be more accurately tuned and are mechanically stable due to
the continuous framework structure. However, the soft
templates typically showed a minimal pore size of 3 nm, so
they were also combined with the other templates such as
AAO,106 silica inverse opal,107 inorganic nanofibers,108 and
bioceramics25 to produce various hierarchical structures. What’s
more, a lot of interests are recently attracted to make
functionalized and modified OMC materials, i.e., graphitized
OMC,109 N-doped OMC,110 and BN-doped OMC,111 which
have been described by the other review.112

2.4.3. Property. OMC is a promising candidate for energy
storage due to a 3D interconnected mesoporous structure.
Compared with the conventional activated carbon, OMC
displays higher surface areas up to 2910 m2/g with tunable pore
sizes113 and better mass transfer efficiencies. The soft template
provides an effective platform to introduce guest molecules in
the pore and/or incorporate other moieties in the pore wall.
Some reports also suggested that the electron transfer
resistance of the OMC was lower than that of the CNT,91 so
the OMC can serve as a good electron pathway between the
electrode and electrolyte. However, it would be complicated in
the practical applications and may be affected by many
parameters, e.g., properties of electrolytes and sizes of solvent
molecules, which will be discussed later.

2.5. Summary

The evolution of carbon materials has grown from simply
carbonizing cellulosic biomass or utilizing coal precursors to
synthesizing precisely controlled nanomaterials with tunable
dimensions, pore structures and sizes, and further to doping
other elements or forming hybrids. A lot of novel properties
have been discovered from new structures to doped elements.
However, the preparations of high-quality carbon nanomaterials
still require exhausting and expensive synthetic steps, making
them far from ready for commercialization although the

Figure 8. Transmission electron microscopy image of the ordered
mesoporous carbon, CMK-1, synthesized by using a mesoporous silica
molecular sieve MCM-48 as the template. Reproduced with
permission from ref 86. Copyright American Chemical Society (1999).
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synthesis at a lab scale is well developed. The future study of
carbon nanomaterials requires the development of more
efficient and environmentally nontoxic methods with lower
costs.

3. APPLICATION IN ENERGY CONVERSION

The development of renewable and clean energy represents a
mainstream direction to solve the global energy crisis in the
world. The use of solar energy has been widely recognized as a
general and efficient solution. Solar cell technologies that
convert solar energy into electric energy are mostly explored
with the potential to be safe, green, and low-cost. However,
silicon-based solar cells that currently dominate the commercial
market need strict and complex fabrications with high costs.
Alternately, increasing interests are attracted to develop new
types of solar cells such as DSSCs, PSCs, and schottky solar
cells (SSCs) that may be fabricated by low-cost solution
processes. Carbon nanomaterials including fullerene, CNT, and
graphene have been widely studied as promising active and
electrode materials in these new types of solar cells. For
instance, fullerene and its derivatives are electron acceptors in
PSCs, while CNT and graphene demonstrate high perform-
ances as counter electrode materials in DSSCs and hole transfer
layers in SSCs.

3.1. Transparent Conducting Electrode

Unlike traditional silicon-based solar cells, new types of solar
cells require at least one transparent electrode with high
electrical conductivity. Transparent conducting (TC) electro-
des such as indium tin oxide (ITO) and fluorine-doped tin
oxide (FTO) have been commonly used as the transparent
substrates in DSSCs and PSCs. However, both ITO and FTO
need complex fabrications and are fragile and expensive, which
limit a large-scale application in the future.114,115 In particular,
they cannot satisfy the requirements of flexible devices that are
highly desired in the next-generation electronics. To this end,
the above carbon nanomaterials can be made flexible and
exhibit high optical transmittances, electrical conductivities, and
mechanical strength. Therefore, they have been widely studied
as TC electrodes to replace traditional ones.2,116,117

3.1.1. Carbon Nanotube. CNTs have been widely studied
for transparent conductive electrodes (Table 1).2 There are two
main structures for CNT-based flexible transparent electrodes,
i.e., networked CNT buckypapers and aligned CNT films.
Buckypapers are generally prepared by filtrating CNT
dispersions with filtering membranes,118 and they exhibit

electrical conductivities at the order of 105 S/m.119 They are
affected by several factors including defects, lengths, and
graphitization degrees of CNTs and thicknesses and porosities
of CNT films. For instance, the conductivities can be enhanced
by increasing the thickness and decreasing the porosity of the
CNT film. However, the optical transparences would be
decreased, which may limit their applications for transparent
electrodes. Therefore, a balance among several parameters has
to be considered on the basis of specific systems.
To prepare CNT buckypapers, they are first dispersed in

solvents mainly including N-methylpyrrolidone (NMP), N,N-
dimethylformamide (DMF), and 3-aminopropyltriethoxysi-
laned γ-butyrolactone.120−124 Some surfactants such as sodium
dodecyl sulfate (SDS), sodianum dodecyl benzenesulfonate
(SDBS), and water-soluble perylene derivatives are also widely
used to improve the dispersion of CNTs in water.125 However,
the as-prepared buckypapers are typically brittle. To this end,
CNTs can be further functionalized and then chemically cross-
linked through nitrene reactions;126 polymers may be also
infiltrated into the pores of CNT buckypapers to increase their
flexibility and mechanical strengths. Poly(vinyl alcohol) (PVA),
poly(vinylpyrrolidone), and polystyrene are widely introduced
to both SWCNT and MWCNT buckypapers and served as
binding agents. The Young’s modulus, tensile strength, and
toughness had been all improved.127−130 However, the
electrical properties are decreased with the introduction and
increase of polymers. Therefore, an optimal polymer content
has been explored to reach excellent comprehensive mechanical
and electrical properties, e.g., polymer weight percentage of
30% for oxidized CNT/PVA composites.129 For the conven-
ience in handling the CNT buckypapers for flexible electronic
devices, the CNT dispersions are often deposited onto flexible
polymer substrates such as poly(ethylene terephthalate) (PET),
po ly(methy l -methac ry l a t e) (PMMA) , and po ly -
(dimethysiloxane) (PDMS) through a vacuum filtration or
transfer-printing process.131

Beyond the vacuum-assisted filtration method, spray coating,
dip coating, and spin coating are also used to prepare thin CNT
films.132−135 For instance, CNT dispersions (often called inks)
are spray-coated onto the desired substrates that generally need
to be heated to aid drying of solvents. To improve the
uniformity of the resulting CNT film, a modified ultrasonic
spraying process had been developed to prevent agglomeration
of CNTs.133 The prepared CNT film exhibited a conductivity
of 150 Ω/□ with an optical transmittance of 78%, compared
with 4500 Ω/□ at a similar transmittance without sonication.
Through a PEDOT passivation and SOCl2 doping, the

resulting thin SWCNT films showed a higher surface
smoothness and lower sheet resistance,136 e.g., sheet resistance
and transparency of 160 Ω/□ and 87%, respectively. The
decreased sheet resistance after SOCl2 treatment was produced
by a p-type doping of the pristine SWCNTs.137 Acid treatment
represents another effective method to decrease the sheet
resistance by combining doping and removing the residual
surfactant, e.g., 40 Ω/□ with transmittance of 70% (550 nm)
and 70 Ω/□ with transmittance of 80% (550 nm).119,138

Besides, conductive metal nanomaterials such as gold nano-
particles can be also incorporated to improve the conductivities
of CNT buckypapers even at low contents.139

Aligned CNT films have recently attracted increasing
attention as the excellent electrical and mechanical properties
of individual CNTs are effectively extended from the nanoscale
to macroscopic level through the aligned structure (Figure

Table 1. Comparison of Sheet Resistance of CNT-Based
Transparent Electrodes

material (method)

sheet
resistance
(Ω □−1) transmittance ref

ITO 8 90%
CNTs-PEDOT 160 87% (30−1000nm) 136
single-walled CNTs
buckypaper (filtration)

40 70% (550 nm) 119

single-walled CNTs
buckypaper (filtration)

70 80% (550 nm) 119

CNT film on PET
(filtration)

200 80% (550 nm) 131

CNT film (ultrasonic
spray coating)

150 78% 133

CNT-gold nanoparticles 139
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9).140−145 The aligned CNT sheets can be directly drawn from
spinnable CNT arrays synthesized by CVD with conductivities
of 104−105 S/m along the CNT-aligned direction. A layer of
CNT sheet with thickness of 20 nm was highly transparent with
transmittance of 90%.141 Paving such aligned CNT sheets onto
prestretched PDMS substrates may further produce stretchable
electrodes for various elastic devices.146

In summary, to obtain a high-performance transparent
conductive electrode from CNTs, there remains a dilemma in
selecting CNTs. Shorter CNTs can be more uniformly
dispersed but result in high contact resistances among them
in the resulting electrode. In contrast, longer CNTs decrease
their contact resistances but are more difficult to be dispersed.
Some chemical modifications are therefore made for CNTs to
improve their dispersions in solvent. However, the electrical
conductivities of the modified CNTs have been largely
decreased. Under this situation, DWCNTs are proposed to
prepare transparent conducting electrodes because the outer
walls can be modified to improve their dispersion while the
inner tubes provide effective pathways for charges. The
MWCNT-based films generally show higher sheet resistances
under the same transmittance due to much lower optical
transparencies even individual MWCNTs exhibit higher
electrical conductivities.
3.1.2. Graphene. Graphene, with a high crystal structure

and atomic thickness, exhibits high electrical conductivity and
transmittance (e.g., 97.7% for a single-layer graphene sheet).147

Although graphene was discovered just ten years ago, many
methods have been developed to prepare graphene-based
transparent electrodes. After a solution process by reducing
graphene oxide (GO) sheets, large-area ultrathin graphene films
with a sheet resistance of 2000 Ω/□ and transmittance of 85%
had been achieved.148 A CVD method can greatly enhance the
intrinsic quality of graphene and thus improve the conductivity
to 770 Ω/□ and transmittance to 90%.71,149 The prepared
thin, transparent graphene films can be easily transferred to
both glass and flexible polymer substrates (Figures 10a,b).148

They can be also prepared on stretchable PDMS for elastic
electrodes.150

A lot of efforts have been made to tune and improve the
electronic performance of the graphene-based electrodes. There
are two general methods to enhance their electrical
conductivities, i.e., synthesis of large-area graphene sheets by
CVD and doping with the other component to increase the
charge carrier number.71,113,149,151 The CVD and doping
methods can be also combined to reach even higher
conductivities.73,152 Bare monolayer graphene films were first
synthesized on flexible copper substrates through CVD and
then chemically p-doped, and the resulting modified graphene
films exhibited a sheet resistance of 125 Ω/□ and trans-
mittance of 97.4%. A doped four-layer film through a layer-by-
layer stacking decreased the sheet resistance to 30 Ω/□ with a
comparative transmittance of 90% (Figures 11c,d).

Figure 9. (a) Photograph of a CNT sheet drawn from spinnable CNT array. Reproduced with permission from ref 140. Copyright AAAS (2005).
(b) Photograph of flexible CNT sheet on PET film. Reproduced with permission from ref 141. Copyright John Wiley and Sons (2011). (c)
Schematic illustration to the structure of the fiber-shaped DSSC using CNT sheet as transparent electrode. Reproduced with permission from ref
145. Copyright Royal Society of Chemistry (2013).

Figure 10. Photographs of solution-processed flexible and transparent
GO films. (a) On glass. (b) On flexible substrate. Reproduced with
permission from ref 148. Copyright Macmillan Publishers Ltd. (2008).
(c) A large-area graphene film on a 35-in. PET sheet. (d) A graphene/
PET touch panel. Reproduced with permission from ref 73. Copyright
Macmillan Publishers Ltd. (2010).
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To summarize, high-performance CNT- and graphene-based
transparent conductive electrodes have been achieved in recent
years. As demonstrated in Figure 11, these electrodes generally
exhibit low sheet resistances of 60−200 Ω/□ and high
transmittances of 80%−90%, which already can be used for
many applications such as touch screens for cell phones or
televisions. However, they still cannot satisfy the solar cells that
require lower resistances and higher transmittances in use.
3.2. Polymer Solar Cells

A delocalized π electron system has been widely studied to
absorb sunlight to create and transport photogenerated charge
carriers. The organic photovoltaic (OPV) devices based on the
conjugated organic materials with a donor−acceptor bilayer
planar structure was first realized until 1979 with a power
conversion efficiency (PCE) of around 1%. A breakthrough was
made by using C60 fullerene and its derivatives (such as [6,6]-
phenyl-C61-butyric acid methyl ester153) to replace the n-type
molecules in OPV devices. After the photoinduced phenom-
enon of conjugated polymer and C60 was discovered by
Sariciftci in 1992,154 the first bilayer planar PSC was realized in
1993.155

However, the bilayer junction structure shows a severe
limitation of low surface area at the donor−acceptor interface,
thus requiring a long carrier lifetime to ensure that the electrons
and holes reach their respective electrodes. This problem may
be solved by designing a bulk heterojunction structure where
donor and acceptor materials are mixed as the active layer. This
concept was first demonstrated by Hiramoto et al. through a
coevaporation of donor and acceptor materials under high-
vacuum conditions.156 The first efficient bulk heterojunction
PSCs were independently realized by Heeger and Friend in
polymer−fullerene and polymer−polymer blends in 1995,
respectively.157,158 Polymer−fullerene systems currently dom-
inate the field of high-efficiency PSCs, and the maximal PCE
currently reaches 10.6%.157

The working mechanism of the PSC involves the photo-
excitation of the donor polymer by the absorption of photons
to generate excitons. The electron−hole pair, the exciton,
diffuses to the donor−acceptor interface where exciton
dissociation occurs via an electron-transfer process. The fully
separated free charge carriers transport to the respective
electrodes in the opposite direction with the aid of the internal

electric field, which in turn generates the photocurrent and
photovoltage.159 Compared with a bilayer structure, the
heterojuction structure with a higher interface between the
donor and acceptor enhance the charge separation and
transport, resulting in a high PCE. The energy diagram of a
polymer−fullerene-based PSC is illustrated in Figure 12.160

PSCs are typically fabricated by solution processes with
several promising advantages compared with the silicon-based
technologies, e.g., abundant in photoactive materials with low
costs. PSCs are also thin, flexible, and lightweight. There are
already many review articles summarizing the materials,
fabrications, properties and applications of PSCs, so the use
of carbon nanostructured materials for efficient PSCs that have
been extensively investigated in recent years is emphasized
here. These carbon nanomaterials including fullerene, CNT,
and graphene can be either coated into films to replace
conventional electrode materials such as ITO or incorporated
into active layers to improve charge separation and transport.
Therefore, they may be divided into three classifications as
transfer layers, additives of the donor−acceptor layer and
transparent conductive electrode during use.

3.2.1. Conducting Electrode. Transparent electrodes such
as ITO are generally used for efficient PSCs, but they are
expensive and fragile, so it is important to replace ITO with
new materials particularly for flexible photovoltaic devices. A
wide variety of routes have been developed to prepare
transparent and flexible electrodes based on carbon nanoma-
terials including solution casting, layer-by-layer assembly,
swelling, spin coating, spray coating, and dry transferring.
The sheet resistances of the CNT-based transparent

electrodes are compared in Table 2. SWCNT electrodes for
hole collection showed even higher photovoltaic performances
than ITO in PSCs.161 However, there remains a common and
critical challenge for the use of carbon nanomaterials as
electrodes, i.e., it is difficult to simultaneously achieve high

Figure 11. Relationship between optical transmittance and surface
resistivity.

Figure 12. Working mechanism of a PSC. Reproduced with
permission from ref 160. Copyright Macmillan Publishers (2012).

Table 2. Sheet Resistance of Transparent Conductive
Electrodes Based on Cnts

material
sheet resistance

(Ω □−1) transmittance ref

purified SWCNT 282 80% (250−850 nm) 161
HNO3 treatment of
CNT film

86 70% (550 nm) 164

GO/CNT film 20 95% (400−1000 nm) 165
CNT/polyaniline 300 80−90% (550 nm) 166
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optical transmittance and electrical conductivity. In other
words, the increase in transmittance will lead to a decrease in
conductivity, and vice versa. Therefore, a balance between the
transmittance and conductivity has been widely investigated for
CNT electrodes.162−164

The sheet resistance of the CNT films can be decreased by
acid treating. Feng et al. found that the HNO3 treatment
reduced the resistance dramatically while slightly sacrificing the
transmittance.164 Kim mixed SWCNTs and GO with a mass
ratio of 1/0.2 to significantly improve the JSC of the resulting
PSCs due to the reduced vertical resistance and improved hole
extraction from the polymer.165 Rodrigo et al. synthesized
transparent CNT electrodes by incorporation of PANI for high
performance PSCs (Figure 13).166

For both randomly dispersed CNT buckypapers and aligned
CNT sheets, they share a porous structure among CNTs, which
is unfavorable for hole collection. Graphene film can overcome
this problem due to the two-dimensional continuous structure.
The graphene-based electrodes also exhibited much higher
flexibility than ITO-coated electrodes on polymer substrates.
The widely studied graphene-based transparent electrodes are
compared at Table 3.
OPVs can be easily fabricated from highly reduced GO

anodes through a solution process.167 The work functions of
such solution-processable graphene/CNT hybrid electrodes
can be further tuned from 5.1 to 3.4 eV, depending on the

doping alkali carbonate salt. The graphene-based electrode with
a lower work function as the cathode in inverted-architecture
PSC displayed a high capability in collecting electrons.168 The
laminated graphene electrode synthesized by CVD was used to
replace the top metal electrode in fabricating a semitransparent
inverted PSC.169 Through a modified roll-to-roll production
method to transfer the graphene film to form a multilayered
structure as a single layer of graphene does not have sufficiently
high sheet conductivity, Lee et al. found that the resulting PSC
with ten graphene layers exhibited the best performance.
Similarly, ultraviolet-ozone treated gold-modified multi-

layered graphene films had been also widely explored as
transparent anodes.170 The gold layer was used to further
improve the interfacial contact to enhance fill factor and PCE.
Graphene-based films could be also used as bottom transparent
electrodes.171

Although a continuous graphene film exhibits a high optical
transmittance, the conductivity is relatively lower compared
with ITO. A lot of efforts are then made to decrease the sheet
resistances of graphene electrodes. Individual graphene films
were first treated by HNO3 solution and then stacked into
multilayered electrodes (Figure 14).172 A modified graphene/
tetracyanoquinodimethane/graphene multilayered film was also
found to show a low sheet resistance.173

Theoretically, highly doped graphene films may show both
higher transparency and conductance than ITO.73 A single-
layered graphene film displayed much increased conductance
by chemical doping,174 e.g., the conductivity was increased by
above 400% after doped with Au nanoparticles and
PEDOT:PSS. As an application demonstration, single-layered
graphene sheets had been further used as counter electrodes for
fiber-shaped PSCs,175 and the PCE reached 2.53% under
standard illumination. The PCE was further improved to 4.36%
with assistance of a diffusive reflector.
For the conducting electrodes based on carbon nanomateri-

als, they are still incomparable with the ITO glass in the overall
performance. A lot of efforts are made to enhance them
through optimization in structure, functionalization on the
surface, and compositing with metals. On the other hand,
carbon nanomaterial-based electrodes have already served as
back electrodes for PSCs without the requirement in high
transparency.

Figure 13. Structure of the PSC based on a PET/PANI:CNT film and organic layers. Reproduced with permission from ref 166. Copyright John
Wiley and Sons (2012).

Table 3. Sheet Resistance of Transparent Conductive
Electrodes Based on Graphene

material
sheet resistance

(Ω □−1) transmittance ref

Top laminated
graphene film

100 80% (400−1000 nm) 167

RGO-SWCNT film 331 65.5% (550 nm) 168
Graphene film 230 72% (400−1000 nm) 169
Graphene-Au film 2−3 kΩ □−1 unavailable 170
Acid-doped graphene
film

80 90% (550 nm) 171

HNO3-treated
graphene film

30 90% (400−1000 nm) 172

Stacked graphene/
TCNQ film

182 88% (550 nm) 173
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3.2.2. Hole/Electron Transport Layer. SWCNT films
were used as hole transfer layers to achieve high photovoltaic
performances.176 The SWCNT network had been compared
for PCEs at different locations in PSCs. When the SWCNT
layer was deposited between the active material and
PEDOT:PSS layer, the PSC exhibited the highest PCE of
4.9%. The SWCNTs can mostly enhance hole transports by
providing conducting pathways to the electrode.177

CNTs had been also directly added to the active layer to
form networks to create effective hole conduction pathways
with high PCEs up to 10%.178 The design of nanostructured
donor-phase components was also found to increase hole
transports.179 For instance, a core−shell CNT-polythiophene
nanowire network was synthesized by electrochemically
depositing polythiophene around the interconnected metallic
CNTs. Figure 15a showed a typical SEM image of the metallic
CNT nanowires, and the coaxial CNT-polythiophene nanowire
network had been produced after deposition of polythiophene
on the surfaces of CNTs (Figure 15b). PCBM can be spin-
casted to infiltrate the open space of the core−shell network to
form effective heterojunction structures for an efficient PSC
(Figure 15c). When the SWCNTs were added to both active
and hole transport layers to enhance the exciton dissociation
and hole transfer, the PCE was further increased by 26%.180

A graphene film can also be used as the hole transfer layer to
replace PEDOT:PSS in the PSC.181−184 However, the GO film
that serves as the hole transfer layer suffers from a low electrical
conductivity, resulting in a high series resistance. In order to
enhance the charge carrier transport, butylamine-modified GO
sheets was found to reduce the recombination effect in the
active layer,185 and a PCE of 3.55% was achieved for the
plasmonic PSC by incorporating Au-GO sheets into the
PEDOT:PSS buffer layer.186 The utilization of the GO sheet

prohibited the aggregation of Au nanoparticles and introduced
the plasmonic effect without dramatically sacrificing the
electrical properties.
To minimize the contact resistances and improve con-

ductivities of the hole transfer layers for low series resistances,
sulfated GO was introduced as a hole transfer layer to produce
a PCE of 4.37%.187 The strong acidic −SO3H groups in the
carbon basal plane of GO sheet and −COOH groups at edges
enhanced the doping effect of the donor polymer (Figure 16).
Recently, GO nanoribbons were discovered to possess a proper
energy level alignment, high solubility, and good film-forming
property, which enable a promising material for hole
extraction.188 Generally, such GO nanoribbons were synthe-
sized by unzipping SWCNTs using KMnO4 as the oxidant in a
concentrated H2SO4.
In addition, the carbon nanomaterials are also used as

electron transport layer in the PSCs. The incorporation of
CNTs into the active layer favors the exciton dissociation and
charge transfer. It was found that photogenerated excitons on
SWCNTs were dissociated at the interfaces of PCBM and
P3HT.189 Functionalized MWCNTs could serve as efficient
compatibilizers and charge transport assisters for the photo-
active layer.190,191 For instance, N-doped MWCNTs were
added to the polythieno[3,4-b]thiophene/benzodithiophene/
PC71BM layer to produce a high PCE of 8.6% as they acted as
both extra exciton dissociation centers and efficient charge
transport channels (Figure 17).192 However, if the MWCNTs
were grafted with PCBM in the photoactive layer, the
interaction between P3HT and PCBM-grafted MWCNT had
been decreased, thus also reducing the efficiencies as hole
transporters.193 Note that SWCNTs can be also directly used as
acceptors in PSCs, but it was theoretically predicted that they
were less efficient in the charge generation for the widely

Figure 14. Schematic illustration of preparing multilayer graphene film
by normal wet transfer (A) and direct coupling layer-by-layer assembly
(B) (N = 0, 1, 2, 3, ...). Reproduced with permission from ref 172.
Copyright John Wiley and Sons (2011).

Figure 15. (a) Schematic illustration to a single coaxial CNT (core)-
polythiophene (shell) nanowire. (b) Energy band diagram of the
photovoltaic device showing the energy levels of the composing
materials and transporting directions of charge carriers. (c) Schematic
illustration of the physical steps in the CNT-polythiophene nanowire/
PCBM heterojunction: (i) light absorption by polythiophene, (ii)
exciton dissociation at polythiophene-PCBM interface, (iii) free
electron diffusion in PCBM, (iv) hole diffusion through thin
polythiophene shell, and (v) efficient hole transport toward the
anode via the metallic CNT network. Reproduced with permission
from ref 179. Copyright AIP Publishing LLC (2011).
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explored P3HT, particularly, when the SWCNTs were
metallic.194

GO has been also extensively introduced to enhance the
photovoltaic performance of the PSC, and it can function as
both electron and hole transfer layers.195 For instance, the PSC
based on the ITO/GO/P3HT:PCBM/GOCs/Al structure
exhibited a PCE of 3.67%. Here the bare GO served for hole
extraction while the cesium-neutralized GO worked for electron
extraction. Of course, graphene can be incorporated into PSCs
for higher PCEs. The attachment of PCBM onto reduced GO
sheets by noncovalent interactions was used as an electron
extraction layer to improve the PCE to 3.89% (Figure 18).196

Besides, CNT and graphene can also be used as acceptor
material in the PSCs. For example, a PSC using SWCNTs as an
acceptor material was demonstrated by blending poly(3-
octylthiophene) (P3OT) with 1 wt % of SWCNTs, and both
VOC and JSC had been increased.197,198 This enhancement can
be ascribed to the introduction of internal polymer/nanotube

junctions within the polymer matrix. These junctions allowed
excitons to be efficiently dissociated and also created
continuous pathways for electron transport to the charge-
collecting electrode. Later, the same lab demonstrated that an
annealing treatment enhanced the film uniformity for higher
PCEs.199 A modification by combining the CNT into a
polarized polybithiophene layer also provided the PSC with an
increased PCE of 1.5%.200 For the above PSC based on
SWCNT and P3HT or P3OT, the P3HT was found to show a
slightly higher JSC while lower VOC than P3OT.201 A lot of
efforts are also made to understand the mechanism and
underlying rule in the CNT/P3HT solar cell.202−212 A general
and effective route to increase the PCE is to enhance the hole
mobility of P3HT by increasing its nanocrystal ordering (Figure
19).203

Graphene had been also widely studied as a promising
electron-accepting material in the PSC where either P3OT or
P3HT could be used as the donor.204−206 Figure 20 represents

Figure 16. Synthetic route to GO−OSO3H. Reproduced with permission from ref 187. Copyright American Chemical Society (2013).

Figure 17. Schematic illustration to the structure and J−V characteristics of the PSC. Reproduced with permission from ref 192. Copyright American
Chemical Society (2013).

