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Abstract: Stretchable supercapacitors that can sustain their
performance under unpredictable tensile force are important
elements for practical applications of various portable and
wearable electronics. However, the stretchability of most
reported supercapacitors was often lower than 100 % because
of the limitation of the electrodes used. Herein we developed
all-solid-state supercapacitors with a stretchability as high as
240 % by using aligned carbon nanotube composites with
compact structure as electrodes. By combined with pseudoca-
pacitive molybdenum disulfide nanosheets, the newly devel-
oped supercapacitor showed a specific capacitance of
13.16 Fcm¢3, and also showed excellent cycling retention
(98 %) after 10000 charge–discharge cycles. This work also
presents a general and effective approach in developing high-
performance electrodes for flexible and stretchable electronics.

With the rapid development of flexible electronics, stretch-
able energy storage devices, such as supercapacitors and
lithium-ion batteries, that can bear unpredictable tensile
forces have attracted increasing attention.[1–3] Compared with
lithium-ion batteries, supercapacitors (also called electro-
chemical capacitors or ultracapacitors) have higher power
densities, longer cycle lives, and easier fabricating processes,
and are promising for use as power sources in portable
electronics, electric or hybrid electric vehicles, especially for
some fields requiring power with short-term acceleration and
recovery.[4, 5] Therefore, stretchable supercapacitors have been
widely investigated, which can be easily realized by assem-
bling two stretchable electrodes sandwiching a layer of gel
electrolyte used as separator.[6–9] However, stretchabilities of
most developed supercapacitors were lower than 100 %,[10,11]

and the performance usually decreased shapely at high tensile
strain. Furthermore, the specific capacitance of the developed
stretchable supercapacitors was often lower than that of
conventional devices. Both of the above mentioned problems
can be ascribed to the limitation of the used electrodes.
Therefore, highly stretchable supercapacitors with high
specific capacitance may be achieved by optimizing the used
electrodes and active materials.

Carbon nanotubes (CNTs) have been widely investigated
as electrodes and/or active materials in supercapacitors

because of their excellent electrical conductivity, mechanical
properties, and large surface area.[12, 13] Most of previous
reported stretchable supercapacitors were developed by using
CNTs materials because they can function as current collec-
tors and active materials simultaneously.[14,15] However, the
developed stretchable supercapacitors by using bare CNTs
materials often showed relative low specific capacitance.[16–19]

Therefore, highly pseudocapacitive materials (such as con-
ducting polymers, metal oxides, and metal sulfides) were
often combined with CNTs to enhance the performance of
CNTs-based supercapacitors.[20–23] As a representative two-
dimensional nanomaterial, the molybdenum disulfide (MoS2)
nanosheet, which is composed of one Mo atomic layer
sandwiched between two S layers by covalent bonding, has
attracted increasing attention in the field of energy storage,
owing to its unique structure, excellent physical and chemical
properties. Particularly, MoS2 nanosheets not only showed
high double-layer charge storage derived from its large
surface area, but also can delivery excellent pseudocapaci-
tance because of the Mo ions in the MoS2 nanosheets have
oxidation states ranging from + 2 to + 6, which enable them to
be used as high-performance electrode materials in super-
capacitors.[24–26] However, the relative low electrical conduc-
tivity of MoS2 greatly limited the specific capacitance of the
developed MoS2-based supercapacitors. Therefore, it could be
expected that stretchable supercapacitors with high-perfor-
mance may be obtained by using aligned CNT/MoS2 compo-
sites as the electrodes.

