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SPECIAL ISSUE: Innovative Electrode Materials for Supercapacitors

Recent advances in flexible supercapacitors based on
carbon nanotubes and graphene
Kang Li and Jintao Zhang*

ABSTRACT Owing to the rapidly growing market for flexible
electronics, there is an urgent demand to develop flexible
energy storage devices. Flexible supercapacitors have received
much attention due to their good flexibility, fast charge/dis-
charge rate and long lifecycle times. Carbon nanotubes
(CNTs) and graphene have good mechanical properties, which
make them suitable for flexible supercapacitors. Based on
different nanostructures of CNTs and graphene, we sum-
marized the recent progress in CNTs- and graphene-based
flexible supercapacitors with a brief description of the basic
principles for evaluating their performance. Special emphasis
was given to fabrication methods, capacitive performance and
electrode configurations of different flexible supercapacitors.
Furthermore, the remaining challenges and future research
directions for CNTs- and graphene-based flexible super-
capacitors have also been discussed.

Keywords: flexible supercapacitor, carbon nanotubes, graphene,
nanostructure

INTRODUCTION
Due to the limited reserves of fossil fuels, the exploitation
of clean and sustainable energy in form of solar, wind and
geothermal is critical to solving the energy crisis and
ameliorating environmental problems. To more easily
and affordably use the above-mentioned energy sources,
energy storage devices must be dramatically improved [1–
5]. Rechargeable batteries and supercapacitors are the two
most commonly used devices for energy storage, and have
attracted persistent research attention over the last few
decades [6–9].
With the emergence of flexible and wearable electro-

nics, there is increasing demand for energy storage de-
vices with similar properties [10–14]. However,

conventional batteries and supercapacitors cannot meet
the requirements for powering flexible electronics due to
their heavy and rigid outer shells. The rigid structures
prevent the bending, twisting, and stretching of conven-
tional batteries, which are the basic features for flexible
electronics. In addition, traditional electrode fabrication
processes involve a slurry-making process, during which
insulative binders and conductive additives are used. The
binders and conductive additives inhibits the electro-
chemical performance of batteries and supercapacitors
because they contribute little to the overall performance,
while constituting 20–30 wt.% of the slurry [15–18]. In
addition, the liquid electrolyte of traditional energy sto-
rage devices will leak when the battery is deformed, which
poses serious safety concerns. Hence, it is highly desirable
to develop novel flexible energy storage systems where all
components are suitable for flexible electronics.
Supercapacitors, sometimes called ultracapacitors or

electrocapacitors, are energy devices which can provide
ultralong cycle life and fast charge/discharge rates. Typi-
cally, supercapacitors are divided into electrical double-
layer capacitors (EDLCs) and pseudocapacitor according
to their energy storage mechanism. In EDLCs, energy is
stored in their electrode/electrolyte interface by ion ad-
sorption, whereas pseudocapacitors store energy by re-
versible surface or near-surface faradic reactions.
Therefore, the specific capacitance of a pseudocapacitor is
often larger than that of an EDLC. However, pseudoca-
pacitors usually suffer from poor cycle stability and low
rate performance due to the nature of their electrode
materials (e.g., metal oxides). In comparison with bat-
teries, both types of supercapacitors generally offer higher
power densities, but lower energy densities. With the
rapid development of flexible electronics, various elec-
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trode materials including carbon materials [7,19–21],
metal oxides/hydroxides [22–24], conductive polymers
[25–27] and their associated composites have been de-
veloped to fabricate flexible supercapacitors.
Carbon materials with flexible structural features in-

cluding one-dimensional (1D) carbon nanotubes (CNTs)
and two-dimensional (2D) graphene have been applied in
many fields such as catalysis, batteries, and fuel cells.
More importantly, carbon materials are suitable for
constructing flexible supercapacitors due to their large
surface area, high electrical conductivity, as well as good
chemical and mechanical stability [28–35]. Several ex-
cellent reviews summarized the development of flexible
electrodes for energy storage devices [29,31,36]. However,
the development of flexible supercapacitors has been seen
as significant advances in the past few years. Therefore, it
is urgent to update the wider community on the recent
achievements for configuring flexible supercapacitors
based on CNTs and graphene. Herein, we summarize the
recent progress in the development of flexible super-
capacitors with special focus on the use of CNT- and
graphene-based materials as flexible electrodes. First, we
will briefly introduce the basic principles of performance
evaluation of flexible supercapacitors. Then, the perfor-
mance of flexible electrodes with various structures, such
as fiber, film, and foam will be summarized with a focus
on recent achievements in the fabrication of flexible su-
percapacitors based on CNTs and graphene. Emphasis is
placed on the electrode preparation methods, electro-
chemical capacitive performance and flexibility tests. Fi-
nally, the remaining challenges and some perspective
regarding future research directions in the field will be
discussed.

EVALUATION OF FLEXIBLE
SUPERCAPACITOR PERFORMANCE
Specific capacitance, energy density and power density
are the three major metrics typically used to evaluate the
electrochemical performances of a supercapacitor. A
three-electrode system with working, counter, and re-
ference electrode is often employed to study the funda-
mental electrochemical properties of an active material.
However, when it comes to evaluating the integral cell
performance, a two-electrode system is often more ac-
curate because it resembles more closely the setup of a
real supercapacitor. A two-electrode supercapacitor in-
cludes an electrolyte, a separator and two electrodes, as
illustrated in Fig. 1. Each electrode/electrolyte interface
can be regarded as a capacitor and a resistor, thus, the
whole cell is considered as two capacitors in series. The

total capacitance of the cell (Ccell) can be calculated ac-
cording to Equation 1, where C1 and C2 are the capaci-
tance of the two electrodes.

C C C
1 = 1 + 1 (1)
cell 1 2

Cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) curves are basic methods to measure the
electrochemical performance of a supercapacitor. Based
on the CV curves, Ccell can be calculated according to
Equation 2:

C Q
V V i V V= 2 = 1

2 ( )d , (2)
V

V

cell
+

in which Q is the total charge obtained by the integration
of the positive and negative sweeps in a CV curve, v is the
scan rate, and (V=V+−V−) represents the potential win-
dow used during the scan process. Alternatively, Ccell also
can be determined by the GCD. Using this method, the
capacitance of the cell can be calculated from the constant
discharge curves according to Equation 3:

C i
V t= d / d , (3)cell

in which i is the discharge current, t is the discharge time
and V is the working potential without the IR drop. In
addition, dV/dt can be obtained from the slope of the
discharge curve. To compare the capacitive performance
of different materials or devices, specific capacitance (Cs),
i.e., the capacitance per unit mass, length, area or volume,
is widely used, and can be calculated according to
Equation 4:

C
C
UC

C
UC= = 2 , (4)

i i
s

single cell

in which Csingle is the capacitance of a single electrode, for
symmetric supercapacitors, Csingle=C1=C2=2Ccell. UCi is a
unit conversion parameter depending on the specific

Figure 1 Schematic illustration of a two-electrode supercapacitor.
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capacitance required. For instance, if gravimetric specific
capacitance (F g−1) is used, UCi should be the mass (g)
whereas for volumetric specific capacitance (F cm−3), UCi

should be the volume (cm3). It should be noted that the
reported value may depend on the active materials or the
whole device, leading to significantly different perfor-
mance.
The energy density (Ei) and power density (Pi) are two

important parameters commonly used to evaluate the
performance of a supercapacitor device. Ei reflects the
capacity to release energy while Pi indicates how fast the
energy can be delivered. Ei and Pi can be calculated ac-
cording to Equations 5, 6, respectively:

E C V
UC= 1

2 , (5)i
cell

2

i

P V
UC R= 1

4 , (6)i

2

i ESR

in which V is the cell operating voltage and RESR is the
equivalent series resistance. UCi can be the mass, to give
the gravimetric energy/power density (W h kg−1/W kg−1),
or the volume for the volumetric energy/power density
(W h cm−3/W cm−3). In addition, cycle life is also an im-
portant parameter to evaluate the stability of a super-
capacitor during repeated charge and discharge cycles.
For the flexibility evaluation of supercapacitors, no

standardized or normalized evaluation method has been
proposed to date. Nevertheless, those tests are often
classified into three major forms: (1) bending test, (2)
stretching test, (3) compressing test. Specifically, the CV
curves and/or GCD curves are recorded under different
bending/stretching/compressing states. The reversibility
and mechanical strength tests after repeated bending/
stretching/compressing are alternative measures for flex-
ibility evaluation of a supercapacitor.
Based on the above parameters, equations, and tech-

niques, it is clear that Ei and Pi are highly dependent on
the key parameters, Ccell, V, and RESR. Therefore, great
effort has been made to increase Ccell and V and to de-
crease RESR. To enhance the flexibility of a supercapacitor,
previous studies have focused on controlling the struc-
tural properties of the electrode materials and modifying
the configuration of the supercapacitors. In the following
sections, we will summarize the recent developments in
flexible supercapacitors based on CNTs and graphene
materials.

