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Smart, stretchable and wearable supercapacitors:
prospects and challenges

Yu Zheng, Yanbing Yang, Shasha Chen and Quan Yuan*

Among the various energy storage systems, supercapacitors are considered to be the most promising al-

ternative to batteries due to their high power density, long cycle life and fast charge–discharge process. Es-

pecially, flexible electrochemical supercapacitors with their unique advantages such as flexibility, shape-

conformability, and light weight are attracting ever-increasing attention to meet the current requirements

for portable and wearable electric devices in modern energy storage markets. In this perspective, we sum-

marize the most recent progress in flexible all-solid supercapacitors from the point of view of flexible

electrode materials. Various flexible electrode materials like carbon nanotubes, graphene, and pseudo ca-

pacitive materials are discussed and their performance is comprehensively analyzed. In addition, an over-

view of the latest progress in strategies to improve the energy and power density is discussed. Further re-

search targets in multifunctional integrated systems and challenges in realizing idealized flexible energy

storage systems are also proposed.

1. Introduction

Serious climate change and decreasing availability of fossil
fuels have compelled people to search for renewable energy
production techniques and resources.1,2 As a result, one solu-
tion to solve this problem is the development of efficient
electrochemical energy storage systems with high energy and
power characteristics to fulfill the requirements for inexpen-
sive, flexible, light-weight and environmentally friendly en-
ergy storage devices.3–21 Supercapacitors (SCs), also known as

electrochemical capacitors or ultracapacitors, are considered
to hold the most promise for mobile energy storage technol-
ogy because of their advantages such as ultrafast power sup-
ply, high energy density and long cycle life.22–25 Fig. 1 illus-
trates the ‘Ragone plot’ of specific power versus specific
energy for various energy storage devices.24 In comparison
with other energy storage devices, SCs exhibit the highest
specific power and appropriate energy density, making them
powerful alternative candidates for batteries in the energy
storage field.

More recently, accompanied with the development of por-
table and wearable electronic devices for specific applications
such as bendable smart phones, flexible wireless sensors and
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wearable biomedical devices, great interests has been
aroused in flexible energy storage equipment.26–36 Flexible
all-solid state SCs, because of their outstanding advantages
like ultra-flexibility, small size, light weight, and ease of
operation,37–41 hold great promise as a new kind of flexible
energy storage systems for applications in hybrid electric ve-
hicles, memory backup systems, and portable electronic

devices.42 In addition, the ability to withstand a wide range
of high tensile strain conditions like bending, folding and
even twisting makes SCs particularly suitable for wearable
electronics, which can be operated at various situations with-
out performance degradation.43 Up to now, considerable at-
tempts have been made to fabricate flexible SCs with multi-
ple geometries including planar, fiber and wire-shape to
obtain multi-functional integrated systems and micro-scale
devices.44–49

In general, the performance of a supercapacitor mainly de-
pends on several key components including the electrode,
electrolyte, and device configuration.24,50,51 Current research
on flexible SCs has achieved great advances from the aspect
of electrode materials including carbon nanotubes, graphene,
transition metal oxides, conductive polymers and their com-
bined composites. Here, we give a brief summary of the re-
cent progress in flexible SCs. First we review the electrode
materials of flexible SCs, and further a comprehensive study
of the performance and storage mechanism is discussed. An
analysis of the strategies to improve the electrochemical stor-
age performance of flexible SCs is given. Finally, we introduce
the future challenges and opportunities that flexible SCs
might face. The latest development of multifunctional sys-
tems which combine energy conversion and storage into one
unit is discussed.

2. Flexible devices

Flexible SCs is an emerging field in the area of energy storage
wherein circuits can be built on flexible substrates. The
designed configuration has the capacity to accommodate
large levels of strain while maintaining superior electronic
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Fig. 1 Ragone plot of specific power versus specific energy for various
energy storage devices. Reproduced with permission from ref. 24.
Copyright 2008, Nature Publishing Group.
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performance.43,71 In comparison with conventional SCs, flexi-
ble SCs hold great promise to act as storage units in portable

devices and wearable electronics.4,9,10,72–81 The excellent per-
formance comes from their unique advantages, such as the
ability to withstand a wide range of strain, shape diversity
and light weight.37–41 The key to fabricate flexible SCs lies in
the electrode materials which have good electrical and me-
chanical properties.52–71 Typically, the current reported flexi-
ble electrode materials (Fig. 2) include carbon nanotubes,
graphene, transitional metal oxides, conductive polymers as
well as their combined composites. Other than the flexible
electrode materials, a soft substrate82–84 is another important
component needed to provide the shape variable support.
The integration of flexible electrode materials into various
flexible substrates, such as plastic, textile, sponge and paper,
has been widely reported.85–94

3. Flexible electrode materials
3.1. Carbon nanotubes (CNTs)

CNTs, due to their good electrical conductivity (104–105 S
cm−1), high specific surface area (1240–2200 m2 g−1), unique
porous structure, and superior mechanical and thermal sta-
bility have attracted a great deal of attention as super-
capacitor electrodes.95–104 Moreover, their high aspect ratio
and open tubular network make them excellent electrode
materials for flexible SCs.100,105 Niu et al.13 fabricated highly
integrated stretchable SCs based on buckled single-walled
carbon nanotube (SWCNT) films. These buckled SWCNT film
electrodes (Fig. 3a) were synthesized by combining directly

Fig. 2 Structure models of typical flexible electrode materials: (a)
carbon nanotubes (CNTs), (b) graphene, (c) pseudo-capacitors, (d)
conducting polymers, (e) composite materials. (e) Reproduced with
permission from ref. 189. Copyright 2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Fig. 3 (a) Schematic of preparing a buckled SWCNT film on PDMS. (b) The normalized sheet resistance of SWCNT films on PDMS with and without
buckled structure at different strain levels and buckled SWCNT film after 10 times stretching at different strain levels, where R0 is the resistance of the
unstretched SWCNT films and R is the resistance of the SWCNT films at different strain levels. (a, b) Reproduce with permission from ref. 132. Copyright
2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Optical images of as-prepared SWCNT films spread on self-healing substrates in a circuit with
an LED bulb. (c1) the original; (c2) after cutting; (c3) after healing. (d) Cyclic voltammograms of the device under bending (an inward ∼45° bending angle)
and after healing for different times. (e) Capacitance retention of the devices before cutting and after the 5th healing after 1000 cycles under a current
density of 5 A g−1. (f) Schematic representation of self-healing capabilities of electrical conductivity of as-prepared SWCNT films spread on self-healing
substrates. (c–f) Reproduced with permission from ref. 91. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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grown SWNT network films with a polydimethylsiloxane
(PDMS) substrate with enhanced pre-strain. Given that the
ability of enduring strain is a function of the wavelength of
the buckled structure, a large pre-strain applied to the PDMS
substrate will form a smaller wavelength of the buckled
structure. Thus, by increasing the pre-strain of PDMS, they
fabricated the buckled SWCNT film electrodes, whose peri-
odic buckling wavelength is about 1.1 μm which is smaller
than other reported buckled SWCNT film electrodes (2 μm).
These electrodes can be stretched under a strain of 140%
without a significant change of resistance (Fig. 3b). Using
the H2SO4-PVA gel as both an electrolyte and separator,
the capacitance retention of the prepared integrated
highly stretchable SWNT film supercapacitor almost remains
unchanged even under 120% strain during the charge/
discharge process.

