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Stretchable supercapacitors are critical for a variety of portable and
wearable electronic devices, and they have been typically realized by
the use of non-active elastic substrates that do not contribute to the
energy storage capability. Here a new family of stretchable super-
capacitors is fabricated from cellular carbon nanotube film-based
electrodes with high electrochemical performances. They display
high specific capacitances that can be maintained by 98.3% after
stretching by 140% for 3000 cycles. In addition, their voltage and
current windows are tuned by varying the configuration of the film
electrode.

Introduction

Flexible and stretchable electronics have been rapidly devel-
oped with a wide range of promising applications, such as
smart sensors, flexible displays and artificial skins.® Super-
capacitors, one of the important energy storage devices in
powering portable and lightweight electronic devices, are
desired to be designed to be stretchable.”® However, tradi-
tional supercapacitors are rigid and heavy. In recent years,
stretchable supercapacitors have attracted much attention and
have been successfully fabricated.”*®* They are generally
fabricated by depositing active materials onto elastic
substrates to realize stretchability. However, there remain
some challenges for this method, e.g., there exists a mechan-
ical mismatch between the electrode material and the
substrate during stretching; the substrate adds extra weight
and volume to the device, while it does not contribute to the
electrochemical storage capability; it is applicable to limited
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materials that should be flexible enough to form the required
wave-like structure.

In nature, a variety of biological materials provides
inspiring paradigms in the development of advanced mate-
rials, particularly by designing different structures for
different functionalities."**® A cellular structure represents
one of the most common biological structures with open and
closed pores in a two-dimensional film or three-dimensional
foam.'® This unique structure can resist a broad spectrum of
deformations such as bending and stretching. For instance,
the antler of the North American elk has a cellular bone
structure that accommodates large deformations under
attacking;'” bird bones and feathers are composed of cellular
structures to withstand bending, stretching or other defor-
mations during flying.*®

Inspired by nature, here we demonstrate a general and
effective strategy to fabricate a highly stretchable supercapacitor
by designing electrodes such as carbon nanotube (CNT) films
into a cellular structure. The specific capacitance of the super-
capacitor can be maintained by 98.3% for 3000 cycles under
140% strain. In addition, its voltage and current windows are
tunable by simply varying the configuration of the cellular CNT
film electrodes, which avoids the complex connection with
a large number of electrically conducting wires in its conven-
tional counterparts.

Experimental section

Two cellular CNT films were sandwiched with a 10 wt% H;PO,/
polyvinyl alcohol (PVA) gel electrolyte to produce a stretchable
supercapacitor.' Polyaniline (PANI) was electrodeposited onto
the cellular CNT film through electropolymerization of
aniline.>*** It was conducted in an aqueous solution of aniline
(0.1 M) and H,SO, (1 M) at a potential of 0.75 V with a three-
electrode system where a platinum wire functioned as the
counter electrode, while potassium chloride-saturated Ag/AgCl
served as the reference electrode. The calculations on the
specific capacitance of the device are described in the ESIL.{
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Results and discussion

To obtain the cellular CNT film, CNT arrays were firstly
synthesized by chemical vapor deposition on silica wafers with
a cellular patterned catalyst, followed by pressing and peeling
off from the silica wafers.”” The patterned silica wafer was ob-
tained by using a paper mask with the desired cellular pattern to
be exposed to the coating source, so the catalyst was only
deposited on the exposed part in the silica wafer. Fig. 1a shows
a typical cellular CNT film. The resulting cellular CNT film was
flexible and freestanding with a uniform thickness (Fig. 1b and
S1t). The CNT film was composed of multi-walled CNTs with
few defects (Fig. S2 and S31). The cellular structure endowed the
CNT film with stretchability. The cellular CNT film could be
stretched by ~150% with an ultimate tensile strength of
230 MPa (Fig. 1c). The elongation at breaking was much larger
than that of the pristine CNT film, which stretched by ~2%
(Fig. S41). In addition, the maximal strain, which represents the
degree of deformation, is tunable by varying the cellular struc-
ture (length a, and width b,). We carefully investigated the
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structure with a primitive unit (Fig. S57). The maximal strain
increased almost linearly with increasing aq/b, ratio at a fixed
line width (w of 1 mm). The film with a, of 10 mm and b, of 2
mm was selected to be discussed below for simplicity. The
cellular CNT film exhibited a highly stable electrical property
under stretching. We also tracked the electrical resistance
during the stretching process. Importantly, the resistance
varied by less than 1% even at 140% strain (Fig. 1d). It also
showed high stability after stretching over 10 000 times
(Fig. 1e).