CNTs-BASED FLEXIBLE
SUPERCAPACITORS
CNTs, which were first discovered in 1991 [37], have

many unique properties such as high conductivity and
good mechanical performance. For instance, an elastic
modulus up to 1 TPa and a tensile strength of 100 GPa
have been measured for an individual multiwall CNT
(MWCNT) [38]. CNTs can be prepared via many pro-
cesses such as chemical vapor deposition (CVD), catalytic
pyrolysis, arc-discharge, and laser ablation [39]. Owing to
the features mentioned above, CNTs are promising ma-
terials for use in flexible supercapacitors. However, the
electrical properties of CNTs shift significantly with slight
changes of chirality, diameter and wrapping angle [39,40].
As a result, CNTs are typically applied in the form of thin
CNT films, aligned CNT arrays or interconnected CNT
sponges, which may lead to radically different perfor-
mance in flexible supercapacitors.

CNT films
Under controlled conditions, CNTs tend to interweave
with each other to form a self-standing CNT thin films,
which makes these films have a uniform distribution of
electrical properties. Approaches including CVD/floating
catalyst CVD [41–47], vacuum filtration [48–52], inter-
facial reaction [53,54], and printing [55] have been de-
veloped to fabricate CNT films for use in flexible
supercapacitor applications.
Self-standing single wall CNT (SWCNT) films have

been prepared by spreading out over a pre-strained
polydimethylsiloxane (PDMS) substrate to obtain a con-
tinuous buckled SWCNT film when the stress was re-
leased [43] (Fig. 2a). The sheet resistance of the buckled
film is almost constant even under 140% tensile strain.
The specific capacitance without strain and under 120%
strain were 48 and 53 F g−1, respectively, indicating good
mechanical stability of the buckled CNT film. A vacuum
filtration method was used to deposit SWCNT film onto
the PDMS substrate to fabricate a transparent super-
capacitor [50]. As shown in Fig. 2b, the device is highly
transparent, and the optical transmittance is as high as
82%. The obtained specific capacitance, maximum power
and energy density are 34.2 F g−1, 21.1 kW kg−1 and
18.0 kW h kg−1, respectively. A stretchable isotropic
buckled CNT film exhibited omnidirectional stretch
abilities in the range of 50%–200% by adjusting the pre-
strain applied to the CNT films (Fig. 2c–f). [45] The CNT
film shows anisotropic elasticity and high endurance to-
wards stretching when stretched in different directions
(Fig. 2g). In addition, the resistance of the CNT film was
mostly unchanged when axial stretching up to 200% was
applied. The isotropic buckled CNT film only possesses a
specific capacitance of 9.52 mF cm−2 but a much higher
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specific capacitance of 1147.52 mF cm−2 can be achieved
when polyaniline (PANI) is electrodeposited onto the
film surface.
To realize their wide applications in electronics and

energy devices, it is critical to rationally assemble the
carbon nanostructures into large-area films. Song et al.
[56] reported a large area self-assembly method for pre-
paring CNT films. First, CNTs were exposed to HNO3

vapor to increase the ratio of oxygen-containing groups.
Next, the as-prepared CNTs were dispersed in water and
a piece of copper foil was placed on the water surface.
Metal-induced deoxygenation between the copper and
oxidized CNTs leads to the coating of a dense black CNT
film on the surface of the copper foil (Fig. 3a). The CNT
film is easily transferred onto other substrates after
etching the copper foil (Fig. 3b). For the bending test of
the CNTs film on a paper, no conductivity degradation
was observed after 300 bending cycles. To evaluate the
electrochemical capacitive performance, a symmetric ca-

pacitor was fabricated using the carbon film as the flexible
electrodes, exhibiting an energy density of 3.5 W h kg−1

and a power density of 28.1 kW kg−1.
When flexible electronics are used in living tissues,

compatibility must be considered. Recently, Shin et al.
[55] reported a bioactive CNT-based ink for printing 2D
and 3D flexible electronics. Deoxyribonucleic acid (DNA)
was used as a natural surfactant to disperse the CNTs into
various biomaterials, such as gelatin methacryloyl (Gel-
MA) and hyaluronic acid (HA), to form bioactive CNT-
based hybrid inks (Fig. 3c, d). Generally, the use of Gel-
MA increases the resistance of the CNT junctions espe-
cially at high concentration. However, DNA can bind to
the surface of the CNTs due to the strong π-π interaction
between the CNTs and the bases of the DNA segment.
The hydrophilic phosphate groups on the DNA polymer
are helpful to the dispersion of CNTs in the solution.
Therefore, the dispersion of CNTs with a high con-
centration can be achieved by GelMA/DNA coating, re-

Figure 2 (a) Schematic illustration for preparing buckled SWCNT film on PDMS. Reproduced with permission from Ref. [43]. Copyright 2013,
Wiley-VCH. (b) Photograph of the fabricated supercapacitors without carbon paste current collectors. Reproduced with permission from Ref. [50].
Copyright 2014, the American Chemical Society. SEM images of buckled structures formed in CNT films at different levels of omnidirectional pre-
strain (c) 50%, (d) 100%, (e) 150%, and (f) 200%. (g) Photos of buckled CNT film at various stretching states. Reproduced with permission from Ref.
[45]. Copyright 2014, the American Chemical Society.
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sulting in good electrical conductivity (24 ± 1.8 S cm−1).
Furthermore, the printed ink shows good cytocompat-
ibility and cell adhesiveness (Fig. 3e). The seeded cardiac
cell was only detected in the printed ink area and showed
cellular viability of approximately 90% after 3 days. When
tested in biological media, the ink-coated hydrogel had a
specific capacitance of approximately 30 F g−1.
To enhance the capacitive performance, a large number

of materials including polymers [41,44,52,54], metal
oxides [47,51], metal sulfides [46], MXenes [49], and
layered double hydroxides [48] have been combined with
CNTs film. A facile method has been reported to fabricate
MWCNT/PDMS films via a water surface assisted
synthesis [53]. Typically, a mixture of MWCNT, xylol,

silicone-elastomer base and the curing agent is poured on
the surface of distilled water. Due to the insolubility and
low density of the mixture, the polyaddition reaction of
the silicone-elastomer will proceed on the water surface,
leading to the formation of a MWCNT/PDMS thin film.
This composite film can be sparated from the water
surface, and can be stretched at a high strain of 50%
without degrading its conductivity (~4.19 S cm−1) or
structure. By adjusting the MWCNT content, the opti-
mized composite film acted as an ideal current collector
and mechanical support. After the electrodeposition of
PANI, the MWCNT/PDMS/PANI electrode realized an
areal capacitance of 481 mF cm−2 and a specific capaci-
tance of 1023 F g−1. A solid-state supercapacitor (SSC)