Despite the superior flexibility of integrated devices, the
electrode materials become susceptible to structure fractures
under bending or during charge and discharge processes
when subjected to practical applications.106–110 Thus, it
should be of scientific and technological importance to ex-
plore robust supercapacitors with the capability of managing
mechanical damage. Polymer flexible substrates may possibly
undergo mechanical damage caused by deformation or inci-
dent cutting. Self-healing materials, which can repair the
internal or external damage that they have experienced,
promised their applications for developing functional devices
with robust mechanical flexibility and excellent stability.111–126

Wang et al.91 reported a mechanical and electrical self-healing
supercapacitor (Fig. 3c) by spreading SWNT films onto self-
healing substrates. The self-healing composites are composed
of supermolecular network supported hierarchical flower-like
TiO2 nanostructures, whose lateral movement can bring the
fracture surfaces into contact with each other in the event of
cutting or breakage (Fig. 3f). Moreover, the existence of a PVP-
H2SO4 gel electrolyte with self-adhering performance enhances
the self-healing efficiency. As a result, the as-prepared super-
capacitors exhibit excellent electrochemical storage (Fig. 3d)
and self-healing performance, and the specific capacitance
(Fig. 3e) can be restored up to 85.7% of its original value even
after the 5th cutting.

3.2. Graphene

Graphene is composed of a single layer of hexagonally arranged
sp2 hybridized carbon atoms. Its unprecedented physical and
chemical properties such as superior electronic conductivity,
thermal conductivity, mechanical and chemical stability, unique
two-dimensional (2D) morphology and ultrahigh surface area
(2630 m2 g−1)127–132 forecast its enticing potential as a signifi-
cant material for flexible SCs. Niu et al.132 developed all-solid-
state flexible ultrathin micro-supercapacitors (Fig. 4a and b)
based on lateral ultrathin reduced graphene oxide (rGO) inter-
digitated microelectrodes on a polyethylene terephthalate (PET)
substrate. The Au electrode acts as the current collector and the
phosphoric acid/polyvinyl alcohol (H3PO4/PVA) gel serves as the
electrolyte. These ultrathin rGO micro-patterned electrodes

enhanced the ability of the H3PO4/PVA gel to infiltrate into the
layers of rGO micro-patterned electrodes due to the shortened
diffusion path lengths, leading to more effective utilization of
the electrochemical surface area of graphene layers. The
resulting devices achieved a much higher specific capacitance
(Fig. 4c) of 285 F g−1 than conventional SCs (86 F g−1). Further-
more, the columbic efficiency is nearly 98%, resulting from the
perfectly linear charge/discharge curve (Fig. 4d) of the obtained
micro-supercapacitor at a constant current of 1 A g−1.

The strong π–π interaction between each component al-
ways leads to the aggregation of graphene nanosheets, thus
the claimed large surface area cannot be fully utilized.133 To
overcome the over-stacking problem of graphene sheets,
three-dimensional (3D) porous graphene has been developed

Fig. 4 (a) Optical images of rGO patterns on PET with Au film. (b) Optical
images of micro-supercapacitors on PET. (c) The specific capacitance of
the rGO micro-supercapacitor and conventional supercapacitor at different
scan rates. (d) Typical galvanostatic charge/discharge curves of the micro-
supercapacitor at 1 A g−1. (a–d) Reproduced with permission from ref. 132.
Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e)
Schematic illustration of a wire-shaped supercapacitor fabricated from two
twined GF@3D-Gs with polyelectrolyte. (f) Photos of the textile embedded
with two GF@3D-G fiber supercapacitors (ca. 2 cm in length for each of
them) in flat and bending state, respectively. (g) CV curves of two GF@3D-
G fiber supercapacitors as the textile in flat (f1) and bending (f2) states with
a scan rate of 50 mV s−1. (e–g) Reproduced with permission from ref. 139.
Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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to make high performance supercapacitors.134–138 As illustrated
in Fig. 4e, Meng et al.139 fabricated a unique all-graphene core-
sheath fiber-based electrochemical supercapacitor in which a
core of flexible graphene fiber (GF) is covered with a sheath of
3D graphene network (denoted as GF@3D-G). The flexible GF is
synthesized by integrating the graphene sheets into macroscopic
ensembles, which possess the common mechanical flexibility
characteristics of a fiber. As a result, the assembled fiber SCs
can be conveniently woven into textile for wearable electronics
(Fig. 4f and g). A specific capacitance of 30–40 μF g−1 is obtained
even under cycling bending and releasing for 500 cycles.