Figure 18. Schematic illustration to the PSC with the incorporation of RGO-pyrene-PCBM electron transfer layer. Reproduced with permission
from ref 196. Copyright American Chemical Society (2013).
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the structure of a typical PSC with a P3OT/graphene thin film
as the active layer.204 Although a high PCE was produced by
the generally used organic solvent-based process, the use of
organic solvents was not favorable for the environment, which
may limit the practical application of the PSC. Some attempts
were then made to fabricate the PSC through an aqueous
solution process, but the PCE was still too low, e.g., 0.027%,
and more efforts are required to further enhance the PCE to a
competitive level.207

In summary, the carbon nanomaterials like CNT and
graphene can be used as both hole and electron transport
layers in the PSCs due to high hole and electron mobility.
However, they are relatively less used in the PSCs due to a low

selectivity in carrier transport as they exhibit a high carrier
mobility for both holes and electrons, which will cause the
carrier recombination during the photoelectric conversion
process. It is important but remains challenging to explore
their excellent electronic properties in this direction.
3.3. Dye-Sensitized Solar Cells

DSSCs have attracted continuous and increasing interests in
both academy and industry after they were discovered by
Graẗzel and co-workers in 1991. They are widely recognized for
many advantages including ease of fabrication, low cost, and
high performance at low light intensity. The PCE of DSSC has
been improved to approximately 15% in past two decades with
a competitive power to the traditional Si-based technology. A
typical working mechanism of DSSC is summarized in Figure
21.141 Upon illumination, electrons are generated from a dye

molecule after absorbing photons immediately, followed by
being injected into the conduction band of n-type semi-
conductor (e.g., titanium dioxide and zinc oxide), flowing along
the external circuit and being collected by the counter electrode
(e.g., platinum) where I3

− ions are reduced to I− ions. The dye
molecules are recovered to the ground state after accepting
electrons from I− ions that are reverted to I3

− ions at the same
time to complete a cycle.

3.3.1. Counter Electrodes. The counter electrode bears
the responsibility for transporting electrons derived from the
photoanode to the electrolyte where I3

− ions are reduced to I−

ions. Traditionally, a counter electrode was prepared by
depositing a thin platinum layer (thickness of 2−3 nm) on
FTO glass.1,2,213 Platinum has been generally used for the
reduction of I3

− ion in the I−/I3
− redox electrolyte system due

to its remarkable electrocatalytic activity. Previously, main
efforts were made to develop various methods such as thermal
decomposition, electrodeposition, sputtering, and vapor depo-
sition to prepare the platinum counter electrode.213 However,
as a noble metal, platinum exhibits obvious disadvantages
including limited supply, high cost, and instability during use.1

Alternately, based on high catalytic activities, carbon nanoma-
terials including carbon black, activated carbon, CNT, and
graphene have been extensively studied as promising candidates
as counter electrode materials to replace the conventional
platinum.

Figure 19. Structure of a PSC. The P3HT layer below the dotted line
was mostly dissolved upon the coat of the active layer. Reproduced
with permission from ref 203. Copyright AIP Publishing LLC (2010).

Figure 20. (a) Idealized chemical structures of graphene and P3OT.
(b) Schematic illustration to the PSC with the P3OT/graphene thin
film as the active layer. The structure was composed of ITO/
PEDOT:PSS (40 nm)/P3OT:graphene (100 nm)/LiF (1 nm)/Al (70
nm) from the bottom to the top. (c) Energy level diagram of the PSC.
(d) Schematic illustration to the reaction of phenyl isocyanate with
GO to form isocyanatederivated GO. Reproduced with permission
from ref 204. Copyright John Wiley and Sons (2008).

Figure 21. Schematic illustration of a DSSC. Reproduced with
permission from ref 141. Copyright John Wiley and Sons (2011).
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Earlier, Graẗzel and coauthors investigated the photovoltaic
performance of carbon black counter electrodes that were
prepared through a doctor-blading method.214 The charge-
transport resistances (RCT) of the counter electrodes could be
decreased to 0.74 Ω cm2 at a thickness of 22.5 μm for the
carbon layer, and it was even smaller than the heat-deposited
platinum electrode. The resulting DSSC showed VOC, JSC, and
FF of 0.79 V, 16.8 mA/cm2, and 0.685, respectively, which
produced a PCE of 9.1%. Late, conducting PEDOT:PSS with
high optical transmittance and catalytic activity was incorpo-
rated into carbon black to produce a composite counter
electrode that enabled a PCE of 7.01%.215 A promising
advantage of carbon black is that it has been already produced
at a large scale with low cost at industry, though the PCE is
relatively lower than that based on the platinum.
Activated carbon with a higher surface area also showed a

superior catalytic activity in the reduction of I3
−,215,216 and the

I3
− can infiltrate into the internal space of activated carbon for a

better catalysis. As a result, a high PCE had been achieved.
Based on this strategy, it is expected that the use of
nanostructured carbon materials may further improve the
photovoltaic performance of the DSSC.
CNTs have been long studied as counter electrode materials

in the DSSC.217−233 Among them, MWCNTs are most
explored to be made into electrodes by various routes such
as spin coating,217 spray coating,218,219 electrophoretic deposi-
tion,220,221 gel coating,222 dry spinning,45,223,224 and CVD.225

For instance, Ramasamy et al. prepared MWCNT counter
electrodes by a spray coating method (Figure 22a,b) and the

resulting DSSC displayed a maximal PCE of 7.59%.219

However, for the previously studied MWCNT counter
electrodes, the MWCNTs appeared in a network structure.
As a result, the generated charges have to transport among a lot
of boundaries in MWCNT networks, and the PCE was lower
than the conventional platinum.

To this end, we have recently developed aligned MWCNT
materials as a new family of electrodes. When the MWCNT
sheet that had been dry-drawn from a spinnable MWCNT array
and aligned along the drawing direction was used as a counter
electrode (Figure 22c),223 the derived DSSC showed a PCE of
4.18%, about 80% of the platinum counter electrode. The
relative lower PCE was explained by the fact that the charges
still had to transport among aligned MWCNTs from the top to
the bottom in the sheet as they were parallel in the film. As an
effective solution, penetrated and aligned MWCNT electrodes
were obtained by rolling MWCNT arrays down to form thin
films.226 When they were used as counter electrodes, the
resulting DSSCs typically showed VOC of 0.726 V, JSC of 17.35
mA/cm2, and FF of 0.67 with PCE of 8.46%. In contrast, the
DSSC based on the platinum counter electrode exhibited VOC
of 0.735 V, JSC of 16.66 mA/cm2, and FF of 0.60, and a
relatively lower PCE of 7.32% was therefore produced. The
obvious improvement in the photovoltaic performance was
derived from the much lower electrical resistances of individual
MWCNTs than the contact resistances among MWCNTs. For
the perpendicularly aligned MWCNT counter electrode, the
charges transported along their axial directions. Besides, aligned
MWCNT arrays had been directly grown on the conducting
glass for counter electrodes to decrease the contact resistance
between the MWCNT layer and conducting substrate (Figure
22d), so a higher PCE of 10.04% was observed.225 Similarly,
SWCNTs have been also explored as counter electrodes in
DSSCs,226 and the control on their structures is key to their
performances. CNTs had been also widely doped with a second
element such as nitrogen to enhance catalytic activity.
Perpendicularly aligned nitrogen-doped MWCNT counter
electrodes provided the resulting DSSCs with higher PCEs.224

Besides bare CNT materials, increasing interests have been
attracted to prepare CNT-based composite or hybrid materials
for effective counter electrodes.228−235 For instance, CNT were
mixed with a wide variety of inorganic and organic moieties
such as graphene,234 P3HT,235 PEDOT:PSS,233 TiN,229

polypyrrole,232 cobalt sulfide,231 and tungsten sulfide228 to
form high-quality composite or hybrid materials. Both high
electrical conductivity and electrocatalytic activity had been
achieved after thermal hydrolysis of TiOSO4 on CNTs and
subsequent nitridation in an ammonia atmosphere.229 The
resulting DSSC derived from the TiN/CNT hybrid counter
electrode showed a PCE of 5.41%.
After discovery in 2004, graphene has been also widely

studied for the counter electrode in DSSC. Although the
graphene materials share high surface areas, the large-sized
graphene sheets did not demonstrate expected high catalytic
activities as counter electrodes because their edges and defects
were much more effective in catalyzing the redox reaction of
the I−/I3

− redox couple,242 while much less percentages of
edges were available in the large graphene sheets. As a result,
the resulting DSSC fabricated from a graphene counter
electrode produced a low PCE of 3.63%, much lower than
the platinum-based DSSC (Figures 23a,b).236

To improve the performance, a wide variety of graphene
composite and hybrid materials have been developed for
counter electrodes such as PANI/graphene composite,237

platinum nanoparticles/graphene hybrid,238 metal nitride/
graphene hybrid,239 graphene/PEDOT−PSS composite,240

and MoS2-graphene nanosheet hybrid.241 For instance, a
PANI/graphene composite had been synthesized by in situ
polymerization of aniline monomer in a graphene dispersion

Figure 22. (a,b) Photograph and SEM image of MWCNT electrode
with spray time of 100s, respectively. Reproduced with permission
from ref 203. Copyright Elsevier (2008). (c) SEM image of an aligned
MWCNT sheet electrode. Reproduced with permission from ref 223.
Copyright John Wiley and Sons (2011). (d) Cross-sectional SEM
image of a CNT array on soda lime glass. Reproduced with permission
from ref 225. Copyright Elsevier (2010).
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(Figure 23c),237 and the introduction of PANI had not only
increased the catalytic activity but electrical conductivity. When
it was used for the counter electrode, the DSSC exhibited a
PCE of 6.09%, just a little lower than that of the DSSC from
the platinum counter electrode (Figure 23d).
Although the graphene shows a relatively low electrocatalytic

activity for the I−/I3− redox reaction, it can effectively catalyze
the Co(bipyridine)3

3+/Co(bipyridine)3
2+ redox couple with the

donor-bridge-acceptor sensitizer.242,243 Therefore, based on the
graphene nanoplatelets as the counter electrode while the
Co(bipyridine)3

3+/Co(bipyridine)3
2+ redox couple in the

electrolyte, the resulting DSSC showed a comparable photo-
voltaic performance to the platinum counter electrode (Figure
24).243

To summarize, carbon materials including CNT, graphene,
activated carbon and carbon black can serve as good counter

electrode materials for DSSCs and display comparable
performances to the conventional platinum after optimization.
The key point lies in the design of the inner structure in the
carbon electrode because the surface area and electron
transport pathways largely affect the electron transport.

3.3.2. Working Electrodes. The working electrodes are
generally composed of a layer of dye-adsorbed titanium dioxide
(TiO2) nanocrystalline nanoparticles on transparent conductive
glasses. They play a critical role for the conversion from
photons to electrons and collection and diffusion of electrons in
the DSSC. Upon illumination, electrons are generated from a
dye molecule after absorbing photons immediately, followed by
being injected into the conduction band of n-type TiO2 and
diffused and collected in the transparent conductive elec-
trode.213 Herein, it is key to accelerate the diffusion process to
compete with the charge recombination process. An effective

Figure 23. (a) SEM image of graphene nanosheets. (b) J−V curves of DSSCs with graphene, graphene/CNT composites and platinum as counter
electrodes measured under AM1.5 illumination. Reproduced with permission from ref 236. Copyright Royal Society of Chemistry (2011). (c) SEM
image of polyaniline/graphene hybrid after polymerization for 24 h. (d) J−V curves of DSSCs with different counter electrodes. Reproduced with
permission from ref 237. Copyright Elsevier (2012).

Figure 24. J−V curves of the DSSC with Y-123 sensitized TiO2 photoanode and acetonitrile solution of Co(bpy)3
3+/2+. Left chart: DSSC with Pt-

FTO counter electrode. Right chart: DSSC with GNP-FTO counter electrode (G66). The illumination intensities are 1 sun (curves a), 0.51 sun
(curves b), 0.095 sun (curves c), and 0 (curves dark). Reproduced with permission from ref 243. Copyright American Chemical Society (2011).
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strategy is to incorporate functional nanomaterials with high
conductivities to improve the separation and diffusion of the
photoinduced charge.1,2

CNTs have been widely studied to modify the working
electrodes to improve the photovoltaic performance of
DSSCs.244−251 For instance, SWCNTs were used as conducting
scaffolds in the TiO2 film to improve the photoinduced charge
separation and transport of carriers to the collecting electrode
surface (Figure 25).250 The resulting DSSC showed a much

improved JSC compared with the one without SWCNTs in the
working electrode, but the VOC was decreased due to the
increased Fermi level of the modified working electrode after
incorporation of SWCNTs. Alternately, TiO2/MWCNT hybrid
nanofiber film was prepared via a facile electrospinning method,
and both VOC and JSC had been enhanced with the PCE being
increased by 26% even at a low MWCNT load of 0.3 wt % in
the working electrode.247 Note that the PCE would be
decreased with the further increase in the MWCNT content
as the MWCNTs started to aggregate, inducing the decrease in
the Fermi level of the composite working electrode.
Although the DSSCs based on the TiO2/CNT electrode

showed high PCEs, the stability was relatively low as there were
not effective interactions and connections between TiO2 and
one-dimensional CNT, which lead to the formation of
transport barriers and occurrence of charge recombination.
To this end, the two-dimensional graphene had been widely
studied to replace the CNT for efficient hybrid working
electrodes in the DSSCs.252−255 In this case, TiO2 particles can
be well anchored on the graphene sheet, so the photoinduced
electrons can be efficiently captured and transported by the
graphene (Figure 26).253 As a result, the JSC was increased by

45% without sacrificing the VOC; the PCE was increased by 39%
compared with the pristine TiO2 working electrode.
Currently, there are much fewer studies on incorporating

carbon nanomaterials into the working electrode as the
mesoporous TiO2 electrodes are already highly effective as
working electrodes in DSSCs. On the other hand, although the
introduction of carbon nanomaterials into the TiO2 working
electrode can promote the electron transport and collection, it
also causes some loss in transparency.

3.3.3. Electrolyte. Electrolyte is one of the indispensable
parts and also plays a critical role in the performance of the
DSSC. The electrolyte is responsible for the dye regeneration
during the photoelectric conversion process.256 An effective
electrolyte is expected to exhibit high electrical conductivity,
high thermal stability, and low vapor pressure.263−266

Although liquid electrolytes such as I−/I3
− redox couple in

acetonitrile have still been mostly used in the DSSC due to a
high conductivity and diffusion coefficient,257,258 the high
flowability and low vapor pressure that may cause severe
problems including leakage, thermal instability, and sealant
corrosion have pushed scientists to discover new electrolytes
with better performances.259,260 A lot of effort has been then
made to develop quasi-solid-state or solid-state electrolytes. For
instance, ionic liquid electrolytes, a kind of quasi-solid-state
electrolytes, have attracted increasing interests with combined
high thermal stability, high ionic conductivity, negligible vapor
pressure, and broad electrochemical potential window.259,261

However, the PCEs of the DSSCs based on ionic liquid
electrolytes are generally lower than the ones based on liquid
electrolytes, which is mainly derived from the relative low speed
for ion diffusions in the ionic liquid electrolyte.
Importantly, carbon nanomaterials are found to be able to

improve ion diffusions in the ionic liquid electrolyte.2,261−278

For instance, modified ionic liquid electrolytes had been
prepared by incorporating graphene, SWCNT or a graphene/
SWCNT mixture into 1-methyl-3-propylimidazolium iodide
(PMII) ionic liquid.265 When they were used to fabricate
DSSCs, the PCEs were enhanced to 2.10%, 1.43% and 2.50%
after the introduction of graphene, SWCNT and their mixture.
For the pure PMII, the resulting DSSC displayed a very low
PCE of 0.16%. This significant improvement was explained by
the fact that the carbon nanomaterials simultaneously served as
both charge transporter in the ionic liquid and catalyst for the
electrochemical reduction of I3

−. Later, Yan and co-workers had
further developed acid-oxidized MWCNT-based ionic liquid

Figure 25. Charge transport in photoanodes with (a) and without (b)
SWCNTs in the TiO2 nanocrystalline films. Reproduced with
permission from ref 250. Copyright American Chemical Society
(2007).

Figure 26. Schematic illustration to hybrid electrodes composed of TiO2 particles and (a, c) 1D and (b, d) 2D nanomaterials. Reproduced with
permission from ref 253. Copyright American Chemical Society (2010).
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electrolytes where the acid-oxidized MWCNTs showed a much
better miscibility with the ionic liquid than the pristine
MWCNTs, which was found to enhance the formation of

gels (Figure 27a).264 The resulting DSSC yielded a PCE of
5.74% (Figure 27b). Alternately, Ouyang and co-workers
introduced GO as the gelator to prepare a quasi-solid-state

Figure 27. (a) Photograph of the MWCNT/ionic liquid gels based on (A) 1 wt % raw MWCNTs and (B) 2 wt % acid-oxidized MWCNTs. (b) J−V
curves of the raw MWCNT/ionic liquid DSSC (curves a and c) and the acid-oxidized MWCNT/ionic liquid DSSC (curves b and d) measured in
dark (curves c and d) and under simulated AM 1.5 illumination at 100 mW cm−2 (curves a and b). Reproduced with permission from ref 264.
Copyright Elsevier (2012). (c) Temperature dependence of ionic conductivities of GO-MPN gels containing 2.5 wt % GO-MPN with GO
ultrasonicated from 0 to 20 min. (d) J−V curves of DSSCs with 2.5 wt % GO-MPN gels. The GO sheets were ultrasonicated from 0 to 20 min.
Reproduced with permission from ref 262. Copyright Elsevier (2013).

Figure 28. (a,b) SEM images of PEO and CNT/PEO composite (1 wt % for CNT) electrolytes, respectively. (c, d) J−V and IPCE curves of DSSCs
with PEO, CNT/PEO (0.5 wt % for CNT), CNT/PEO (1 wt % for CNT) and CNT/PEO (3% for CNT) electrolytes measured under AM1.5
illumination, respectively. Reproduced with permission from ref 269. Copyright Elsevier (2010).
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electrolyte with a high ionic conductivity (Figure 27c).262 The
highest PCE reached 6.70% (Figure 27d), a little lower than
7.18% for the DSSC based on the liquid electrolyte.
Carbon nanomaterials had been also used in the solid-state

electrolytes.269,270 For instance, a solid-state electrolyte was
developed by incorporating CNTs into poly(ethylene oxide)
(PEO) to realize much improved roughness, amorphicity and
ionic conductivity (Figure 28a,b).269 When the modified solid-
state electrolyte was used for the DSSC, a PCE of 3.5% was
achieved (Figure 28c). The incident photon-to-electron
conversion efficiency (IPCE) curve of the DSSC based on
the solid-state electrolyte had further verified the enhanced
photovoltaic performance. This improvement may be ascribed
to the increased ionic conductivity in the composite electrolyte
and interfacial contacts between electrode and electrolyte
(Figure 28d). In summary, CNTs represent a good additive for
quasi-solid-state or solid-state electrolytes in DSSCs by
enhancing their conductivities.

3.4. Carbon Nanomaterial-Silicon Solar Cells

Carbon nanomaterials such as CNT and graphene are mainly
used to promote charge separation and transport rather than
generating excitons upon absorption of light in both DSSCs
and PSCs. Recently, a new type of carbon nanomaterial-silicon
solar cells has been developed to take advantage of the excellent
electronic property of CNT and graphene during the
photogeneration process.271−280

3.4.1. Carbon Nanotube. For the application in PSCs, the
CNTs are mainly used as transparent electrodes for charge
collection or as nanoscale fillers for charge transport. For the
application in DSSCs, the CNTs have been mainly used as
counter electrodes for charge collection and transport or as
fillers in the photoanode to enhance charge transports.1,2

Obviously, the CNT does not participate the exciton
generation process. In 2007, Wu and co-workers fabricate
thin-film solar cells with DWCNTs serving as both photo-
generation sites and a charge collection and transport layer
(Figure 29a).271 More specifically, this hybrid solar cell showed
a p−n heterojunction consisting of a DWCNT layer p-type
emitter material and an n-type silicon (n-Si) wafer. Upon
illumination, excitons were generated from the n-type silicon
and diffused to the space-charge region where they were
separated into free charge carriers under the action of the built-
in potential formed by Fermi level equilibration at the junction
(Figure 29b,c).272

Previously, DWCNTs were deposited on the n-silicon
substrates via a H2O expansion, followed by an aqueous
transport of the as-grown film synthesized by CVD, and a
relatively low PCE of 1.3% was obtained as the FF was less than
0.19 due to a high series resistance.271 Later, the series
resistance was decreased by a photolithography etching
technology with a much increased FF of 0.53.272 As a result,
a higher PCE of 7.3% had been produced.
In order to further improve the performance of the CNT/Si

solar cell, Cao and co-workers had replaced the DWCNTs with
SWCNTs that showed higher optical transmittances.274 In
addition, the SWCNT/Si solar cells could be inserted into a
dilute HNO3 solution for doping (Figure 30a) to largely reduce
the series resistance for higher FF values. After the acid
treatment, the JSC and FF were increased from 27.4 mA/cm2

and 0.47 to 36.3 mA/cm2 and 0.72, respectively. The PCE
jumped to 13.8% (Figure 30b). Recently, Cao and co-workers
had further optimized the SWCNT/Si solar cell by spin-coating

a TiO2 layer (50−80 nm) on the SWCNT film to decrease the
light reflection from the surface of the solar cell, followed by
doping with HNO3/H2O2 for higher electrical conductivity and
contact (Figure 30c).277 The resulting solar cell exhibited JSC of
32 mA/cm2, VOC of 0.61 V, and FF of 0.77, which produced an
even higher PCE of 15.1%.
Besides, superaligned DWCNT sheets that showed a high

transmittance of above 88% in the visible and infrared spectral
range (Figure 31a) were also developed as window electrodes
for the hybrid solar cell (Figure 31b,c). It was found that the
resulting device exhibited a higher PCE of 10.8% than that
based on a randomly dispersed DWCNT window electrode.279

The superaligned structure promoted the charge transport and
collection efficiency.
In summary, the unique high electron mobility, high

transparency, and appropriate work function of CNTs make
the CNT-silicon hybrid solar cells available. Two main
directions are recognized to further enhance the performance

Figure 29. (a) Schematic illustration to the DWCNT/Si solar cell.
Reproduced with permission from ref 271. Copyright American
Chemical Society (2007). (b) Energy band diagram of the DWCNT/
Si solar cell. (c) Schematic illustration of the charge separation
occurring at the interface between a DWCNT and Si substrate and
charge transport through a percolated DWCNT network. Reproduced
with permission from ref 272. Copyright John Wiley and Sons (2008).
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of the hybrid solar cell in the future development, i.e., high
transparency along with low sheet resistance of the CNT and
alignment of the energy level with a surface passivation.
3.4.2. Graphene. Different from the CNT/Si solar cells

with a heterojunction, the graphene/Si solar cells are derived
from a Schottky junction, which is formed between a metal
(graphene) and a semiconductor (n-type silicon). Upon the
illumination, excitons are mainly generated from the n-type
silicon wafer and diffused to the base region where they are
separated into free charge carriers by the built-in potential
between the graphene and silicon.
A typical single-layered graphene/Si Schottky junction solar

cell is shown in Figure 32ax.276 The graphene sheet was grown

on a copper foil by CVD, and the bis (trifluoromethane-
sulfonyl)-amide (TFSA) doped graphene was also introduced
for the graphene/Si solar cells because the TFSA doping can
reduce the resistance of graphene sheet and increase its work
function without changing its optical properties. As a result, the
pristine graphene/Si solar cell showed a low PCE of 1.9%,
whereas the TFSA-doped graphene/Si solar cell yielded a much
higher PCE of 8.6% (Figure 32b). Cao and co-workers had
further improved the PCE to 14.5% by adding an antireflection
TiO2 layer through a simple spin-coating method (Figures
32c,d).280 The TiO2 antireflection layer promoted the light
absorption by Si and lead to a much higher IPCE of 80−90%
across the visible and near-infrared range (400−1000 nm) than
the bare graphene/Si cell (IPCE of ∼60%).
Compared with CNT films, graphene films may exhibit high

optical transmittances and better connections with the Si
substrate. Therefore, the graphene-Si hybrid solar cells are
expected to show high photovoltaic performances than CNT-
silicon solar cells. This conclusion may be supported after high-
quality graphene films are realized which will be a focus in the
future development of this direction.

3.5. Perovskite Solar Cells

Recently, organic−inorganic halide perovskite solar cells
become a superstar of the photovoltaic field for their
dramatically increased power conversion efficiencies from
3.9% to 20.1% in less than five years.281 In the research
progress, carbon nanomaterials exhibit unique applications by
improving stability and simplifing fabrications.
Generally, perovskite solar cells suffer from their instability in

the existence of moisture, so a lot of methods have been
developed to improve the moisture resistance.282 Among them,
carbon materials showed promising applications. For one
instance, a carbon black/graphite hybrid was used as a back
electrode to produce a power conversion efficiency of 12.8%
with stable performance for over 1000 h (Figure 33a).282a The

Figure 30. (a) Schematic illustration to the SWCNT/Si solar cell based on a SWCNT network coated on an n-type Si wafer and infiltration of nitric
acid into the network to form Si-acid-CNT photoelectrochemical units in addition to Si-CNT heterojunctions at the interface. (b) J−V
characteristics of the SWCNT/Si solar cell before (black curve) and after (red curve) infiltration of dilute HNO3. Reproduced with permission from
ref 274. Copyright American Chemical Society (2011). (c) Schematic illustration to the SWCNT/Si solar cell consisting of a Si substrate, a CNT
film and a TiO2 layer. (d) J−V characteristics of the SWCNT/Si solar cell without coating, with coat of a TiO2 antireflection layer, and after HNO3/
H2O2 treatment, respectively. Reproduced with permission from ref 277. Copyright Macmillan Publishers Ltd. (2012).

Figure 31. Preparation (top), scheme (left bottom), and photograph
(right bottom) of the aligned DWCNT-Si solar cell. Reproduced with
permission from ref 279. Copyright John Wiley and Sons (2013).
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high stability may be explained by the fact that the hydrophobic
carbon black/graphite electrode prevented the moisture from
contacting the perovskite. For another instance, a polymer-
functionalized SWCNTs embedded in an insulating polymer
had been also incorporated as hole transport materials to
enhance the moisture stability (Figure 33b).282b Besides high
power conversion efficiencies up to 15.3%, the perovskite solar

cell can well maintain the high performance even after running
in water for 60 s. Freestanding CNT films could also serve as
both hole transport layer and back electrode for hole extraction
and collection (Figure 33c).283

The perovskite solar cells are still running at the initial stage,
and a lot of efforts are required to explore carbon nanomateials
to enhance their performances in the near future. In particular,

Figure 32. (a) Schematic illustration to a graphene-Si solar cell. (b) J−V characteristics of the graphene/Si and doped-graphene/Si solar cells
measured in dark and under AM1.5 illumination. Reproduced with permission from ref 276. Copyright American Chemical Society (2012). (c)
Schematic illustration of a graphene-Si solar cell consisting of a Si substrate, a CNT film and a TiO2 layer. (d) J−V characteristics (AM1.5
illumination) of a graphene-Si solar cell recorded in original state (without coating), with a TiO2 antireflection layer and after HNO3/H2O2
treatment, respectively. Reproduced with permission from ref 280. Copyright American Chemical Society (2013).

