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A three-dimensionally stretchable supercapacitor is created by

designing a novel pyramid structure without the use of an elastic

substrate. Compared with previous stretchable supercapacitors that

may deform in plane on elastic substrates, these pyramid-structured

supercapacitors can be stretched in three dimensions with high

stability. Their electrochemical performances arewell maintained after

stretching in three dimensions for thousands of cycles, and they show

both higher energy and power densities compared with the other

reported stretchable supercapacitors. In addition, they are breathable

due to the designed grooves that produce the pyramid structure,

which is particularly promising formany emerging applications such as

wearable electronics. This work further provides an effective strategy

for developing next-generation flexible electronic devices with high

performances.
Introduction

Stretchable energy storage devices have been developed to meet
the requirement of pervasive portable electronic devices, such
as the recently developed epidermal electronics.1–8 To date,
stretchable energy storage devices are generally realized by
depositing electrodes and active materials onto a pre-stretched
elastic polymer substrate to form a waved structure.9–14

However, the elastic substrate adds extra weight and volume to
the device without contribution to the electrochemical storage
capability. In addition, this method may be applicable to
limited materials that possess high exibility and can adhere
well to the substrate.

On one hand, the resulting ber-shaped energy storage
devices are stretchable along the axial direction, while the
planar and textile-type ones can be stretched in plane.7,15–21 On
gineering of Polymers, Department of

f Advanced Materials, Fudan University,

nimte.ac.cn; penghs@fudan.edu.cn

of Eco-Textiles, Ministry of Education,

tion (ESI) available. See DOI:

968–14973
the other hand, the modern electronic devices tend to be inte-
grated into complex systems like elbows and knees that are
required to work under stretching in three dimensions.22–28

However, for the available stretchable energy storage devices,
they failed to work when they underwent stretching out of the
plane as the two electrodes would come into contact with each
other and induce a short circuit. Therefore, it is urgent to design
and produce energy storage devices that can effectively work
under three-dimensional stretching.

Here we demonstrate a general and effective strategy to
fabricate a new class of three-dimensionally stretchable super-
capacitors by designing a novel pyramid structure (Fig. 1). Their
specic capacitances were varied by less than 7% aer three-
dimensional stretching for 3000 cycles. They displayed both the
highest energy and power densities among the currently avail-
able stretchable supercapacitors even when the elastic substrate
was not included during the calculation.
Experimental section
Patterned deposition of the catalyst

As shown in Fig. S1,† a silicon wafer was spin-coated with
a 1.5 mm thick photoresist layer at 500 rpm for 5 s and then 4000
rpm for 30 s, followed by baking on a hot plate at 90 �C for 2min
to remove the solvent. The resulting wafer with the photoresist
was exposed through the use of a mask under UV light for 6 s
Fig. 1 Schematics of the out-of-plane deformation of a three-
dimensionally stretchable supercapacitor.

This journal is © The Royal Society of Chemistry 2016
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(wavelengths of 365 to 436 nm). Finally, it was dipped into
a 2.38 wt% aqueous cleaning solution.

Preparation of the pyramid-shaped CNT lm

The catalyst containing 5 nm thick Al2O3 and 1.2 nm thick Fe
was sequentially deposited onto a silicon substrate through
electron beam evaporation deposition, followed by washing
with acetone. Aerward, an aligned CNT array was synthesized
on the silicon in a tube furnace at 750 �C by chemical vapor
deposition. Ethylene was used as the carbon source (ow rate of
30 sccm), and a mixture gas of argon (ow rate of 400 sccm) and
hydrogen (ow rate of 90 sccm) served as the carrier gas.

Preparation of the CNT/PANI composite electrode

The oxygen plasma treatment was performed in oxygen micro-
wave plasma with a ow rate of oxygen gas of 300 sccm and
a pressure of 10 Pa. The reaction time ranged from 1 to 10 min
with a power of 900W. PANI was deposited onto the CNT lm by
electrochemical deposition through electropolymerization of
aniline.29 It was conducted in an aqueous solution of aniline
(0.1 M) and H2SO4 (1 M) at a potential of 0.75 V with a three-
electrode system, where platinum wire and potassium chloride–
saturated Ag/AgCl functioned as the counter and reference
electrodes, respectively.