Figure 3 (a) Schematic illustration for the assembly of CNTs on copper and photographs of the copper foils before and after the deposition of CNTs.
(b) SA-CNT films transferred to different substrates: glass (left), PET (middle), paper (right). Reproduced with permission from Ref. [56]. Copyright
2017, Wiley-VCH. (c) Schematic diagram showing the GelMA/DNA-coated MWCNT inks formed though hydrogen bonding, hydrophobic inter-
actions, and π–π stacking interactions between MWCNT and GelMA/DNA. (d) Photograph of black conductive ink and high-resolution TEM image
of individual or bundled GelMA/DNA-wrapped MWCNTs. (e) Fluorescence images of cardiac fibroblasts cultured on ink patterns printed on PEG-
coated PET film. F-actin and cell nuclei were immunostained and fluorescently labeled green and blue, respectively. Reproduced with permission from
Ref. [55]. Copyright 2016, Wiley-VCH.
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was then assembled with two pieces of the MWCNT/
PDMS/PANI electrodes, an elastomeric polyurethane
textile separator and H2SO4/PVA gel electrolyte. The as-
fabricated SSC showed good and stable capacitive beha-
viors under both static and dynamic stretching condi-
tions. A similar interfacial reaction was used to generate
flexible SWNT/PANI film at the chloroform/water in-
terface [54]. Niu et al. [41] proposed a “skeleton/skin”
strategy for preparing self-standing and flexible SWCNT/
PANI films. PANI was directly electrodeposited on the
CNT films synthesized by a floating catalyst CVD
method. The SEM image (Fig. 4a) of single layer SWCNT
bundles peeled off from a thick film clearly illustrates that
SWCNT bundles in the film are firmly bonded to form a
continuous 2D reticulate structure. This unique structure
allows electrons to be readily transported through the
SWCNT network instead of PANI-PANI junctions (Fig.
4b), leading to the increased conductivity (~1148 S cm−1).
Flexible supercapacitor based on the SWCNT/PANI films
exhibited high energy and power densities of 131
W h kg−1 and 62.5 kW kg−1, respectively. A CNT/PANI
hydrogel film was fabricated by an electrochemical re-
expansion method [44]. During the re-expansion process,

the CNT films prepared by floating catalyst CVD growth
were activated by cyclic voltammetry scanning in a H2SO4

solution, leading to expansion of the film thickness from
0.01 to 1 mm. As shown in Fig. 4c, this process can in-
crease the internal space of the dense CNT film, bene-
fiting the subsequent electrodeposition of PANI. In
comparison with pristine CNT film decorated with PANI,
the electrochemically activated CNT film with PANI
coating exhibited a higher specific area capacitance of
680 mF cm−2. Polypyrrole (PPy) has also been electro-
deposited onto vacuum filtrated CNTs films [52]. The
flexible supercapacitor fabricated with CNT/PPy electro-
des delivered an areal capacitance of 0.28 F cm−2 and
could power 53 LEDs (Fig. 4d).
MXenes are a novel family of 2D metal carbides ma-

terials, which shows great potential in the applications of
Li-ion batteries and supercapacitors. However, the re-
stacking of MXene sheets limits the diffusion of electro-
lyte ions, seriously hindering their large-scale application.
To address this issue, an alternating filtration method was
used to fabricate sandwich-like Ti3C2Tx/MWCNT papers
[49]. In brief, dispersions of Ti3C2Tx and MWCNT were
filtrated using a polypropylene membrane in sequence to

Figure 4 (a) SEM image of a single layer of SWCNT bundles peeled off from a thick film. (b) The sketch diagrams of a single layer film based on (left)
continuous SWCNT/PANI reticulate structure and (right) randomly overlapped SWCNT/PANI bundles. “Blue” and “brown” parts represent SWCNT
bundle skeleton and PANI skin. Reproduced with permission from [41]. Copyright 2012, the Royal Society of Chemistry. (c) Scheme of re-expanding
process of CNT film. Reproduced with permission from Ref. [44]. Copyright 2015, the Royal Society of Chemistry. (d) Ragone plots of the
supercapacity device (inset is 53 blue LEDs powered by a flexible SC pack consisting of 4 series-connected supercapacity devices). Reproduced with
permission from Ref. [52] Copyright 2015, Elsevier. (e) Cross-sectional SEM images of Ti3C2Tx/MWCNT papers. Reproduced with permission from
Ref. [49]. Copyright 2014, Wiley-VCH. (f) SEM images of aligned CNT/MoS2 composite films with 3.1 wt.% amounts of MoS2. Reproduced with
permission from Ref. [46]. Copyright 2016, Wiley-VCH. (g) Cross-sectional SEM image of the freestanding CNT/MnO2 NT hybrid film. Reproduced
with permission from Ref. [51]. Copyright 2014, the Royal Society of Chemistry.
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yield composite films composed of alternating Ti3C2Tx

and MWCNTs layers. This layer by layer structure (Fig.
4e) exhibits higher conductivity (~230 S cm−1) than the
randomly mixed Ti3C2Tx/MWCNTs paper (~189 S cm−1).
When used as electrodes for supercapacitors, a specific
capacitance of 150 F g−1 could be achieved, which was
approximately 130% higher than the pure Ti3C2Tx. When
the scan rate increased from 2 to 200 mV s−1, a capacitive
retention of approximately 78% was observed, suggesting
a good high-rate performance. Lv et al. [46] assembled a
highly stretchable supercapacitor based on aligned CNTs
and molybdenum disulfide (MoS2). Different from the
above mentioned CNT films, this vertically aligned CNT
array was pressed against an elastic PDMS film, resulting
in the formation of horizontally aligned CNT films, fol-
lowed by MoS2 coating on by the drop-casting method. In
the composite film, the CNTs successfully maintain their
horizontal alignment (Fig. 4f), which resulted in the ef-
ficient transportation of electrolytes into the inner surface
of the electrode for improved supercapacitor perfornace.
The assembled supercapacitor based on the CNT/MoS2
composite exhibited good flexibility upon bending or
twisting and could be stretched up to 240%. Moreover,
96% and 91% of the original supercapacitance was re-
tained after being stretched to strains of 100% and 160%,
respectively for 500 cycles. As a representative example,
homogeneous dispersions of manganese dioxide (MnO2)
nanotubes and CNTs were prepared in the presence of
sodium dodecylbenzenesulfonate, and subsequent va-
cuum filtration of the homogeneous dispersion formed a
free-standing MnO2/CNTs composite film [51]. The
cross-sectional SEM images (Fig. 4g) show the good
homogeneity of the as-prepared film. Two MnO2/CNTs
film electrodes were incorporated into a flexible solid-
state supercapacitor, which delivered a volumetric capa-
citance of 5.1 F cm−3 and an energy density of
0.45 mW h cm−3. Metal oxides and polymers combined to
give a synergistic effects, and following this logic, Li et al.
[47] fabricated a flexible symmetric supercapacitor based
on Fe3O4/CNT/polyaniline ternary electrodes, exhibiting
an energy density of 28.0 W h kg−1 and a power density of
5.3 kW kg−1. In the ternary electrode with a high electrical
conductivity of ~6800 S cm−1, the CNTs act as the flexible
current collector and substrate while PANI serves as a
protective shell to improve the structural stability of the
Fe3O4 particles. PANI and CNTs also enhance the Far-
adaic processes across the interface, allowing the ternary
electrode to take advantage of the high capacitance ori-
ginating from the surface of the Fe3O4 particles and of the
effective pseudocapacitance generated by PANI. A digital

watch can be powered for 9 min with four such devices
connected in series. A foldable bifunctional integrated
device was fabricated by using SWCNT films and TiO2

nanoparticles (NPs) [57]. In that study, SWCNTs were
synthesized with the floating catalyst CVD method and
spread on both sides of a cellulose fiber paper. Then, a
TiO2 NP suspension was dripped onto one side of the
cellulose paper, and PVA/LiCl electrolyte was dripped
onto the other side of the paper, and all-solid-state in-
tegrated supercapacitor-photodetectors were obtained
after drying. Upon irradiation with white light, the TiO2

NPs allow to yield electrons and holes. When an external
field resulting from the charged supercapacitor is applied,
the electron–hole pairs are separated. The electrons then
move towards the positive electrode while the holes move
to the negative electrode. As a result, the leakage current
of the supercapacitor is enhanced and white light can be
detected by the change in leakage current. This bifunc-
tional device demonstrated a specific capacitance of
28 F g−1 and sensitivities of 24.7 and 38.5 under white and
UV light, respectively.