3.3. Pseudo-capacitors

Generally, a SC is divided into an electrical double-layer capaci-
tor (EDLC) and a pseudo-capacitor according to the charge stor-
age mechanism. Typically, the capacitance of an EDLC comes
from the pure electrostatic charge accumulated at the electrode/

electrolyte interface, which is strongly dependent on the effec-
tive surface area of the electrode materials that is accessible to
the electrolyte ions. Therefore, various carbon-based materials
with high surface area such as active carbon, carbon particles,
CNTs, graphene and their composites are most widely used as
EDLCs. Pseudo-capacitors, on the other hand, use fast and re-
versible faradic processes of the redox-active materials based on
transitional metal oxides as well as electronically conducting
polymers for charge storage. Pseudo-capacitors have been exten-
sively studied in the past few decades because their specific ca-
pacitance far exceeds that of EDLCs.140–143 Yang et al.144

reported edge-oriented MoS2 thin films grown on Mo substrates
serving as a flexible electrode with a high area capacitance of
12.5 mF cm−2 (Fig. 5a and b). Among the metal oxides, MnO2

has been widely recognized as one of the most attractive
electrode materials for SCs in terms of its high theoretical spe-
cific capacitance (1400 F g−1), low cost, natural abundance, and
environmental compatibility.145 Lu et al.146 fabricated a solid-

Fig. 5 (a) Schematic of the fabrication process and photographs of the flexible electrodes of the edge-oriented MoS2 film. (b) Photographs of the
flexible electrodes. The left photograph shows the visible difference between the Mo oxide (dark color) and MoS2 (gray color). The right photo-
graph shows the flexibility of the edge-oriented MoS2 film. (a, b) Reproduced with permission from ref. 144. Copyright 2014 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (c) Schematic of the fabrication process for WO3−x@Au@MnO2 NWs. (d) Optical photographs of the as-fabricated
solid-state supercapacitor device. The bottom images demonstrate the high flexibility of the as-prepared device. (e) CV curves of a
WO3−x@Au@MnO2 supercapacitor at different curvatures of 0°, 45°, 90°, 135°, and 180° between 0 and 3 V. (c–e) Reproduced with permission
from ref. 146. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Schematic illustration of the fabrication of the smart super-
capacitor of the PANI/CNTs films. (g) Dependence of specific capacitance on stretched cycle number at a strain of 100%. C0 and C correspond to
the specific capacitances before and after bending or stretching, respectively. The inset shows the photographs of a supercapacitor before and af-
ter bending and stretching. (f, g) Reproduced with permission from ref. 154. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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state SC with high flexibility by using hybrid WO3−x@Au@MnO2

core–shell nanowires (NWs) on flexible carbon fabric as
electrodes (Fig. 5c). The flexible device can operate under bend-
ing conditions even at an angle of 180° without significant
electrochemical performance degradation (Fig. 5d and e). By
this way, the as-synthesized pseudo-capacitor overcomes the in-
trinsic low mass loading of MnO2, resulting in a high specific
capacitance of 1195 F g−1 at a current density of 0.75 A g−1. Fur-
thermore, the as-fabricated supercapacitor exhibits excellent
long-term cycling stability, high power density (30.6 kW kg−1)
and energy density (106.4 W h kg−1).

3.4. Conducting polymers

Conducting polymers have attracted significant research inter-
est as flexible SCs due to their relatively high theoretical capaci-
ties ranging from 100 to 140 mA h g−1.147,148 The advantages of
environmental compatibility, wide voltage window, remarkable
storage capacity/reversibility, and adjustable redox activity also
contribute to the wide attention.149–153 The widely investigated
conducting polymers including polypyrrole (PPy), polyaniline
(PANI) and polythiophene (PTP) are promising candidates for
manufacturing smart flexible SCs. It has been reported that
some of the conducting polymers are sensitive to external envi-
ronmental stimuli including temperature, pH, ion strength,
solvent, and ligand interaction.155,156 Different stimuli condi-
tions can induce different colors, making them highly suitable
as electrode materials for SCs and other smart energy devices.
For example, Chen et al.154 developed smart SCs by depositing
the conducting polymer polyaniline (PANI) onto aligned CNT
sheet electrodes (Fig. 5f). The capacitance achieved was 308.4 F
g−1 and the SCs can be operated at a strain of up to 100% for
200 cycles (Fig. 5g). The color change can be immediately ob-
served by our naked eyes at the same time during the
stretching and recovering.

However, direct utilization of bulk conducting polymers as
electrode materials suffered from a limited stability during
cycling and caused electrochemical performance fad-
ing.147,157,158 Thus, research efforts with conducting polymers
for supercapacitor applications are nowadays developed to-
wards their hybrid composites with various types of carbon
materials with high stability.

3.5. Composites

Pure carbon material based flexible SCs usually exhibit high
power density but relatively low energy density and specific ca-
pacitance arising from the limited charge accumulation on the
electrode surface.159,160 While pseudo-capacitance resulting
from the fast and reversible faradic process of redox-active ma-
terials may provide much higher specific capacitances and en-
ergy density.92 For developing high-capacitance supercapacitors,
the composite electrodes which consist of carbon materials and
pseudocapacitive active components have received great interest
due to their significant improvements in both energy density
and power density. Choi et al.161 reported a MWNT/MnO2 com-
posite yarn supercapacitor obtained by depositing MnO2 onto a

multi-walled carbon nanotube (MWNT) yarn which is synthe-
sized by twisting MWNT sheets. The micrometer diameter yarn
electrode simultaneously served as the conductive pathway, flex-
ible substrate and current collector. Effective electron delivery
between the active material MnO2 and uniaxial aligned CNT
bundles of yarn is realized, resulting in a high specific capaci-
tance value of 25.4 F cm−3 (Fig. 6a), energy and average power
densities (3.52 mW h cm−3 and 127 mW cm−3, respectively). Be-
cause of the mechanical flexibility properties of the composite
yarn electrodes, there was no significant capacitance drop even
after the 1000th bending cycle at a bending angle of 90°
(Fig. 6c). Furthermore, the flexible yarn electrode was woven
into commercial textile for application as a smart cloth
(Fig. 6b). Other than the commonly used electrochemical active
materials, a MOF is another choice to serve as a supercapacitor
electrode. Cao et al.162 reported a flexible electrode material
(Fig. 6d and e) obtained by wrapping porous reduced graphene
oxide (rGO) onto Mo containing MOF derived MoO3. They
fabricated all-solid-state, flexible supercapacitor devices by
using a rGO/MoO3 composite as the electrode, a Au film-coated
polyĲethylene terephthalate) (PET) substrate as the flexible cur-
rent collector, and a H2SO4/polyĲvinyl alcohol) (PVA) gel electro-
lyte as the solid electrolyte. The device showed a capacitance re-
tention of 80% after 5000 cycles at a high current density of 2 A
g−1 (Fig. 6f) and a maximum energy density of 14 W h kg−1 at a
power density of 500 W kg−1. Owing to its large specific capaci-
tance (1340 F g−1), high electrical conductivity and suitable
working window, vanadium nitride (VN) is considered as a
promising pseudo-capacitive candidate for next-generation high
performance SCs.163 Xiao et al.164 designed a high performance
all-solid-state flexible SC with flexible freestanding mesoporous
VN nanowires (MVNNs)/CNT hybrid electrodes. The whole
weight of the device (including the electrodes, separator and
electrolyte) was only 15 mg, resulting in a high volume capaci-
tance of 7.9 F cm−3.