Fabrication of the stretchable supercapacitor

A polyvinyl alcohol (PVA)/H3PO4 gel electrolyte was prepared by
dissolving 1.0 g PVA in 9.0 g deionized water at 95 �C, followed
Fig. 2 Stretching property of the pyramid-shaped CNT film. (a) Photo
Dependence of the stretched height on the nwith both the bar width and
a pyramid-shaped CNT film under the simultaneous stretching along th

This journal is © The Royal Society of Chemistry 2016
by addition of 1.5 g H3PO4 aqueous solution. Two pyramid-
shaped CNT lms were coated with the gel electrolyte and then
stacked face to face to produce a stretchable supercapacitor.
The calculations of the specic capacitances are described in
the ESI.†
Results and discussion

A pyramid-shaped carbon nanotube (CNT) lm was synthesized
by combining the patterning deposition of the catalyst and
chemical vapor deposition (Fig. S1†).30 Briey, the preparation
includes the patterning deposition of the catalyst and growth of
the aligned CNT array, followed by pressing and peeling to form
the desired CNT lm (Fig. S2†). These CNT lms were
composed of multi-walled CNTs and were tunable from
micrometers to centimeters in width and from several to tens of
micrometers in thickness (Fig. S3 and S4†), which can meet the
requirements for a wide range of applications. The resulting
CNT lm was exible and possessed a high electrical conduc-
tivity of 104 S m�1. This pyramid-shaped CNT lm was then
coated with a PVA/H3PO4 gel electrolyte, followed by stacking
the two as-prepared lms face to face with the electrolyte
sandwiched between them.

The resulting pyramid-shaped CNT lm could be deformed
in three dimensions. For instance, the typical pyramid-shaped
CNT lm could be gradually stretched along the out-of-plane
direction (z axis) without obvious damage to the structure
(Fig. 2a). Typically, the pyramid-shaped CNT lm could be lied
in the central part with the edge standing still. The maximal
graphs of a CNT film being gradually stretched along the z axis. (b)
the distance between two neighboring bars as 1 mm. (c) Photograph of
e x and z axes.

J. Mater. Chem. A, 2016, 4, 14968–14973 | 14969

http://dx.doi.org/10.1039/c6ta05545a


Journal of Materials Chemistry A Communication

Pu
bl

is
he

d 
on

 0
2 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

20
/1

2/
20

16
 0

8:
29

:5
3.

 
View Article Online
deformation was controlled by the structure of the pattern. To
simplify the discussion, we investigated the maximally
stretched height along the z axis based on the structure with
a specic basic dimension of line width of the groove of 1 mm.
It showed that the maximal strain along the z axis was expo-
nentially increased with the increasing number of units n
(Fig. 2b). The pyramid-shaped CNT lm could also survive
complex deformations with the concurrent stretching in two
different directions, e.g., the concurrent z- and x-axis direction
(Fig. 2c).

The electronic properties were further carefully traced to
quantitatively characterize the stretchability and stability of the
CNT lm-based electrode. It could be bent from 0 to 180�

without obvious degradation of the electrical resistance
(Fig. 3a). During the stretching and releasing processes along
the x or z axis, the electrical resistance remained almost
unchanged even aer stretching at high strains (Fig. 3b and c).
Even under complex deformations such as concurrent stretch-
ing along the x and z axis, it also exhibited the high stability of
the resistance that was well maintained at 6.4 U even aer 1000
stretching cycles (Fig. 3d).