Herein, we designed a highly stretchable all-solid-state
supercapacitor based on aligned CNTs electrodes, which not
only can facilitate transport of charges through the electrode
materials, but also can provide the devices with high stretch-
ability. To start with, aligned CNT array was vertically grown
on a silicon wafer coated with an iron catalyst by chemical
vapor deposition approach. The CNT array was then pressed
against an elastic polymer film (polydimethylsiloxane,
PDMS), resulting in horizontally aligned CNTs attached on
the surface of the PDMS substrate (CNTs/PDMS). Then,
aligned CNT/MoS2 hybrid was fabricated by directly drop-
coating MoS2 solution onto the CNTs film on the PDMS
substrate. Flexible and stretchable supercapacitors were
developed by using the CNT/MoS2 hybrids as both of current
collector and electrodes, sandwiched with gel electrolyte
(aqueous solution of polyvinyl alcohol and phosphoric acid)
in between (Figure 1). The newly developed all-solid-state
supercapacitors showed a specific capacitance of 13.16 F cm¢3,
which can be stretched by 240 % without obvious decay in
electrochemical performance, much higher than that of most
reported stretchable supercapacitors.
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The aligned CNT array was synthesized through a chem-
ical vapor deposition method described elsewhere.[27, 28] In
brief, the vertically aligned CNT array was grown on a silicon
wafer pre-coated with Fe (1.2 nm)/Al2O3 (3 nm) under
a mixture of argon and hydrogen as the carrier gas and
ethylene as the carbon source at 760 88C. The as-grown CNT
array showed a height of 240 mm and a highly aligned
structure, which can be clearly observed from SEM images
shown as Figure S1 of the Supporting Information. From
TEM (transmission electron microscope) images (Figure S2),
it can be seen that CNTs showed a multi-walled structure and
uniform outer diameter of 11 nm. The vertically aligned CNT
array was directly transferred onto an elastic substrate by
pressing the preformed PDMS film on the top of CNT array
using a glass rod, after being peeled off them from the silicon
wafer, resulting horizontally aligned compact CNT film
attached on the PDMS substrate. Figure 2a,b presented the
SEM image of as-transferred CNTs on PDMS substrate
before and after solvent treatment, which clearly showed that
CNTs highly aligned with each other along the direction of
pressing force (Figure 2b). The obtained horizontal CNT film
showed a thickness of 8 mm (Figure S3), much thinner than
that of as-grown vertically three-dimensional CNT array. The
horizontal array is more suitable to be used as stretchable
electrodes for stretchable electronics because slippage of
CNTs position in the aligned films has a limited effect on the
electrical property of the whole electrode during stretching
process.

To prepared aligned CNT/MoS2 composite films, MoS2

nanosheets were synthesized by a typical hydrothermal
method,[29] which was described in details in the experimental
section in the Supporting Information. Then, aligned CNT/
MoS2 composite films were fabricated by directly dropping
MoS2 solution onto the horizontally aligned CNT film
attached to the PDMS substrate. The MoS2 content can be
easily controlled by varying the dropping amount. Figure 2c
shows the SEM image of as-prepared MoS2 nanosheets, which
exhibited a flowerlike structure because of aggregation of the
nanosheets. The MoS2 nanosheets were characterized by
TEM (Figure 2d), which showed a two-dimensional structure
and a typical polycrystalline structure (inset of Figure 2 d).
From the high-magnification TEM image (Figure S4), the
interlayer spacing of 0.62 nm and interplanar spacing of
0.27 nm can be observed, which can be ascribed to the (002)

and (100) directions of hexagonal MoS2, respectively. Fig-
ure 2e,f show TEM images of CNT/MoS2 composite, in which
CNTs and MoS2 nanosheets can be clearly observed.

In CNT/MoS2 composite film, the CNTs maintained their
high alignment and compact structure (see Figure S5), which
can provide more efficient charge transport through the
electrode for supercapacitor applications. From Figure S5, it
can also be seen that as the content of MoS2 increased, more
MoS2 nanosheets aggregated together on the surface of
aligned CNT films. Figure 2g shows the Raman spectra of
bare CNT film, as-prepared MoS2, and CNT/MoS2 composite
film by using an excitation wavelength of 514 nm in ambient
air. For bare CNT film, a D-band peak at 1352 cm¢1 and a G-
band peak at 1585 cm¢1 can be observed, and the relative low

Figure 1. Schematic of fabrication process for the flexible and stretch-
able supercapacitor.

Figure 2. Morphology and structure of CNTs, MoS2, and CNTs/MoS2

composite with 5 wt % of MoS2. a),b) The top-view SEM images of as-
transferred CNTs on PDMS substrate before (a) and after (b) solvent
treatment. The white arrows indicate the direction of pressing force
and the aligned direction of CNTs. c) SEM image of as-synthesized
MoS2. d) TEM image of MoS2 nanosheets. Inset: electron diffraction
pattern. e),f) TEM images of the CNTs/MoS2 composite after dis-
persed in dimethylformamide, at different magnifications. g) Raman
spectra of CNTs, MoS2, and CNTs/MoS2. h) XRD patterns of the CNTs,
MoS2, and CNTs/MoS2.
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intensity ratio (ca. 0.6) between the D-
band peak and G-band peak indicated
that CNTs were very clean with high
quality. For pure MoS2, two peaks at 382
and 406 cm¢1 can be ascribed to the E1g

and A1g modes of hexagonal MoS2

crystal, which involved the in-layer
displacement of Mo and S atoms and
the out-of-layer symmetric displace-
ments of S atoms along the c axis,
respectively. By measured the Raman
spectrum within a certain area of CNT/
MoS2 composite without MoS2 aggre-
gations, both Raman shift derived from
CNTs and MoS2 can be seen, while both
E1g and A1g band peaks of MoS2 had
a red-shift, which indicated that there
was interaction between CNTs and
MoS2 in the CNT/MoS2 composite.[30]

From XRD patterns shown in Fig-
ure 2h, a peak at 2q = 26.288 for CNTs/
MoS2 composite can be attributed to
the overlap between the (002) plane of
CNTs (JCPDS card No. 15-1621) and
the (100) crystal plane of hexagonal
MoS2 (JCPDS card No. 37-1492), which
once again indicates that the CNTs and
MoS2 combine well and there is inter-
action between them.