Hybrid composites based on conducting polymers and car-
bon materials have also been extensively studied as flexible
SCs. Yu et al.165 developed a solid-state supercapacitor device
with remarkable flexibility, which could be stretched to a
large strain of 50% without decreasing its conductivity. The
device was assembled by depositing a layer of polyaniline
(PANI) nanofibers on the water surface assisted synthesized
MWCNT/PDMS film to form the PANI/MWCNT/PDMS film
electrode. The electrode exhibited a benchmark specific gravi-
metric capacitance of 1023 F g−1 and an area capacitance of
481 mF cm−2 at a scan rate of 5 mV s−1. Moreover, the as-
fabricated SC exhibited 95% capacitance retention after 500
cycles during the dynamic stretching and releasing process.
And the maximum energy density of the device is 0.15 mW h
cm−3 (11 W h kg−1) at a current density of 2 mA cm−2. Re-
cently, a similar super-elastic supercapacitor based on two
aligned carbon nanotube (CNT)/polyaniline (PANI) composite
sheets was designed by Zhang et al.44 It can be stretched to a
large strain of 400% without performance degradation. As il-
lustrated in Fig. 7, a relatively high specific capacitance of ap-
proximately 79.4 F g−1 is well maintained after stretching at a
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strain of 300% for 5000 cycles and 100.8 F g−1 after bending
for 5000 cycles at a current density of 1 A g−1. The specific ca-
pacitance of the flexible SCs can be maintained by 95.8% at a
stretching speed as high as 30 mm s−1. To achieve the devel-
opment of flexible electrodes for SCs with different configura-
tions, Liu et al.166 coated the microscale porous reduced
graphene oxide (rGO)/cellulose fiber (rGO/CF) composite pa-
per with PANI to develop two kinds of SCs with a compact de-
sign and nanostructured configuration. A high specific capac-
itance of 464 F g−1 is achieved for the PANI-rGO/CF composite
paper when used as a supercapacitor electrode.

4. Strategies to improve the performance
of supercapacitors
4.1. Asymmetric SCs

Besides improving the specific capacitance of the electrode,
the energy density (E) of flexible SCs can also be increased by
maximizing the cell voltage (V) according to the equation: E =
0.5CV2.167 For this purpose, a promising strategy is to de-
velop an all-solid-state asymmetric SC by coupling different
positive and negative electrode materials with well-separated
potential windows to obtain a high operation voltage. Typi-
cally, nanostructured carbon-containing materials were used
as Faradic electrodes (energy source) and a suitable carbon
material served as the capacitance electrode (power source).

Fig. 7 (a) Dependence of specific capacitance on cycle number of
CNT/PANI elastic fiber electrodes at a current density of 1 A g−1. (b)
Dependence of specific capacitance on stretching speed of CNT/PANI
elastic fiber electrodes. C0 and C correspond to specific capacitances
at 0 and the other strain, respectively. (c, d) Photographs of the elastic
fiber electrode used to power a light emission diode before and after
stretching by a load, respectively. (e) Photograph of an elastic fiber
electrode before and after stretching by 100%, 200%, 300%, 400%,
and 500%. (a–e) Reproduced with permission from ref. 44. Copyright
2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 6 (a) Volumetric capacitance of all-solid-state CMY electrode as a function of scan rate. (b) Optical image of hand-made CMY textile
consisting of 15 yarns. Inset: A CMY electrode woven into a commercial textile (scale bar represents 1 mm). (c) Comparison of CV plots of solid-
state CMY supercapacitor before and after the 1000th bending test. (a–c) Reproduced with permission from ref. 161. Copyright 2013 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic illustration of the configuration of the all-solid-state flexible supercapacitor device fabricated
with rGO/MoO3 composite. (e) CV curves of the device under different bending status. Inset: Photograph of a bent device (L = 4.3 cm). (f) Cycling
performance measured by charging and discharging the device at 2 A g−1 for 5000 cycles. (d–f) Reproduced with permission from ref. 162. Copy-
right 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Such a device can effectively make use of the different poten-
tial windows of the two electrodes to provide a maximum op-
eration voltage up to 2 V, and hence significantly enhance
the device energy density.167 Chen et al.168 constructed an
asymmetric SC (Fig. 8a) containing a 3D bacterial cellulose
pellicle (p-BC) nanofiber network coated MnO2 (p-BC@MnO2)
as the positive electrode and a nitrogen-doped p-BC (p-BC/N)
nanomaterial as the negative electrode. The optimized device
can be reversibly charged/discharged at a potential window
of 2.0 V (Fig. 8b) in an aqueous electrolyte, reaching a consid-
erably high energy density of 32.91 W h kg−1 and a maximum
power density of 284.63 kW kg−1. Meanwhile, the hybrid
supercapacitor exhibits good cycling stability with 95.4% spe-
cific capacitance retention after 2000 cycles.

To improve the specific capacitance, various materials, such
as metal hydroxides, have been investigated as cathodes in
asymmetric supercapacitors.24,169 Among them, β-CoĲOH)2 is
one of the most promising candidates owing to its high theo-
retical capacitance of 3460 F g−1 and natural abundance.170

Gao et al.167 fabricated a novel cathode with β-CoĲOH)2 single
layers with a five-atom layer thickness. This kind of structure
not only features a shorter ion diffusion path but also provides
100% exposed hydrogen atoms to serve as the electroactive
sites, thus favoring Faradic redox reactions. Benefiting from
these features, an all-solid-state asymmetric supercapacitor
fabricated from single-layer β-CoĲOH)2 as the cathode and
N-doped graphene as the anode displayed a high energy den-
sity of 98.9 W h kg−1 at an exceptional power density (Fig. 8c)
of 17 981 W kg−1, which is comparable to that of lithium-ion
batteries. Furthermore, this integrated asymmetric super-
capacitor achieves an excellent cycling life and a 93.2% capac-
ity retention after 10000 charge/discharge cycles (Fig. 8d). Owing
to their unique electrochemical properties, two dimensional
(2D) nanosheets of transition-metal dichalcogenides (TMDs, par-
ticularly MoS2)

171,172 have been shown to be attractive anodes
for asymmetric SCs.173 Recently, Sun et al.174 incorporated MoS2
and reduced graphene oxide (rGO) nanosheets into MWCNT
fibers to fabricate solid-state, asymmetric supercapacitors
(Fig. 8e) by using MoS2-rGO/MWCNT and rGO/MWCNT fi-
bers as the anode and cathode, respectively. The resulting
extremely flexible asymmetric supercapacitor demonstrates
a much higher energy density and power density than sym-
metric SCs and can be operated in a wide potential window
of 1.4 V (Fig. 8f). Furthermore, both the volumetric capaci-
tance and coulombic efficiency are steady even under re-
peated bending for 7000 cycles.