The supercapacitor was then fabricated from the pyramid-
shaped CNT lm electrodes and PVA/H3PO4 gel electrolyte. We
rst compared the electrochemical performances of the super-
capacitors with the increasing thickness of the CNT lm from
8.2 to 54.4 mm, which was controlled by the growth time
(Fig. S5†). The galvanostatic charge–discharge curves between
0 and 1 V at a current density of 1 mA cm�2 were almost
symmetric for all supercapacitors (Fig. S6†), which indicated
Fig. 3 Electrical properties of the pyramid-shaped CNT film. (a) Depe
Dependence of the resistance ratio on the strain along the x axis. (c) D
Dependence of the resistance ratio on the cycle number under the sim
length of 3 mm. Here R3 and R0 correspond to the resistances before an

14970 | J. Mater. Chem. A, 2016, 4, 14968–14973
a high reversibility and coulombic efficiency during the charge
and discharge processes.31,32 The charge–discharge time, which
represents the capacitance, gradually increased with the
increasing thickness of the CNT lm from 8.2 to 38.3 mm, and it
remained almost unchanged when the thickness was further
increased to 54.4 mm due to the slightly reduced electrical
resistance (Fig. S7†). Therefore, the thickness of 38.3 mm was
used below unless specied otherwise.

Fig. 4a shows the electrochemical behaviors at increasing
current densities. The charge–discharge curves shared
a symmetrical triangular shape with the increasing current
densities from 0.2 to 5 mA cm�2, indicating a good stability over
a wide range of current densities. The specic capacitances
calculated from the charge–discharge curves reached an areal
capacitance (CA) of 61.4 mF cm�2 (35.7 F g�1 for gravimetric
capacitance (CM) and 16.0 F cm�3 for volumetric capacitance
(CV)) at a current density of 1 mA cm�2. The cyclic voltammo-
grams of the supercapacitors showed a typical rectangular
shape, demonstrating an electrical double-layer behavior for the
supercapacitor.33,34 The rectangular shape was well maintained
with the increasing scan rate from 20 to 500 mV s�1 mainly due
to a low internal resistance of the supercapacitor (Fig. S8†). To
further investigate the stability of the supercapacitor, cyclic
charge–discharge characterization was also conducted
(Fig. S9†). The supercapacitor performed stably over 10 000
cycles.

The resulting supercapacitor well maintained a high elec-
trochemical performance under complex deformations,
including bending and stretching in three dimensions. The
ndence of the resistance on the bending angle from 0 to 180�. (b)
ependence of the resistance ratio on the strain along the z axis. (d)
ultaneous stretching along the x and z axes with the same stretched
d after stretching, respectively.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Electrochemical performances of the three-dimensionally stretchable supercapacitor. (a) Galvanostatic charge–discharge profiles at
increasing current densities from 0.2 to 5 mA cm�2. (b) Galvanostatic charge–discharge profiles with increasing bending angles from 0 to 180�.
(c) Cyclic voltammograms with increasing stretching heights from 0 to 2 mm along the z axis. (d) Galvanostatic charge–discharge profiles with
increasing strains from0 to 16% along the x or y axis. (e) Dependence of the specific capacitance on the stretching number with the simultaneous
stretching along the x and z axes. Here C0 and C correspond to specific capacitances before and after stretching, respectively. (f) Cyclic
performance of a maximally stretched supercapacitor along the z axis.
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charge–discharge curves and cyclic voltammograms were well
overlapped with the increasing bending angle from 0 to 180�

(Fig. 4b). The supercapacitor could also be stretched to 116% of
its initial length along the x or y axis with the charge–discharge
curves remaining unchanged (Fig. 4c). Due to the structural and
electrical stability of the CNT lm electrode, the supercapacitor
could perform a three-dimensional deformation along the z axis
without degradation in performance (Fig. 4d). The super-
capacitor also exhibited a high stability against the repeated
stretching and releasing. For instance, the specic capacitance
was maintained at 93.3% aer simultaneous stretching and
releasing for 3000 cycles with the stretched lengths of 4 mm
along the y and z axes for the typical structure (Fig. 4e). More-
over, the specic capacitances were varied below 7% aer
stretching to the maximal strain along the z axis for 10 000
This journal is © The Royal Society of Chemistry 2016
cycles (Fig. 4f). Due to their light weight, exibility and venti-
lation, these stretchable supercapacitors were particularly
promising for wearable devices.