Figure 33. (a) Perovskite solar cell with a carbon black/graphite back electrode. Reproduced with permission from ref 282a. Copyright the American
Association for the Advancement of Science (2014). (b) Perovskite solar cell with P3HT/SWCNT composite as hole transport materials.
Reproduced with permission from ref 282b. Copyright American Chemical Society (2014). (c) Perovskite solar cell with a freestanding CNT film as
back electrode. Reproduced with permission from ref 283. Copyright American Chemical Society (2014).
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the use of them in back electrodes, hole transport layers, and
stability improvements are promising as they well meet the roll-
to-roll solution fabrication that is recognized as a general
process to scale up the next-generation solar cell.

3.6. Fiber-Shaped Solar Cells

With the advancement of the microelectronic technology,
electronic devices are simultaneously required to be lightweight,
small, and flexible, while the conventional silicon-based and
organic planar solar cells cannot fully meet the requirements. As
a result, fiber-shaped miniature solar cells that are thin, flexible,
and lightweight have attracted increasing attentions, particularly
in the portable and wearable electronics. To achieve highly
efficient fiber-shaped solar cells, it is critical to make high-
performance fiber electrodes with combined high electrical
conductivity, tensile strength, catalytic activity, and flexibility.
However, the widely used, conventional metal wire, modified
polymer fiber, and carbon fiber fail to satisfy all of them.

Fortunately, carbon nanomaterials such as CNT and
graphene can be assembled into micrometer-sized fibers with
remarkable electronic and mechanical properties discussed
above. Highly aligned CNT fibers had been dry-spun from
spinnable CNT arrays, and the aligned structure of CNTs
provided the fibers with high electrical conductivities of 104−
106 S/m and tensile strengths of 102−103 MPa as well as high
catalytic activity and flexibility. When they were used as counter
electrodes to fabricate fiber-shaped DSSCs, high PCEs over 7%
had been achieved.208−212,284 Figure 34 represents a typical
twisted fiber-shaped DSSC where an aligned CNT fiber coated
with TiO2 nanoparticles served as a working electrode while a
bare aligned CNT fiber acted as the counter electrode.209

Although the first report displayed a relatively low PCE of
2.60%, a modification on the fiber electrode and electrolyte can
greatly enhance the PCE. For instance, when an organic
thiolate/disulfide redox couple with low absorption in the
visible region was used as the electrolyte and a Ti wire

Figure 34. Schematic illustration to a fiber-shaped DSSC fabricated from two CNT fibers. (a) Two CNT fibers twined into a DSSC. (b) Top view of
the fiber-shaped DSSC. (c) Working mechanism. Reproduced with permission from ref 209. Copyright American Chemical Society (2012).

Figure 35. (a, b) Schematic illustration and SEM image of a fiber-shaped DSSC prepared by using a graphene/Pt hybrid fiber as the counter
electrode and a Ti wire impregnated with TiO2 nanotubes as the working electrode. Reproduced with permission from ref 285. Copyright John
Wiley and Sons (2013). (c) Schematic illustration of a fiber-shaped PSC. Reproduced with permission from ref 286b. Copyright John Wiley and
Sons (2014). (d) Schematic illustration of a fiber-shaped perovskite solar cell. Reproduced with permission from ref 286c. Copyright John Wiley and
Sons (2014).
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perpendicularly grown with aligned TiO2 nanotubes on the
surface as the working electrode, a much higher PCE of 7.33%
had been achieved.212 Note that the use of a flexible aligned
CNT fiber as the counter electrode was critical for the high
PCE as it could be closely and stably wound onto the Ti wire
for rapid charge separation and transport.
Graphene can be also assembled into micrometer-sized fibers

with combined remarkable electronic and mechanical proper-
ties through a wet-spinning process. For instance, high tensile
strengths of 102−103 MPa and electrical conductivities of 104−
105 S/m were obtained for the graphene fiber.285 The graphene
fibers could be further electrodeposited with a second phase
including metal and conducting polymer for enhanced
electronic and catalytic properties. When platinum nano-
particles were deposited onto the graphene fiber as a counter
electrode and a Ti wire impregnated with perpendicularly
aligned TiO2 nanotubes functioned as the working electrode
(Figure 35a,b), the resulting twisted fiber-shaped DSSC showed
a certified PCE of 8.45%.285 Compared with a very low PCE in
the DSSC based on the bare graphene fiber, the largely
increased PCE is derived from the strong interactions between
graphene sheet and platinum nanoparticles, which has therefore
mostly combined the high conductivity and electrocatalytic
activity.
Fiber-shaped DSSCs generally require the use of liquid

electrolytes that can not effectively display the advantages of the
fiber structure and may also cause some safety problems.
Therefore, it is necessary to develop all-solid-state fiber-shaped
solar cells aiming at practical applications. To this end, PSCs
may provide an effective and promising platform as no liquid
materials are required.286 Figure 35c schematically shows the
structure of a typical fiber-shaped PSC.286a A Ti wire with
titanium dioxide nanotube arrays was used as a cathode after
sequentially depositing titanium dioxide nanoparticles,
P3HT:PCBM active layer and PEDOT:PSS hole layer, and
an aligned MWCNT fiber was then twisted onto the modified
Ti wire as the anode. This fiber-shaped PSCs exhibited a power
conversion efficiency of 1.78% and is much lower than the
fiber-shaped DSSCs. A lot of attentions are currently paid to
enhancing the photovoltaic performances of fiber-shaped PSCs
by incorporating new materials and optimizing device
structures.
As previously discussed, perovskite solar cells have been

widely explored with high power conversion efficiencies also in
an all-solid-state structure. An attempt was recently made to
fabricate fiber-shaped perovskite solar cells with a coaxial
architecture that demonstrated a maximal power conversion
efficiency of 3.3% (Figure 35d).286b A stainless steel wire was
used as the cathode; compact titanium dioxide nanoparticle,
CH3NH3PbI3 and spiro-OMeTAD layers were then sequen-
tially dip-coated onto the steel wire as the hole blocking, light-
absorbing and hole-transporting layers, respectively; and an
aligned MWCNT sheet was finally wrapped around the
modified steel wire as the anode. For the fiber-shaped
perovskite solar cell, the interface in the curved structure
plays a critical role and needs optimizations to further increase
the photovoltaic performance.
Compared with the conventional planar structure, the fiber-

shaped solar cells are particularly promising for wearable
electronic devices. They are often stretched besides being bent
during the various body movement in use, and the thin fiber-
shaped solar cells easily break under stretching. To this end,
increasing interests are attracted to realize stretchable fiber-

shaped solar cells including both DSSCs and PSCs. Figure 36
represents a stretchable fiber-shaped DSSC.286c Typically, an

elastic conducting fibers, e.g., a coaxial fiber by winding aligned
CNT sheets on a rubber fiber, was used as a counter electrode
(Figure 36a), and a spring-like Ti wire with perpendicularly
aligned TiO2 nanotubes served as the working electrode
(Figure 36b,c). This stretchable DSSC demonstrated a high
PCE of 7.13% that could be well maintained after stretching
with a strain of 30% for 20 cycles.
The other functionalities had been also incorporated into the

fiber-shaped solar cells to further enhance the application
scope.287 For instance, a magnetically responsive fiber-shaped
DSSC was achieved by introducing superparamagnetic metal
oxide nanoparticles into the aligned CNT fiber counter
electrode.284 Such a fiber-shaped DSSC can be remotely
controlled to be attached onto or detached from the substrate
by magnetic fields, which may provide it with some new
applications unavailable for the conventional solar cells. It can
be stabilized to power an electronic device by the magnetic field
and removed without use. Due to the high surface area of
aligned CNTs, the metal oxide nanoparticles had been
uniformly attached onto and interacted with CNTs to enable
a high stability for the DSSC during use. In addition, the DSSC
also exhibited a high PCE of 8.03%. By incorporation of self-
healing polymer fibers as substrates, an interesting kind of fiber-
shaped DSSCs that can be self-healed after breaking has been
recently discovered.287a This self-healable property is necessary
for the fiber-shaped solar cells as they are thin and easily cut by
the external object during the operation. If one fiber breaks, the
whole woven photovoltaic textile may fail to work with a short
lifetime. Under this situation, the self-healable fiber-shaped
solar cell can repair itself to maintain a stable performance in a
long period. Note that, compared with the conventional planar

Figure 36. (a) Schematic illustration to the rotation-translation
method for preparing the elastic conducting fiber. (b,c) Schematic
illustration and SEM image of a stretchable fiber-shaped DSSC.
Reproduced with permission from ref 286a. Copyright John Wiley and
Sons (2014).
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solar cell, the fiber shape also enables some unique advantages
besides lightweight, weaveable, and integratable, e.g., the PCE is
independent of the angle of incident light.
Fiber-shaped solar cells are extensively proposed to power

various electronic devices by formation of textiles through the
well-developed weaving technology. However, it remains
challenging to maintain high photovoltaic performances in
the resulting solar cell textiles due to the difficulty in connecting
many fiber electrodes and the production of short circuits
during fabrication and use. For instance, ten fiber-shaped
DSSCs were woven into a powering textile (Figure 37a,b), and
the power conversion efficiency of the solar cell textile was
decreased by 30−40% compared to the calculated value from
building fiber-shaped solar cells.286c Alternately, a solar cell
textile may be also fabricated by first weaving electrically
conducting fibers into textile electrodes, and two textile
electrodes can be then stacked into a textile-like solar cell.
Figure 37c represents a typical structure of a DSSC textile in

developing this strategy with a metal textile as the working
electrode and an MWCNT fiber-based textile as the counter
electrode with the photoactive materials sandwiched between
them.287b Similarly, Figure 37d demonstrates the fabrication of
a PSC textile from two textile electrodes.287c Both DSSC and
PSC textiles were flexible and efficient and had been explored
to power microelectronic devices.

3.7. Summary

Carbon nanomaterials, especially CNT and graphene, have
exhibited many promising applications in the energy harvesting
due to the combined high carrier mobility, transparency,
catalytic activity, specific surface area and tunable work
functions. The preparation of carbon nanomaterials for
transparent conductive electrodes represents a widely explored
and important direction. The development of carbon nano-
structured electrodes aiming at both high conductivity and
specific surface area represents another promising direction to

Figure 37. (a, b) A DSSC textile before and after stretching. Reproduced with permission from ref 286a. Copyright John Wiley and Sons (2014). (c)
Schematic illustration to fabricate a DSSC textile. Reproduced with permission from ref 287b. Copyright John Wiley and Sons (2014). (d) Schematic
illustration to fabricate a PSC textile. Reproduced with permission from ref 287c. Copyright John Wiley and Sons (2014).
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push the next-generation solar cell ahead. In addition, carbon
nanomaterials can also be used as additives for promoting the
carrier transfer. In summary, the exceptional properties of
carbon nanomaterials offer many opportunities to improve the
energy harvesting efficiency.

4. APPLICATION IN ENERGY STORAGE

Energy storage has been well recognized as one of the most
important challenges in this century. The increasing emerging
ecological problem badly requires the development of low-cost
and environmentally friend energy storage systems with high
efficiencies. For instance, the rapid advancement in portable
electronics and electric vehicles has stimulated the discovery of
new energy storage devices toward both high power density
and energy density. LIBs and supercapacitors represent two
mostly explored energy storage systems, where the energy
storage and output are realized by charge and discharge to store
electricity through electrochemical processes. During the
charging process, an external voltage is applied between two
electrodes to promote the movements of electrons and
reactions at the electrodes; during the discharging process,
the electrochemical reactions occur at the electrodes,
generating electrons to flow through the external circuit with
the produced electrical current to power the connected device.
An electrochemical energy storage device is typically composed
of anode, cathode, separator, and electrolyte. The improvement
in the energy storage mostly depends on the advancement of
new materials used in the electrodes. Carbon materials have
been playing a significant role in the development of
electrochemical energy storage systems. Activated carbon has
been long used for the electrochemical energy storage as it is
commercially available and cheap. Recently, carbon nanoma-
terials including CNT, graphene and OMC have attracted
increasing interests due to more excellent mechanical,
electronic and catalytic properties compared with the active
carbon. The use of these three carbon nanomaterials in LIBs
and supercapacitors are summarized below.

4.1. Lithium Ion Battery

Lithium is the lightest metal in the elemental table with a
specific gravity of 0.53 g/cm3. It is also the most powerful
reducing element, thus leading to a high voltage and capability
of delivering high energy density. The theoretical electro-
chemical capacity of Li to Li+ is 3860 mAh/g.288 In the 1970s,
Li started to be used as negative electrode materials to assemble
primary Li batteries, and the resulting batteries enabled the
realization of cellular telephones and lap-top computers.
However, the formation of dendritic metallic lithium during
the charging process brought severe safety problems as well as
high cost and short lifetime, plaguing the further application in
modern electric vehicles and devices. In the 1990s, following
the discovery of LiCoO2 as a positive electrode, the
commercialization of the lithium-ion battery by SONY
provided huge room for safe and efficient energy storage.289

Compared with the traditional secondary batteries such as
lead−acid or nickel−cadmium batteries, the new rechargeable
lithium-ion batteries exhibited superior performance including
long cycle life, high specific energy, and no memory effect. In
the LIB system, the metallic lithium is replaced by a carbon
host structure that can reversibly absorb and release lithium
ions at low electrochemical potentials. Therefore, lithium ions
shuttle between an insertion cathode (e.g., LiCoO2) and an
insertion anode (e.g., carbon), presenting only a slight decrease

of energy density compared with parent Li metal batteries; a
great improvement in cycle life and safety had been also
realized.288

Carbon is known to be intercalated into lithium by a
chemical route.290,291 For typical carbon materials such as
graphite, the basic building unit is a planar sheet of carbon
atoms arranged in a hexagonal format. Lithium intercalates into
the carbon layer to form LixC alloy, delivering a theoretical
specific capacity of 372 mAh/g (LiC6) and a potential plateau
lower than 0.5 V vs Li+/Li6. The practical performance of
carbonaceous materials strongly depends on their crystallinity,
microstructure and morphology.292,293 Lithium ion batteries
based on CNT, graphene, and OMC are compared in Figure 38
and further detailed below.

4.1.1. Carbon Nanotube. CNTs, compared with the other
LIB materials like graphite and nanoparticles, reveal a great
benefit of one-dimensional nanomaterials: (1) the higher
specific surface area provides a higher electrode/electrolyte
contact, (2) the higher electrical conductivity leads to an
enhanced ion transportation, and (3) the unique hollow
structure and multilayered wall in the case of MWCNTs enable
more connection sites. Li ion intercalation will occur at the
outside walls or within the inner core through the open ends, as
well as between the multilayers through the wall-defects or the
open ends of MWCNTs. It is calculated that a reversible

Figure 38. Performance overview of the lithium ion batteries based on
CNT, graphene, OMC, as well as their derived fiber-shaped devices.
(a) The capacity distribution. (b) The long-life stability.
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capacity of 1.116 A/g of SWCNTs could be attained due to the
more efficient integration from LiC2 alloy rather than the LiC6
alloy of traditional carbon materials.294,295 Overall, pristine
CNTs could be directly assembled into freestanding LIB
electrodes without extra binder or current collector, revealing a
reversible potential plateau lower than 0.5 V vs Li+/Li. The
more common application is to use CNTs to modify the
traditional electrode materials by serving as conductive
additives, current collectors, or electrode skeletons. Further-
more, the moldability allows CNTs to be fabricated into a
variety of shapes, controlled into desired alignments, or spun
into yarns, which is particularly promising for the rapidly
developed fiber-shaped energy storage devices in recent years.
4.1.1.1. Pristine CNT Electrodes. Both SWCNTs and

MWCNTs can be used as the anode by simply depositing
them onto a current collector from a uniform suspension or
being grown onto a catalyst premodified current collector. In
fact, the CNT paper obtained by a filtration method can be
further used as a freestanding electrode itself without extra
binder or current collector due to the π−π interactions within
the tangled nanotubes, increasing both effective capacity and
specific energy density of the overall battery. The lightweight
and flexible CNT paper with a three-dimensional porous
network also showed a high conductivity, electrochemical
stability, and mechanical strength. When aligned CNT
materials such as vertically aligned arrays had been introduced,
the aligned CNTs provided more effective pathways that
allowed the ions and electrons to transport along the CNTs
directly to the current collector or into the electrolyte
compared with the networked structure. Therefore, open
ends and lateral defects on the walls of CNTs would make the
intercalation and deintercalation process easier for lithium ions,
resulting in a higher capacity and rate performance.
The impact of CNT structure on the electrochemical

performance of the resulting LIBs has been widely studied
and summarized below. (1) Chirality. Obviously, the electro-
chemical performances are different between metallic and
semiconducting CNTs. A higher electrical conductivity favors
the transport of both electrons and ions among the electrolyte,
electrode, and current collector. It was reported that metallic
SWCNTs performed a lithium ion storage capacity to be five
times higher than semiconducting SWCNTs.296 (2) Diameter.
To certain degree, there existed a linear dependence between
the diameter of the CNT and the capacity, and the lithium ion
absorption energy and binding energy of CNTs were also
dependent on the CNT diameter, so a larger diameter is
favorable for a better electrochemical performance.297 When
the lithium ion was intercalated with SWCNTs, a larger
curvature of the nanotubes would enhance the ion
condensation inside the core and further enhance the
interactions between the ion and CNT.298 For the MWCNTs,
the tension from the multilayered structure would be also
influenced by the curvature of the nanotubes, so larger
MWCNTs increased the lithium capacity performance.299,300

(3) Length. Shorter CNTs provide more efficient pathways for
the entrance of lithium ions, particularly, when the both ends
are opened. Therefore, a lot of methods were explored to
obtain short CNTs such as chemical etching, ball milling,301

and frozen cutting302 besides decreasing the synthetic time. For
instance, a vertically aligned and penetrated MWCNT/epoxy
resin film has been prepared through a slicing technology with
both ends of MWCNTs being cut opened, and it exhibited a
low resistivity of 10−4 Ω cm in the vertical direction of the

composite film, enabling a high electrochemical performance in
the LIB.303 (4) Defects. As previously mentioned, the lithium
ion intercalation occurs within the MWCNT layers through the
lattice defects of side walls and open ends, so the introduction
of defects in the walls of short SWCNTs displayed a high
specific capacity of 1000 mAh/g, approaching the theoretical
value of 1116 mAh/g calculated by a LiC2 stoichiometry.

294,295

It was also found that, after etching by nitric acid and sulfuric
acid, numerous defects were created on the surfaces of
MWCNTs to enhance the reversible capacity from the
untreated 351 to 681 mAh/g.304 Of course, the purification
of CNTs also plays a critical role on their electrochemical
performance besides their structures as their conductivities
would be generally decreased at lower purifications. A purified
SWCNT paper reached a conductivity of 5 × 105 S/m and
showed a reversible capacity of 450 mAh/g rather than 50
mAh/g for a raw SWCNT sample under the same condition.288

Both MWCNT and SWCNT suffer from a large first cycle
insertion loss owning to the formation of solid−electrolyte
interface (SEI) layer at around 0.9 V, resulting in a significant
irreversible capacity loss in the first cycle. This problem is
related to the interaction between the porous scaffold and
electrolyte in a solvent decomposition process.305 It was
revealed that during the lithiation process for SWCNTs in half-
cells, only the insertion under 0.25 V vs Li/Li+ experienced a
reversible delithiation (Figure 39). A longer alkyl-chained
cosolvent, e.g., propylene carbonate and vinylene carbonate,306

or a change in solvent composition could be helpful to induce

Figure 39. Galvanostatic cycling of SWCNT paper electrodes vs
lithium metal for the first cycle of insertion. A comparison of raw
SWCNTs (blue curve) and purified SWCNTs (red curve) using
EC:DMC (1:2 v/v) illustrates the significantly higher reversible
capacity after purification. The modification of electrolyte for purified
SWCNTs using EC:PC:DEC (1:1:2 v/v) further enhanced the
reversible capacity (black curve). The regions of the electrochemical
cycling data attributed to reversible and irreversible capacities are
marked by gray and yellow shaded regions, respectively. Reproduced
with permission from ref 305. Copyright Elsevier (2008).
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the reversible capacity.305,307−309 Another attempt to improve
the performance for CNTs is to make an elemental doping, and
some anomalous-shaped CNT with more electro-active sites
had been synthesized such as bamboo-shaped CNTs and CNTs
with a quadrangular cross section. Heteroatoms on carbon
surfaces dramatically enhanced specific capacitances by
pseudocapacitive effects. Yun and co-workers found that N-
doped and micropore-containing MWCNTs prepared by
carbonization of nitrogen-enriched, polymer-coated MWCNTs
produced a specific capacitance of 190.8 F/g, much higher than
48.4 F/g of pristine MWCNTs.310 However, more efforts are
still required to understand the formation of SEI layer and the
exact effect of extra elements for the CNT electrode.
4.1.1.2. CNTs as Conductive Additives. Conductive additive

is an important part of the LIB and facilitates the transport for
both lithium ions and electrons. In recent years, nanosized
active electrode materials with large surface areas and numerous
active sites are attracting more applications. However, the
commonly studied cathode active materials (e.g., LiFePO4,
LiCoO2, LiNiO2, LiMn2O4, and alloys of the same species) are
semiconductors or insulators with low electrical conductivities,
while the corresponding anode active materials (e.g., alloys of Si
and SnSb, Li4Ti5O12, graphite, and hard carbon spheres) are
relatively easier to collapse during lithiation/delithiation
processes. The conductive additives are required not only for
good ionic and electrical conductivities, but also a capability to
absorb and retain the electrolyte and hold the active material to
restrict their volumetric changes.
CNTs had been widely added to the electrode as active

materials and binders by physical blending. Compared with the
conventional conductive carbon additives such as carbon black,
acetylene black, super P, and graphite, the CNTs exhibited a

higher aspect ratio of length to diameter (>100) and lower
weight load with a comparable conductivity for the whole
electrode. Purified CNTs can achieve a high electrical
conductivity of 5 × 105 S/m at room temperature and provide
one-dimensional rapid pathways with a flexible three-dimen-
sional network structure. As a result, they could reach the same
electrochemical performance by 1 order of magnitude lower
than the conventional carbon additives in content. In addition,
the CNTs show high thermal conductivities that are helpful to
realize safer batteries. Wang and co-workers had compared
CNTs with acetylene black and vapor-grown carbon fibers as
conductive additions in the LiCoO2 cathode.311 The CNT-
based cathode showed a higher capacity and better cyclic
performance at a current density range of 0.01, 1, and 2 to 3 C.
Li and co-workers discovered that CNTs exhibited higher
electrochemical performance than Super P because CNTs were
aggregated from resilient conductive bridges among the active
particles, and these inner connections did not break even when
the hybrid broke during the lithiation and delithiation
process.312 The same conclusions were made for CNTs by
comparing them with acetylene black, vapor-grown carbon
fibers and flake natural graphite as the anode.313

Recently, CNTs were further mixed with the other materials
as multicomponent conductive additives to take advantages of
two or more components and obtain a more adaptive structure.
It is well-known that the particulate carbon tends to aggregate
and lacks of connections with each other, while one-
dimensional CNTs easily form a three-dimensional network.
Therefore, when CNT and acetylene black were mixed as
conductive additives, high rate capacity and cyclic life of the
LiCoO2 hybrid cathode had been both effectively achieved.307

Here the particulate carbon served as an intermediary between

Figure 40. (a) Cycling performance, (b) initial voltage vs capacity curves, and (c) rate capabilities of pristine LiFePO4 powder, LiFePO4/C
composite nanofibers, and LiFePO4/CNT/C composite nanofibers, respectively. The charge−discharge rate used at (a) and (b) was 0.05 C.
Reproduced with permission from ref 314. Copyright American Chemical Society (2008).
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the active material and CNT network to increase the contact
between LiCoO2 with conductive additives. This strategy
represents a general and effective route to combine conductive
carbon materials with different morphologies to realize
synergistic effects. Two-dimensional carbon flakes and three-
dimensional carbon fiber networks had been also mixed as
additives.307 The former component increased the conductivity
within the active particle and electrolyte while the later
component enhanced the retention of electrolyte, thus leading
to an improved rate capacity of the hybrid electrode.
To summarize, cheap carbon powders were first used as

conductive additives of LIBs among the carbon materials, and
they still represent the main product that is available at the
current market. To further enhance the electrochemical
performance, a lot of efforts were later made to explore carbon
nanomaterials including CNTs with an emphasis on the
mixture of them with carbon powders, fibers, and films. A
synergistic effect had been widely investigated to achieve much
improved electrochemical properties. With the advancement in
nanoscience and nanotechnology, the other carbon nanoma-
terials such as graphene and mesoporous carbon open a new
avenue and will be discussed later.
4.1.1.3. Carbon Nanotube-Based Cathodes. Besides being

simply blended with the electrode material, the CNTs may
exhibit much more profound advantages by chemically bonding
with active cathode materials. They could not only serve as the
skeleton to attach the active cathode material but provide large
specific surface area, fast transport pathways, and high
mechanical strength and flexibility. When active materials are
attached along the CNT bundles, each bundle or even each
CNT acts as a current collector. On one hand, CNTs can be
added to the precursor during the early synthetic process of the
active material, so the CNTs will be penetrated through the
active material to form a better inner connection. Here the
CNTs are typically pretreated and modified with functional
groups such as −COOH, −NH3, or −OH to favor the chemical
connection between the CNT and active material. On the other
hand, the CNTs may be grown within the active material to
reach effective contacts at nanoscale.
Toprakci and co-workers demonstrated a CNT-loaded

electrospun LiFePO4/carbon hybrid nanofiber as the stable
and binder-free cathode.314 The CNTs that were pretreated
with functional −SOCl2 groups had been first added to the
LiFePO4 precursor and polyacrylonitrile as an electrospining
media and carbon source in N,N-dimethylformamide solution.
The above mixture was electrospun to form hybrid nanofibers
and then heated to obtain LiFePO4/CNT/C nanofibers as
freestanding electrodes. Compared with bare LiFePO4 and
LiFePO4/C hybrid without the use of CNTs, an obvious
increase was found for the conductivity, cyclic performance,
and rate performance (Figure 40). The functionalized CNTs
increased the electrochemical performance of the LiFePO4
cathode by forming conducting bridges among LiFePO4
particles and enhancing the electron transport.
Based on the same strategy, some more complex structures

had been designed for high performances. For instance, a
porous LiFePO4/CNT hybrid material was further synthesized
by an in situ sol−gel process.315 The CNTs were penetrated
through and among the pores of LiFePO4 particles, and the
formed hierarchical architecture greatly enhanced the electro-
chemical performance. The mechanism was explored by
studying the reaction kinetics during the electrochemical
process, and an obvious decrease in both R1 (−222 Ohm of

the hybrid vs −420 ohm of the pristine) and R2 (−56 ohm of
the hybrid vs −505 ohm of the pristine) components was
found. Here R1 corresponds to the SEI film, while R2 reflects
the electronic and ionic resistance between the electrode and
electrolyte. The lithium ion diffusion coefficients of bare
LiFePO4 and LiFePO4/CNT hybrid were further calculated to
be around 4.9 × 10−15 and 6.3 × 10−13 cm2/s, respectively.
Therefore, the diffusion of lithium ions, the rate-limiting step,
was drastically promoted in the LiFePO4/CNT hybrid. The
decreased charge transfer resistance and increased lithium-ion
diffusion agreed with the high specific capacity and rate
performance.
A coaxial MnO2/CNT array electrode was also prepared

through the in situ growth of CNTs within the active cathode
material.316 Specifically, MnO2 nanotubes were first synthesized
and then grown with CNTs by a CVD method. The MnO2/
CNT nanotube array maintained the highly aligned structure
during the synthesis and was attached onto an Au current
collector from one side (Figure 41). The coaxial structure

favored close and stable contacts between MnO2 and CNT and
had effectively taken their advantages as the electrode. The
highly conductive CNT core could not only offer a rapid
electronic transport to the MnO2 shell but acted as an efficient
buffer to alleviate the volume expansion of the MnO2
component. In addition, the CNTs also provided additional
sites for lithium storage, leading to an enhanced reversible
capacity by an order compared to the bare MnO2 nanotubes.