CNT arrays
Owing to the random aggregation of CNTs commonly
observed in typical solution processing, charges have to
cross many boundaries in random CNT networks with
low transfer efficiency, resulting in poor electrochemical
performance of the CNTs [58–66]. Aligned carbon na-
notubes, called as carbon nanotube arrays, have excellent
electrical conductivity and provide an outstanding charge
transfer rate [63]. To fully utilize these electroactive ma-
terials, the main strategy has been to maximize the active
surface area while maintaining the high electric con-
ductivity with the construction of a 3D nanostructure
being the most common method to achieve these goals.
Recently, CNTs grown on aluminum foil using a CVD
method were directly incorporated into devices as the
working electrode for the electrodeposition of PANI [64].
Interestingly, it was found that the distance between two
aligned CNTs determined the specific capacitance be-
cause it influenced the full utilization of PANI and had
significant effects on the diffusion of ions. After electro-
deposition, the PANI coated CNTs on Al foil were cut
into two pieces to fabricate a flexible supercapacitor using
a filtration paper as the separator. (Fig. 5a) The composite
materials exhibited a specific capacitance of 705.8 F g−1 at
a discharge rate of 0.1 A g−1. A transparent and flexible
MWCNT/PANI film was synthesized by Lin et al. [65]
which featured aligned MWCNT sheets prepared by dry-
drawing MWCNT arrays and showed high electrical
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conductivity of 570 S cm−1. The sheets functioned as ef-
fective electrodes for the electrodeposition of PANI and
the flexible supercapacitor based on the transparent film
had a specific capacitance of 233 F g−1 at a current density
of 1 A g−1. In addition, the values of specific capacitances
remain unchanged when the bending angle of the su-
percapacitor increased from 0 to 180°. A weavable wire-
shaped microsupercapacitor has also been fabricated
using PANI incorporated aligned MWCNT composite
fibers [62]. SEM images (Fig. 5b, c) show that the CNT
fibers could be spun from the MWCNT arrays and
maintained the aligned structure. The CNT fibers pos-
sessed good tensile strength of 102–103 MPa and con-
ductivity of 103 S cm−1. The uniform coating of PANI on
the surface of the MWCNT fibers further improved the
tensile strength by 58% without losing electrical con-
ductivity. Two composite fibers were twisted together to
fabricate a wire-shaped microsupercapacitor, which de-
livered a specific capacitance of 274 F g−1. As shown in
Fig. 5d, e, the wire-shape supercapacitor can easily be
woven into other CNT fibers or textiles, and the aligned
CNT array fibers coated with PANI have been woven into
textiles [67]. The thin, transparent and flexible super-
capacitor textile was further integrated with a photo-
electric conversion (PC) device, with the goal of directly
storing the electric energy generated by a solar cell in a
single device. First, a titanium wire textile grown with
perpendicularly aligned TiO2 nanotubes was covered with
a CNT-fiber textile using a gel electrolyte and 3-meth-
oxypropionitrile solution containing 0.1 mol L−1 LiI, 0.05
mol L−1 I2, 0.5 mol L−1 4-tert-butylpyridine and 0.5

mol L−1 1-propyl-2,3-dimethylimidazolium iodide. Then,
the PC was stacked with the supercapacitor textile with a
membrane separating the two (Fig. 5g). This prototype
device can realize a photoelectric conversion and storage
efficiency of 1.5%, which indicates great potential for
application in multilayered clothes (Fig. 5f).
Due to their low cost and potential for scalable pro-

duction of carbon materials, combining different carbon
structures also has attracted significant attention. To
combine the high porosity and better ion diffusion
properties of CNT array with the superior mechanical
properties and high electrical conductivity of CNT sheets,
Malik et al. [68] used a plasma enhanced CVD method to
directly grow CNT arrays on a CNT sheet, leading to the
formation of a 3D structure comprised of vertically
aligned CNTs extending from horizontally aligned CNTs
in the CNT sheet substrates. Then, controlled PANI de-
position was achieved via cyclic voltammetry methods,
maintaining the novel 3D nanostructure (Fig. 6a, b)
during and after the electrodeposition of PANI. More-
over, nitrogen doping of CNT arrays was successfully
performed during the CNT growth process, which further
improves the electrochemical performance of CNT ar-
rays. When assembled into a flexible symmetric super-
capacitor, the electrodes demonstrate a gravimetric
capacitance of 359 F g−1 at a current density of
1.56 mA cm−2. Cherusseri et al. [69] assembled a flexible
fibrous supercapacitor based on oxidized CNT (OCNT)/
PPy brush-like electrodes. Initially, carbon fibers were
coated with nickel through an electroless bath method.
CNTs grew on the nickel coated carbon fibers (CFs) by

Figure 5 (a) Digital photograph of the flexible symmetric supercapacitor with a filtration paper as separator. Reproduced with permission from Ref.
[64]. Copyright 2012, Wiley-VCH. SEM images of bare aligned MWCNTs at low (b) and high (c) resolution. The supercapacitor wire woven into
other CNT fibers (d) and a textile composed of aramid fibers (e). The red arrows show the wire. Reproduced with permission from Ref. [62].
Copyright 2013, the Royal Society of Chemistry. (f) Photograph of multilayered clothes. (g) Schematic illustration to the integrated energy textile. The
enlarged view shows the working mechanism. Reproduced with permission from Ref. [67]. Copyright 2014, Wiley-VCH.
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the CVD method and converted into OCNT after an-
nealing in an air-bed reactor. Then, polypyrrole was de-
posited on the brush-like electrodes via a constant current
method. The obtained composite electrode were used to
fabricate a flexible supercapacitor, exhibiting a gravi-
metric capacitance of 305 F g−1 and an energy density of
42 W h kg−1. X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared (FTIR) analyses revealed that
the surface functional groups of CNT contribute to
maximize the pseudo-Faradaic charge storage. Similarly, a
novel and scalable synthetic approach was been devel-
oped to produce hierarchically aligned porous CNT ar-
rays (PCNTAs) on the flexible CFs (PCNTA@CFs) [70].
ZnO nanorod arrays on CFs synthesized hydrothermally
were used as templates for the growth of PCNTAs. Fol-
lowing catalytic conversion of ethanol on the ZnO na-
norod arrays, the removal of the ZnO templates led to the
formation of the final PCNTAs@CF material. The SEM
images of the PCNTAs@CF in Fig. 6c, d show the ideal
hierarchical carbon nanostructure. The high-aspect-ratio
enabled the large surface-to-volume ratio, which ensures
a large ion-accessible surface area. To investigate the
flexibility of the PCNTAs@CF electrodes in a symmetric
supercapacitor, CV tests were performed under different
bending states. Almost no change was observed in the CV

curves (Fig. 6e, f), indicating good flexibility and me-
chanical stability of the device. As summarized above,
aligned CNTs are good substrates for constructing flex-
ible supercapacitors due to their good mechanical stabi-
lity and high conductivity. Hybrid fibers composed of
vertically aligned SWCNTs and reduced graphene oxide
(RGO) were successfully constructed via a hydrothermal
method with ethylenediamine (EDA) as a nitrogen do-
pant and fused silica capillary columns as microreactors
[71]. The EDA molecule with a –NH2 end group can act
as an “end-anchoring” reagent to bind the acid-oxidized
SWNTs and GO via self-assembly process. During the
hydrothermal process, nitrogen doping improved the
surface conductivity and wettability and induces pseu-
docapacitance in carbon nanomaterials. The hybrid fiber
containing mesoporous structures had a large specific
surface area of ~396 m2 g−1 and a high electrical con-
ductivity of ~102 S cm−1. An all-solid-state micro-super-
capacitor made from the hybrid fiber electrodes on a
flexible polymeric substrate exhibited a volumetric capa-
citance of 300 F cm−3 and it retained more than 97% of its
initial capacitance after bending 1000 times at 90°. Con-
trolling the morphology and porosity is two important
strategies for improving the electrochemical performance
of aligned CNTs.