4.2. Series SCs

In general, the working potential window and energy storage
capacity of a single SC is limited to meet practical applica-
tions. As a result, assembling several SCs in series, or in par-
allel, into one integrated unit would be a simple and viable
way to improve the overall output potential and current. As a
proof of concept, Niu et al.175 integrated four highly com-
pressible all-solid-state SCs (Fig. 9a–d) into one unit in series
by using PANI-SWNT sponge as electrodes, PVA/H2SO4 as a
solid electrolyte, Au films on polyĲethylene terephthalate)
(PET) substrates as current collectors, and filter paper as a
separator. This resulting integrated SC unit was powerful
enough to light up a red light-emitting diode (LED) when
fully charged and displayed a good compression tolerant abil-
ity (Fig. 9e–h). The CV curve of such four devices in series
exhibited an enhanced potential range of 0–3.2 V, which is
four times that of a single supercapacitor (Fig. 9i). It is also
reflected by the charge/discharge curve, where the charge po-
tential can reach up to 3.2 V (Fig. 9j). For eliminating inactive
ingredients such as binders and current collectors, Xiao
et al.164 fabricated flexible freestanding mesoporous VN nano-
wires (MVNNs)/CNT hybrid electrodes and obtained high

Fig. 8 (a) Scheme of the asymmetric supercapacitor (p-BC@MnO2-2
h//p-BC/N-5 M) with p-BC@MnO2-2 h as the positive electrode and p-
BC/N-5 M as the negative electrode in 1.0 M Na2SO4 aqueous
electrolyte. (b) CV curves of different operation voltages at a scan rate
of 20 mV s−1. (a, b) Reproduced with permission from ref. 168.
Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c)
Electrochemical performance of the single-layer β-CoĲOH)2 all-solid-
state asymmetric supercapacitor in comparison with previously
reported asymmetric supercapacitors. (d) Cycle performance of the
single-layer β-CoĲOH)2 all-solid-state asymmetric supercapacitor mea-
sured at a scan rate of 20 mV s−1; the inset shows the corresponding
CV curves. (c, d) Reproduced with permission from ref. 168. Copyright
2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) CV curves of
rGO/MWCNT fiber and MoS2-rGO/MWCNT fiber based asymmetric
supercapacitors at cell voltages of 0.8, 1, 1.2, 1.4, and 1.6 V. Inset: Opti-
cal image of a fiber-based asymmetric supercapacitor on glass slide. (f)
Plot of energy density versus power density for fiber-based asymmetric
supercapacitor and those of MoS2-rGO/MWCNT, rGO/MWCNT, and
bare MWCNT fiber-based symmetric supercapacitors. (e, f)
Reproduced with permission from ref. 174. Copyright 2015 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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performance all-solid-state flexible SCs. Three devices were
connected in series or parallel to test the galvanostatic charge/
discharge curves at the same current (0.5 mA). The three de-
vices connected in series exhibited a charge/discharge voltage
of 2.1 V with almost the same discharge time as a single de-
vice. Furthermore, the discharge time of the three devices
connected in parallel was about 2.5 times larger than that of a
single device, which approached the theoretical factor 3,
confirming to the theorem of series and parallel connections
of capacitors. To demonstrate the flexibility and foldability of
the series SCs, Liu et al.166 prepared four SC units based on
PANI-rGO/CF composite paper in series to light a red LED. The
all-solid-state SCs could stably light the LED when they were
twisted and folded simultaneously, which have potential appli-
cations in future wearable or printable electronics.

4.3. Micro-SCs

Current research on SCs has focused on their applications for
portable/wearable electronics, which stimulated the development

of miniaturized energy storage devices. As one type of newly de-
veloped miniaturized electrochemical energy-storage devices,
micro-SCs can offer power densities that are much larger than
those of conventional batteries and SCs because of their fast re-
sponses to ions and electrons.176 Besides, miniaturized energy
storage devices integrated into a chip would potentially increase
the density of devices with different functionalities and reduce
overall chip design complexity by eliminating intricate intercon-
nects in bulk-sized energy storage devices.177 Recent work has il-
lustrated that high performance micro-scale SCs can be fabri-
cated onto a chip using different active materials and designs,
such as CNTs, graphene sheets, activated carbons, and conduc-
tive polymers.178–187 Meng et al.176 fabricated an ultrathin flexi-
ble all-solid-state SC (Fig. 10b) based on a leaf formed nano-
composite structure of polypyrrole (PPy)-decorated nanoporous
gold (NPG) as both the electrode support and current collector
(Fig. 10a). The total thickness of the supercapacitor is less than
one micrometer. Because of the fast responses to ions and
electrons, this symmetric SC thus produced a large specific ca-
pacitance (270 F g−1) at a current density of 0.6 A g−1. And it
showed a power density of 296 kW kg−1, an energy density of 27
W h kg−1, and exhibited almost identical performance at various
curvatures (Fig. 10c–g), suggesting its wide application potential
in powering wearable/miniaturized electronics.

Continuous carbon nanotube yarn can be fabricated by
means of dry and wet spinning methods, which greatly pro-
motes the development of fiber shaped micro-supercapacitors.
Meng et al.188 developed a high-performance yarn micro-
supercapacitor with single-walled carbon nanotubes and ac-
tivated carbon electrodes. The combination of single-walled
carbon nanotubes and activated carbon provides the yarn
micro-supercapacitors with more effective area for ion trans-
portation and energy storage. The specific volumetric capac-
itance reaches 48.5 F cm−3, corresponding to a gravimetric
capacitance of 74.6 F g−1 at a scan rate of 2 mV s−1. Besides,