4.1.1.4. Carbon-Nanotube-Based Anodes. The difference
between CNT-based hybrid cathodes and anodes is that the
CNTs themselves have a capacity as the anode material. For the
widely explored CNT networks without modifications, they
typically display a specific capacity of approximately 100 mAh/
g. Similar to the cathode, the CNTs also maintain high
electronic and mechanical properties in the anode. The
structure, composition, and functionalization play critical roles
on the electrochemical performance. Figure 42 showed the
design of core−sheath MWCNT/TiO2 nanocables that were
synthesized by controlled hydrolysis of tetrabutyl titanate in the
presence of MWCNTs for the anode.317 A totally reversible
capacity of appropriately 406 mAh/g was obtained at a current
density of 0.05 A/g compared with 74 mAh/g for the bare
MWCNT without TiO2; the coaxial hybrid nanocables enabled
a capacity of 244 mAh/g even at a high current density of 3 A/

Figure 41. Schematic diagram showing the fabrication of MnO2/CNT
hybrid coaxial nanotube arrays inside AAO template using a
combination of simple vacuum infiltration and CVD techniques. A
thin layer of gold (100 nm) was sputter-coated to act as a current
collector for the electrode. Reproduced with permission from ref 316.
Copyright American Chemical Society (2009).
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g, whereas the CNT-free TiO2 nearly showed no capacity under
the same condition. When the MWCNTs were further treated
by acids, the capacities had been maintained by 90% when the
current densities were increased from 0.8 to 5 A/g. An excellent
cyclic performance with almost no capacity loss was also
obtained after over 100 cycles at a current density of 1 A/g. The
MWCNT core provided sufficient electrons for the TiO2
sheath, while the TiO2 sheath offered a high capacity ability,
thus resulting in a rapid, high, and stable lithium storage.
When the active material was attached onto individual CNTs,

the loaded active materials could be accurately controlled. For
instance, MWCNTs had been deposited with a thin layer of
SnO2 to synthesize SnO2/CNTs composite fibers by a
thioglycolic acid-assisted wet method,318 the thickness of the
active material in the sheath may be tuned by varying the pH
value of the solution and hydrolysis time during synthesis. It
was found that the formation of thinner SnO2 layer increased
both charge capacities and durability against decay. This
phenomenon was ascribed to the good dispersion of SnO2
nanoparticle on the surfaces of MWCNTs, which was beneficial
to the utilization of SnO2 and the release of the stress caused by
the volume change during the lithitation/delithitation process.
Another anode active material, silicon, has been widely

explored due to the high theoretical capacity (4200 mAh/g)
and abundant source. However, the bulk Si electrode suffers
from a huge volume change of 400% during lithiation/
delithiation processes, leading to an intolerantable capacity
loss. CNTs are therefore introduced to the silicon to
accommodate the volume change. For instance, a cage-like
CNT/Si hybrid where the silicon particles were wrapped by a
cage composed of CNT network had been designed to stabilize
the silicon.319 A flexible and efficient three-dimensional aligned
CNT/Si hybrid electrode had been also produced by
depositing silicon onto an aligned CNT sheet, followed by a
perpendicular growth of an aligned CNT array on the Si which
had been decorated with a catalyst of Fe (1.2 nm)/Al2O3 (3
nm).320−322 The silicon was sandwiched between the aligned
CNT sheet and array, and the aligned CNT materials provided
the composite with a high electrical conductivity and effective
buffer layers. A specific capacity of 2562 mAh/g was achieved at
a current density of 1 A/g with 93% retention after 100 cycles,
and it reached 1055 mAh/g after 1000 cycles at 5 A/g. Based
on the same strategy, an aligned CNT/silicon hybrid fiber
electrode was also developed by depositing silicon onto the
outer surfaces of individual MWCNTs of a highly aligned sheet,
followed by rolling into a hybrid yarn.320 This fiber anode
showed a much higher specific capacity of around 1500 mAh/g

at a current density of 2 A/g compared with the other fiber-
shaped electrodes. In almost all studies, the CNTs mainly play
roles of conductive additions, volume changing buffers, and
skeletons for flexible and freestanding electrodes.

4.1.2. Graphene. Although graphite has been used as the
most common anode material due to high reversibility and long
cycling life in lithium storage, the theoretical specific lithium
insertion capacity is relatively low, i.e., 372 mAh/g, as one Li
ion interacts with six carbon atoms. For a single-layered
structure, graphene can store Li ions on both sides, so
theoretically it may provide a specific capacity two times that of
graphite; it may enable even a higher capacity in practical
applications due to much larger specific surface areas of
graphene materials. In addition, the graphene sheet can serve as
two-dimensional substrates for the growth of various active
anode or cathode materials for lithium storage.65,323−326

4.1.2.1. Anode. As an anode material, the theoretical
maximal capacity of graphene was calculated to be 740 mAh/
g by forming Li2C6 during lithium storage.327 If the graphene
sheets were small enough with a diameter of 0.7 nm, Li4C6 can
be formed to enable a capacity of 1488 mAh/g.325,328 In real
applications, the capacitors were relative lower but much higher
than the theoretical value of graphite. A specific capacity of 540
mAh/g was produced for the graphene anode in 2008;329 a
higher specific capacity of above 1600 mAh/g was achieved at
0.1 C (1C = 0.744 A/g) during the first cycle, and a
rechargeable specific capacity of 887 mAh/g was obtained at 0.1
C.330 The irreversible capacity was often observed for LIBs
based on graphene anodes due to the formation of SEI on the
electrode surface.325,330,331 The capacities turned out to be
stable in the following cycles after the first cycle and displayed
high rate performance and cyclic reversibility.
Nitrogen and/or boron doping can further improve the Li

storage properties of graphene.332−334 Ajayan and co-workers
synthesized nitrogen-doped graphene on a Cu current collector
through a CVD method in NH3 gas,332 and the reversible
discharge capacity had been improved by one time compared
with the pristine graphene. Cheng and co-workers had further
prepared N- and B-doped graphene after a heating treatment of
pristine graphene in NH3/Ar at 600 °C and BCl3/Ar at 800 °C,
respectively.333 The doped graphene exhibited a high reversible
capacity of above 1040 mAh/g at 0.05 A/g. In addition, the N-
and B-doped graphene exhibited a good high-rate capability
with 199 and 235 mAh/g at 25 A/g, respectively. In other
words, they showed both high power and energy capacities.
The remarkable Li storage performance of doped graphene was
ascribed to the large number of surface defects induced by N-
or B-doping to enable improved electrical conductivity,
increased intersheet distance and better electrode/electrolyte
wettability. Recently, however, a theoretical study also
suggested that not all the nitrogen doping can improve the Li
storage capacity of graphene. Instead, only N-decorated single
and double vacancy defects, especially the pyridinic N2V2 defect
in graphene could greatly improve the reversible Li storage
capacity.334 It was predicted that the reversible Li storage
capacity of N-doped graphene would be 1039 mAh/g that was
close to the experimental result of 1040 mAh/g.333

Graphene had been also mixed with the other carbon
nanomaterials such as fullerene, CNTs, and porous carbon
materials to improve the Li storage performance.329,335−337 As
mentioned above, the Li intercalation capacity of graphene can
reach 540 mAh/g. After formation of hybrid materials with
CNT or fullerene by mixing GO with acid treated-CNTs or

Figure 42. (a and b) TEM images of a coaxial CNT/TiO2 nanocable
and TiO2 sheath, respectively. Reproduced with permission from ref
317. Copyright American Chemical Society (2010).
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fullerene followed by reduction, the capacities had been
accordingly improved to 730 or 784 mAh/g, and they turned
out to be 480 or 600 mAh/g after 20 cycles, respectively.329 It
was found that the reversible capacities of the hybrids were
greatly affected by the distance between two neighboring
graphene layers, and the distance further depended on the
interaction between graphene and CNT or fullerene. For
multilayered graphene/CNT hybrids synthesized by an in situ
growth, the lengths of used CNTs played a critical role on the
electrochemical performance.335 The shortest CNTs exhibited
a capacity of 573 mAh/g at 0.074 A/g, and it was maintained at
518 mAh/g after 30 cycles.329,335 Note that a more
homogeneous and stable structure had been produced for the
hybrid by the in situ growth. As expected, the graphene/CNT
ratio was also a key to the electrochemical performance of the
hybrid.337 For the graphene/CNTs hybrid film, the optimal
ratio occurred at 1/2 with the highest Li storage capacity of 375
mAh/g at 0.1 A/g; the capacitor could be maintained above
330 mAh/g after 100 cycles. To summarize, the size, structure,
and proportion of the carbon nanomaterial hybrid are
important for their electrochemical performances, and their
impacts may depend on different systems.
Similar to the CNT, graphene had been also widely

incorporated into silicon to decrease or even prevent its
volume change.338−347 Silicon nanoparticles could be easily
deposited onto graphene sheets by mixing a silicon nanoparticle
suspension and GO suspension, followed by filtration to form a
composite film.339 The resulting composite film was self-
supported and exhibited a Li storage capacity of >2200 mAh/g
after 50 cycles and >1500 mAh/g after 200 cycles. The
thickness of the composite film was expected to be critical to
the electrochemical property based on the fact that Li ions were
diffused through the bulk film. To further improve the
uniformity of the dispersion of Si nanoparticles on graphene,
Guo and co-workers figured out a self-assembly approach based
on the interaction between negatively charged GO and
positively charged poly(diallydimethylammonium chloride)-
modified Si nanoparticles, followed by thermal reduction.342

The solution process has now been developed as a general and
effective strategy in the preparation of silicon with graphene.
The graphene/silicon hybrids had been also prepared by

mechanically blending graphene with Si aggregates together.341

Here graphene sheets were first synthesized by expanding
graphite after being rapidly heated to high temperatures. The
resulting hybrids were homogeneous and exhibited not only
excellent cycling performance but also high Li storage capacity
of 2753 mAh/g. Similarly, the graphene/Si composite could be
synthesized by bending graphene and silicon nanomaterial
through an in situ vapor deposition (Figure 43), and the same
high Li storage capacity of >2000 mAh/g at 0.14 A/g was
achieved.343

Silicon nanowires had been also extensively investigated for
LIBs due to the unique one dimension for high specific surface
areas. Generally, silicon nanowires were first synthesized via a
CVD vapor−liquid−solid growth method and were then mixed
with GO aqueous solution, followed by a vacuum filtration to
form a hybrid film.347 The GO/silicon hybrid film was
thermally reduced to obtain the desired graphene/silicon film
that exhibited a specific capacity of ∼3350 mAh/g at 0.84 A/g.
The high capacity had been well maintained after over 20
cycles. The high electrochemical performances of these flexible
binder-free graphene/silicon nanowire electrodes should be
ascribed to the fact that graphene accommodated the volume

change of silicon and facilitated the transport of electrons and
Li ions. To further improve the surface area, porous single-
crystalline silicon nanowires were synthesized through liquid-
phase graphite exfoliation method and etching process and
attached with graphene sheets. A high capacity of 2041 mAh/g
was maintained after 20 cycles, and the capacity at 2 C was
∼75% of that at 0.1 C. Besides the favorable charge-
transmitting role of graphene, the kinetics-facilitating and
nanostructure-stabilizing role of the porous Si nanowires were
also responsible for the high performance above.338 To enhance
the interaction between the graphene and silicon nanowire,
core−shell graphene/silicon nanowire electrodes were prepared
through a vacuum filtration and used without polymer
binders.346 The cycle performance was enhanced with more
than 90% of the initial capacity after 50 cycles because of the
hybrid structure. Moreover, the use of hot-pressing which binds
the electrode onto the current collector without any polymer
binder also benefits the development of binder free anodes.
Graphene sheets possess a lot of in-plane vacancies that favor

the cross-plane ion diffusivity and are deformable, so they can
be used as three-dimensional, flexible, conducting scaffolds to
improve the rate performance.340 The resulting graphene/
silicon electrode exhibited Li storage capacities of 3200 mAh/g
at 1 A/g and 1100 mAh/g at 8 A/g. In addition, the hybrid
electrode was self-supported and flexible (Figure 44), and the
high rate performance was also partly contributed from the self-
supported state without any polymer binder that typically
exhibited a low electrical conductivity. Based on a similar
strategy, a lot of reports are available for the freestanding,
flexible graphene/silicon hybrid electrodes, particularly, based
on solution processes.344,345 For instance, Guo and co-workers
prepared such hybrid electrodes through a spin-coating
method,345 and the capacity reached 1611 mAh/g at 1 A/g
after 200 cycles. In addition, the capacity had been maintained
at 74% after 200 cycles.
Due to a high theoretical capacity, easy synthesis and low

cost, metal oxide is widely investigated as an active anode

Figure 43. Schematic illustration to the formation of C/Si/graphene
composite. (a) Natural graphite. (b) Exfoliated graphene. (c) Si
nanoparticles-coated graphene. (d) A thin C layer-coated Si/graphene
hybrid. Reproduced with permission from ref 343. Copyright John
Wiley and Sons (2011).
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material. The most explored metal oxide includes SnO2, Co3O4,
FexOy, MnxOy, TiO2, and NiO.323,352 Six structures are
generally developed for graphene/metal oxide hybrid materials
(Figure 45), i.e., metal oxide nanoparticles anchored on

graphene sheets, graphene-wrapped metal oxide nanoparticles,
graphene-encapsulated metal oxide nanoparticles, sandwiched
hybrid where graphene serves as a template for the growth of
metal oxides, layered hybrid, and three-dimensional conductive
graphene networks among metal oxides. SnO2 with a high
theoretical capacity of 1494 mAh/g had recently attracted a lot
of attentions and are first explored as a demonstration.348−355

The theoretical capacity is calculated from the following
equations.

+ + → ++ −SnO 4Li 4e Sn 2Li O2 2 (1)

+ + → ≤ ≤+ −x x xSn Li e Li Sn (0 4.4)x (2)

A series of methods have been developed to synthesize
graphene/SnO2 hybrid materials on the basis of the use of
graphene or GO sheets and SnO2 nanoparticles. One, they
could be made by directly mixing graphene sheets and SnO2
nanoparticles, and the following aggregation of graphene
nanosheets in the presence of SnO2 nanoparticles produced
the required hybrid.348 The hybrid electrode exhibited a
reversible Li storage capacity of 810 mAh/g and enhanced
cycling performance of 570 mAh/g after 30 cycles, much higher
than 60 mAh/g of bare SnO2 nanoparticles after 15 cycles.

Two, to improve their interactions for uniform hybrids,
graphene/SnO2 materials had been prepared through a layer-
by-layer assembly by stacking oppositely charged Sn2+-anchored
GO and amine-functionalized graphene sheets, followed by
reduction of GO sheets.355 A high and stable reversible Li ion
storage capability was expected during charging−discharging
cycles, e.g., 872 mAh/g after 200 cycles at 0.1 A/g. Three, the
graphene/SnO2 materials may be also prepared by an in situ
synthesis in a GO and SnCl2 aqueous mixture solution,
followed by heating to reduce GO to graphene and Sn2+ to Sn
nanoparticles to form uniform hybrids.349 Sn nanoparticles
were then oxidized to SnO2 nanoparticles. The graphene/SnO2
powders were typically made into a hybrid electrode with the
assistance of a binder such as PVDF. The resulting LIB
exhibited reversible Li storage capacities of 765 mAh/g that was
close to the theoretical capacity of 777.2 mAh/g (weight ratio
of graphene/SnO2, 60/40) at the first cycle and retained 520
mAh/g after 100 cycles. Four, to improve the synthetic
efficiency, a rapid synthesis was achieved by using a microwave
heater to reduce GO with Sn2+,350 and the derived LIB
exhibited capacities of 600 mAh/g after 50 cycles and 550
mAh/g after 100 cycles. Five, small SnO2 nanoparticles with
high specific surface areas were a key to high electrochemical
performances. Through a gas−liquid interfacial synthesis to
make hybrid materials with small SnO2 nanoparticles (2−6 nm
in diameter),351 highly reversible Li ion storage capacities of
1304 mAh/g at 0.1 A/g and 748 mAh/g even at 0.1 A/g were
obtained.
These hybrid materials had been also synthesized starting

from CNTs that were unzipped into graphene nanoribbons.
The resulting graphene/SnO2 hybrids enabled Li ion storage
capacities of 825 mAh/g at 0.1 A/g after 50 cycles and 580
mAh/g at 2 A/g.349 Here the LIB can be further enhanced by
coating the graphene/SnO2 composite with a thin layer of
polydopamine that was cross-linked with poly(acrylic acid)
(PAA).353 The modified graphene/SnO2 hybrid exhibited a
much improved specific capacity of 718 mAh/g at 0.1 A/g after
200 cycles and good rate performances of 811, 641, and 512
mAh/g at 0.1, 0.5, and 1 A/g, respectively. The good
electrochemical performance, particularly the high stability,
was attributed to the cross-linked PAA/polydopamine that
provided a robust network in the composite anode.
Besides the physical mixtures above, SnO2 nanocrystals had

been also bonded onto N-doped graphene sheets to fabricate
LIBs with high capacity, excellent rate capability, and long cycle
life.354 At 0.5 A/g, after the formation of SEI, the hybrid
exhibited a reversible capacity of 1021 mAh/g, corresponding
to 1352 mAh/g based on SnO2 that was close to its theoretical
value of 1494 mAh/g. In addition, the hybrid exhibited a
capacity of 1346 mAh/g after 500 cycles at 0.5 A/g and good
rate performances of 994, 782, 631, and 417 mAh/g at 1, 5, 10,
and 20 A/g, respectively. The excellent performance of the
chemically bonded hybrid was mainly attributed to two main
factors. On the one hand, Sn−N bonds between SnO2
nanocrystal and N-doped graphene sheet could well stabilize
SnO2 nanocrystals and prevented aggregation of SnO2
nanoparticles during cycling. On the other hand, N-doped
graphene sheets had effectively provided electrons and
enhanced the Li electrochemical activity of SnO2 nanocrystals.
Co3O4 with a theoretical capacity of 890 mAh/g represents

another important metal oxide as the anode material. Co3O4
had been incorporated with graphene mainly through an in situ
conversion of cobalt salts and assembly of oppositely charged

Figure 44. (a) Photograph and (b) SEM image of a Si/graphene
hybrid paper by a side view, respectively. Si nanoparticles were
uniformly embedded among graphene sheets. Reproduced with
permission from ref 340. Copyright John Wiley and Sons (2011).

Figure 45. Schematic illustration to the structural models of graphene/
metal oxide hybrids: (a) anchored model, (b) wrapped model, (c)
encapsulated model, (d) sandwich-like model, (e) layered model, and
(f) mixed model. Red particles stand for metal oxide particles while
blue sheets or lines stand for graphene sheets. Reproduced with
permission from ref 352. Copyright Elsevier (2012).

Chemical Reviews Review

DOI: 10.1021/cr5006217
Chem. Rev. 2015, 115, 5159−5223

5189

http://dx.doi.org/10.1021/cr5006217


components.356−363 For instance, the graphene/Co3O4 compo-
site was synthesized from an intermediate product of
Co(OH)2,

356 and it exhibited a Li storage capacity of 935
mAh/g after 30 cycles at 0.05 A/g; positively charged Co3O4
nanoparticles and GO were mixed and alternately stacked into
hybrid materials by their electrostatic interactions, followed by
reduction of GO/Co3O4 into graphene/Co3O4.

357 The
composite produced a higher capacity of 1100 mAh/g at
0.074 A/g and 1000 mAh/g after 130 cycles possibly due to the
layered structure.
The other methods were also explored to synthesize

graphene/Co3O4 hybrid materials. Wang and co-workers
developed a microwave-assisted synthesis to prepare gra-
phene/Co3O4 sheet-on-sheet hybrid with a high capacity of
1162 mAh/g at 0.445 A/g and high rate capacity of 931 mAh/g
at 5 C (4.45 A/g).358 The improvements were attributed to the
synergetic interactions of graphene and Co3O4 nanosheets.
More specifically, the aggregation of graphene nanosheets was
prevented by Co3O4 nanosheets, and the electrical conductivity
and mechanical stability of graphene/Co3O4 nanosheet hybrids
were also enhanced in a comparison to Co3O4 nanosheets.
Through a one-step hydrothermal method, Xiao and co-
workers synthesized three kinds of Co3O4 crystals with different
structures.359 The shape control of Co3O4 and effect of the
crystal plane on the electrochemical performance were carefully
investigated. Compared with a cube with the (001) plane and a
truncated octahedron with (001), the Co3O4 octahedron with
the (111) plane exhibited a better electrochemical performance
with the highest capacity and best rate capability. These hybrid
materials could be also synthesized through a hydrothermal
method via direct reactions between GO and Co powder, and
GO was reduced by the metal powder in water.360 This hybrid
enabled a reversible capacity of ∼800 mAh/g after 100 cycles.
Recently, a binder-free and freestanding graphene/Co3O4
hybrid film had been achieved through vacuum filtration and
thermal treating,362 and graphene and Co3O4 were assembled
together via electrostatic interactions. A high specific capacity of
1400 mAh/g at 0.1 A/g and excellent cyclic stability were
produced in the resulting LIBs.
The other metal oxide includes Fe3O4,

364−368 Fe2O3,
369,370

MnO,371 Mn3O4,
372,373 NiO,374 MoO2,

375 CuO,376 and
TiO2.

377 Among them, Fe3O4 has been widely studied due to
a low cost, abundance, easy synthesis and high theoretical
capacity of 926 mAh/g. Similarly, a lot of methods had been
investigated to synthesize graphene/Fe3O4 composites to
realize high-performance LIBs.364−368 They were generally
prepared through an in situ reduction of iron hydroxide on
reduced GO and exhibited a high capacity of 1026 mAh/g after
30 cycles at 0.035 A/g.364 The higher capacity than the
theoretical value was attributed to the reaction of oxygen-
containing functional groups on reduced GO sheets with
lithium ions. Some modifications were explored to further
improve the electrochemical performance. Wu and Cao had
incorporated carbon onto the graphene/Fe3O4 hybrid with a
core−shell nanostructure where the carbon shell can tackle the
deformation of Fe3O4 nanoparticles without decrease of the
conductivity and catalytic activity of graphene/Fe3O4 hy-
brid.367,368 As a result, the cyclic stability had been improved
with the capacity of 900 mAh/g after 100 cycles at 0.2 A/g. In
contrast, the graphene/Fe3O4 hybrid without the carbon shell
can only maintain a capacity of 450 mAh/g under the same
condition. Recently, Feng and co-workers designed a graphene/
Fe3O4 hybrid by cross-linking three-dimensional graphene

foams with pre-encapsulated Fe3O4 nanospheres. Fe3O4
nanospheres were first wrapped by graphene sheets and then
confined within continuous graphene networks. Therefore, a
double protection was provided against the volume changes of
Fe3O4 nanospheres during charging−discharging processes.
The networked graphene/Fe3O4 hybrid exhibited a reversible
capacity of 1059 mAh/g after 150 cycles at 0.093 A/g and a rate
capacity of 363 mAh/g at 4.8 A/g.
To summarize, in the graphene/metal oxide hybrid anode,

graphene serves as a flexible and conductive substrate with high
specific surface area to load metal oxide moieties and prevent
their aggregations and volume changes; metal oxide prohibits
the restacking of graphene sheets and provides a high lithium
storage capacity. The synergetic effects of graphene and metal
oxide provide high lithium storage performances. In many
hybrids, a porous nanostructure is often designed to further
facilitate the lithium ion transport. However, there remain
several critical problems, the volume change needs to be further
effectively prohibited to improve the cyclic stability, the
electrical conductivity should be enhanced to reach higher
rate performance and power density, and the hybrid electrode is
required to be lighter and smaller.