Figure 6 SEM images of CNT arrays before (a) and after (b) PANI deposition. Reproduced with permission from Ref. [68] Copyright 2017, Elsevier.
Low (c) and high (d) magnification SEM images of the PCNTAs@CFs. (e) Photographs of PCNTAs@CFs symmetric device at different bending states.
(f) Cycle stability tested at different bending states with the inset showing CV curves obtained at different bending states at a scan rate of 500 mV s−1.
Reproduced with permission from Ref. [70]. Copyright 2016, Wiley-VCH.
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Other CNT nanostructures
In addition to CNT film and arrays, other CNT nanos-
tructures have also been developed for use in flexible
supercapacitors, such as CNT networks [72], CNT
sponges [73–75], and CNT yarn [76–78]. These CNT
structures are often used as conductive skeletons/sub-
strates, and provide a large surface area for the deposition
of secondary active materials by following the so-called
core-sheath/shell model. To achieve maximum electro-
active surface area, the structure of the sheath layer must
be carefully regulated rather than just simply coated onto
the CNT core. Accordingly, Chen and co-workers pre-
pared a 3D α-Fe2O3/carbon nanotube (CNT@Fe2O3)
sponge electrode with a hierarchical structure, consisting
of a compressible and conductive CNT network coated
with a layer of Fe2O3 nanohorns [74]. First, FeOOH was
uniformly deposited onto a CNT sponge by a hydro-
thermal method and then transformed into spindle-like
Fe2O3 crystals in the subsequent annealing process. The
obtained CNT@Fe2O3 exhibited a good tolerance towards
compression. The CV curves (Fig. 7a) of five CNT@Fe2O3

electrodes show only small differences when compressed
with strains of 0, 10%, 30%, 50% and 70%. After 1000
compression cycles, the CV curves of the electrode
showed negligible change, indicating that the 3D CNT
hybrid sponge could withstand compression and function
as a stable electrode under the repeated compression
cycles. Compared with a pure CNT sponge, the
CNT@Fe2O3 sponge exhibited enhanced specific capaci-
tance of 296.3 F g−1 due to the reversible redox reaction of
Fe2O3 during the charge/discharge process. Li et al. [79]

reported a core/double-shell structure of the
CNT@PPy@MnO2 sponge. In the porous hierarchical
structure, the CNT sponge acts as a conductive skeleton
while PPy is an intermediate layer that improves the in-
teraction between the CNT and MnO2 layers. As the
outside layer, MnO2 is able to enhance the capacitive
performance due to the redox reactions. It was found that
the sequence of the shells has a significant influence on
the capacitive performance of the device. The hybrid
CNT@MnO2@PPy sponge material with MnO2 as the
intermediate layer exhibited a lower specific capacitance
of 241 F g−1 than that of the CNT@PPy@MnO2 sponge
(325 F g−1). The charge transfer resistance, Rct, of the
CNT@MnO2@PPy sponge was also much higher than
that of the CNT@PPy@MnO2 sponge. These results show
that the PPy intermediate layer was effective in reducing
the interfacial resistance and improving the charge
transfer between the CNT and MnO2 layers. Furthermore,
this core/double-shell sponge can maintain its open
porous and stable structure under high compressive
strains. Thus, no obvious current change was observed
even at 50% compression.
In flexible supercapacitors, CNT yarn can be used as a

multifunctional active material and current collector.
CNT yarn can also be bound on a linear substrate such as
metal wires. Zhang et al. [77] reported a core/spun CNT
yarn supercapacitor for use in wearable electronic textiles.
On a flyer spinner (Fig. 7b), a continuously rolling pla-
tinum monofilament was pulled from the bobbin on the
left side to the collection bobbin on the right side. At the
same time, CNTs are drawn from the MWCNT forest to

Figure 7 (a) CV curves of the CNT@Fe2O3 sponge under different compressed conditions (0, 10%, 30%, 50% and 70%) at 5 mV s−1. The inset shows
the specific capacitance of the samples under different compressive strains at a scan rate of 5 mV s−1. Reproduced with permission from Ref. [74].
Copyright 2015, the Royal Society of Chemistry. (b) Continuous spinning of Pt/CNT core/sheath yarns: photograph of the flyer spinner and
schematics of working elements. (c) Schematic showing formation of the core/sheath yarn structure. Reproduced with permission from Ref. [77].
Copyright 2014, the American Chemical Society.
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form a continuous sheath of yarn due to the strong π-π
interactions among carbon nanotubes. During this pro-
cess, CNTs were rotated together with a Pt filament and
wrapped on the filament to form a core/sheath-structured
yarn (Fig. 7c). The resultant core/sheath yarn with a
diameter of 29.5 μm had a high tensile strength of
550 MPa, indicating that the CNT yarn can be woven into
thinner fabrics, comparable to traditional textiles, while
possessing higher tensile strength. The Pt/CNT yarn was
further coated with PANI and PVA-H2SO4 electrolyte to
fabricate a two-ply yarn supercapacitor. In the in-
vestigation of the flexibility of the obtained super-
capacitors, only slight changes were observed in the
capacitance after 1000 cycles of folding and unfolding,
indicating that the two-ply yarn supercapacitors are a
potential power source in wearable electronics..

GRAPHENE-BASED FLEXIBLE
SUPERCAPACITORS
Due to its extraordinary mechanical strength, high sur-
face area, as well as good electrical and thermal con-
ductivity, graphene has become one of the most
promising candidates in supercapacitor applications [28–
30]. However, the above-mentioned characteristics are
influenced by many parameters such as the stacking layer
numbers and the morphology of the constituent gra-
phene. Over the last few years, various graphene materials
including graphene fibers, graphene films, and 3D porous
graphene frameworks have been synthesized to improve
supercapacitors’ performance. The electrochemical per-
formances of some graphene-based flexible super-
capacitors are summarized in Table 1.

Graphene fibers
Graphene fibers can be synthesized through hydro-
thermal [80], wet spinning [81], and self-assembly [82]
processes. Because of their mechanical stability and good
conductivity, graphene fibers can be easily woven or
knitted into textiles. By controlling the evaporation of
solvents, graphene films grown by CVD could be self-
assembled into fibers with designated morphology and
pore structure [83]. The obtained graphene fiber showed
an areal capacitance of 1.4 mF cm−2 in Na2SO4 aqueous
solution. Due to its low specific surface area and poor
hydrophilicity, pure graphene fibers usually exhibit only a
small capacitance [82,84]. To increase the specific capa-
citance of graphene fiber based materials, approaches to
enlarge the surface area and/or incorporate with pseu-
docapacitive materials have been developed. Meng et al.
[84] first synthesized graphene fiber using a hydrothermal

method, and then RGO was deposited onto the graphene
fiber to form a 3D porous network-like graphene layer via
an electrolyzing process. During this process, GO sheets
were deposited around the graphene fiber core and were
reduced to the conductive RGO. As shown in Fig. 8a, the
dense graphene fiber core surrounded by porous RGO
sheets exhibits a typical core/sheath structure. The mea-
sured length-specific, area-specific, and mass-specific
capacitances can reach 20 μF cm−1, 1.2–1.7 mF cm−2 and
25–40 F g−1, respectively. After weaving into a textile, the
fiber supercapacitor maintained its flexibility and no ca-
pacitance loss was observed while bending (Fig. 8b–d). A
similar electrolyzing process was performed on a gold
wire to deposit RGO sheets. The fabricated fiber-shaped
supercapacitor exhibited a capacitance of 11.4 μF cm−1