The specic capacitance reached 35.7 F g�1 and could be
further improved by tuning the surface nature from hydro-
phobic to hydrophilic due to a better permeability for the
electrolyte. To this end, the as-synthesized CNT array had been
rst treated with oxygen plasma. Obviously, the surface prop-
erties of the resulting aligned CNTs were changed from hydro-
phobic with a water contact angle of 129.6� to hydrophilic with
a water contact angle of almost 0� (Fig. S10†) while the surface
morphology and surface roughness remained almost
unchanged (Fig. S11 and S12†). As expected, the oxygen content
increased with the increasing treatment time (Table S1†). The
specic capacitance was rst increased to 162.4 mF cm�2 with
J. Mater. Chem. A, 2016, 4, 14968–14973 | 14971
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the increasing oxygen content to 8.26 wt% and then gradually
decreased beyond this point (Fig. S13†). The decreased specic
capacitance was produced by the reduced electrical conductiv-
ities of CNT lms aer oxygen plasma treatment, which was
veried by the corresponding Nyquist plots (Fig. S14†).

The specic capacitance was further improved by intro-
ducing polyaniline (PANI), one of the most explored pseudo-
capacitive materials.35 Owing to the hydrophilic surface of the
CNT lm, the aqueous solution of aniline can effectively inl-
trate into the CNT lm to produce the CNT/PANI composite
material aer electrochemical polymerization. The weight
percentage of PANI could be steadily increased with the
increasing deposition time and reached a high value of 60%
(Fig. S15†), and all exhibited similar surface roughnesses
covering at the top of CNT lm (Fig. S16†). The electrochemical
properties of these composite electrodes with increasing PANI
weight percentages were carefully investigated at 5 mA cm�2

(Fig. S17 and S18†). The discharge time was gradually enhanced
from 17.5 to 202.0 s with the increasing PANI from 4 to 60 wt%.
For the resulting supercapacitors, the maximal CA of 2.02 F
cm�2 (469.9 F g�1 for CM and 527.4 F cm�3 for CV) occurred at
60 wt% PANI (Fig. S19†), which was approximately 33 times that
of a bare CNT electrode under the same conditions. In addition,
it greatly exceeds the previous stretchable supercapacitor even
when the elastic polymer substrate was not included during the
calculation (7.3–335.8 F g�1).10–12,36–38 The high specic capaci-
tance accompanied both high energy density and high power
output (Fig. 5). For instance, their volumetric energy densities
reached 19.9 mW h cm�3, which were higher than those of the
planar supercapacitors based on PANI/CNT lm electrodes36 or
with a stretchable electrolyte,39 ber-shaped supercapacitors
derived from carbon ber/PANI and functionalized carbon ber
electrodes40 and thin-lm lithium batteries.41,42 The high power
density of 3.3 W cm�3 was also higher than those of the
Fig. 5 Comparison of the three-dimensionally stretchable super-
capacitor fabricated from the aligned CNT/PANI composite elec-
trode (60 wt% of PANI) with the other stretchable supercapacitors
and commercial energy storage devices in volumetric energy and
power densities.31–36 Here CF, AC, SC, PPy and PDMS correspond to
carbon fiber, activated carbon, supercapacitor, polypyrrole and
poly(dimethylsiloxane), respectively.

14972 | J. Mater. Chem. A, 2016, 4, 14968–14973
commercial supercapacitors.43,44 Cyclic charge–discharge char-
acterization was also conducted to further investigate its
stability, and it performed stably over 20 000 cycles (Fig. S20†).

In summary, a new family of three-dimensionally stretchable
supercapacitors has been created from the pyramid-shaped
CNT lm electrode. Compared with the previous stretchable
supercapacitors that may deform in plane on elastic substrates,
these pyramid-structured supercapacitors can be stretched in
three dimensions with high stability even aer stretching in
three dimensions for thousands of cycles. They also show both
higher energy and power densities compared with the other
reported stretchable supercapacitors. In addition, they are
breathable due to the designed grooves that produce the
pyramid structure, which is particularly promising for many
emerging applications such as wearable electronics. This work
further provides an effective strategy for developing next-
generation exible electronic devices with high performances,
e.g., three-dimensionally stretchable solar cells, batteries and
sensors may be also produced based on a similar strategy.
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