To fabricate the supercapacitor, the H;PO,/PVA gel electro-
Iyte was sandwiched between two cellular CNT film-based
electrodes. The gel electrolyte also acted as the separator of the
supercapacitor to avoid a short circuit. We firstly investigated
the electrochemical performance of supercapacitors fabricated
from CNT film electrodes with increasing thicknesses. At
a current density of 0.5 mA cm ™2, the specific capacitance firstly
increased from 24.9 to 42.4 F ¢~ " with increasing the thickness
from 27.1 to 38.3 um and then decreased to 26.7 F g~ ' with
further increasing the thickness to 54.4 pm (Fig. 2a). The

: 200-
<
\ < 1504
100% I(W_/OI <
é 100
1733
, o A 50
140% B m =g m g g
0 S
0 20 40 60 80 100 120 140
= 1 Ccm Strain (%)
d 6 e 12
3 1.01 =mE-m u n
9 o
- © 0.8
0 E-E-E-E-E-E-g-E-E-E-m-m-g @’
1
< 0.6
-3
0.4
6

0 30 60 90 120 150
Strain (%)

0 2000 4000 6000 8000 10000
Stretching cycle number

Fig.1 Stretchable cellular CNT film. (a) Photographs of the stretchable CNT film under increasing strain from 0%, 20%, 60% and 100% to 140%.
(b) Cross-sectional scanning electron microscope (SEM) image of the CNT film. (c) Stress—strain curve of the cellular CNT film. (d) Dependence
of electrical resistance on strain. (e) Dependence of electrical resistance on stretching cycle at a strain of 140%. For both (d) and (e), Ry and R,
correspond to the electrical resistances before and after stretching, respectively. AR represents the difference in electrical resistance after and

before stretching.
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responding Nyquist plots of the supercapacitors with increasing
thickness of the film are shown in Fig. S6.f The equivalent
series resistance, obtained by the intercept with the axis of the
plot, gradually decreased with increasing thickness of the film.
This phenomenon may be explained by the gradually
decreasing electrical resistance (Fig. S7t1). However, the weight
of the CNT film increased with the increasing thickness
(Fig. S87), so the specific capacitance decreased. Therefore, the
film with 38.3 um thickness was mainly studied below. Galva-
nostatic charge-discharge curves between 0 and 1 V shared
a symmetric triangular shape at increasing current densities
from 0.2 to 5 mA cm ™2 (Fig. 2b), suggesting a high reversibility
and Coulombic efficiency over a wide range of current densi-
ties.” The specific capacitance dropped from 72.9 to 60.4 mF
cm 2 when the current increased from 0.5 to 1 mA cm > and
then remained almost unchanged with the further increase in
current density, which was consistent with the property of
a double-layer capacitor (Fig. S9t1). The specific capacitances
calculated based on the charge-discharge curves reached
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a gravimetric capacitance of 42.4 F g " (Cy) (or 72.9 mF ¢cm >
for the areal capacitance (C,) and 19.0 F cm > for volumetric
capacitance (Cy)) at a current density of 0.5 mA cm™> or 0.29
A g '. The energy and power densities of the supercapacitor
reached 0.701 mW h ecm™® and 337.0 mW cm ® at current
densities of 0.2 and 5 mA cm >, respectively. A typical rectan-
gular shape was observed for the cyclic voltammograms of the
supercapacitor and was well retained at increasing scan rates
from 20 to 500 mV s~', indicating low internal resistance
(Fig. S10t). In addition, the supercapacitor exhibited high
stability over 50 000 charge-discharge cycles (Fig. S117).