Fig. 10 (a) Schematic illustration of the fabrication process of the ultrathin
NPG-PPy/PVA/NPG-PPy flexible solid state supercapacitor. (b) Digital
pictures of macroscopic NPG-PPy thin membrane. (c) Response of a single
NPG-PPy120s supercapacitor at different curvatures from 0 to 4 cm−1. (d–f)
Digital images of an all-solid-state supercapacitor device at different bend-
ing states. (g) LED lighting demonstration, powered by three pieces of
supercapacitors in series. (a–g) Reproduced with permission from ref. 176.
Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 9 (a) Schematic diagram of an all-solid-state integrated super-
capacitor based on PANI–SWCNTs–sponge. (b–d) Real-time optical images
of a supercapacitor showing the compressing and recovering process. (e)
Au film patterns on PET substrates for assembling four supercapacitors
into one unit in series. (f–h) Real-time optical images of the resulting four-
supercapacitor group showing the compressing and recovering process.
The galvanostatic charge/discharge curves of the four-supercapacitor
group and a single supercapacitor at 0.4 A g−1. (i) The CV curves of the
four-supercapacitor group and a single supercapacitor at a scan rate of
5 mV s−1. (j) The charge/discharge curve of the four-supercapacitor group
and a single supercapacitor. (a–j) Reproduced with permission from ref. 175.
Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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the energy density is 3.7 mW h cm−3 at a power density of
45.7 mW cm−3. The device shows high stability with a capaci-
tance retention of 98.5% after 10000 charge–discharge cycles.
Such four micro-supercapacitors with high capacitance, energy
density and cycling stability were also connected together in par-
allel and in series configurations (Fig. 11a–d), thus the current
and potential range of the yarn micro-SCs were enlarged. Differ-
ent from the planar micro-SCs on one-chip, flexible fiber-shaped
SCs show incomparable advantages that they can be directly
used as flexible, wearable and embedded device units.163

Sun et al.189 synthesized graphene/CNT composite fibers to
fabricate a wire-shaped micro-SC with a specific capacitance of
up to 31.50 F g−1 (4.97 mF cm−2 or 27.1 μF cm−1), much higher
than that of a bare CNT fiber based supercapacitor (5.83 F g−1,
0.90 cm−2 or 5.1 μF cm−1) under the same testing conditions.
Moreover, the graphene/CNT composite fibers were flexible and
tough, and they could be easily woven into a piece of cotton fab-
ric. Two composite fibers served as conducting wires to connect
a blue light emitting diode (LED) lamp with a direct-current

power (Fig. 11e and f). The lamp could be stably operated with-
out any fatigue in the illumination after 5000 bending cycles.

As shown in Fig. 12, micro SCs have a relatively higher
power density compared with other SCs. Also, it is clearly
seen that the energy density is inferior to those of other
reported SCs because of the miniaturized structure. It is
hopeful to improve the supercapacitor performance by devel-
oping a complex and optimized structure, enlarging the stack
density or surface area. Alternatively, the performance of the
micro SCs can be improved by controlling the composition of
the hierarchical nanomaterials as electrodes and ionic liquid
or organic based polymers as electrolytes, and optimizing the
electrode pattern into interdigitated 2D microscale or semi-3D
devices. Another promising approach is to directly integrate or
couple micro SCs with micro-batteries to achieve high energy
and power densities. Moreover, there is great hope that integra-
tion of green materials such as biomaterials and new functions
could further expand their applications for the fabrication of
green micro SCs. Thus as one type of newly developed minia-
turized electrochemical energy-storage devices, micro-SCs can
offer several orders of magnitude higher power density than
conventional SCs, long cycle life and large rate capability, and
they are environmentally-friendly as well.

4.4. Electrolytes

In spite of the electrode materials that significantly influence
the SC performance, the electrolyte is another important fac-
tor that should be considered to obtain high performance
SCs. Specifically, the electrolyte involves liquid and solid-
state forms. Because a liquid electrolyte based SC configura-
tion suffers from possible leakage of harmful electrolytes and
undesired dislocation of the electrode position during
stretching, solid-state electrolytes are preferred in flexible SCs
owing to their advantages in terms of compactness, reliabil-
ity, and freedom from leakage.86,174,188

Gel electrolytes are actually quasi-solid-state electrolytes
which are composed of a polymeric framework, an organic/

Fig. 11 (a–d) The electrochemical performance of the yarn micro-
supercapacitors in series and parallel. (a) Four units in parallel (insert
image is the parallel connection diagram of supercapacitors). (b) Cyclic
voltammograms of the unit and parallel circuit. (c) Four units in series
(insert image is the in series connection diagram of supercapacitors).
(d) Cyclic voltammograms of the unit and in series circuit. (a–d)
Reproduced with permission from ref. 188. Copyright 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (e) Photographs of graphene/CNT
composite fibers being woven into a flexible cotton fabric to make up the
word “Fudan”. The inserted image shows the “F” at a higher magnification.
(f) Photographs of a blue light emission diode lamp connected to a direct-
current circuit with two graphene/CNT composite fibers with length of
∼1.5 cm as conducting wires. The voltage was set to 3 V. (e, f) Reproduced
with permission from ref. 189. Copyright 2014 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. Fig. 12 Energy and power densities of various SCs.
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aqueous solvent as the dispersion medium and a supporting
electrolytic salt/acid/alkali. They possess high physical flexi-
bility, desirable electrochemical properties, excellent mechan-
ical integrity and high ionic conductivity of ∼10−4 to 10−1 S
cm−1 under ambient conditions.192 However, most hydrogel
polymer electrolytes which were employed in flexible SCs,
such as PVA-H2SO4 and H3PO4 systems, are merely a blended
solution which usually cause harm to the structural integrity
and mechanical strength.56,193 To address this problem,
Wang et al.194 synthesized a chemically crosslinked PVA-
H2SO4 hydrogel film, which differs from the laminated con-
figuration of conventional SCs. The conducting PANI was in
situ embedded in the PVA-H2SO4 hydrogel film to serve as
electrode materials, constructing an integrated flexible SC.
With this novel configuration, the prototype-integrated SC
can sustain up to 300% stretching and a large areal capaci-
tance (488 mF cm−2) is obtained at the same time.