4.1.2.2. Cathode. Similar to the CNT, bare graphene does
not provide a capacity for lithium storage as a cathode as the
bare carbon materials store lithium with a potential around 0.05
V, which is too low to meet the requirment of a cathode.323

However, functionalized graphene may exhibit specific
capacities up to 250 mAh/g at a potential range of 1.5−4.5
V.378,379 The introduced functional groups on graphene
nanoplatelets can serve as redox centers to show high
performances in cathode applications. Besides, graphene
generally acts as a conductive agent to improve the electrical
conductivity of the cathode. It can also prevent the aggregation
of the active components. In addition, due to the excellent
mechanical property, graphene can simultaneously serves as a
binder to prepare flexible binder-free electrodes.
Among various active cathode materials, the most inves-

tigated systems include LiMO2 (M = Co, Mn, and Ni), LiM2O4
(M = Mn, Co, and Ni), and LiMPO4 (M = Fe, Co, Ni, and
Mn).323−325,380,381 Here graphene hybrids with LiMn2O4 and
LiFePO4, two main cathode materials for electric vehicles, are
taken as examples and mainly discussed. Similar to the
graphene/metal oxide hybrid for the anode, physically mixing
and in situ growth represent two main methods in the synthesis
of graphene/LiMn2O4 and graphene/LiFePO4 hybrid materi-
als.382−388

For a typical synthesis through the physically mixing method,
graphene was first mixed with LiFePO4 in solutions, followed
by evaporation to form a composite.382 Graphene acted as a
conductive additive in a “plane-to-point” conducting mode and
thus exhibited a better performance than CNTs that showed a
lower contacting fraction. The graphene/LiFePO4 hybrid
electrode exhibited a specific capacity of ∼150 mAh/g at 0.1
C and the capacity can be well maintained after 20 cycles. Liu
and co-workers had enhanced the graphene/LiFePO4 hybrid
through spray-drying and annealing processes based on as-
synthesized LiFePO4 nanoparticles and GO nanosheets.383 At
10 C charge and 20 C discharge rates, a specific capacity of
∼110 mAh/g was achieved and maintained by 85% after 1000
cycles. Moreover, the specific capacity reached 70 mAh/g even
at a high rate of 60 C. A high crystallization degree was
maintained by the physically mixing process as the sizes and
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structures of both graphene sheets and LiFePO4 nanoparticles
could be well controlled.
The in situ growth has been widely explored to synthesize

more homogeneous graphene/LiFePO4 hybrid materials. For
instance, an in situ sol−gel method was used to coat carbon
onto LiFePO4, followed by a thermal treatment at 700 °C in
the presence of carbon sources.384 The resulting hybrid was
observed to be graphene-rich with a porous structure and
exhibited a specific capacity of 153 mAh/g at 0.1 C. An in situ
transformation approach to directly grow LiFePO4 nanocrystals
on graphene using Fe2O3 as precursor also produced the high
quality graphene/LiFePO4 hybrid that exhibited a high specific
capacities of 160 mAh/g at 1 C without fading after 100
cycles.386 The specific capacity could be increased to 167.7
mAh/g that was close to the theoretical specific capacity of
LiFePO4 at 0.1 C through in situ pyrolysis and catalytic
graphitization.387 A uniform decoration and intimate contact
between graphene and LiFePO4 increased both electrical and
ionic conductivities that enabled the remarkable electro-
chemical performance above.
Flexible LIBs had been also realized from the graphene/

LiFePO4 hybrid electrode (Figure 46) with LiFePO4/graphene

and Li4Ti5O12/graphene as cathode and anode, respectively.388

The capacity had been well maintained under bending. These
flexible LIBs are particularly promising to power various
portable electronic devices and represent a new direction in the
future.
4.1.3. Mesoporous Carbon. Porous carbon has been

widely used as a conductive additive in both cathode and
anode, e.g., carbon blacks like super P and XC-72 represent the
most explored conductive additives.389 With the tunable pore
size and wall thickness, high pore volume and surface area,
inner connection among pore channels and easy functionaliza-
tion, porous carbon was found to be an ideal matrix to
incorporate active materials. The porous structure may provide
solutions to many problems in batteries such as low electrical
conductivity, large volume expansion, and dissolution in
electrolyte.

4.1.3.1. Bare OMC Electrodes. CMK-3, a widely studied
OMC with ordered three-dimensional hexagonal structure,
exhibited a lithium extraction potential range of 0.1−0.5 V and
initial capacity of 3100 mAh/g, corresponding to a lithiated
composition of Li8.4C6.

390 Generally, a reversible capacity of
850−1100 mAh/g was observed. It had been further found that
the morphology also played a key role on the electrochemical
performance of CMK-3. Yu and co-workers had recently
compared rod-shaped OMC materials with different lengths
and concluded that the shortest rods exhibited the highest
reversible discharge capacity of 1012 mAh/g at 0.1 A/g and
best cyclibility with 86.6% retention of initial capacity after 100
cycles (Figure 47).391 Obviously, shorter mesoporous channels

provided a more rapid diffusion and transport for lithium ion
and electrolyte as well as both lower solid electrolyte interphase
resistance and contact resistance. Note that although the
Coulombic efficiencies were relatively low at the beginning,
they were rapidly improved to a high level within 10 cycles. To
further increase the electrical conductivity of OMC for better
electrochemical performance, it can be bridged by highly
conducting CNTs.392 In a typical synthesis, the electrical
conductivity was increased from 138 to 645 S/m, resulting in a
longer life stability and higher rate capacity in the LIB.

4.1.3.2. OMC Based Hybrid Electrodes. A wide variety of
active materials, particularly transition metal oxides such as
FeOx, SnO2, NiO, V2O5, and MoO2, have been integrated into
OMC materials. In most cases, the related precursors are
injected into the mesoporous channels, followed by chemical
reactions to form the corresponding active oxidates. These
hybrids have taken the advantages of the metal oxides with high
specific capacities and the OMC’s three-dimensional ordered
structure as both current collector and conductive agent. The
OMC/metal oxide hybrid alleviates the capacity fading by
restricting the volume change and reducing the surface
pulverization during the lithium ion intercalation and
deintercalation processes.

Figure 46. (a) Schematic illustration to the flexible LIB using
LiFePO4/graphene and Li4Ti5O12/graphene as cathode and anode,
respectively. (b) A red light emission diode being lightened up by a
flexible LIB under bending. (c) Galvanostatic charging/discharging
curves of the LIB before and after bending. Reproduced with
permission from ref 388. Copyright PNAS (2012).

Figure 47. SEM images of OMC at different sizes. (a) OMC-1 with
SBET of 711 m2 g−1 and pore size of 3.2 nm. (b) OMC-2 with SBET of
1022 m2 g−1 and pore size of 3.3 nm. (c) OMC-3 with SBET of 1220 m

2

g−1 and pore size of 3.4 nm. (d) Rate performances of commercial
graphite and OMC at increasing current densities from 100 to 1000
mA g−1 and then back to 100 mA g−1. Reproduced with permission
from ref 391. Copyright American Chemical Society (2013).
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Here some representative applications of OMC composite
materials as electrodes are summarized. The combination of
cathode materials and OMC is rare due to the good anode
property of the OMC, which decreases the charging voltage of
the battery. However, a FeF3/OMC hybrid has been found to
achieve a better cyclibility than the bare FeF3 material, and it
also achieved a higher FeF3 content compared with the other
carbon-based composite by incorporating CNTs and active
carbon. For instance, Jung and co-workers synthesized FeF3/
OMC hybrids by an incipient-wetness impregnation of an
aqueous FeCl3/HF solution into the pores of the OMC that
was used as a hard template, followed by drying and calcination
under argon.393 The as-synthesized FeF3/OMC hybrid showed
good rate capabilities of 165, 156, 143, 131, 117, 90, and 69
mAh/g at currents of 0.1, 0.25, 0.5, 1, 2, 5, and 10 C,
respectively. At current rates of 0.5 C or higher, the discharge
capacities of the FeF3/OMC hybrids were more than 3 times
higher than the corresponding bulk FeF3. In addition, when the
current density was decreased to 0.1 C, the capacities of bulk
FeF3 and FeF3/OMC hybrids were maintained by 48% and
89%, respectively. Obviously, the introduction of OMC had
enhanced both structural stability and capacity reversibility.
Compared with the active cathode materials, anode materials

have been more extensively incorporated into OMC to form
hybrid electrodes, and the electrochemical performances are
markedly increased accordingly. Table 4 has compared recent
OMC hybrid anodes with different metal oxides.394−405 Two
methods were explored to incorporate Fe2O3 nanoparticles into
OMCs as electrodes.394,406 In one case, polypyrrole-coated
Fe2O3/OMC hybrids had been prepared by introducing Fe2O3
nanoparticles to tubular mesoporous OMC, followed by in situ
surface sealing with a coated PPy layer. The use of Fe2O3 as
anodes in LIBs is hampered by the drastic volume change (over
200%), resulting in a poor capacity retention. As the Fe2O3
particles were well dispersed within the carbon matrix and
coated with PPy layers on the outer surface of the OMC, the
hybrid material displayed both much higher stable cycle
performance and reaction kinetics. As a result, a higher
efficiency in the use of Fe2O3, i.e., 528 mAh/g at 1 A/g, and
larger volumetric capacity, i.e., 97% capacity retention against
the second cycle had been achieved. In the other case, the
Fe2O3/OMC hybrid was synthesized by ammonia treatment
and subsequent pyrolysis to enable a high Fe2O3 content and
adequate buffer space for high electrochemical performances.395

Indeed, a high load of 47 wt % for the Fe2O3 in the hybrid had
been produced to offer a considerably stable cycle performance,
e.g., the capacity was maintained at 683 mAh/g after 100 cycles

with 99% capacity retention against the second cycle, as well as
a good rate capability.
SnO2 particles were incorporated into a tubular OMC

through an in situ hydrolysis.397 The weight percentage of
SnO2 reached as high as 80%, resulting in an outstanding
reversible capacity of 978 mAh/g at a current density of 0.2 A/g
at 0.005−3 V. The reversible capacity had been even increased
up to 1039 mAh/g after 100 cycles, much higher than the
theoretical capacity of SnO2 (782 mAh/g). This remarkable
electrochemical property was contributed from the thin carbon
wall (∼2 nm in thickness) and high pore volume (2.16 cm3/g).
The SnO2/OMC hybrid electrode reacted with the electrolyte
according to the following equations.

+ + ↔+ −Li e electrolyte SEI(Li)

+ + → +−SnO 4Li 4e Sn 2Li O2 2

+ + ↔ ≤−x x xSn Li e Li Sn ( 4.4)x

+ + ↔ ≤+ −y y yC Li e Li C ( 4.4)y6 6

The theoretical capacity of SnO2, i.e., 782 mAh/g, is calculated
on the basis of the third reaction that is reversible. As Li2O is
regarded as an electrochemically inactive material, the second
reaction is considered to be an irreversible process. But in most
cases, it should be reversible thermodynamically.407,408 The
reversibility of the second reaction has been mainly influenced
by the intrinsic conductivity of SnO2, grain size of LiO2 and Sn,
degree of dispersion and contacting degree with conductive
additives. Therefore, the second reaction is at least partially
reversible here (6.4 Li per SnO2 based on 1133 mAh/g), which
contributed to the ultrahigh reversible capacity. This conclusion
was further verified by cyclic voltammograms with an oxidation
peak at 1.25 V that correspond to the second reaction. The
other active materials such as NiO,400 CoO,401 CuO,402

V2O3,
403 TiO2,

404 MoO2,
405 and SnO398,399 had also been

introduced into the channels of OMCs, and an obvious increase
in stability and rate capacity was shared.

4.1.4. Fiber-Shaped Lithium Ion Batteries. A flexible
fiber-shaped polymer battery was reported in 2005 with a
platinum wire substrate being electrodeposited with poly-
pyrrole-hexafluorophosphate and polypyrrole-polystyrenesulfo-
nate as active cathode and anode materials, respectively.409 The
capacity performance of the whole battery was as low as 10
mAh/g, which had been limited by the discharge capacity of the
anode (∼11 mAh/g). The open circuit potential and
Coulombic efficiency were 0.4 V and ∼98%, respectively.

Table 4. OMC Materials for LIBs

material specific capacity Sbet (m
2 g−1) retention ref

PPy-coated Fe2O3/OMC 528 mAh g−1 at 1000 mA g−1 303 97% (2 to 100 cycles) 394
Fe2O3/OMC 683 mAh g−1 at 200 mAg−1 and 430 mAh g−1 at 1500 mAg−1 688 99% (2 to 100 cycles) 395
FeOx/OMC 660 mAh g−1 at 100 mAg−1 and 320 mAh g−1 at 1600 mAg−1 607 38% (50 cycles) 396
SnO2/OMC 978 mAh g−1 at 200 mAg−1 and 600 mAh g−1 at 1500 mAg−1 383 106% (10 to 100 cycles) 397
SnO2/OMC 769 mAh g−1 at 100 mAg−1 and 440 mAh g−1 at 1600 mAg−1 303 55% (2 to 100 cycles) 398
SnO2/OMC 472.1 mAh g−1 at 0.1 C 379 62.2% (30 cycles) 399
NiO/OMC 812 mAh g−1 at 1000 mA g−1 625 90% (after 50 cycles) 400
CoO/OMC 733 mAh g−1 at 100 mA g−1 1000 92% (2 to 20 cycles) 401
CuO/OMC 723 mAh g−1 at 0.1C and 171 mAh g−1 at 25C 687 92% (2 to 20 cycles) 402
V2O3/OMC 536 mAh g−1 100 mA g−1 95 79% (2 to 100 cycles) 403
TiO2/OMC 120 mAh g−1 at 1000 mA g−1 211 92% (2 to 100 cycles) 404
MoO2/OMC 401 mAh g−1 at 2000 mA g−1 and 689 mAh g−1 at 50 mA g−1 407 80% (50 cycles) 405
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This fiber-shaped polymer battery had been further improved
by replacing the anode active materials with SWCNTs. The
reactions during discharge are provided below.

→ + ++ −x xAnode: Li C Li e 6Cx 6

− + → ++ − − −Cathode: [PPy ] 1PF e [PPy ] PF6
0

6

As SWCNTs had a much higher capacity, the discharge
capacity reached 28 mAh/g. However, the polymer-based
batteries suffered from a low open circuit potential and low
discharge capacity, so increasing attentions are recently
attracted to metal and lithium metal oxide materials.
Later, a cable-type LIB was made to exhibit a high flexibility

and discharge capacity.410 A relatively sophisticated structure
was required to fabricate the LIB cable with a diameter of
millimeters. Cu wires deposited with Ni−Sn active materials
were shaped into a hollow-structured anode. The anode was
then subsequently wound with the modified poly(ethylene
terephthalate) nonwoven separator and aluminum wire as the
cathode current collector, followed by coating LiCoO2 slurry to
form the positive electrode. The assembled electrode was then
sealed into a heat-shrinkable tube, and the aqueous electrolyte
was injected to obtain the LIB cable. It exhibited a capacity of 1
mAh/cm and potential plateau at ∼3.5 V. In addition, this LIB
cable was flexible, and the capacity could be well maintained
under bending.
To better satisfy the future development on the miniature

and wearable electronic devices, it became urgent to discover
one-dimensional, thin LIBs. To this end, aligned CNT fibers
with diameters from several to tens of micrometers were
investigated to make fiber-shaped LIBs. The existing CNT
networks in the fiber acted as a skeleton for charge transport
and physical support of the fiber device. The effective capacity
was high without the inactive copper foil as current collector in
the traditional design. The fiber-shaped micro-LIBs were then
fabricated by twisting an aligned CNT/MnO2 composite fiber
and a lithium wire as positive and negative electrodes,
respectively.411 The aligned CNT fibers showed both high
tensile strengths and electrical conductivities, so they could be
electrochemically deposited with MnO2 as the cathode. The
modified fiber-shaped LIB showed a discharge platform of 1.5 V
with a specific capacity of 94.37 mAh/cm3 or 174.40 mAh/g at
0.002 mA. The charge and discharge power densities were 3.87
and 2.43 W/cm, respectively.
To improve the capacity performance of the electrode,

aligned CNT/Si hybrid fiber anodes were further inves-
tigated.321 A thin layer of silicon was coated on the outer
surface of the aligned CNT sheet by electron beam evaporation
to form a core−sheath structure that can effectively and
simultaneously exploit the high specific capacity of the silicon
and high electrical conductivity of the CNT, while the designed
space with sizes of tens to hundreds of nanometers among the
aligned hybrid nanotubes can effectively counterbalance the
volume change of the silicon component. The hybrid sheet was
further scrolled into a fiber-shaped electrode. The CNT/Si
hybrid fiber was than assembled with Li wire and tested as a
half battery. When the weight percentage of Si was controlled
to be 38.1%, the specific capacity was 1670 mAh/g at a current
density of 1.0 A/g. The operating voltage that corresponded to
the lithium alloying/dealloying potential of Si was 0.4 V.
Compared with the conventional planar structure, the fiber-

shaped LIB can be easily woven into flexible textile and are
more likely to be used in wearable electronics. Therefore, they

are required to be both stable and safe beside having a high
electrochemical performance. However, the previous use of
lithium wire in the LIB had largely limited their practical
applications. In particular, the fiber-shaped LIB was prone to
break under bending and stretching. As a result, a novel and
safe fiber-shaped LIB was made by embracing Li4Ti5O12 and
LiMn2O4 nanoparticles into two aligned CNT fibers as anode
and cathode, respectively.412,413 The use of more stable and
comparable Li4Ti5O12 and LiMn2O4 as cathode and anode had
notably reduced the short circuit caused by dendritic lithium.
For the most commonly used anode materials such as graphite,
during the charge−discharge process, the lithium ion in the
electrolyte will insert within the graphite electrode to form
compounds as follows:

+ + ↔ ≤ ≤− + −y y y xLi C Li e Li C ( 1)y
xx 6 6

The lithiation potential is ranged from 0 to 0.20 V (vs Li/Li+)
for the graphite anode. With the increasing current, the
lithiation potential could be lowered and approaches to 0 V (vs
Li/Li+), so the dendritic lithium was grown on the anode to
impale the separator, finally leading to a short circuit. Here
spinel Li4Ti5O12 for the Li insertion took place at ∼1.5 V (vs
Li/Li+); the CNTs showed high conductivity and electro-
chemical stability. Therefore, no short circuits were found
during use.
The hybrid fiber electrodes were prepared by coating the

suspensions of Li4Ti5O12 and LiMn2O4 particles onto the
aligned CNT sheet, respectively, followed by a scrolling
process. The weight percentages were 78% and 90% for the
Li4Ti5O12 and LiMn2O4 particles in the hybrid fibers,
respectively.412 Figure 48a,b shows typical SEM images of the
resulting composite fibers. The Li4Ti5O12 and LiMn2O4
particles were well dispersed and incorporated within aligned

Figure 48. (a,b) SEM images of MWCNT/LTO and MWCNT/LMO
hybrid yarns, respectively. (c) Schematic illustration to the structure of
the flexible fiber-shaped LIB. The aligned MWCNT/LTO and
MWCNT/LMO hybrid yarns were paired as the anode and cathode,
respectively. (d) Cross-sectional micrograph of a full LIB. (e)
Schematic illustration to a superstretchy fiber-shaped LIB during a
stretching and releasing process. Reproduced with permission from ref
412. Copyright John Wiley and Sons (2010).
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CNTs that served as effective pathways for charge transport
and current collectors. The fiber-shaped anode and cathode
electrodes were then assembled into a tube to obtain a full
fiber-shaped LIB (Figure 48c,d), which revealed a specific
capacity of 0.0028 mAh/cm (128 mAh/g), and the discharge
plateau was 2.5 V at 0.01 mA. The fiber-shaped LIB was flexible
and can be deformed into various shapes without physical
damages and with negligible performance loss. Furthermore,
when the hybrid fibers were wound around a rubber fiber in a
helical structure, a stretchable LIB was further obtained (Figure
48e). This stretchable fiber-shaped LIB can be stretched by
100%, and no obvious damage in the structure was found. After
stretched to 100% by 200 cycles, the specific capacity was
maintained by over 80%.
The studies on the fiber-shaped LIBs are relatively less

compared with the other flexible fiber-shaped devices such as
solar cells and supercapacitors due to more complex
fabrications enabled by the sensitive organic electrolyte.
However, the fiber-shaped LIBs display many unique and
promising advantages in the energy storage such as high energy
densities and are currently attracting increasing attentions.
More efforts are underway to develop more efficient fiber
electrodes and stable electrolytes.
4.1.5. Nanostructured Carbon for Post Li-Ion Bat-

teries. As a strong contender in the future batteries, lithium−
sulfur batteries have gained increasing interests due to their
high capacities and energy densities. Because the sulfur cannot
act as a cathode itself due to the intrinsic nonconductivity and
soluble property, a second component is necessary to function
as the conducting matrix and sulfur host. Nanostructured
carbon materials have been widely explored as a promising
candidate for sulfur cathodes due to the mentioned high
conductivity, porous structure, large surface area, and sufficient
pathways that meet the requirements to host sulfur, provide
conductivity, and suppress dissolution. As a one-dimensional
material, CNTs can form a conducting network to inter-
penetrate with each other and thus make the sulfur cathode
freestanding without the use of binders or conducting agents,
which are particularly beneficial for flexible cathodes. For
instance, a CNT/S composite film offered a specific capacity of
1352 mAh/g at the current rate of 1 C, and it can be
maintained by 915 mAh/g after 100 cycles.414

Na is located below Li at the periodic table and is one of the
most abundant elements on the earth. Compared with the
lithium-ion battery, the fundamental principles of the sodium-
ion battery are identical while the voltage is generally lower and
the volume change upon Na removal or insertion is larger. The
use of nanostructured carbon materials in sodium-ion batteries
is similar to lithium-ion batteries in strategy and has been
reviewed elsewhere.415

Lithium−air batteries represent a promising candidate for the
next-generation batteries because of the remarkably high
theoretical energy output. A lithium−air battery is composed
of a lithium metal anode and an air electrode with an open
structure to draw cathode active materials (i.e., oxygen) from
air. The electrocatalyst in the air electrode plays a vital role in
determining the electrode performance. Due to the notable
merits including low cost, high electrical conductivity, large
surface area, and good stability, carbonaceous materials can be
used as either catalyst supports or catalytically active
components. CNT and graphene have been widely explored
as efficient substrates to disperse catalyst components such as
Pt nanoparticles.416−419 To further enhance the electrocatalytic

property, a second phase has been often incorporated into the
carbon nanomaterial as a general and effective strategy. They
can be made into hybrid materials to produce synergistic
effects.420,421 or carbon nanomaterials are doped to act as
metal-free electrocatalysts for oxygen reduction.422,423

4.2. Electrochemical Capacitor

Electrochemical capacitors, also known as supercapacitors or
ultracapacitors, are considered to be one type of the most
efficient energy storage devices. The concept was first brought
up by Becker in 1957 in a filed patent and then first
commercialized by Panasonic in 1978.1,424 Compared with
LIBs, the advantages of supercapacitors are reflected in the
following four aspects: (1) higher power-delivery capability (or
higher power density), (2) more rapid charging (i.e., shorter
time needed for full charging), (3) longer life stability (e.g.,
specific capacitances without obvious decays after charging−
discharging for thousands of cycles) and (4) higher Coulombic
efficiencies. However, as widely recognized, supercapacitors
typically show lower energy densities than LIBs.
The supercapacitor can be divided into two main types based

on the difference in the storage mechanism of electric energy,
i.e., electrochemical double layer capacitor (EDLC) and
pseudocapacitor. The former one is similar to a traditional
capacitor, e.g., both of them store energy by a means of charge
separation. Differently, in an EDLC, the separation process
occurs at both negative and positive electrodes to form two
electric double layers, and each layer equal a traditional
capacitor. However, the specific capacitance of an EDLC is
several orders of magnitude higher than a traditional capacitor
as, in the EDLC, the charge separation occurs across a much
smaller distance in the interphase between the electrode and
electrolyte, and it simply involves the movement of ions on the
surface. Therefore, the capacitance of the EDLC strongly
depends on the surface area of the electrode. Carbon materials
including active carbon,425,426 mesoporous carbon,427,428

CNT,429−431 and graphene.430,432,433 with high specific surface
areas and rapid electric transports are therefore promising for
the high-performance supercapacitors.
The pseudocapacitor is quite different in the mechanism

where a reversible Faradaic charge transfer takes place and a
chemical redox reaction occurs within active materials on the
electrode and ions in the electrolyte. The behavior of a
pseudocapacitor is more like a LIB. Transitional metal oxides
(e.g., MnO2,

434,435 NiO,436 RuO2,
437 and V2O5

438) and
conducting polymers (e.g., polyaniline,439,440 polythio-
phene,440,441 polypyrrole,442 and dervatives440) are the two
most investigated classes.
To satisfy practical applications for both high power and

energy densities, supercapacitor and LIB may be combined
together to realize either advantages. Typically, the hybrid
capacitor combines the construction of LIB and electrochemical
double layer capacitor, i.e., there is an electric double layer
formed at the positive electrode and a faradaic charge-transfer
reaction with Li+ in the electrolyte at the negative
electrode.443−445 Based on this strategy, these hybrid energy
storage devices have been already used in electric vehicles
where the supercapacitors provide peak power for acceleration
or hill climbing while LIBs provide electric power during
normal driving. CNT, graphene, and OMC have been widely
explored as one-, two-, and three-dimensional carbon nanoma-
terials for supercapacitors that are compared in Figure 49 and
discussed below.