[85]. A well-controlled laser reduction was used to reduce
the upper and lower sides of a fresh GO fiber under laser
irradiation, leading to the formation of a RGO-GO-RGO
fiber [86]. In the prepared RGO-GO-RGO fiber, the RGO
on the upper and lower sides act as electrodes while the
GO layer serves as the separator as well as the electrolyte
container simultaneously. Thus, a fiber supercapacitor
was achieved when the RGO sides were connected to the
external circuit by two gold sheets (Fig. 8e). The energy
and power densities of the all-in-one fiber capacitors were
2–5.4 ×10−4 W h cm−2 and 3.6–9×10−2 W cm−2, respec-
tively, comparable to carbon-based and metal oxide su-
percapacitors [87,88]. A scalable non-liquid-crystal
(NLC) spinning method was developed [89] to generate
locally aligned RGO fibers for fabricating wearable su-
percapacitors. Compared with graphene fibers obtained
from wet-spinning of liquid-crystal (LC) GO dispersions,
the fibers generated from an NLC GO dispersion (Fig. 9a,
b) have a relatively smooth surface at the microscale but
exhibit a bark-like structure at the nanoscale. This unique
structure facilitates the diffusion of electrolyte ions due to
its bark-like surface morphology and the locally aligned
pore structure of the NLC-spun RGO fibers. When im-
mersed in a 1 mol L−1 H2SO4 electrolyte, the calculated
mass-specific and volume-specific capacitances was
279 F g−1 and 340 F cm−3, respectively, at a current density
of 0.2 A g−1. To fabricate a prototype of wearable super-
capacitors, three solid-state yarn supercapacitors con-
nected in series were woven into a piece of cloth (Fig. 9c).
This prototype device was able to light up a red LED for
5 min while maintaining the flexibility of the original
cloth. CNTs can also be used as additives to increase the
mechanical strength and conductivity of graphene fibers.
Graphene fibers intercalated with Fe3O4 nanoparticles
were synthesized through heat treatment in a glass pi-
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Figure 8 (a) Cross-section view of a GF@3D-G showing the core GF surrounding with standing graphene sheets. Photos of the textile embedded with
two GF@3D-G fiber supercapacitors in flat (b) and bending (c) state, respectively. (d) CV curves of two GF@3D-G fiber supercapacitors as the textile
in flat (b) and bending (c) states with a scan rate of 50 mV s−1. Reproduced with permission from Ref. [84]. Copyright 2013, Wiley-VCH. (e) The
scheme of the RGO-GO-RGO supercapacitor device, where RGO layers were in contact with the Au sheets. The thin plastic layer of polyvinylidene
chloride (PVDC) was partially coated on the Au surface to prevent the short circuit of two Au electrodes. Reproduced with permission from Ref. [86].
Copyright 2014, the Royal Society of Chemistry.

Figure 9 SEM images of the cross-section and the surface of RGO fibers prepared by NLC (a) and LC (b) spinning. R represent the jet stretch ratio.
(c) Photo of a 3 V yarn supercapacitor assembled from six bundles of RGO fibers. This device was sewed into a textile and could power a red light-
emission diode (LED) for 5 min after being charged to 3 V at a scan rate of 10 mV s−1 for (5 min). Reproduced with permission from Ref. [89].
Copyright 2015, Elsevier. (d) Schematic diagrams of the stretchable and self-healable mechanism. Reproduced with permission from Ref. [93].
Copyright 2017, the American Chemical Society.
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peline, in which Fe3O4 nanoparticles act as a catalyst for
CNT growth in the subsequent CVD process [90]. The
obtained composite fiber has good flexibility and high
surface area (79.5 m2 g−1). When woven into textile elec-
trodes, the composite fibers maintained their flexibility
and showed an areal capacitance of 0.98 mF cm−2 and a
gravimetric specific capacitance of 200.4 F g−1. GO/
MWCNT fibers can also be prepared using a wet-spin-
ning method [91]. After reduction in an acid bath, the
composite fiber exhibited enhanced stress strength
(385.7 MPa) and better conductivity (210.7 S cm−1) com-
pared to pure RGO fibers (193.3 MPa and 53.3 S cm−1).
This improvement can be explained by the synergistic
effect of the interconnection of RGO sheets and partially
aligned CNTs. The fiber showed a length capacitance of
351 μF cm−1, corresponding to a volumetric capacitance
of 38.8 F cm−3 at 50 mA cm−3.
In addition to modifying the surface structure of gra-

phene fibers, introducing pseudocapacitive materials is a
common method for increasing the capacitance of gra-
phene fibers. Manganese dioxide, a typical pseudocapa-
citive metal oxide, can be deposited on graphene fibers
solvothermally [82] and electrochemical deposition [92].
Typically, graphene fiber is submerged in potassium
permanganate (KMnO4) solution, leading to the uniform
deposition of MnO2 particles on the surface of the gra-
phene fiber (GF-MnO2) due to redox reactions between
carbon and KMnO4 [82]. The resulting GF-MnO2 com-
posite electrode has an areal capacitance of
42.07 mF cm−2, around 20 times higher than that of the
original GF supercapacitor. Based on the aforementioned
work [92], Chen et al. deposited MnO2 nanoflowers on
core/sheath graphene fibers. This hierarchical structure
combines the high EDL capacitance of the graphene
network, the good mechanical strength of the graphene
fibers, and the pseudocapacitance of MnO2, leading to an
increased length capacitance of 143 μF cm−1. Recently, a
spring-like RGO/MWCNTs/PPy composite fiber has
been prepared by incorporating the hydrothermal meth-
od with electrodeposition [93]. The outer surface of the
fiber was coated with carboxylated polyurethane (PU)
which acts as a self-healing material. The composite en-
dows the fiber with several advantages: (1) the MWCNTs
increase the specific surface area and the mechanical
flexibility; (2) the polypyrrole coating enhances the ca-
pacitive performance of the fiber due to its associated
redox reactions; (3) the spring-like structure makes the
fiber highly stretchable, whereas the interfacial hydrogen
bonding of the carboxylated PU allows the fiber super-
capacitor to self-heal when little damage occurs (Fig. 9d).

Therefore, the supercapacitor could maintain 82.4% of its
capacitance after being stretched to a strain of 200%. In
addition, 54.2% of its capacitance is maintained after the
third self-healing, indicating the good stretchable and
self-healing properties of the PPy/RGO/MWCNTs fibers.
To promote the application of graphene fibers in flexible
supercapacitors, further improvement of their mechanical
stability is essential for the maintenance of the structure
of the fiber supercapacitors when woven into textiles.

Graphene films
Graphene films have been used to fabricate flexible su-
percapacitors over the past few years because of their
good flexibility and high surface area. Graphene films can
be prepared through various methods including vacuum
filtration [94–96], drop-casting [97,98], layer-by-layer
assembly [99] and through the compression of graphene
aerogel or graphene foam [100,101]. However, the elec-
trochemical performance of graphene films is restricted
by the restacking of graphene sheets, because agglom-
eration decreases the specific surface area and results in
more difficult diffusion of the electrolyte ions. These is-
sues can be addressed by incorporating additional spacers
[94,95] and/or designing highly porous structures. As a
typical example, carbon black nanoparticles have been
incorporated as spacers and have been used to minimize
the restacking of graphene sheets [94]. Through ultra-
sonication with graphene colloid and subsequent filtra-
tion, carbon black particles successfully entered the
interspace between the graphene sheets (Fig. 10a, b). The
specific capacitance of the pillar graphene electrodes was
improved by more than 700% compared to the original
graphene electrodes. CNT is also a commonly used spacer
for enhancing the capacitive performance of graphene
films. MWCNTs in graphene/MWCNT films increase the
basal spacing and bridge the defects for electron transfer
between graphene sheets, facilitating the transportation of
electrolyte ions and electrons into the inner region of the
electrode. The obtained flexible film showed both higher
specific capacitance and better rate capability [102]. Pham
et al. [103] synthesized a flexible graphene/CNT film via
electrostatic interaction between positively charged CNTs
and negatively charged graphene oxide sheets. A cationic
surfactant (cetyltrimethylammonium bromide: CTAB)
was grafted onto the surface of CNTs to generate posi-
tively charged CNTs (CTAB-CNTs). After mixing GO
and CTAB-CNT solutions, a KOH activation step was
used to reduce the GO functional groups and create na-
noscale pores in both the SWCNTs and graphene layers.
As illustrated in Fig. 10 c, d, graphene layers were pillared
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by intercalated CNTs, which enhanced the accessible
surface area and allowed for fast ion diffusion. When
tested in an ionic liquid electrolyte, the supercapacitors
fabricated with the as-prepared film delivered high energy
and power densities of 110.6 W h kg−1 and 400 kW kg−1,
respectively. Microporous graphene films with high spe-
cific area can also be generated from freeze-drying sol-
vated graphene [104]. Flexible solid-state supercapacitors
based on graphene films prepared by the freeze-drying
method exhibited a high specific capacitance of 245 F g−1