Ionic liquids, which are known as room temperature mol-
ten salts, are attractive candidates for electrolytes in flexible
SCs because of their high conductivity, semi-solid state, ther-
mal stability and flexiblity.195 Balducci et al.196 reported that
using carbide derived carbon as an electrode material and
EMI/TFSI ionic liquid (EMI = 1-ethyl-3-methylimidazolium,
TFSI= bisĲtrifluoromethanesulfonyl)imide) as an electrolyte, a
high capacitance of 160 F g−1 was obtained at 60 °C and the
cell voltage can be extended to 3.5 V. However, current ionic
conducting gels are brittle and cannot exhibit pressure-
dependent performance in energy storage devices. Liu
et al.197 prepared a self-healing hydrogel system which con-
sists of four components: 1-ethyl-3-methylimidazolium chlo-
ride (EMIMCl), hydroxyethyl methacrylate (HEMA), chitosan
(CS) and water. The specific electrode capacitance can be
tuned by compressive pressure, which demonstrated a signif-
icant improvement in the specific capacitance from 43 F g−1

to 98 F g−1 with the strain less than 20%, and then increased
to 134 F g−1 with a slightly lower rate. This pressure-
dependent electrochemical property is due to the supramo-
lecular structure of these materials, which makes them quite
suitable for versatile flexible energy devices and platforms for
pressure sensors.

5. Outlook and future challenges
The prospect of flexible supercapacitors

Integrated systems which could be stretched or folded as an
integrated unit have been developed extensively in recent
years because they overcame the limitation of the conven-
tional stretchable SC configuration wherein two electrodes
have to move relative to the separator under strains13

(Fig. 13). All-solid-state integrated SCs are favored over their
liquid counterparts for the consideration of encapsulation and
safety since it is possible for them to avoid the leakage of
harmful electrolytes and undesired dislocation of the electrode
position during stretching.198 Niu et al.13 achieved highly
stretchable integrated supercapacitors by using SWCNT films
as electrodes and H2SO4-polyvinyl alcohol (PVA) gel as both

the electrolyte and separator. The as-prepared stretchable
supercapacitor exhibits nearly stable performance even under
the strain of 120%, which is remarkably larger than other
stretchable batteries and supercapacitors with conventional
structures. Liu et al.166 also fabricated another kind of all-
solid-state integrated SC based on PANI-rGO/CF composite pa-
per. The calculated specific capacitance of the composite pa-
per is about 224 F g−1, and the paper capacitor maintained a
value of 89% with respect to the maximum capacity after 1000
cycles. There was only a very slight difference in the CV curves
when the composite paper was rolled up and folded, indicat-
ing a good recycling stability.

One drawback associated with supercapacitors is that their
voltage often significantly decreases once they begin to dis-
charge as power sources, which greatly affects the smooth op-
eration of the electronic/optoelectronic devices.190,191 To
achieve a voltage-stabilizing supercapacitor system, Liu et al.191

integrated a SnO2-based memristor (which is the fourth circuit
element and has observable effects in resistance switching
memory) with a PCBM-based supercapacitor to design a novel
M-S integrated device. When it was charged to 1 V, a stable
discharging curve is obtained for the integrated device at about
0.8 V for as long as 200 s, while only about 0.11 V potential
drop was observed. Meanwhile for a single supercapacitor, once
discharging, the voltage drops dramatically from 0.86 V to 0.3
V within the measured discharging time (200 s). Importantly,
to demonstrate the real application of the integrated M–S sys-
tem as stabilized energy units, they also attempted to control a
commercial red LED by using the as-designed M–S system. For
a single supercapacitor, it can be observed that the brightness
of a lighted LED decreased very fast and then fully disappeared
within 100 s during the continuous discharging process.

Fig. 13 Prospect of flexible supercapacitors: (a) integrated system.
Reproduced with permission from ref. 166. Copyright 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) Multifunctional system. Reproduced
with permission from ref. 191. Copyright 2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (c) Lithium-ion battery and SCs. Reproduced with
permission from ref. 207. Copyright 2015 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (d) Solar cell and SCs. Reproduced with permission from
ref. 208. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Meanwhile for the M–S integrated system with voltage-
stabilizing ability, the LED was found to be still lighted after
100 s, confirming the voltage stabilizing features of the
memristor–supercapacitor system.

Recently, a great demand for high-performance multifunctional
integrated systems has arisen because of the maximum function-
ality of these integrated systems with respect to conventional de-
vices with a single function. Considerable research efforts have
been made to integrate different functional units into single
multifunctional systems such as integrated energy-storage
devices, photodetector-supercapacitor nanosystems198 and
hydrogen generation-supercapacitors.199 Chen et al.156 devel-
oped a smart SC by depositing polyaniline (PANI) onto aligned
CNT sheet electrodes, which can sense the level of stored en-
ergy and reflect the changes by chromatic transition between
yellow, green and blue that can be directly observed by the na-
ked eye (Fig. 14a). In this respect, it can be directly observed
by the color changes to determine whether the energy has
been consumed before a device stops working in practical ap-
plications. Recently, integrated photodetectors are of great im-
portance due to their specific applications including environ-
mental monitoring, biosensing and in situ monitoring of medical
therapy.200 Wang et al.201 successfully prepared a microscale flexi-
ble asymmetric supercapacitor using Co3O4 nanowires on tita-
nium wire as the positive electrode and graphene on carbon
fibers as the negative electrode, forming a flexible energy-

storage device and photodetector (Fig. 14b). This
multifunctional system improved the energy storage and
power delivery (at least by 1860%) by enlarging the potential
window from 0–0.6 V to 0–1.5 V. In addition, the integrated
flexible fiber-based asymmetric supercapacitor exhibits ex-
cellent response to white light.

The increasing energy and power requirement for next
generation flexible electronics stimulates more and more ef-
forts to explore new integrated devices to simultaneously real-
ize energy conversion and storage that meet the critical re-
quirement of being self-powered in the future.202–206

However, how to realize both high energy and high power
densities in one device still remains a challenge. Zhang
et al.207 fabricated a novel fiber-shaped hybrid energy storage
device (FESD) by twisting CNT/ordered mesoporous carbon
(OMC) and CNT/Li4Ti5O12 (LTO) or CNT/LiMn2O4 (LMO) hy-
brid fibers together, resulting in an integrated system
(Fig. 15a) with a lithium-ion battery (LIB) and SC to obtain
both high energy and power densities. The LIB and super-
capacitor segments can be effectively operated together to
achieve a whole charge–discharge process (Fig. 15b and e).
This fiber-based multifunctional device exhibited high power
densities up to around 1 W cm−3 and a high energy density
of 50 mW h cm−3, which far exceeded the electrochemical