Chemical Reviews Review

DOI: 10.1021/cr5006217
Chem. Rev. 2015, 115, 5159−5223

5194

http://dx.doi.org/10.1021/cr5006217


4.2.1. Carbon Nanotube. Large specific surface areas
(typically over 1500 m2/g) are a key to high specific
capacitances of supercapacitors by providing an effective charge
separation in the double-layered capacitors. Due to high specific
surface areas as well as combined high electrical conductivity,
mechanical stability and electrocatalytic activity, CNTs
including both SWCNTs and MWCNTs are extensively
studied for electrode materials of supercapacitors. The
advantages of CNTs in the use of supercapacitors include the
following: they are more efficient to percolate active particles
than the traditional carbon materials; they are often made into a
porous network which allows the ions to diffuse easily to the
surface of the active moiety; and they can help to alleviate the
volumetric change during the charge and discharge, resulting in
an improved cyclic performance.446 For bare CNTs, the specific
capacitances are varied typically from 15 to 80 F/g447,448 with
energy and power densities to be 7 Wh/kg and 20 kW/kg,
respectively.449,450 Three methods are developed to further
increase the specific capacitances of CNT-based super-
capacitors. The CNTs are functionalized to introduce some
functional groups and defects to offer pseudo capacitances
similar to the LIB above. They are incorporated with the other
carbon materials to form a hierarchical three-dimensional
structure. They are incorporated with pseudocapacitor
materials like metal oxides and conducting polymers.
4.2.1.1. Bare CNT Electrodes. CNTs tend to form a porous

network due to their entanglements in preparation. MWCNTs
and SWCNTs have been investigated as effective electrodes on
the basis of high specific surface areas in both aqueous and
nonaqueous electrolytes.456−459 For the reported specific
surface areas from 120 to 500 m2/g, the capacitances are
ranged from 5 to 200 F/g. CNT electrodes show lower
equivalent series resistances compared with the active carbon

due to a more efficient diffusion within the porous network for
the electrolyte ions, so they display acceptable capacitance
performances even at extremely high rates. For instance, an
aligned MWCNT sheet with Al sheet as current collector
produced a discharge capacity of 10−15 F/g at an extremely
high current density of 200 A/g, where no discharge
capacitance was obtained for the commonly used active carbon
electrode under the same condition.149 For SWCNTs, a specific
capacitance of 180 F/g and power density of 20 kW/kg were
obtained at an energy density of 7 Wh/kg.450

The effective specific surface area depends on the used
electrolyte. A freestanding SWCNT film electrode was studied
in aqueous gel and organic liquid electrolytes.429 The aqueous
gel electrolyte was composed of PVA/H3PO4 electrolyte and
the organic liquid electrolyte was composed of 1 M LiPF6 in
ethylene carbonate/diethyl carbonate (1/1, weight ratio). Some
liquid electrolytes of H3PO4, H2SO4 and NaCl aqueous
solutions were also investigated as a comparison. Galvanostatic
charge/discharge measurements were performed to evaluate
the specific capacitances and internal resistances of the
supercapacitors in a two-electrode configuration. There were
no significant differences in the internal resistance between
PVA/H3PO4 gel and liquid H3PO4 electrolyte, indicating that
the polymer matrix did not obviously affect the internal
resistance in the aqueous electrolyte. The capacitances were
comparable in all aqueous electrolytes and ranged from ∼90 to
120 F/g. However, the capacitance was relatively lower for the
LiPF6/EC:DEC electrolyte, especially at a higher current
density. This phenomenon can be explained by the fact that
the ion association hindered the penetration into smaller pores,
and compared with water, the higher viscosity of EC:DEC
might lead to an incomplete wetting of the pores and decrease
the effective surface area of the electrode. The thickness of the
electrode film is another key to influence the electrolyte
penetration and effective surface area, particularly for the gel
electrolyte. Figure 50 shows the dependence of the capacitance
per geometric area on thickness, and the capacitance was
linearly increased with the increasing film thickness for the
liquid electrolyte. A saturation occurred for the gel electrolyte
due to a limited penetration into the porous network. On the
other hand, the advantages of the LiPF6/EC:DEC electrolyte
enabled a larger electrochemical stability window, which

Figure 49. Performance overview of planar supercapacitors based on
CNT, graphene, OMC, as well as their derived fiber-shaped devices.
(a) The capacitance distribution. (b) The long-life stability.

Figure 50. Thickness dependence of the capacitance per area for the
CNT film using a liquid (1 M H2SO4) and a gel electrolyte (PVA/
H3PO4). Reproduced with permission from ref 429. Copyright
American Chemical Society (2009).
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allowed for a higher operating voltage up to 3 V with both
increasing power and energy densities (Figure 51).
Highly pure SWCNT materials with a nearly ideal specific

surface area (i.e., 1300 m2/g) had been also made to achieve
their advantages as promising electrodes.451 The organic
electrolyte of 1 M Et4NBF4/propylene carbonate had been
studied as a demonstration. A higher operation voltage of 4 V
was achieved with a durable full charge−discharge cyclibility.
High energy density (94 Wh/kg or 47 Wh/L) and power
density (210 kW/kg, 105 kW/L) were obtained and far
exceeded those based on the active carbon.
It has been discussed that a higher surface area does not

guarantee a higher capacitance as it is also affected by electric
conductivity and pore size and distribution which is to a great
extent related to the adaptability between electrode materials
and electrolyte. Regardless of this issue, MWCNT materials
with tunable sizes derived from anodic aluminum oxide
templates were used to investigate the size effect on the
capacitance.452,453 The capacitance based on the CNT with a
smaller diameter of 33 nm was higher than the diameter of 200
nm due to a larger specific surface area. MWCNTs with
increasing outer diameters from 10 to 20 nm and inner
diameters from 2 to 5 nm had been compared with increasing
specific surface areas of 128−411 m2/g, and the highest
capacitance of 80 F/g occurred at the largest specific surface
area in KOH aqueous electrolyte.431 The CNT electrode often
shows rectangular cyclic voltammograms even at very high scan
rates due to a rapid charge transport and ideal double-layer
performance.
Chemical activation and functionalization of the CNTs to

introduce more defects and pseudocapacitances represents
another general and effective strategy to improve their specific
capacitances. For the SWCNT material after an electrochemical
activation, a higher specific surface area of 109.4 m2/g and
larger volume of small mesopores of 0.048 cm3/g (3.0−5.0 nm
in diameter) were obtained compared with 46.8 m2/g and
0.026 cm3/g of the original SWCNTs without activation,
respectively.454 The specific capacitance had been further
increased by three times. By introducing carboxyl groups to the
surfaces of MWCNTs using extremely aggressive oxidizing
agents such as a H2SO4/HNO3 mixture, the capacitance was
enhanced by 3.2 times due to the increased hydrophilicity in
the aqueous electrolyte.455 The hydrophilicity of MWCNTs
was increased with the oxidation time for higher capacitances,
but the oxidation also produced severe damages on the
MWCNT surface to significantly decrease electrical conductiv-

ities of MWCNT electrodes. Therefore, a balance between
hydrophilicity and conductivity was required, and it may be
different in different systems.
Functional groups were introduced to the surfaces of

MWCNTs after treatment in NaOH solution under heating,
followed by an ultrasonic treatment in a mixed sulfuric and
nitric acids. Compared with the original MWCNTs (28 F/g), a
much improved specific capacitance of 85 F/g was verified in
H2SO4 electrolyte. A rougher surface was obtained due to the
production of oxygen-containing functional groups on the
surface and new generated pores during the alkali and acid
treatments. After further introduction of redox active hydro-
quinone into the H2SO4 electrolyte, the modified MWCNT
electrode presented a specific capacitance as high as 3199 F/g
owing to the hydroquinone redox reaction occurring on the
surface of the MWCNT electrode. The oxidation process
involved the adsorption of the molecule when the size of the
electrochemically active hydroquinone was smaller than the
average pore size of the electrode material, so the reversible
reaction of the quinone/hydroquinone was available in the
pores of MWCNTs.456

Note that there are also some other parameters including
point of zero charge, contact resistance, and self-discharge
characteristics that may also contribute to their electrochemical
properties. These parameters should be considered in designing
the CNT electrode by the above modifications.

4.2.1.2. Carbon Nanotube/Polymer Composite Electrodes.
Depositing conducting polymers onto the CNTs represents an
effective strategy to enhance the performance of CNT-based
supercapacitors. Conducting polymers are good candidates for
supercapacitor due to their high specific capacitances derived
from rapid redox reactions and conductivities in charged states
with a low equivalent series resistance and high power density.
A main drawback of polymers lies in a low cycling stability
suffered from shrinking, breaking, and cracking in charge−
discharge processes.325 On the other hand, many applications
such as wearable electronic devices ask the power systems to be
ligthweight and small. The incorporation of second phases
represents an effective solution to reduce the volume and
weight with high performances. By attaching conducting
polymers on the surfaces of CNTs, we may combine the
advantages of conducting polymers with a high pseudocapaci-
tance and CNTs with a rapid and efficient charge trans-
portation. Some representative composite materials are high-
lighted to present a main configuration.

Figure 51. Electrochemical data of supercapacitors fabricated from different liquid and gel electrolytes based on galvanostatic charge/discharge
measurements. (a) Internal resistance at a current density of 1 mA cm−2 (30 mA mg−1). (b) Specific capacitances in the aqueous electrolyte at a
current density of 40 μA cm−2 (1 mA mg−1). (c) Specific capacitances at a current density of 1 mA cm−2 (30 mA mg−1). Reproduced with
permission from ref 429. Copyright American Chemical Society (2009).
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Uniform CNT/polymer composite materials can be
synthesized after chemical reactions between them. For
instance, a homogeneously grafted poly(3,4-ethylenedioxythio-
phene)/MWCNT composite was synthesized after in situ
chemical polymerization in a ternary phase system.457 The
coaxial nanotubes contained many whorl fingerprint-like open
ends that were favorable for the transport of electrons and ions.
The composite electrode exhibited an energy density of 11.3
Wh/kg, over four times of the original MWCNT (2.7 Wh/kg).
The parameters such as different electrolytes were also
compared for supercapacitors on the basis of polypyrrole/
MWCNT composite electrodes.458 The polypyrrole/MWCNT
composite preferred a neutral electrolyte over acidic and
alkaline media. A specific capacitance of 165 F/g with high
stability was obtained in a 1.0 M KCl electrolyte. For such
composite materials, they could be easily made into flexible
films through an in situ electrochemical polymerization.459

Besides the three-dimensional network with large specific
surface areas created by MWCNTs, the core−shell structure
with an MWCNT as the core and polypyrrole as the shell
enhanced the transport rate and accessibility of ions to the
polypyrrole layer during the redox process. A flexible SWCNT/
polyaniline composite was studied to also display a high specific
capacitance of 706.7 F/g due to the dissolution of the off-lying
disordered polyaniline and an increase in the number of
available polycrystalline polyaniline regions.
The performance of the CNT/polymer composite material

can be further improved by introducing multiple components.
For one case, several polymers may be made in one electrode,
e.g., an MWCNT@PEDOT/PSS composite film showed better
capacitive behaviors with an areal capacitance of 98.1 mF/cm2

at 5 mV/s cyclic voltammetry scan and higher cyclic stability
compared with either MWCNT/PEDOT or MWCNT/PSS
composites.460 For another case, the other carbon component
may be further incorporated into the composite electrode, e.g.,
a nonwoven MWCNT/graphene/polypyrrole fabric that served
as an electrode produced specific capacitances up to ∼319 F/g
with a retention of 94.5% after 1000 cycles at a scan rate of 80
mV/s.461 For the above multicomponent composite materials,
synergistic effects among the multiple active materials
contribute to the high performances. For the MWCNT/
graphene/polypyrrole composite electrode, the graphene
increased the surface area while the MWCNTs enhanced the
electrical conductivity of polypyrrole. Of course, the other
component besides carbon and polymer can be also designed to
offer better performances. Silver nanoparticles were decorated
onto a polyaniline/MWCNT composite electrode to produce a
conductivity of 4.24 S/cm at room temperature and revealed a
specific capacitance of 528 F/g, energy density of 187.73 Wh/
kg, and power density of 4185 W/kg.462

On the other hand, conducting polymers have been widely
studied as smart materials due to their obvious color changes in
response to environmental stimuli, e.g., temperature, pH, ion,
and solvent and ligand interaction. Therefore, they were
recently developed to fabricate smart supercapacitors.463 For
instance, the aligned CNT/PANI composite films demon-
strated chromatic transitions upon pass of electric currents with
a high reversibility, and the colors could be controlled by
varying the values of passed currents or used voltages (Figure
52). The as-fabricated supercapicitor could rapidly and
reversibly changes color among yellow, green, and blue,
which can be clearly observed by the naked eyes. Besides, a
specific capacitance of 308.4 F/g at 1 A/g was also maintained.

4.2.1.3. Carbon Nanotube/Metal Oxide Hybrid Electrodes.
Metal oxides or hydroxides have been widely explored for
pseudocapacitors. They generally show higher energy densities
than carbon materials and higher electrochemical stability than
conducting polymers in electrochemical capacitors. They can
store energy by formation of electrochemical double-layers and
faradaic reactions. To be used as effective electrode materials,
the metal oxides or hydroxides should be electronically
conductive and have two or more oxidation states that can
coexist at a continuous range, and the metal protons can freely
intercalate into or get out of the oxide lattice during reduction
or oxidation. The most investigated metal oxides for electro-
chemical capacitors include MnO2, RuO2, V2O5, Co3O4, NiO2,
TiO2, and Fe2O3. Metal oxides are widely incorporated with
CNTs as hybrid electrodes for high performance super-
capacitors. When the cycling stability is decreased by the
chemical or oxidization state changes in the electrodes induced
by the Faradaic charge transfer during the charge−discharge
process, the use of CNTs can increase the stability of the metal
oxide by restricting the volume change and enhance the inner
connection within the hybrid material.
A lot of CNT/metal oxide hybrid materials have been

studied for supercapacitors and summarized at Table 5.464−473

MnO2 represents one of the most promising electrode materials
for pseudocapacitors due to an abundant availability on the
earth, easy synthesis, low cost, environmental compatibility, and
high theoretical capacities ranged from 1100 to 1300 F/g.325

The design of hierarchical structures is a key to take advantage
of the remarkable properties during use. Aligned MWCNT/
MnO2 hybrid array electrodes were prepared by electrochemi-
cally depositing MnO2 on MWCNT arrays synthesized by
CVD,465 and they produced a high specific capacitance of 642
F/g at a scan rate of 10 mV/s. Core−shell CNT/MnO2

Figure 52. Chromatic transition during a charging−discharging
process. Reproduced with permission from ref 463. Copyright John
Wiley and Sons (2014).
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nanocables had been synthesized onto a Ni foam to fabricate
binder-free capacitors, both high specific capacitance of 325.5
F/g and cycling stability with a 90.5% capacitance retention
after 5000 cycles were achieved due to a close contact between
CNT and Ni foam for high conductivity.474 Despite the high
cost, RuO2 has been extensively studied for supercapacitors due
to a wide potential window, three distinct oxidation states and
highly reversible redox reactions. Similarly, a thin, uniform
ruthenium oxide layer had been deposited onto the CNT film
to form a three-dimensional nanoporous structure.469 It was
found that RuO2 can be made into a hydrated amorphous and
porous structure with small size to enable a large surface area,
and both high specific capacitance of 1170 F/g and high rate
capability were therefore achieved.
Reddy and co-workers had further compared the super-

capacitors based on MWCNT/RuO2, MWCNT/TiO2, and
MWCNT/SnO2 nanocrystalline hybrid electrodes that were
synthesized by a chemical reduction method using function-
alized MWCNTs and corresponding salts.475 They were
measured in a 1 M H2SO4 aqueous electrolyte with the same
mass in a two electrode Swagelok cell, and the MWCNT/TiO2
exhibited the best performance in developing electrochemical
double layer capacitors (Figure 53). A wide variety of other
metal oxides had been also used to prepare CNT hybrid

electrodes including NiO, MoO2, SnO2, Co3O4, and V2O5
(Table 6). Compared with bare MWCNTs, the enhanced

specific capacitances from the MWCNT/metal oxide hybrids
were derived from the progressive redox reactions occurring at
the surface and bulk of transition metal oxides through a
Faradaic charge transfer.
More complex composite electrodes were also explored to

combine two more moieties such as conducting polymers and
transition metal oxides with the CNT for better electrochemical
performances. For instance, Hou and co-workers had
developed a ternary nanocomposite film composed of MnO2,
CNT, and PEDOT−PSS,476 and a specific capacitance of 427
F/g was achieved with a capacitance retention of 99% after
charge−discharge processes for 1000 cycles. Herein, CNTs
provide high specific surface areas for depositing hierarchically
porous MnO2 nanospheres and improve the electrical
conductivity and mechanical stability of the composite;
PEDOT−PSS serves as an effective dispersant for CNT/
MnO2 hybrids and a binder material to enhance the adhesion to
the substrate and connection among MnO2/CNT hybrid
particles; the highly porous MnO2 nanospheres with large
specific surface areas offer high specific capacitances. A
multicomponent nanomaterial was designed by embedding
Ni(OH)2 nanoparticles into CNTs as pillars for reduced
graphene oxide (RGO) sheets, and high specific capacitances of
1235 and 780 F/g had been achieved at current densities of 1
and of 20 A/g, respectively.477 The use of a conducting RGO
substrate, the morphology of the CNT and the amount of

Table 5. Metal Oxide/CNT Hybrid Materials for
Supercapacitors

material specific capacitance electrolyte ref

MnO2/MWCNT 179 F g−1 at 5 mV s−1 1 M Na2SO4 465
MnO2/vertically aligned
MWCNT

642 F g−1 at 10 mV s−1 0.2 M
Na2SO4

464

Ni(OH)2/MWCNT 221 F g−1 at 100
mV s−1

6 M KOH 466

NiO/MWCNT 1727 F g−1 at 5
mA cm−2

2 M KOH 467

RuO2/MWCNT 493.9 F g−1 at 50
mV s−1

1.0 M
H2SO4

468

RuO2/MWCNT 1170 F g−1 at 10
mV s−1

0.5 M
H2SO4

469

MoO2/SWCNT 597 F g−1 at 10 mV s−1 0.1 M
Na2SO4

470

SnO2/SWCNT 320 F g−1 at 6 mV s−1 1 M Na2SO4 471
Co3O4/RGO/CNT 378 F g−1 at 2 A g−1 3 M KOH 472
V2O5/MWCNT 280∼ F cm−1 at 30

mV s−1
1 M KHSO4 473

Figure 53. Electrochemical performances of MWCNT, RuO2/MWCNT, TiO2/MWCNT, and SnO2/MWCNT hybrids with the same electrode
weight of 10 mg. (a) Cyclic voltammograms at a scan rate of 2 mV s−1 in 1 M H2SO4 aqueous electrolyte. (b) Galvanostatic charge−discharge curves
at a current of 10 mA in 1 M H2SO4 aqueous electrolyte. Reproduced with permission from ref 475. Copyright American Chemical Society (2007).

Table 6. Specific Supercapacitances Obtained by Different
Methodsa

electrode
material

cyclic
voltammetry
(F g−1)

galvanostatic
charge−
discharge
(F g−1)

electrochemical
impedance
spectroscopy

(F g−1)

average
specific

capacitance
(F g−1)

MWCNT 68 69 64 67
RuO2/
MWCNT

147 133 134 138

TiO2/
MWCNT

166 148 166 160

SnO2/
MWCNT

95 91 93 93

aReproduced with permission from ref 475. Copyright American
Chemical Society (2007).
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nickel particles are critical to the electrochemical performance
of the composite material. Such three-dimensional nanostruc-
tures favored rapid ion and electron transports throughout the
electrode matrix, highly accessible pseudoactive components
with an efficient utilization, and strong interactions between the
carbon matrix and pseudoactive material.
4.2.2. Graphene. Similar to the CNT, graphene exhibits

both remarkable electrical, mechanical, and electrochemical
properties and has been explored to fabricate effective
supercapacitors. In addition, graphene can be made into
various porous materials to further increase the specific
capacitance.478 Bare, hybrid, and composite graphene materials
are all extensively investigated for the development of
supercapacitors.
4.2.2.1. Bare Graphene Electrodes. For the electrode

materials in EDLCs, specific surface area, pore structure, and
electrical conductivity are three crucial factors that determine
their electrochemical performances including specific capaci-
tance, power density, and energy density.325,479 The above
three factors of graphene-based electrodes depend on the
synthetic methods that are summarized below.
One of the most common and simple methods is to reduce

GO into graphene.79,479,480 Previously, the graphene materials
were reduced from GO by using hydrazine hydrate as a
reducing agent to offer a specific capacitance of 135 F/g.
However, graphene sheets that were chemically reduced by
hydrazine hydrate aggregated into particles (Figure 54).79 As a

result, the specific surface area of the graphene-based electrode
material turned out to be 705 m2/g, much lower than 2630 m2/
g of single graphene sheets. The introduction of insulate binder
also lowered the electrical conductivity of the electrode, thus
decreasing specific capacitances. Besides hydrazine hydrate,
there are many other reduction agents such as hydrobromic
acid, hydroiodic acid and sodium carbonate.481−483 Ma and co-
workers had partially reduced GO into graphene by a
hydrobromic acid that was a weak reductant.481 This partially
reduced GO had not only promoted the penetration of aqueous
electrolyte but also introduced pseudocapacitances. The
resulting RGO, at a current density of 0.2 A/g, offered high
specific capacitances of 348 and 158 F/g in 1 M H2SO4 and
ionic liquid electrolyte of 1-butyl-3-methylimidazolium hexa-
fluorophosphate, respectively. The specific capacitances were
increased continuously until the 2000th cycle. The increased
capacitances were resulted from the reduction of the residual
oxygen-containing functional groups during the cycling electro-
chemical measurements. Actually, for the chemical reduction of
GO in solution, no matter how well GO can exist as single
sheets in aqueous solution, the final graphene agglomeration

seemed to be inevitable and the aggregated graphene naturally
give a relatively low specific surface area.79,484,485

Graphene can be also synthesized by thermal exfoliation and
reduction of GO.486−488 For instance, Rao and co-workers had
synthesized graphene electrodes through thermal exfoliation of
GO at 1050 °C and then fabricated the desired EDLCs.489

Although a comparatively high specific surface area of 925 m2/g
was achieved, the specific capacitance still turned out to be a
moderate value of 117 F/g in aqueous H2SO4 mainly because
the large proportion of micropores were inaccessible. To this
end, Chen and co-workers further synthesized mesoporous
graphene and improved the specific capacitance to 150 F/g.490

High temperatures were generally required with a relatively
low efficiency in the above method, while high vacuum and
microwave treatment had been found to be two effective
assistant technologies to decrease the thermal exfoliation
temperature.491−495 Yang and co-workers developed a com-
paratively low-temperature exfoliation approach (as low as 200
°C) to produce graphene with the aid of a high vacuum
environment (Figure 55). The high vacuum introduced a

negative pressure surrounding the graphene layers and thus
reduced the exfoliation temperature. The resulting graphene
materials showed an electrochemical capacitance of 264 F/g.491

Ruoff and co-workers developed a highly effective method to
synthesize RGO from GO within 1 min through a microwave-
assisted exfoliation, and the resulting RGO exhibited a specific
capacitance of 191 F/g in KOH electrolyte.492 Thermally
exfoliating and reducing GO in high boiling-point solvent is
another common strategy to realize thermal exfoliation and
reduction at relatively low temperatures.496−498 The exfoliation
and reduction can be completed in organic solvents such as
propylene carbonate (PC) and DMF without other reducing
agents. Ruoff and co-workers exfoliated and reduced GO in PC
at a low temperature of 150 °C, and the RGO showed layer
numbers from 2 to over 10 with an electrical conductivity of
5230 S/m.496 A specific capacitance of ∼120 F/g can be
obtained after addition of tetraethylammonium tetrafluorobo-

Figure 54. (a) SEM image of an electrode composed of graphene
particles (inserted, higher resolution). (b) TEM image of individual
graphene sheets. Reproduced with permission from ref 79. Copyright
American Chemical Society (2008).

Figure 55. Schematic illustration to the chemical exfoliation of
graphene. The high and low temperatures were above 1000 °C and as
low as 200 °C, respectively. Reproduced with permission from ref 491.
Copyright American Chemical Society (2009).
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rate (TEA BF4) to the RGO/PC slurry. It should be noted that
the specific capacitance was relatively higher compared with the
other electrode materials with the PC-based electrolyte.499

Chemical and thermal reductions produce graphene electro-
des with high quality for EDLCs. However, the resulting pores
of RGO are generally not large enough, so the current density is
limited to a low value as it is unavailable for the electrolyte to
diffuse among small pores.500 Therefore, a lot of effort had been
made to further tune the porous structure, prevent agglomer-
ation, and increase conductivity by designing a three-dimen-
sional structure.501 Three-dimensional self-assembled graphene
hydrogels were recently synthesized via a hydrothermal
method. The graphene hydrogel showed comparatively high
mechanical, electrical and thermal properties, and a specific
capacitance of 175 F/g was obtained in aqueous electrolyte.
Later, 2-aminoanthraquinone (AAQ) was covalently grafted
onto the surface of chemically modified graphene that can self-
assemble into macroporous hydrogels.502 They produced a
much improved specific capacitance of 258 F/g partly derived
from the additional pseudo capacitance provided by the
covalently bonded AAQ moieties. Importantly, both high rate
capability and cyclic stability had been simultaneously achieved
due to high electrical conductivity, large specific surface area
and good stability. To further improve the electrical
conductivity of graphene hydrogel, Shi and co-workers
combined hydrothermal and chemical reductions together.482

The specific capacitance reached 220 F/g at the current density
of 1 A/g for the resulting graphene hydrogel electrode, and it
had been maintained at 74% when the current density was
increased to 100 A/g. Accordingly, the power and energy
densities were calculated to be 30 kW/kg and 5.7 Wh/kg
(Figure 56), respectively. RGO hydrogels could be further

incorporated into a microporous nickel foam to form a hybrid
electrode.503−505 As the transporting distances of ions and
electrons were largely shortened, this hybrid electrode exhibited
a high rate capability. The hybrid electrode based on GO
hydrogel and nickel foam was also synthesized by a freeze-
drying method, followed by thermal annealing.504 A high

specific capacitance of 366 F/g was achieved at a current
density of 2 A/g in 6 M KOH solution.
To further increase the specific capacitance, the activation

had been widely used for carbon-based electrodes,506−508 so do
the graphene-based electrodes.432,509,510 An electrical activation
improved the specific capacitance from negligible to 220 F/g in
1 M Et4NBF4/acetonitrile electrolyte due to the increased
specific surface area from 5 to 2687 m2/g after electrical
activation and additional pseudo capacitance.509 Remarkably,
Ruoff and co-workers had activated microwave-exfoliated GO
and thermally exfoliated GO by KOH and achieved a specific
surface area as high as 3100 m2/g that was even higher than the
claimed value of 2630 m2/g for single graphene sheets. In
addition, the activation generated a three-dimensional network
with both small pores of ∼1 to ∼10 nm and high
conductivity.432 Later, the same group had activated reduced
GO paper by KOH to produce highly conductive porous thin
films.511 The resulting supercapacitor displayed a high power
density of ∼500 kW/kg at a current density of 10 A/g in
TEABF4/AN electrolyte, and the corresponding specific
capacitance and energy density turned out to be 120 F/g and
26 Wh/kg, respectively. The specific surface area was further
increased by integrating mesopores into macroporous scaffolds,
and the specific capacitance reached 174 F/g or ∼100 F/cm3 in
an ionic liquid electrolyte in acetonitrile with energy and power
densities of 74 Wh/kg (44 Wh/L) and 338 kW/kg (199 kW/
L), respectively.512Another general and effective strategy to
improve the specific capacitance of the graphene electrode is
preventing the agglomeration of RGO by introducing spacers
or stabilizers.485,513−518 The spacer can improve not only the
accessibility of the electrolyte but the electrochemical utilization
of both surfaces and nanochannels of graphene sheets. For
instance, platinum nanoparticles were intercalated into partially
exfoliated graphene nanosheets and the specific surface area of
graphene was increased from 44 to 862 m2/g. Accordingly, the
specific capacitance was increased from 14 to 269 F/g.46