at 1 A g−1 and retained 83% of their original capacitance
after 10,000 cycles. Furthermore, when integrated with a
perovskite hybrid solar cell, the supercapacitor can be
charged to 0.75 V and discharged at a current density of
1 A g−1 for 45 s. A commercial light scribe CD/DVD
optical drive was employed to irradiate a graphene oxide
film on a DVD disc [97]. The initially stacked graphene
oxide sheets were successfully transformed into exfoliated
graphene with a porous structure after laser irradiation.
When assembled into a symmetrical supercapacitor, the
device exhibited a large areal capacitance of 1.84 mF cm−2

at an extremely large current density of 1000 A g−1, in-
dicating good high-rate capability. An electrical resistance
change of only 1% was observed for the laser-scribed

graphene after 1000 bending cycles. With the electro-
deposition of MnO2 onto the laser scribed graphene, the
specific capacitance of resulting microsupercapacitor can
be improved to 0.8 F cm−2. Moreover, the micro-
supercapacitor can be directly connected with a solar cell
to achieve energy harvesting and storage in a single device
[105].
Considering the unique advantages of laser fabrication

technology, such as high efficiency, high resolution, and
low cost, Xie et al. [106] recently fabricated a micro-
planar supercapacitor based on laser-processed graphene.
A graphene oxide film was first deposited on a PET/Ni
substrate by the electrostatic spray deposition. Then, the
film was exposed to a laser beam with a specific wave-
length to reduce GO. Afterwards, a laser beam with a
higher power was used to etch the film for patterning
(Fig. 10e). By the use of mature technologies like elec-
trostatic spray deposition, laser treatment, and stencil
printing, fine patterning can be achieved on micro-planar
supercapacitors (Fig. 10f). On the use of an ionic liquid as
the electrolyte, the micro-planar supercapacitor delivers a
volumetric energy density of 5.7 mW h cm−3, which is
3.75 times that of a commercial micro-supercapacitor and
8,785 times that of an aluminum electrolytic capacitor.

Figure 10 (a) Cross-sectional SEM image of the original GP without CB. (b) Cross sectional HIM images of the pillared GP with the addition of 20
vol.% CB. Reproduced with permission from Ref. [94]. Copyright 2012, Wiley-VCH. (c) Schematic of the 3D SWCNT-bridged graphene block. KOH
activation generates nanoscale pores in the graphene layers. (d) Cross-sectional SEM image containing dangling SWCNTs (magnified in the inset).
Reproduced with permission from Ref. [103]. Copyright 2015, the American Chemical Society. (e) Schematic illustration of ultrathin laser-processed
graphene based micro-planar supercapacitors. (f) Photographic image of LPG-MPS arrays. (Inset is a single unit). Reproduced with permission from
Ref. [106]. Copyright 2016, Elsevier.
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This superior performance can be attributed to the planar
layout and unique open porous structure of the laser-
processed graphene.
To address the poor processability of aqueous graphene

dispersions, a novel strategy has been developed to pre-
pare graphene films from blade-casted graphene hydrogel
[107]. Thin GO hydrogel films prepared by blade-casting
on glass substrates were pretreated with piranha solution.
Then, the reduction of GO using a HI/HAc solution and
subsequent freeze-drying enabled the formation of tough
RGO films with hierarchically porous structure (Fig. 11a).
A flexible supercapacitor assembled with the as-prepared
RGO films exhibited a high areal specific capacitance
(71 mF cm−2) and excellent rate performance (79% ca-
pacitance retention at a discharge rate of 100 mA cm−2).
This capacitive performance can be attributed to the ad-
vantages of the 3D macroporous/mesoporous structure,
such as superior toughness, large specific area, and good
electrical conductivity.
The combination of graphene films with pseudocapa-

citive materials is also an effective strategy to enhance the
capacitive performance of graphene-based super-
capacitors. The in-situ electrochemical polymerization of
polyaniline nanorods on RGO paper allowed for the
preparation of a flexible graphene-polyaniline composite

paper [98]. The composite electrodes exhibited an en-
hanced capacitance of 763 F g−1 and better cycling stabi-
lity compared to pure RGO paper and pure polyaniline
electrodes. An all-solid-state thin-film supercapacitor
with transition metal hydroxides exhibited a high volume
capacitance of 660.8 F cm−3 with negligible degradation
after 2,000 cycles [108]. As shown in Fig. 11b, graphene
sheets with different electrostatic charges self-assemble
into sandwich-like intermediates by adjusting the con-
centration of Ni2+ ions in the precursor solution. The
layer-by-layer structure of the β-Ni(OH)2/graphene na-
nohybrids (Fig. 11c) was finally obtained via solvothermal
reduction. The ultrathin layer-by-layer structure provides
superior flexibility and maximizes the utilization of the
active materials. The graphene layers between β-Ni(OH)2
are beneficial for facilitating fast electron transfer, thus
increasing the rate performance. In addition to combin-
ing the graphene film with pseudocapacitive materials at
the nanoscale, direct doping of heteroatoms into carbon
scaffolds also increases the pseudocapacitance [109–111].
It has been shown that C–S bonds near edges or defects
are active sites which influence the charging of the elec-
trical double layer and facilitate the pseudocapacitive
behavior [112]. Therefore, a bottom-up method has been
developed to synthesize sulfur doped graphene (SG) films

Figure 11 (a) SEM images of the RGO films. Reproduced with permission from Ref. [107]. Copyright 2015, Wiley-VCH. (b) Schematic illustration of
the formation mechanism of layer-by-layer b-Ni(OH)2/graphene nanohybrids. (c) HR-TEM image and the structural model of the layer-by-layer
nanohybrids. Reproduced with permission from Ref. [108]. Copyright 2012, Elsevier.
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in micro-supercapacitors [109]. Typically, peripherical
trisulfur-annulated hexa-peri-hexabenzocoronene
(SHBC) dispersion is coated on a silicon wafer. After
covered with a thin Au protecting layer, the SHBC film is
thermally transformed into the SG film. The film showed
a high volumetric capacitance of 582 F cm−3 at a scan rate
of 10 mV s−1 and maintains a volumetric capacitance of
8.1 F cm−3 at an ultrahigh scan rate of 2000 V s−1, in-
dicating its excellent rate stability.

3D graphene framework
Because of their single fiber or ultrathin structures, gra-
phene fibers and graphene films exhibit good electro-
chemical performance. However, the challenges of
knitting fiber supercapacitors into textiles or increasing
mass loading of film supercapacitors without capacitance
degradation remain to be overcome. To optimize the
structure of graphene active materials for further im-
proving performance, 3D porous graphene frameworks,
also called graphene foam, have been developed as su-
percapacitor electrodes recently [113–115]. Flexible 3D
graphene frameworks have high electrical conductivity
and good wettability, facilitating the fast diffusion of
electrolyte ions and contributing to a high power density.
In addition, due to the interconnected and macroporous

structure, high mass-loading of active materials can be
realized in the 3D graphene framework without sacrifi-
cing capacitance. Xu et al. [115] reported a flexible solid-
state supercapacitor based on RGO hydrogel synthesized
by a hydrothermal reduction method (Fig. 12a). The
prepared RGO hydrogel with a porous structure was
pressed on a gold-coated polyimide current collector. The
obtained supercapacitor exhibited an areal specific capa-
citance of 372 mF cm−2 and a gravimetric specific capa-
citance of 186 F g−1 and the CV curves showed only a few
differences with different bending states (Fig. 12b). A
milder hydrothermal method performed at a relatively
low temperature was used to synthesize ordered 3D
graphene [116]. Flexible binder-free supercapacitors were
fabricated by pressing the as-synthesized graphene onto a
nickel substrate and the resulting device exhibited a
gravimetric capacitance of 220 F g−1. Two of these su-
percapacitor devices connected in series were able to
power a digital thermal-meter for 15 min while using a
soft aluminum packaging film as an encapsulating ma-
terial (Fig. 12c). Recently, a two-step method was used to
synthesize 3D hierarchical porous graphene [117]. The
filtration assembly of partially reduced GO followed by
subsequent freeze-casting led to the formation of cellular
graphene. Freeze-casting is a versatile, readily accessible