Fig. 14 (a) Reversible chromatic transition of a smart supercapacitor
based PANI/CNT electrode during a charging–discharging process (a1–
a5) from 1 V to −1 V and UV-vis spectra (a6) of the positive electrode
corresponding to the states at (a1–a5). Reproduced with permission
from ref. 156. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Electrochemical performance of integrated asymmetric
supercapacitor and the photodetector: (1) photographs of the fiber-
based all-solid-state flexible asymmetric supercapacitor at different
bending states; (2) CV curves obtained at a scan rate of 100 mV s−1 at
different bending states; (3) schematic illustration of the integrated
system. Current response of the photodetector powered by the flexi-
ble asymmetric fiber supercapacitor (4) illuminated under different in-
cident light intensities, and (5) at different bending states under a light
intensity of 40 mW cm−2. Reproduced with permission from ref. 201.
Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 15 (a) Schematic illustration of the constitution of the LIB and
supercapacitor segments of the FESD. (b) Cyclic performance of the
LIB and supercapacitor segments. (c, d) Photographs of an FESD
before and after bending, respectively. (e) The charge and discharge
curves of an FESD before and after bending for 500 and 1000 cycles.
(f) Photograph of the FESD woven into a knitted sweater as the symbol
“19-05”. (g) Photograph of the FESD woven into a glove to power five
light-emitting diodes. (a–g) Reproduced with permission from ref. 207.
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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storage performance of other energy devices. Moreover, the
devices were also wearable as they can be woven into various
flexible textiles, such as a knitted sweater (Fig. 15f) and a
glove (Fig. 15g). As a demonstration, the resulting glove can
effective power five light-emitting diodes, indicating its po-
tential for future wearable smart textiles. To simultaneously
convert solar energy to electric storage energy, Zhang et al.208

presented an integrated polymer solar cell and an electro-
chemical SC to a novel, all-solid-state, flexible “energy fiber”
which can realize the functions of photovoltaic conversion
(PC) and energy storage (ES) (Fig. 16b). This “energy fiber”
(Fig. 16a) has also been realized on the basis of titania
nanotube-modified Ti wires and aligned MWCNT sheets
which served as two separate electrodes. The integrated sys-
tem exhibits slight performance degradation (less than 10%)
after bending for 1000 cycles (Fig. 16e), which opens a new
avenue for future photoelectronics and electronics.

Table 1 shows the comparison of various SCs, which illus-
trates that flexible SCs based on EDLC materials (CNTs and
graphene) possess higher power density but lower energy den-
sity and specific capacitances than those of pseudo-capacitors

resulting from their different charge storage mechanisms. Com-
posite electrodes which were constituted by highly conductive
carbon nanomaterials and pseudocapacitive materials as well as
the asymmetric configuration derived from a Faradic electrode
and capacitance electrode combined the advantages of both the
two materials, which can achieve both high energy and power
density. Series SCs assembled by several SCs together enlarged
the working potential and current, making them more suitable
to meet practical application. To meet the requirement for mini-
ature devices, micro-SCs can provide short ion diffusion paths
and high diffusion rates, resulting in higher power densities. Al-
though a lot of electrode materials have been fabricated, the en-
ergy and power densities still need to be improved. Flexible inte-
grated energy storage systems composed of flexible SCs and
batteries could be a hopeful solution. Furthermore, the discov-
ery of novel electrode materials with high specific surface area,
short ion-transfer path and continuous pore network could also
improve the overall performance of flexible SCs.

State-of-the-art SCs have achieved great advancements in
recent years. Despite this, current wearable SCs are still far
away from satisfying the requirements for wearable electron-
ics, and much effort should be made to further improve them
for practical applications. Although SCs exhibit high power
densities, the energy density is the main obstacle for their
widespread applications. Conducting polymers and metal ox-
ides with high capacity have been combined with porous car-
bon nano-architectures to obtain high performance capacity
electrodes. Optimizing the electrode architecture or cell con-
figuration is an efficient strategy to obtain SCs with high en-
ergy density. Another alternative to improve the SC perfor-
mance is developing hybrid energy storage systems. For
example, the combination of a SC with a Li-ion battery results
in an energy storage system with high power and energy den-
sities. With the same energy consumption, in comparison
with that of conventional electric devices, wearable SCs have
the unique properties of being light weight, miniaturized and
flexible. Wearable supercapacitors could be directly worn on
the human body and work stably under complex deformation
when they are used in practical applications, such as

Fig. 16 (a) Schematic illustration of the structure of all-solid-state,
coaxial and integrated fiber shaped device. The left and right sections
correspond to the PC and ES parts, respectively. (b) Schematic diagram
shows the circuit connection state in the process of charging and
discharging. (c) Cyclic voltammograms at increasing scan rates from
100 to 5000 mV s−1. (d) “Energy fibers” being bent into circles. (e)
Change of the entire photoelectric conversion and storage efficiency
of the “energy fiber” under bending for 1000 cycles. η0 and η

correspond to the entire efficiency before and after bending. (a–e)
Reproduced with permission from ref. 208. Copyright 2013 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 1 Comparison of the electrochemical performance of representa-
tive SCs

Material

Maximum
power density
(kW kg−1)

Maximum
specific
capacitances
(F g−1)

Maximum
energy density
(W h kg−1) Ref.

CNTs 164 135 41 100
Graphene 776.8 273.1 150.9 134

5.0 186 6.5 88
Pseudo 30.6 1195 106.4 146

3.75 145 16 141
Composites 500 404 14 162
Asymmetric 284.63 256.74 32.91 168

22.7 560 33.71 92
Series 1.5 216 8 175
Micro 296 270 27 176

332.5 946 53.4 180
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bending, folding and even stretching. To summarize, al-
though many problems need to be addressed in flexible SCs
in terms of material, structure and properties, they represent
a new family of energy storage systems based on the excellent
properties of being flexible and having fast charge–discharge
abilities, which may change our life in the near future.

6. Conclusions

In this perspective, the most recent advances in smart,
stretchable and wearable supercapacitors are summarized
systematically, including flexible devices, various flexible
electrode materials and the strategies to improve the perfor-
mance of supercapacitors. An improved understanding of the
current achievements in integrated and multifunctional sys-
tems has also been introduced to show the prospects of flexi-
ble supercapacitors. Although great progress has been made,
many challenges still exist and need to be overcome. For in-
stance, since each flexible electrode material has its own
strength and shortcomings, new electrode materials with a
high specific surface area, short ion-transfer path and contin-
uous pore network are still needed to be explored depending
on the specific requirements. Moreover, as aforementioned,
integrated systems and smart multifunctional energy storage
devices are still needed to be developed to fulfill the current
requirements. Future research should consider more work to
conquer the current drawbacks and expedite the advent of
new generations of flexible and wearable electronic devices.
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