Surfactants could be also intercalated onto GO sheets, followed
by reduction of GO to produce the graphene electrode.514 The
widely explored surfactants include tetrabutylammonium
hydroxide (TBAOH), cetyltrimethylammonium bromide
(CTAB), and sodium dodecylbenzenesulfonate (SDBS). The
presence of these surfactants had not only stabilized the
structure of graphene sheets during reduction but also
enhanced the wettability of graphene electrodes, thus
enhancing the electrochemical performance. The TBAOH-
stabilized graphene material exhibited a specific capacitance of
194 F/g at a current density of 1 A/g in 2 M H2SO4 aqueous
solution.
Hybrid electrodes by incorporation with the other nano-

structured carbon also represent a promising direction in
supercapacitors. Carbon black was introduced to graphene
sheets to prepare hybrid electrodes through ultrasonication and
in situ reduction.515 Graphene nanosheets were separated by
carbon black in the resulting three-dimensional hybrid material,
enabling a specific capacitance of 175 F/g at a scan rate of 10
mV/s in 6 M KOH aqueous solution. Mesoporous carbon
spheres were intercalated among graphene sheets also with a
three-dimensional structure,519 which exhibited a lower
equivalent series resistance and higher power capability than
the RGO electrode, and a specific capacitance of 171 F/g can
be obtained at a scan rate of 10 mV/s in 6 M KOH aqueous
solution. Doping has also been well recognized as an effective
route to tune electronic properties of graphene, particularly,

Figure 56. Ragone plot of the supercapacitor based on hydrazine
monohydrate-reduced graphene hydrogels. Red dots stand for the
highest power densities and corresponding energy densities from the
literature. Note that the labeled numbers correspond to the reference
numbers at ref 479, not this review article. Reproduced with
permission from ref 482. Copyright American Chemical Society
(2011).
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improving the electrical conductivity. Graphene sheets are
doped with nitrogen by plasma processes and the specific
capacitance reached 280 F/g at a current density of 1 A/g in 6
M KOH aqueous solution.520 A N-doped three-dimensional
graphene with an ultralow density of ∼2.1 mg/cm3 was
synthesized by hydrothermally treating GO with pyrrole,
followed by thermal exfoliation and reduction.226,521 This N-
doped graphene framework combined the unique three-
dimensional porous structure of few-layer graphene sheets
that favored the accessibility of electrolytes and enhanced the
capacitance performance especially at a high rate. In 1 M
LiClO4 aqueous solution, a high specific capacitance of 484 F/g
that approached the theoretical electrical double layer
capacitance of 550 F/g of bare graphene was achieved.
Moreover, when the current density was increased to 100 A/
g, the specific capacitance was maintained at 415 F/g after 1000
cycles. Similarly, the other element such as B-doped graphene
was also realized via the reduction of GO by a borane-
tetrahydrofuran adduct. The B-doped graphene exhibited a
specific surface area of 466 m2/g to offer a relatively high
specific capacitance of 200 F/g at a current density of 0.1 A/g
in 6 M KOH aqueous solution.522 Of course, two elements can
be also codoped onto graphene sheets. N/P-codoped RGO
with a high number density of surface groups also shows a
promising specific capacitance.523

CNTs served as spacers to separate graphene sheets to
prevent their agglomeration for high specific surface areas.524

There are strong π−π interactions between graphene sheets
and CNTs, and graphene sheets bridged the CNTs to increase
the electronic and mechanical properties of the hybrid
electrode.525 However, as both as-synthesized CNTs and
graphene sheets generally exist in agglomerations, it is
necessary to mix them to form a uniform hybrid nanostructure.
In a representative method, pristine CNTs were first dispersed
into water to form suspensions by using GO sheets as
dispersants through supramolecular interactions (Figure 57).524

The oxygen-containing groups on GO sheets make the
nanohybrid hydrophilic and well dispersed in water, and the
π−π interaction between aromatic moieties of CNTs and
aromatic moieties of GO sheets make the nanohybrid stable.
The resulting hybrid electrode exhibited a specific capacitance
of 140 F/g at a current density of 0.1 A/g. However, GO
nanosheets were insulated, so the specific capacitance was
sharply decreased to 30 F/g with the increasing current density
to 30 A/g. The graphene/CNT hybrid electrode could be also
synthesized by assembling acid-oxidized MWCNTs and
polymer-modified graphene sheets that were prepared by in
situ reduction of exfoliated GO in the presence of cationic

poly(ethylenimine) (PEI).425 The resulting composite materi-
als showed an interconnected network and well-defined
nanopores that enabled a high electrochemical property, even
at a scan rate of 1000 mV/s. As expected, the design of a three-
dimensional hierarchical structure generally produced a high
specific capacitance around 300 F/g.526,527

There are also some other methods to improve electro-
chemical capacitances of graphene electrodes. Graphene sheets
at one or two layers that enabled a specific surface area of 1654
m2/g were synthesized by CVD with porous MgO as the
template, and the specific capacitance reached 255 F/g in 6 M
KOH aqueous solution.528 Injected graphene electrodes were
also made through inject-printing GO aqueous dispersion onto
Ti foils, followed by thermal reduction. This electrode exhibited
a specific capacitance of 132 F/g in 1 M H2SO4 aqueous
electrolyte.529 Ultrathin, transparent graphene film electrodes
with a thickness of 25 nm and optical transmittance of 70% (at
a wavelength of 550 nm) showed a specific capacitance of 135
F/g and high power density of 7.2 kW/kg in 2 M KCl aqueous
solution.530 It should be noted that, although bare graphene
electrodes have reached fairly good gravimetric properties, their
corresponding volumetric properties are low because of a very
low density of graphene electrodes ranging from 0.05 to 0.75 g/
cm3.531,532 It has been proposed that the volume energy density
against the whole EDLC including both electrodes, electrolyte,
separator, and current collectors is more reliable to evaluate the
potential of an electrode material. Thus, the gravimetric
capacitance of the graphene electrode and packing density of
the porous graphene are two critical factors. The gravimetric
capacitance of graphene materials can be significantly improved
by optimizing fabrication methods or introducing other
materials with high energy densities described in section
4.2.2. However, porous yet densely packed carbon electrodes
are crucial to the realization of high-density electrochemical
capacitive energy storage but remain challenging. An important
attempt was made to realize a subnanometer integration of
graphene sheets with electrolytes to form highly compact
electrodes,533 and the resulting EDLC showed volumetric
energy densities approaching 60 Wh/L and power densities
approaching ∼75 kW/L. The high electrochemical performance
was derived from the continuous ion transport network. Note
that the packing density of the graphene film was increased
from typically 0.13 to 1.33 g/cm3, while graphite with a density
of ∼2.2 g/cm3 delivers little capacitance as ions cannot access
the interplanar space.

4.2.2.2. Graphene Based Composite Electrodes. Similar to
CNTs, graphene shows a relatively low specific capacitance as
an electrode material in the EDLC. Therefore, the other phase

Figure 57. (a) SEM image of a GO/CNT hybrid film (inserted, a bent strip of the hybrid film). (b) Raman spectra of the GO/CNT film with
different GO/CNT weight ratios. Reproduced with permission from ref 524. Copyright John Wiley and Sons (2010).
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with higher capacitances can be added to form composite
materials for more efficient supercapacitors.
Graphene/Conducting Polymers Composite Electrodes. Similar

to the CNT, graphene shows excellent electronic and
mechanical properties that may buffer the volume changes of
conducting polymers for a high stability. In addition, graphene
also serves as a substrate to obtain freestanding electrodes
based on conducting polymers. Typically, graphene was
introduced to enhance the mechanical and electrical perform-
ance of PANI,534−536 and PANI/GO composite materials are
synthesized via in situ polymerization of aniline monomers in
the presence of GO.537 The ratio between PANI and GO
dramatically influenced the capacitive performance of the
composite electrode, e.g., a ratio of 100/1 was better than 61/1.
In the following work,536 the same group further found that the
highest specific capacitance of 746 F/g was obtained at a mass
ratio of PANI to GO as 200/1. The capacitance can be
maintained by 73% after 500 cycles for the composite electrode
with the PANI/GO mass ratio of 23/1, though a retention of
20% was maintained for pure PANI. The enhancements of
specific capacitance and cycling life demonstrated that the
synergetic interactions including electrostatic interactions,
hydrogen bonding, and π−π interactions had not only affected
the composite morphology but also greatly improved the
electrochemical performance. Modified composite electrodes
with vertically aligned PANI nanowires grown on GO sheets
were further studied to compare their structures and electro-
chemical properties based on different ratios (Figure 58).538

The morphologies of PANI nanowires were determined by the
ratio of aniline to GO due to different nucleation processes.
Graphene/PANI composite materials were synthesized through
in situ polymerization.539,540 Graphene mainly served as a

supporting material to provide active sites for nucleation of
PANI and electron transfer. The graphene/PANI composite
exhibited a specific capacitance of 1046 F/g at a scan rate of 1
mV/s in 6 M KOH aqueous solution with the energy and
power densities of 39 Wh/kg and 70 kW/kg, respectively.
When the scan rate was increased to 500 mV/s, the specific
capacitance was decreased to ∼300 F/g.
To further improve the electrochemical performance, many

other strategies such as tuning the morphology of graphene
with more active nucleation sites and doping the other
elements have been also developed. Graphene nanoribbons
were unzipped from CNTs and used to synthesize composite
materials with PANI.541 Here the graphene nanoribbons
provided more active sites for the nucleation of PANI. Under
the assistance of PTFE as the binder, the composite electrode
exhibited a specific capacitance of 340 F/g in 1 M H2SO4
aqueous solution, and a retention of ∼90% was achieved after
4200 cycles. Cobalt-doped graphene/PANI composite electro-
des were also synthesized to produce high electrochemical
properties by in situ polymerization of aniline in the presence
of graphene and cobalt542 and exhibited a high specific
capacitance of 989 F/g. Recently, a three-dimensional
graphene/PANI composite hydrogel was synthesized after a
self-assembling process and in situ polymerization.543 The
composite hydrogel could be made into freestanding films to
serve as electrodes without binders. Multilayered graphene/
PANI composite films were constructed by layer-by-layer
assembly of positively charged PANI and negatively charged
GO sheets through electrostatic interactions, followed by
reduction of GO into graphene.544 These kinds of freestanding
films were used for flexible thin film supercapacitors.543−545

The synergetic interaction between graphene and PANI offered
both high electrical conductivity and chemical stability, thus
resulting in a specific capacitance of 375.2 F/g in 1 M H2SO4
aqueous electrolyte, which was well maintained by 90.7% after
500 cycles at a high current density of 3 A/g.
PPy/graphene composite had been directly prepared by

mixing PPy nanotubes and RGO together.546 The composite
exhibited a specific capacitance of 400 F/g at 0.3 A/g, More
uniform PPy/GO composites could be synthesized via in situ
chemical polymerization using FeCl3 as oxidant,547 and a
specific capacitance of 421.42 F/g was achieved. By optimizing
the oxidant, Xie and co-workers improved specific capacitances
to 728 F/g at 0.5 A/g in 1 M KCl aqueous solution.548 PPy/
RGO composite electrodes had been also synthesized by
chemical reduction of GO.549 Compared with the PPy/GO
composite, a lower specific capacitance of 267 F/g was
produced while the cyclic stability of graphene was higher
than GO, so a high capacitance retention of 90% was obtained
after 500 cycles. PPy/graphene composite electrodes could be
also prepared through electrostatic interactions. Layered GO
sheets were sandwiched between PPy through an electrostatic
interaction between negatively charged GO sheets and
positively charged surfactant micelles and polymerization of
pyrrole monomer in the micelles (Figure 59).550 The
electrochemical performances were varied depending on their
morphologies. The highest specific capacitance of 510 F/g was
achieved at 0.3 A/g in 2 M H2SO4 aqueous solution, and it was
maintained at 351 F/g at 5 A/g with 70% retention after 1000
charging−discharging cycles.
Electropolymerization represents another general and

effective route to synthesize PPy materials. For instance, PPy
was incorporated into a three-dimensional graphene foam

Figure 58. Schematic illustration to (a) the heterogeneous nucleation
on GO nanosheets and (b) homogeneous nucleation in bulk solution
for the growth of PANI nanowires. Reproduced with permission from
ref 538. Copyright American Chemical Society (2010).
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through electropolymerization.551 Pyrrole monomers were first
dispersed in a GO aqueous suspension to form a homogeneous
solution that was then hydrothermally treated to reduce GO to
RGO. The absorbed pyrrole monomers in the graphene foam
were converted to PPy after electropolymerization. The
composite foams demonstrated stable mechanical properties
and exhibited a specific capacitance of 350 F/g at 1.5 A/g in 3
M NaClO4 aqueous electrolyte. In particular, the capacitance
had been maintained by nearly 100% after 1000 cycles. Thin
PPy/graphene composite films were recently prepared by
electrophoretic deposition of graphene on a titanium metal
substrate and electropolymerization of PPy on graphene.552 An
ultrahigh specific capacitance of 1510 F/g (151 mF/cm2, 151
F/cm3) was obtained at a scan rate of 10 mV/s. The remarkable
electrochemical performance was derived from the highly
porous structure and effective utilization of the surface area.
Moreover, the mode of polymerization exposed maximal
surface sites for Faradaic redox reactions.
Graphene/Metal Oxide or Hydroxide Hybrid Electrodes. GO/

MnO2 hybrid materials could be synthesized by a mild chemical
reaction carried out in a water-isopropyl alcohol solvent
mixture (Figure 60).553,554 MnO2 nanoneedles on GO sheets
were formed through intercalation and adsorption of
manganese ions, followed by nucleation and growth of
nanoneedle crystal. This process also led to the exfoliation of
GO sheets. Compared with the bare GO, the hybrid exhibited
much enhanced electrochemical performance with a specific
capacitance of 216 F/g and was maintained by 84.1% after 1000

cycles. To increase the uniformity and stability of the hybrid,
polymer brushes were modified on the composite aggregates by
perpendicularly grafting poly(sodium methacrylic acid)
(PMANa) to GO or RGO sheets and then using the composite
sheets as templates to load MnO2 nanoparticles (Figure 61).

555

The hybrid was then mixed with acetylene black and PTFE
binder and assembled into a two-electrode cell in 1 M Li2SO4
aqueous electrolyte. It exhibited an outstanding electrochemical
performance with a specific capacitance of 372 F/g at a current
density of 0.5 A/g, and only a slight drop of 8% was observed
after 4000 cycles. The formation of porous structures with
higher specific surface areas represents an efficient strategy to
further enhance the electrochemical performance. Porous
“activated microwave expanded graphite oxide” was used to
deposit MnO2 nanoparticles with sizes of 2−3 nm to form the
desired hybrid (Figure 62).556 This hybrid material based
symmetric electrochemical capacitor revealed a capacitance of
256 F/g (640 F/cm3) and yielded power and energy densities
of 32.3 kW/kg and 20.8 Wh/kg, respectively.
Aiming at practical applications, Fan and co-workers had

developed a rapid and effective method to synthesize graphene/
MnO2 hybrids through self-limiting deposition of MnO2 on
graphene under microwave irradiation (Figure 63).434 The
nanostructured graphene/MnO2 hybrid material was mixed
with carbon black and PTFE to prepare an electrode with a
specific capacitance of 310 F/g at 2 mV/s in 1 M Na2SO4
aqueous electrolyte. The capacitance could be maintained at
228 F/g at 500 mV/s, indicating a high rate performance.
Besides MnO2, Mn3O4 was also incorporated into graphene

to improve the capability.557−559 Graphene/Mn3O4 hybrids had
been synthesized through a one-step method, and the specific
capacitance can reach 271.5 F/g at a current density of 0.1 A/
g.559 Moreover, a specific capacitance of 180 F/g had been
maintained when the current density was increased to 10 A/g,
and the capacitance was held by 100% after 20 000 cycles.
However, the graphene/Mn3O4 hybrid materials are generally
not freestanding, and insulated binders that decrease the
electrochemical performance need to be added in the
preparation of electrodes. Moreover, they are mainly tested in
three-electrode systems and need a current collector during
measurements. Recently, an attempt was made to synthesize
freestanding graphene/Mn3O4 papers by filtration, and the
hybrid paper could be assembled into flexible asymmetric
supercapacitors (Figure 64).560

Cheng and co-workers had synthesized graphene/RuO2
hybrid materials with different contents of Ru through sol−
gel and low-temperature annealing processes.561 Graphene
sheets were well separated by RuO2 nanoparticles, and RuO2
nanoparticles had been also well anchored onto graphene
sheets. The synergistic interactions between graphene sheets
and RuO2 nanoparticles provided the hybrid with a remarkable
electrochemical property. A high specific capacitance of 570 F/
g was achieved at Ru weight percentage of 38.3%; the
capacitance can be maintained up to 97.9% after 1000 cycles
with high energy density of 20.1 Wh/kg at 0.1 A/g; a
reasonable energy density of 4.3 Wh/kg was obtained at a high
power density of 10 kW/kg. Similar to the manganese oxide,
flexible supercapacitors had been realized from the modified
graphene/Nafion/RuO2 electrode.

562

Co3O4 has also attracted increasing attentions for large
specific surface area, reversible redox behavior, high con-
ductivity, and long-term performance.553 The hybrid composed
of graphene and Co3O4 nanoparticles could be typically

Figure 59. Schematic illustration to the formation of a GO/PPy
composite. Reproduced with permission from ref 550. Copyright
American Chemical Society (2010).

Figure 60. (a) TEM image of a GO/MnO2 hybrid nanoneedle. (b)
TEM image of a MnO2 nanoneedle at a higher resolution. Reproduced
with permission from ref 554. Copyright American Chemical Society
(2010).
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synthesized through a microwave-assisted method.563 The
hybrid exhibited a specific capacitance of 243.2 F/g.
Graphene/Co3O4 nanoplate hybrids were made by hydro-
thermal treatment and subsequent calcination aimed at
improved electrochemical performances.564 The Co3O4 nano-
plates were homogeneously distributed on the surfaces of
graphene sheets with lengths of 0.5−1 μm and widths of 100−
300 nm. For the graphene load of 7 wt %, a maximal specific
capacitance of 472.5 F/g was produced. However, the
capacitance was increased by 25.2% after 450 cycles and then
decreased slightly in the following 550 cycles. This phenom-
enon should be ascribed to the gradual activation of the

nanostructures at the initial 450 cycles and following
capacitance fading of the fully activated Co3O4 nanoplates
after continuous charge−discharge cycling. Another Co-based
sheet-on-sheet graphene/Co(OH)2 composite was synthesized
through in situ one-step hydrothermal growth.565 This hybrid
realized a high specific capacitance of 540 F/g at a current
density of 10 A/g in 1 M KOH aqueous solution. Moreover,
the capacitance was increased to 810 F/g during the first 1000
cycles and then maintained at 651 F/g after 10 000 cycles.
The other metal oxide or hydroxide materials such as

Ni(OH)2, Fe2O3 or Fe3O4, TiO2, and ZnO have also been
incorporated with graphene to prepare electrodes for super-

Figure 61. (a) Schematic illustration to the formation process and (b) TEM image of graphene oxide/polymer brush/MnO2 composite. (c)
Schematic illustration to the formation process and (d) TEM image of graphene/polymer brush/MnO2 composite. Reproduced with permission
from ref 555. Copyright Royal Society of Chemistry (2013).

Figure 62. Schematic illustration to the deposition of MnO2 in activated microwave-expanded GO and TEM images of resulting MnO2
nanoparticles. The right, bottom graph shows the Ragone plot of the hybrid supercapacitor. Reproduced with permission from ref 556. Copyright
American Chemical Society (2012).
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capacitors with high performances.478,553,566−571 A graphene/
Ni(OH)2 nanocrystal hybrid exhibited a very high specific
capacitance of 1335 F/g at a current density of 2.8 A/g.543 The
good cyclic stability was also verified at a high current density of
28.6 A/g without obvious decrease in capacitance after 2000
cycles. Recently, more and more attention has been paid to
explore ternary systems such as graphene/CNT/conducting
polymer, graphene/CNT/metal oxide, and graphene/conduct-
ing polymer/metal oxide for better electrochemical perform-
ances.572−574 They are designed to not only effectively take
advantages of each moieties but also realize their synergistic
interactions.

4.2.3. Mesoporous Carbon. Activated carbon is still
mainly used as electrode materials of EDLCs due to a low cost
but limited by an abundant proportion of micropores
(diameters of less than 2 nm) that are not easily wetted by
the electrolyte for charge storage. Moreover, even in the
situation where the micropores can be wetted by the
electrolyte, the ionic transport in such small pores is so slow
that the high rate capability, one of the advantages of EDLCs,
may not be realized. In contrast, mesoporous carbon is
demonstrated for a large specific surface area that is favorable
for high charge accumulation, effective electrolyte wetting, and
rapid ionic transport. In particular, they can be designed with
tunable pore sizes and size distributions according to the
dimensions of electrolytes and ions to enhance the charge
accumulation and transport. The regularly interconnected
mesopores (larger than 2 nm) produced both high charge
storage and rate capability that are also unavailable for the
randomly connected pores in the activated carbon.

4.2.3.1. Bare OMC Electrodes. Mesoporous carbon materials
are typically prepared using mesoporous silica as the template.
Therefore, two-dimensional hexagonal and three-dimensional
cubic mesoporous silica produce two- and three-dimensional
ordered mesoporous carbon materials, respectively. A lot of
effort was previously made to enhance the pore volume in
activated carbon by increasing the specific surface area and
refining the activation process. However, the results suggested
that there was not a linear relationship between the specific
surface area and capacitance, and the effects differed for
different kinds of electrolytes in the case of different pore
sizes.575,576 For instance, in organic electrolytes, the pores
smaller than 1 nm may not be accessible to the solvated ions,
whose sizes are larger than 1 nm.577 Even the hydrated ions also
required a pore size of at least 0.5 nm. The ions owned a
dynamic sheath of solvent molecules, and hundreds of
kilojoules per mole were required to remove it in aqueous
solutions. A pore size distribution in the range of 2−5 nm,
which is larger than the sizes of two solvated ions, was preferred
to improve the energy density and power capability.576 It was
also found that there existed a balance between micropores and
mesopores to maximize the specific capacitance. Too high an
amount of mesopores can diminish the volumetric capacitance
due to a lower density of the carbon material.578,579 It was also

Figure 63. Schematic illustration to the synthesis and electrochemical
energy storage process of graphene/MnO2 hybrid. Reproduced with
permission from ref 434. Copyright Elsevier (2010).

Figure 64. Schematic illustration to the fabrication of all-solid-state flexible asymmetric supercapacitors using polymer gel electrolyte and
freestanding CNT/graphene and Mn3O4/graphene paper electrodes. Reproduced with permission from ref 560. Copyright American Chemical
Society (2012).
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suggested that a partial desolvation of ions could occur,
allowing for the access to small pores (less than 2 nm).427 High
capacitance was observed for a mesoporous carbon containing
large numbers of small micropores, indicating that a partial ion
desolvation could lead to an improved capacitance.425,580

Despite all of these efforts, only a moderate improvement in
the electrochemical property of the mesoporous carbon had
been made, and gravimetric capacitances in the ranges of 100−
120 and 150−200 F/g in organic and aqueous electrolytes were
achieved, respectively.581,582

The work from Frackowiak and co-workers is highlighted for
a better understanding of the impact of pore sizes on the
electrochemical performance above.427 Two highly ordered
mesoporous carbons with narrow dispersed pore sizes of 3 and
8 nm (Figure 65) were synthesized from a mesostructured

SBA-16 silica template and polyfurfuryl alcohol carbon
precursor, respectively. The above mesopores displayed large
equivalent BET-surface areas of 1880 and 1510 m2/g and were
labeled as C-1 and C-2, respectively (Table 7). For C-1, a
remarkable presence of micropores with sizes below 2 nm was
also observed, which explained the prominent surface area. C-1
and C-2 were then tested in various electrolytic solutions
(acidic, alkaline, and aprotic) by the two-electrode method.
Table 8 presents the capacitances for both C-1 and C-2 in
different media estimated by impedance spectroscopy at 1
mHz, galvanostatic discharges at a current density range from
0.1 to 1 A/g, and voltammetry cycling at scan rates from 1 to 20
mV/s. Sample C-1 demonstrated a higher capacitance than C-2
in all three electrolytic solutions, which agreed with the higher

surface area of C-1 (1880 m2 /g in comparison to 1510 m2 /g).
For both C-1 and C-2, the capacitances in an acidic medium
were higher than those in an alkaline medium. Unexpectedly,
C-2 dramatically lost the ability for charge accumulation at high
current densities in alkaline medium, e.g., only 87 F/g at a
current density of 0.5 A/g, while a much higher capacitance of
145 F/g was maintained for C-1. The sharp decrease in C-2
could be explained by a worse connectivity among pores
compared with C-1. However, the two samples shared a
moderate decrease in capacitance with the increasing scan rate
or current density in the acidic or nonaqueous electrolyte. The
capacitances were close to 100 F/g in the nonaqueous
electrolyte, relatively high values for organic solutions. To
summarize, the mesoporous carbon with a smaller average pore
size of 3 nm showed an obviously better performance than the
larger pore with average diameter of 8 nm.

4.2.3.2. Functionalized OMC Electrodes. A good charge
propagation and capability for high current loads requires the
presence of small mesopores (2−4 nm), while the microspores
play an important role in the electrically charging process.
Therefore, it is also necessary to introduce the micropores into
the mesoporous carbon, which has been generally realized
through an activation process. For instance, the capacitance was
increased from 115 to 223 F/g after the CO2 activation.583

When sulfuric acid, nitric acid, or ammonium persulfate
solution was used as the activation agent, a variety of functional
groups are also produced, which further benefit the adsorption
of ions and improve the hydrophilicity or lipophilicity.
Therefore, it can not only introduce the additional
pseudocapacitance to enhance the capacitance greatly but also
facilitate a better wetting process between the electrolyte and
carbon electrode and speed the ion transport within the

Figure 65. Nitrogen adsorption/desorption isotherms at 77 K (inset,
pore size distribution of the carbon). Reproduced with permission
from ref 427. Copyright Elsevier (2005).

Table 7. Porous Carbons Synthesized by a Template Methoda

α-analysis

carbon SBET (m2 g−1) total pore volume (cm3 g−1) mesopore volume (cm3 g−1) Sext (m
2 g−1) maximum of pore size distribution (nm) fwhm (nm)b

C-1 1880 1.22 1.08 20 2.8 2.5
C-2 1510 1.96 1.79 50 8 5

aReproduced with permission from ref 427. Copyright Elsevier (2005). bFull width at a half-maximum.