Figure 12 (a) Schematic diagram and photographs of the fabrication process of flexible solid-state supercapacitors based on graphene hydrogel films.
(b) CV curves of the flexible solid-state device at 10 mV s−1 for different bending angles. Reproduced with permission from Ref. [115]. Copyright 2013,
the American Chemical Society. (c) Two devices connected in series can power the digital temperature and humidity meter at both a normal (right)
and bending (left) state. Reproduced with permission from Ref. [116]. Copyright 2014, the Royal Society of Chemistry. (d) Cross-section SEM image
of a 3D porous RGO film after long-term reduction. (e) CV curves of an all solid-state supercapacitor tested at a scan rate of 50 mV s−1 under different
bending angles. (f) The device retains about 91% of the initial capacitance after 500 cycles when tested under the bent state. Reproduced with
permission from Ref. [117]. Copyright 2016, Wiley-VCH.
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and inexpensive solution-phase technique that uses the
controlled crystallization of a suspension to induce or-
dered hierarchical porous architectures [118]. However,
directly freeze-cast GO dispersions cannot adopt an or-
dered structure, and instead form a randomly oriented
porous brittle monolith. Therefore, pre-reduction with a
carefully controlled reduction time is crucial to obtain
appropriate “particles”, which are the source of the con-
tinuous 3D porous network. Upon optimization of the
fabrication conditions, the obtained graphene foam with
a highly porous structure (Fig. 12d) exhibited superior
electrical conductivity and good mechanical strength.
When used as supercapacitor electrodes, only 9% capa-
citance decay was observed after 500 CV cycles and
bending tests (0° to 135°, Fig. 12e, f).
The pseudocapacitive performance can be further im-

proved throng incorporating 3D graphene framework. Yu
et al. [119] synthesized RGO foam by a dipping and dry
method with Ni foam as a template. Polyaniline nanowire
arrays were polymerized in-situ on the surface of the
RGO facilitated by the π-π interaction between polyani-
line and RGO. The uniform deposition reduced the dif-
fusion length of ions in the PANI phase during rapid
redox reactions and ensured high utilization of the elec-
trode materials. The synergetic effect of PANI and the
porous RGO foam caused the energy and power densities
of the composite electrode to be approximately 8 times
higher than those of the pure RGO foam electrodes.
Owing to the low-cost, high specific surface area, and
regularly interconnected pore channels, ordered meso-
porous carbon (OMC) is a promising material for electric
double layer capacitors [120–122]. Zhi et al. [123] com-
bined CVD-grown graphene foam, OMC, and Ag nano-
wires to form a 3D interconnected network, named Ag-
GF-OMC. The graphene foam acts as a flexible and
conductive scaffold while the Ag nanowires act as con-
ductive additives. This hierarchical structure exhibited an
ultrahigh electrical conductivity of 741 S cm−1 and an
amplified specific capacitance of 213 F g−1 compared to
the original graphene foam (39 F g−1). Surface modifica-
tion with heteroatom functional groups on the carbon
scaffold is another strategy to increase the pseudocapa-
citance of the carbon materials. Qin et al. [124] used
melamine foam as a template to fabricate a flexible O/N
enriched graphene foam. During the preparation process,
a compression/hot curing strategy was used to prevent
the graphene from shrinking and to simultaneously in-
troduce high concentrations of O/N functional groups.
The obtained graphene foam exhibited good robustness
as determined from bending tests. No obvious resistance

change was observed when the material was bent to 180°
after 500 cycles. After a compacting step, the graphene
foam exhibited a volumetric capacitance of 106 F cm−3 at
a current density of 1 A g−1. It was determined that the N/
O functional groups were responsible for approximately
65% of the total capacitance, indicating the successful
doping of pseudocapacitive functional groups on the
carbon surface.

SUMMARY AND OUTLOOK
Great progress has been made in the development of
flexible supercapacitors based on CNTs and graphene
materials. Recent advances in the fabrication of CNT
nanostructures and graphene for fabricating flexible su-
percapacitors have been summarized in this review. There
is no doubt that the nanostructures of CNTs and gra-
phene influence the capacitive performance and de-
termine the mechanical properties of the resulting
supercapacitors to a large extent. The nanostructures
based on CNT and graphene can be divided into three
major types: (1) 1D fibers or yarns, (2) 2D films and (3)
3D foams or arrays, each with their own advantages and
disadvantages. Fibers and films usually possess excellent
mechanical properties, and extremely high specific ca-
pacitance can be achieved with 1D or 2D nanostructures.
However, the excellent electrochemical performance is
often highly dependent on the choice of appropriate
substrates or a relatively low mass loading. 3D nanos-
tructures result in materials with large surface areas and
good contact with the electrolyte, which leads to better
electrochemical performance under high mass loading
conditions. However, the mechanical properties of 3D
structures are not always as good as the 1D or 2D
structures. Based on the above discussion, it is clear that
CNTs and graphene are promising materials for con-
structing flexible supercapacitors, but many challenges
remain. When high performance flexible supercapacitors
are constructed, the following issues still need to be ad-
dressed:
(1) It is essential to complement the structural design of

the CNTs and graphene depending on the specific func-
tions desired. For instance, 3D foams usually have a large
accessible ion surface, but have poor mechanical strength
compared to 1D fibers. However, 1D fibers are usually
not as compressible as 3D foams.
(2) Flexible supercapacitors have been fabricated with

the recent advances in structural design and novel stra-
tegies for modulation of the properties of CNTs and
graphene. However, efforts are still needed to further
improve the flexibility of these materials to meet the re-
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quirements of practical application. The combination of
intrinsic electrode materials and novel device configura-
tion is a promising strategy to achieve this goal.
(3) It is highly desirable to develop standardized testing

procedures and comprehensive evaluation standards for
flexible supercapacitors. More detailed mechanistic sta-
tistics instead of the simple electrochemical curves ob-
tained under deformable states would allow for the
proper evaluation of the real flexibility of supercapacitors
and assessment of their potential application.
(4) Low cost and scalable production is important for

practical applications. To reduce the cost of flexible and
wearable electronics, large-scale synthetic methods and
abundant and cheap raw materials would be beneficial.
Mature technologies such as printing and laser irradiation
have shown promise for the economical fabrication of
flexible electrodes.
(5) Integration of flexible supercapacitors with other

devices is a promising direction for future research. For
example, the combination of flexible supercapacitors with
energy harvesting devices such as solar cells may be able
to achieve self-powering devices. These integrated devices
combining different functions show great potential in
novel portable and wearable electronics.
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碳纳米管和石墨烯材料在柔性超级电容器中的应用
李康, 张进涛*

摘要 随着柔性电子器件的发展, 对与之相匹配的柔性储能器件的需求越来越大. 柔性超级电容器因其具有快速的充放电倍率、长循环
寿命和良好的柔韧性而受到广泛关注. 碳纳米管和石墨烯拥有良好的机械性能和多样的结构, 不同的微纳结构对电极的电化学性能和机
械性能有较大的影响. 本文总结了近期以碳纳米管和石墨烯为电极材料的柔性超级电容器研究进展, 重点概括了不同柔性电极的合成方
法和结构特点, 并分析了构建柔性超级电容器的容量性能和机械性能. 此外, 还讨论了柔性超级电容器发展现存的挑战和未来的前景.
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