Based on the aligned CNTs and
CNT/MoS2 composites, flexible and
stretchable all-solid-state supercapaci-
tors with high-performance have been
developed by using an aqueous solution
of polyvinyl alcohol (PVA) and phos-
phoric acid (H3PO4) as the gel electro-
lyte and separator (shown in Figure 1).
Electrochemical properties of the
obtained all-solid-state supercapacitors
have been investigated by cyclic vol-
tammograms (CV), galvanostatic charge-discharge (GDC)
and electrochemical impedance spectroscopy (EIS). As
shown in Figure 3a, all CV curves of supercapacitors based
on CNTs composites with different MoS2 contents showed
typically rectangular shapes, indicating an ideal electrical
double-layer behavior. Specially, CV curves of supercapacitor
retained rectangular shapes as the scan rate increasing from
0.05 to 1.0 Vs¢1 (Figure S6), indicating their excellent rate
performance. GDC curves (shown in Figure 3b) of all the
supercapacitors using CNTs composites containing different
MoS2 contents exhibited nearly triangular shape, exhibited
good capacitive behavior. According to GDC curves, volu-
metric capacitances of supercapacitors can be calculated by
using the equation of CV = IDt/VDV, where I is the discharge
current, V is the total volume of the active electrodes in
supercapacitor, Dt is the discharging time, and DV is the
voltage window. The supercapacitor fabricated by using CNTs
composite containing 6.5 wt% of MoS2 exhibited the highest
specific capacitance of 13.16 Fcm¢3 (corresponding to a gravi-

metric capacitance of 10.67 F g¢1), which also showed good
excellent rate performance as its capacitance only decreased
17% with the charge-discharge current increased from 0.1 to
0.6 mA (Figure 3c,d). Figure 3e showed Ragone plots of
CNT/MoS2-based supercapacitors based on CNT composites
with varying amount of MoS2 (0, 5.0, 6.5, and 7.9 wt%), in
which the energy density (E) and power density (P) were
calculated according to the following equations,
E (Whcm¢3) = 0.5CVV2*1000/3600 and P (W cm¢3) = 3600 E/
t, where t is the discharge time. The supercapacitor fabricated
by using CNT/MoS2 composite with 6.5 wt% of MoS2

exhibited highest power density (0.46 W cm¢3) and energy
densities (1.05 mWh cm¢3), which was much higher than that
of other flexible supercapacitors reported previously.[31,32] The
limitation of the PVA/H3PO4 electrolyte-based supercapaci-
tors are their low output voltage (typically 0.8 V), which can
be overcome by connected several devices in series. For
instance, the output voltage can be tuned to 3.2 V (Figure S7 a
and S7 b) by connected four supercapacitors in series, which

Figure 3. Electrochemical performance of supercapacitors based on CNT/MoS2 composites with
varying contents of MoS2. a) CV curves of CNT/MoS2-based supercapacitors at the scan rate of
0.1 Vs¢1. b) GDC curves of supercapacitors at charge-discharge current of 0.1 mA. c) GDC
curves of supercapacitor using CNT/MoS2 composite with 6.5 wt% of MoS2. d) Dependence of
specific capacitances of supercapacitors on discharge currents. e) Ragone plots of MoS2-CNTs-
based supercapacitors with varying amount of MoS2 (0, 5.0, 6.5, and 7.9 wt%). f) Cyclic
performance of supercapacitors based on bare CNTs films and CNT/MoS2 composite with
6.5 wt% of MoS2 at a charge–discharge current of 0.5 mA.
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was powerful enough to light up a light-
emitting diode (LED) when fully
charged (Figure S7 c).

As a powerful tool, EIS has often
been used to understand the electro-
chemical behaviors that occurred in the
bulk electrode materials and/or at the
interface between electrode and electro-
lyte in supercapacitors. Figure S8
showed the Nyquist plots of supercapa-
citors based on different CNT/MoS2

composite electrodes. Series resistances
(RS) of supercapacitors can be obtained
from the high frequency of Nyquist
plots, which generated from the internal
resistance of electrodes and Ohmic
resistance of electrolyte. As the contents
of MoS2 increased from 0 to 3.1, 5.0, and
6.5 wt % in CNT composite films, RS

increased from 9.32 to 17.73, 22.98, and
24.75 W, respectively. Then, the RS

increased to 45.31 W as the content of
MoS2 increased to 7.9 wt %, almost one
time higher than that of CNT/MoS2

composite with 6.5 wt % MoS2, which
was the reason why the specific capaci-
tance of supercapacitor decreased when
MoS2 contents in composite films
increased from 6.5 to 7.9 wt %. In the
low frequency, the straight lines almost
vertical to the real axis, indicating that
all supercapacitors exhibited an excel-
lent capacitive behavior. The cycling
stabilities of supercapacitors were mea-
sured through a cyclic charge–discharge
process at a certain current. It can be
seen from Figure 3 f, the supercapacitor
based on aligned CNT composite with
6.5 wt % MoS2 showed an excellent
capacitance retention (98 %), much
higher than that of supercapacitor
based on bare CNTs (86%), which can
be ascribed to the effective interaction
between the MoS2 nanosheet and CNTs.