Table 8. Specific Capacitances (F g−1) of the Mesoporous
Carbon Materials, i.e., C-1 and C-2, Prepared through the
Template Methoda

1molL−1H2SO4
(F g−1)

6 mol L−1 KOH
(F g−1)

aprotic medium
(F g−1)

C-1 C-2 C-1 C-2 C-1 C-2

impedance 1 mHz 145 127 137 115 91 83
100 mA g−1 191 161 184 134 97 93
200 mA g−1 172 154 169 121 96 89
500 mA g−1 155 144 145 87 90 86
1000 mA g−1 143 132 133 67 86 80
1 mV s−1 199 164 205 160 113 109
2 mV s−1 178 158 186 143 108 99
5 mV s−1 163 156 156 136 100 97
10 mV s−1 154 143 148 69 98 96
20 mV s−1 144 134 132 47 94 95

aReproduced with permission from ref 427. Copyright Elsevier
(2005). The specific capacitances were calculated from galvanostatic
charge−discharge curves based on the impedance spectroscopy at 1
mHz.
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micropores. For instance, an OMC material was activated by
nitric acid to produce both small mesopores and functional
groups of −OH, −COOH, and/or −CO on the surface.584 A
bimodal pore size distribution of 2.1−2.3 and 5.3 nm was
observed to provide a specific surface area of 465−578 m2/g.
Compared with the original OMC, the introduced functional
groups offered a pseudocapacitance to increase the specific
capacitance from 117 to 295 F/g at a scan rate of 10 mV/s in 6
M KOH aqueous solution. The following redox reactions can
explain the caused pseudocapacitance by the mentioned
functional groups. A high cycling stability with capacitance
retention of 85% was discovered for over 500 cycles.

− − → − + ++ −
C OH C O H e (1)

− → − + ++ −COOH COO H e (2)

− + → − − −− −
C O e C O (3)

Nitrogen doping has been also widely used to enhance the
electrochemical properties of OMC materials in super-
capacitors. An N-doped OMC can be synthesized by using
soluble resol as a carbon source, dicyandiamide as a nitrogen
source, and commercial triblock copolymer F127 as a soft
template via solvent evaporation induced self-assembly
process.585 The as-synthesized OMC showed a p6m and
Im3m symmetry mesostructures with pore sizes of 3.1−17.6
nm, specific surface areas of 494−586 m2/g, and high nitrogen
weight percentages up to 13.1%. The nitrogen doping can
enhance the surface polarity, electrical conductivity, and
electron donor tendency of the mesoporous carbon, leading
to a promising capacitor performance. A specific capacitance of
262 F/g was achieved at a current density of 0.2 A/g.

Besides the pore sizes and surface modifications, the channel
structure is also an important factor to the capacitivity of OMC.
For instance, two-dimensional hexagonal mesoporous and
three-dimensional cubic mesoporous carbon materials were
prepared from SBA-15 and MCM-48 silica templates,
respectively.109 When they were used as electrodes, the three-
dimensional networked structure produced a better perform-
ance than the former one due to a lower ion-transfer
resistance.586

4.2.3.3. OMC Based Composite or Hybrid Electrodes. The
OMC materials have been also incorporated with the other
moieties for better electrochemical properties, and a broad
spectrum of pseudocapacitor materials such as conducting
polymers and metal oxides are widely investigated. For
instance, a family of hierarchical PANI nanowire/ordered
bimodal mesoporous carbon (PANI/OBMC) composites were
synthesized by a chemical oxidative polymerization.587 The
composite material showed a specific surface area of 599 m2/g
with a combination of smaller mesopores (2.4 nm in diameter)
and larger mesopores (5.0 nm in diameter). The PANI
nanowires with diameters of 20−30 nm were formed after
polymerization. This composite material displayed a decent
specific capacitance of 517 F/g and an outstanding cycling
stability with 91.5% retention after 1000 charge−discharge
cycles. The coexistence of both large and small mesopores were
believed to be favorable for the penetration of electrolyte, while
the unique hierarchical structure shortened the charge transfer
distance, which was crucial to the facilitation of ion diffusions.

4.2.4. Fiber-Shaped Electrochemical Capacitors. Sim-
ilar to the other fiber-shaped energy devices such as PSCs,
DSSCs, and LIBs, the fiber-shaped supercapacitors are also
flexible, lightweight, integratable, and wearable. Different from

Figure 66. (a) Structure of the graphene/CNT fiber. Reproduced with permission from ref 589. Copyright John Wiley and Sons (2014). (b) SEM
image of OMC/CNT hybrid fiber. Reproduced with permission from ref 590. Copyright John Wiley and Sons (2013). (c) Cross-sectional SEM
image of the coaxial supercapacitor. Reproduced with permission from ref 591. Copyright John Wiley and Sons (2013). (d) Schematic illustration to
the fabricating process of the stretchable fiber-shaped supercapacitor. Reproduced with permission from ref 592. Copyright John Wiley and Sons
(2013).
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the fiber-shaped DSSCs, PSCs, and LIBs that require strict
conditions such as oxygen- and water-free atmospheres, the
fiber-shaped supercapacitors can be more easily fabricated by
directly twisting two fiber electrodes or wrapping two
electrodes on fiber substrate to form a coaxial structure in the
air under mild conditions; they can be also more stably
operated with long lifetime during use.
Previously, two aligned CNT fibers coated with gel

electrolyte were twisted into a supercapacitor based on the
combined high electrical conductivity and mechanical strength
of CNT fibers besides being flexible.588 The bare CNT fiber-
based supercapacitor was typically a classical EDLC with a
relatively low specific capacitance of 13.3 F/g (3.01 mF/cm2 or
0.015 mF/cm). To enhance the specific capacitance of the
fiber-shaped supercapacitor, graphene was incorporated into
aligned CNT fibers by soaking aligned CNT sheets with
graphene oxide solution, followed by twisting the GO/CNT
hybrid sheet into fibers and reduction of GO into graphene
(Figure 66a).589 Here graphene sheets served as effective
bridges among neighboring CNTs and improved the charge
transport due to the π−π interactions between graphene sheets
and CNTs. Therefore, compared with the bare CNT fiber, the
graphene/CNT hybrid fiber possessed higher conductivity and
produced a higher specific capacitance of 31.5 F/g (4.97 mF/
cm2 or 0.027 mF/cm) that can be well maintained after 5000
cycles. Similarly, OMC particles were also introduced into
CNT sheets and then spun into CNT fibers containing OMC
(Figure 66b).590 The use of OMC particles with tunable pores
offered larger specific surface area for higher specific
capacitances, while the continuous aligned CNTs with high
electrical conductivity ensured rapid charge transports in the
hybrid fiber. At the OMC weight percentage of 87%, a specific
capacitance of 39.67 mF/cm2 (1.91 mF/cm) was achieved in
the resulting fiber-shaped supercapacitor. In contrast, a much
lower capacitance of 1.97 mF/cm2 (0.017 mF/cm) was
obtained for the bare CNT fiber. Note that the aligned
CNT/OMC hybrid fiber also showed much higher electro-
chemical performance than the bare OMC discussed above.
The fiber-shaped supercapacitor could be also made into a

coaxial structure. For instance, an aligned CNT fiber served as
the inner electrode while an aligned CNT sheet wrapped as the

sheath acted as the outer electrode with a gel electrolyte being
sandwiched between them (Figure 66c).591 Compared with the
twisting structure, this coaxial structure decreased the internal
resistance of the supercapacitor and thus improved the energy
storing properties with a specific capacitance of 59 F/g. The
coaxial fiber-shaped supercapacitor could be bent, knotted and
woven into textiles without obvious damages or breaking in
structure and loss in capacitance. For instance, the capacitance
was maintained by 97.2% after bending at the angle of 180° for
100 cycles. However, a large decrease of the capacitance
(∼20%) occurred after stretching for 75 cycles at a strain of
10%, which had largely limited their practical applications in
portable and wearable electronic devices. To this end, elastic
fiber electrodes were further developed by winding aligned
CNT sheets onto stretchable polymer fibers (Figure 66d).592

After deposition of gel electrolyte on the elastic fiber electrode,
another layer of CNT sheets was wound onto the surface and
served as the other electrode. The resulting fiber-shaped
supercapacitor can be stretched by 75% for 100 cycles and the
capacitance had been maintained by above 95%. In addition,
the capacitance was maintained by over 90% after 1000
charge−discharge cycles under a stretched state.
To further improve the capacitance of the fiber-shaped

supercapacitors, conducting polymers have been also intro-
duced to fabricate pseudo capacitor. For instance, PANI/CNT
composite fibers were easily synthesized through electro-
chemical polymerization of aniline.593 Because of the pseudo
capacitance of PANI, the specific capacitance was increased to
274 F/g or 263 mF/cm. Moreover, because PANI was
electrochemically deposited onto aligned CNTs through in
situ polymerization, the composite fiber inherited high
flexibility of the CNT fiber and can be woven into clothes.
After 50 cycles of bending, the capacitance remained by 97%,
indicating a high stability of the supercapacitor under bending.
PANI array can be also deposited onto CNT fibers through
dilute polymerization process.594 Due to the larger surface area
of the PANI array, the specific capacitance reached 38 mF/cm2

that was 16 times of the bare CNT fiber (2.3 mF/cm2). As
expected, transition metal oxide such as MnO2 with a high
pseudo capacitance could be also introduced to aligned CNT

Figure 67. (a) Photograph of a graphene fiber made by CVD. Reproduced with permission from ref 595. Copyright American Chemical Society
(2011). (b) Photograph of a graphene fiber made by reduction of a wet-spun GO fiber. Reproduced with permission from ref 597. Copyright Royal
Society of Chemistry (2013). (c) Cross-sectional SEM image of the porous graphene-coated graphene fiber. Reproduced with permission from ref
598. Copyright John Wiley and Sons (2013). (d) Schematic illustration to the coaxial spinning process. Adapted from refs and 597−599.
Reproduced with permission from ref 599. Copyright Nature Publishing Group (2013).
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fibers.588 The capacitance was improved to 3.707 mF/cm2

compared with 3.010 mF/cm2 in the bare CNT fiber.
Graphene fibers that are lightweight, flexible, strong, and

conductive can be also used as fiber electrodes to fabricate
fiber-shaped supercapacitors typically with an electrical double
layer capacitance. Graphene fibers with a porous and crumpled
structure were first assembled from graphene synthesized by
CVD.595 The electrochemical properties were measured in a
three-electrode system and liquid electrolyte. A low specific
capacitance of 1.4 mF/cm2 was produced. Two graphene fibers
were then twisted into an all-solid-state fiber-shaped super-
capacitor in a gel electrolyte, and the specific capacitance turned
out to be 2.13 mF/cm2.596 The prepared fiber was relatively
short (Figure 67a).572 Long graphene fibers were later
synthesized by wet spinning of GO sheets, followed by
reduction into graphene fiber (Figure 67b).597 The resulting
fiber-shaped supercapacitor exhibited a specific capacitance of
3.3 mF/cm2 without fatigue even after 5000 charge−discharge
cycles or 5000 bending cycles. To improve the electrical double
layer capacitance, a unique all-graphene core−sheath fiber was
designed and fabricated with a graphene fiber as the core and
three-dimentional porous graphene framework as the sheath
(Figure 67c).598 The core graphene fiber endowed a high
conductivity, and the porous network-like graphene in the
sheath offered a high specific surface area. As a result, a specific
capacitance of 40 F/g (1.7 mF/cm2) was achieved. Recently, a
modified coaxial fiber shape was realized to reach high
electrochemical performances (Figure 67d).599 In this novel
coaxial structure, the core graphene fiber was reduced from a
GO fiber, and the sheath was composed of sodium carbon-
xymethyl cellulose that was ionically conductive but electrically
insulated. The specific capacitance was greatly improved to 177
mF/cm2. Moreover, the protocol was simple and industrially
viable for a scalable fabrication of wearable supercapacitor.
Conductive polymers and metal oxides are also incorporated

into graphene fibers to provide pseudocapacitances. PANI
nanoparticles can be deposited onto graphene sheets by in situ
chemical polymerization of aniline. The specific capacitance can
be increased to 66.6 mF/cm2 from 3.3 mF/cm2 of the bare
graphene fiber.597 When the graphene fiber was decorated with
MnO2 nanoparticles, the specific capacitance was enhanced
from 2.13 to 42 mF/cm2 at the scan rate of 10 mV/s.596

4.3. Summary

Advanced electrical storage technology has greatly affected the
progress of our society. Carbon nanomaterials like CNT,
graphene, and OMC demonstrate high potentials in energy
storage due to large specific surface areas and high electrical
conductivities. The main efforts are paid to their applications as
cathodes and additives to promote the transport of both lithium
ions and electrons in LIBs, or to increase the specific surface
area and conductivities in EDLC, or to be used as a skeleton to
fabricate freestanding electrodes (without metal substrate or
binder). Moreover, CNT, graphene, and OMC can also be
composited with conducting polymers or metal oxides to
fabricate hybrid electrodes in energy storage devices with high
specific capacitances and power densities.
Besides unremitting efforts in developing materials with high

energy storage capabilities, increasing attention is paid to the
application in the wearable and portable electronics, which
requires flexible and lightweight energy storage systems to
power them. Learning from the old textile technology, LIBs and
supercapacitors in a new fiber format have been summarized

above, and these fiber-shaped energy storage systems can be
further woven into clothes or other flexible structures. It is
recognized that the fiber electrode plays a vital role in
constructing fiber-shaped batteries and supercapacitors. At
present, both continuous CNT and graphene fibers had been
synthesized with high strengths and conductivities. The
resulting LIBs and supercapacitors based on those fiber
electrodes were lightweight, flexible, weaveable, and wearable.
They could even be highly stretchable to achieve better
adaptability to the movement of our bodies.

5. INTEGRATED ENERGY CONVERSION AND
STORAGE DEVICES

Converted solar energy needs to be stored effectively for future
applications. Traditionally, solar cells can be connected with an
energy storage device by external electrical wires. However, it is
not convenient and also reduces the use efficiency of the
produced solar energy. To this end, some integrated devices
were developed by integrating solar cells and storage devices
together.600−603

5.1. Planar Structure

An integrated device named a “photocapacitor” was previously
realized by designing a sandwich structure where a redox-free
liquid electrolyte had been sandwiched between a photoande
and an activated carbon-based capacitor. This photocapacitor
showed a specific capacitance of 690 mF/cm2.600 Later, a
printable and all-solid-state integrated device was made by
stacking a PSC and a supercapacitor together (Figure 68). This
design can reduce the internal resistance by 43% compared
with the case where the PSC and supercapacitor were
connected by external conducting wires.601

After several years of optimizations, an all-solid-state self-
powering integrated device was fabricated by integrating a
DSSC and a supercapacitor based on penetrated and aligned
CNT films (Figure 69).602 These CNT films were prepared by
a pressing method from CNT arrays with remarkable electronic
and catalytic properties. The working mechanism of the
integrated device is summarized below. Upon illumination,
the generated electrons from dye molecules are injected into
the conduction band of TiO2 and flow to the outer MWCNT
electrode, which provide a potential for charging the super-
capacitor. The photoelectrical conversion part showed a VOC of
0.750 V, JSC of 13.41 mA/cm2, and FF of 0.61, which produced
an energy conversion efficiency of 6.10%. The energy storage
part exhibited a specific capacitance of 26 F/g with energy
storage efficiency of ∼84%. Herein, the entire energy
conversion and storage efficiency was calculated to be ∼5.12%.

Figure 68. Schematic illustration of a self-powered integrated device
fabricated by integrating a PSC and a supercapactior. Reproduced with
permission from ref 601. Copyright Royal Society of Chemistry
(2010).

Chemical Reviews Review

DOI: 10.1021/cr5006217
Chem. Rev. 2015, 115, 5159−5223

5209

http://dx.doi.org/10.1021/cr5006217


5.2. Fiber Shape

Similarly, a fiber-shaped self-powered integrated device can be
also fabricated by integrating a solar cell with a supercapacitor.
In general, they can be divided into two main types. In one
case, the photoelectric conversion and energy storage parts
share one electrode along the axial direction.336,604,605 In the
other case, the electric conversion and energy storage parts are
coaxially coated onto a fiber sequentially.144

It is relatively easy to fabricate the first type of self-powering
integrated devices. For instance, a solar cell, nanogenerator and
supercapacitor had been fabricated onto a fiber for both energy
conversion and storage.604 More specifically, it can gather both
mechanical and solar energy and then store the generated
energy in the integrated fiber-shaped supercapacitor (Figure
70). The three parts shared the same modified Kevlar fiber
electrode with ZnO nanowires perpendicularly grown on the
surface. Graphene was wound on the modified Kevlar fiber to
serve as the other electrode in the integrated energy device.
The energy conversion efficiency was relatively low at 0.02%,

and the supercapacitor showed specific capacitance of 0.4 mF/
cm2 or ∼0.025 mF/cm.
This integrated energy device has taken advantage of various

nanostructured materials. Graphene was used as the outer
electrode with large specific surface area, high conductivity, and
optical transmittance, while the modified Kevlar fiber with ZnO
nanowires exhibited a proper working function for nano-
generator and acceptable specific surface area for dye
absorption in DSSC and charge storage in supercapacitor.
However, a relatively poor performance had been observed in
the integrated energy device due to the difficulty in the control
and fabrication optimization. The graphene was coated on the
Cu mesh and was not highly transparent, resulting in a
significant loss in the transmission of incident light to the dyes
in DSSC. The specific surface area of ZnO nanowires was not
high enough to offer remarkable electrochemical performance
in the supercapacitor.
Recently, a fiber-shaped integrated device had been realized

by integrating a DSSC with a supercapacitor based on an
aligned CNT fiber and modified titanium wire.336 Specifically,
the photoelectric conversion and energy storage parts shared a
titanium wire electrode that was perpendicularly grown with
aligned TiO2 nanotubes. Here the aligned TiO2 nanotubes not
only improved the charge separation and transport in the
photoelectric conversion part but also increased the specific
surface area in the energy storage part. Two aligned CNT fibers
were separately wrapped for the photoelectric conversion and
energy storage parts. The energy conversion efficiency reached
2.2% from the photoelectric conversion part, and a specific
capacitance was about 0.6 mF/cm2 in the energy storage part.
The energy storage part can be rapidly charged to a voltage
which was close to the open-circuit voltage of the photoelectric
conversion part upon light irradiation. The energy storage
efficiency reached 68.4%, and the entire photoelectric
conversion and storage efficiency was therefore calculated to
be 1.5% by multiplying the energy conversion efficiency and
energy storage efficiency. The charging process of the
integrated energy device was schematically shown in Figure 71.

Fiber-shaped integrated devices in a coaxial structure have
been also developed with the solar cell in the outer sheath while
a supercapacitor in the inner sheath (Figure 72).606 A polymer
separation tube between the photo anode and supercapacitor
was used to prevent the infiltration of electrolyte into the
supercapacitor, and aligned CNT sheets were wrapped on the
separation tube acting as the counter electrode. At the
outermost part, another polymer separation tube was used to
stabilize the liquid electrolyte and protect the whole device.

Figure 69. Schematic illustration of a self-powering integrated device
by sharing a penetrated and aligned MWCNT film electrode in energy
conversion and storage parts. Reproduced with permission from ref
602. Copyright Royal Society of Chemistry (2013).

Figure 70. Schematic illustration of a self-powering fiber-shaped
integrated device by integrating the solar cell, nanogenerator, and
supercapacitor together. Reproduced with permission from ref 604.
Copyright John Wiley and Sons (2011).

Figure 71. (a) Schematic illustration of the integrated fiber-shaped
device for photoelectric conversion and energy storage based on a
series connection. (b, c) SEM images of the working electrode in the
photoelectric conversion part and CNT fiber, respectively. Repro-
duced with permission from ref 336. Copyright John Wiley and Sons
(2012).
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Compared with the integrated device by connecting photo-
voltaic and storing devices in series, it was not easy for this
coaxial structure to break in the connected part and showed
higher photoelectric conversion efficiency under the same
device area. The entire energy conversion and storage efficiency
was calculated to be 1.83% and can be well maintained under
stretching. The realization of stretchability here is a great
breakthrough and promoted the integrated devices toward
practical applications.

6. SUMMARY AND PERSPECTIVE
Four dimensions of carbon nanomaterials, i.e., zero-dimen-
sional fullerene, one-dimensional CNTs, two-dimensional
graphene, and three-dimensional OMC, have been developed
in both energy conversion and storage devices. For the energy
conversion devices such as solar cells, CNTs and graphene are
widely studied as alternative materials to replace the traditional
transparent conducting electrode (i.e., ITO); fullerene
derivatives are still the best electron acceptor in PSCs to
date; CNTs and graphene were prepared as counter electrodes
to replace the platinum electrodes due to their high catalytic
activity, stability, and flexibility in DSSCs. The carbon
nanomaterials also demonstrate high potentials in energy
storage due to large specific surface areas and high electrical
conductivities. For instance, CNT, graphene, and OMC have
been widely used as cathodes and additives to promote the
transport of both lithium ions and electrons in LIBs. In
addition, they can also be used as electrodes in supercapacitors
with high specific capacitances and power densities.
To summarize the recent study, the main efforts have been

made and will be continuously made to develop general and
effective methods in the synthesis of carbon nanomaterials,
design and accurately control their structures, and enhance
their chemical and physical properties.607 For the synthesis, it is
difficult to produce fullerene derivatives at a large scale, so the
cost remains high for practical applications. Although CNTs
have been extensively explored for over two decades at both the
academy and industry and the costs have been largely decreased
to synthesize them, it is challenging to achieve a high purity,
particularly, SWCNTs, for various applications, and the
purifying process increases the complexity and cost. Compared
with the CNT, graphene is studied on the synthesis for a much
shorter time but has been shown to be much cheaper, so it
seems available for a large-scale application. However, the
realization of high-quality graphene materials with close and
repeating sizes remains challenging. In contrast, the synthesis of
OMC materials is still limited to a lab scale.
It is always important, although not easy, to control the

structures of nanoscaled materials, particularly, at an application
scale. Although CNTs have been extensively explored, it is still
unavailable to accurately control and repeat the structures of
SWCNTs, and there typically exist a lot of defects particularly
for MWCNTs. Similarly, although it has been demonstrated to
synthesize single-layered graphene sheets with designed

dimensions, it remains difficult to control the sizes and layer
numbers of graphene sheets at large scales. In contrast, the
available control on the pore morphology and size in OMC
materials seems already efficient in satisfying energy storage
applications, more effort is needed to control the sizes of
aggregates that typically appear for OMC materials. On the
other hand, it is typically necessary to prepare uniform materials
for high properties and stable performances in use. However,
carbon nanomaterials tend to aggregate into island-like or
networked structures depending on their morphologies during
preparation. The zero-dimensional fullerene derivatives form
large aggregates, one-dimensional CNTs often appear in
networks, while two-dimensional graphene sheets are more
likely to stack into thicker plates.
Carbon nanomaterials are often modified with the other

functional organic or inorganic moieties to prevent the above
aggregation for uniform structures. In most cases, their physical
properties will be decreased after modification, e.g., both
mechanical strengths and electrical conductivities of CNTs and
graphene sheets are obviously decreased after the connection of
polymers on their surfaces by chemical reactions. On the other
hand, the properties of carbon nanomaterials may be also
enhanced after the specifically designed modifications. For
instance, the catalytic properties of CNTs were greatly
improved for high-capacitance supercapacitors after doping
with nitrogen in the wall, the cross-linked polymers among
neighboring CNTs in fact increased the tensile strengths of
CNT fibers, and the electrochemical deposition of platinum
nanoparticles on the surfaces of graphene sheets in a fiber
produced the highest power conversion efficiency of the DSSC.
Therefore, it is a key to design the second component and
connection format in modification for higher properties.
Besides the continuous efforts on the effective synthesis,

structure control, and property optimization, increasing
attention has also been made to incorporate different
dimensions of carbon nanomaterials to more efficiently take
their advantages. For instance, graphene sheets were coated
onto aligned CNTs to serve as bridges to rapidly transport
charges, which obviously increased the power conversion
efficiency of the resulting DSSC. OMC materials had been
wrapped into aligned CNTs to produce hybrid fibers where
both high specific surface area of OMC and high electrical
conductivity of CNT were integrated to achieve a synergistic
effect. As a result, when they were used as electrodes to
fabricate supercapacitors, a much improved specific capacitance
had been achieved in a comparison to either bare CNT or
OMC material. The above design may represent a general and
effective strategy in the development of carbon nanomaterials
for energy applications with high performances.
With the rapid development on the portable and wearable

electronic devices in the near future, it becomes critical to find
soft, lightweight, and integratable energy systems to power
them. In principle, the conventional rigid, planar energy
conversion and storage cannot meet the above requirements.

Figure 72. (a, b) Schematic illustration of the photocharge and discharge for the self-powering energy fiber based on a coxial structure, respectively.
Reproduced with permission from ref 606. Copyright John Wiley and Sons (2014).
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Fortunately, learning from the history of the old textile
technology, several groups have created solar cells, LIBs, and
supercapacitors in a new fiber format, and these fiber-shaped
energy systems can be further woven into clothes or other
flexible structures. Aiming at practical applications, it is
necessary to enhance the conversion or storage efficiency
with low cost. Several attempts showed that carbon nanoma-
terials played a critical or even indispensable role along this
direction. For instance, both continuous CNT and graphene
fibers had been synthesized with high strengths and
conductivities to well satisfy both energy conversion and
storage applications. The resulting solar cells, LIBs, and
supercapacitors were lightweight, weaveable, and flexible.
They could even be made to be stretchable to match the
curved surfaces of our bodies.
Nevertheless, a lot of problems need to be solved, although

inspiring results have been made in just a few years. One,
electrical conductivities of nanostructured carbon fibers are
required to be largely enhanced. At the current level of 104−105
S/m, the energy conversion and storage efficiencies were
sharply decreased for continuous fiber-shaped devices at lengths
of meters. Two, although fiber-shaped energy devices can be
carefully woven into textiles at lab, it remains challenging to
develop general and effective approaches to weave them at an
applicable scale at industry. Obviously, the fiber-shaped solar
cells, LIBs, and supercapacitors have to be much more carefully
handled compared with chemical fibers. Three, there exist
hundreds to thousands of fiber electrodes or even more, and it
is highly desired to find efficient methods to connect them
together. Four, it is easy to produce short circuits for the fiber-
shaped energy devices during use, so they may fail to work in a
short period, which remains a challenge and may be overcome
by the microelectronic design. Last but not least, it is also
important to produce continuous, stable nanostructured fibers
with low costs to make the fiber-shaped energy devices scalable
soon. This direction represents a new and promising platform
for the development of carbon nanomaterials and will attract
broad interests in various fields to further push it forward.
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