The flexibility and stretchability of our newly developed
all-solid-state supercapacitors have been characterized by
comparing their electrochemical performance under different
bending states and various tensile strains, respectively. As
shown in Figure 4a,b, both CV and GDC curves of the
supercapacitor were perfectly overlapped and the electro-
chemical performances of the device were maintained well
under various bending conditions even at 18088 and twisting,
exhibited excellent flexibility. The all-solid-state supercapa-
citor maintained its electrochemical performance (Fig-
ure 4c,d) as it was stretched from 0 to 240 % at a constant
stretching speed of 3 mm per minute, and only several white
points appeared because of large slippage of CNTs in the
electrodes under such high tensile strain (Figure S9). From
Figure S10, it can be found that the specific capacitance of the

testing supercapacitor slightly increased as the tensile strain
increased from 0 to 190%, and slightly decreased as the
tensile strain increased from 190 to 240%, which can be
attributed to the increase of series resistance caused by
slippage of CNTs in the electrodes under a such high tensile
strain (Figure S11a). The CNT/MoS2 composite-based super-
capacitors can remain 96 % and 91% of their original specific
capacitance after being stretched to the strains of 100 % and
160 % for 500 cycles (Figure 4e), respectively, indicating
outstanding stability. The RS maintained in range of 26.1 to
27.5 W during 100 to 500 stretching cycles (Figure S11b), only
slightly higher than original value (21.2 W), which can be
ascribed to the high stretchability of the compact CNT-based
electrodes whose electrical resistance only increased 150%
(from 25.6 to 69.1 W) after being stretched to 240% strain

Figure 4. Flexible and stretchable properties of a supercapacitor fabricated by using CNT/MoS2

composite films with 6.5 wt % of MoS2 as electrodes. a) CV curves and b) Charge–discharge (at
a current of 0.1 mA) curves of supercapacitor under different bending and twisted states. Inset
shows schematic and digital photograph of supercapacitor being bent with 12088. c) CV curves
of supercapacitor under different degrees of stretching varying from 0% to 240% at the scan
rate of 0.1 Vs¢1. d) GDC curves of supercapacitor under different degrees of stretching at
a current of 0.1 mA. e) Normalized specific capacitance of CNTs/MoS2-based supercapacitor as
a function of stretching cycles. f) Stretchabilities versus specific capacitances of our super-
capacitor with other reported stretchable supercapacitors based on the same electrolyte system
of PVA/H3PO4.
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(Figure S12). To our knowledge, the stretchability of our
newly developed supercapacitor is higher than that of other
reported stretchable supercapacitors with the similar planar
structure and electrolyte system (PVA/H3PO4, Fig-
ure 4 f).[6–8, 11] The ultrahigh stretchability of our supercapaci-
tors can be attributed to the highly stretchable PDMS
substrate and the compact aligned CNTs bonded together
by polymer chains in the gel electrolyte. In the compact CNTs
film on PDMS, slippage of CNTs can be clearly observed
during stretching process (Figure S13), and continuous CNTs
(Figure S13c) always remained even in the crack area,
providing the aligned CNT-based electrodes with excellent
stretchability, especially by coated with polymers.

In summary, we have demonstrated an efficient approach
to develop highly stretchable all-solid-state supercapacitors
by using aligned CNT/MoS2 composite with a highly compact
structure as electrodes. The supercapacitor fabricated by
using a CNT/MoS2 composite with 6.5 wt % of MoS2 showed
a high specific capacitance of 13.16 F cm¢3 at a current density
of 0.1 mA, as well as high cycling stability after 10 000 cycling
charge–discharge process. The all-solid-state supercapacitors
exhibited excellent flexibility, whose electrochemical perfor-
mance was almost unchanged under different bending states
and even twisting. Significantly, these supercapacitors showed
excellent stretchability as high as 240 % without obvious
performance decay, which is higher than most of reported
devices based on similar electrode and electrolyte system.
Therefore, the highly flexible and stretchable supercapacitors
are very promising to be used as high-performance energy
source for other electronics, especially for variously stretch-
able integrated energy systems.
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