Note that the cellular structure also contributed to the
permeation of the electrolyte into the CNT film electrode. As
a comparison, the electrochemical performance of a super-
capacitor with a cellular-free CNT film electrode was studied
under the same conditions. No obvious voltage drop in the
galvanostatic charge-discharge curve was observed for the
cellular structure; in contrast, a sharp voltage drop appeared
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Fig.2 Electrochemical performance of the stretchable supercapacitor. (a) Dependence of specific capacitance on the thickness of the CNT film.

(b) Galvanostatic charge—discharge curves at increasing current densities from 0.2 to 5mAcm

~2_(c) Galvanostatic charge—discharge curves with

increasing bending angles from 0 to 180°. (d) Cyclic voltammograms with increasing strains from 0 to 140%. (e) Dependence of capacitance ratio
on stretching cycle under a 140% strain. Here Co and C correspond to the capacitance before and after stretching for different cycles,

respectively. (f) Cyclic performance of a 140% stretched supercapacitor.
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Fig.3 Schematicillustrations of the configurations and corresponding galvanostatic charge—discharge curves of the stretchable supercapacitor.
(@ and b) Increased voltages by connection in parallel. (c and d) Increased currents by connection in series. (e and f) Simultaneously increased

voltage and current. The current densities at (b), (d) and (f) were 1, 0.5 and 1 mA cm

without the cellular structure. Therefore, the internal resistance
in the cellular supercapacitor was much lower (Fig. S127).

The electrochemical performance of the cellular super-
capacitor was carefully investigated under multiple deforma-
tions, including bending and stretching. With increasing the
bending angle from 0 to 180° or increasing the strain from 0 to
140%, the charge-discharge curves and the cyclic voltammo-
gram curves remained almost unchanged (Fig. 2c, d, S13 and
S14+t). The energy and power densities varied by less than 6%
under stress with the strain ranging from 0 to 140% (Fig. S157).
Even under the repeated stretching, the specific capacitance
was well maintained by 98.3% for 3000 cycles at 140% strain
(Fig. 2e). Even under a stretched state, the specific capacitance
of the supercapacitor remained almost unchanged even after
45 000 cycles (Fig. 2f).

Compared with other stretchable supercapacitors based on
elastomeric polymer substrates (20-200%),"*"**>42® this cellular
supercapacitor displayed a large and tunable strain. Moreover,
the specific capacitance of the cellular supercapacitor could be
further improved by introducing pseudocapacitive PANI into
the cellular CNT film (Fig. S16 and S177). By introducing 5 wt%
PANI, the specific capacitance reached 204.0 F g~ " (or 340.2
mF cm > and 87.8 F em™?) at a current density of 2.0 mA cm™>
or 1.1 Ag ' (Fig. S187). The specific capacitance was higher than

This journal is © The Royal Society of Chemistry 2016

~2, respectively.

those of the reported supercapacitors based on elastomeric
polymer substrates (7.6-201.1 F g~ ').1*132428 In addition, the
specific capacitance of the cellular supercapacitor was almost
one to two orders of magnitude higher than the other stretch-
able supercapacitors when the weight of the elastic substrate
was included.

Another advantage of the cellular supercapacitor lay in the
tunable voltage and current after interconnection in parallel
and/or series through its intrinsic configuration. As a proof of
this concept, we interconnected six primitive supercapacitors in
parallel by increasing the units of the repeated primitive cellular
CNT film (Fig. 3a). The discharge time increased under the
same current (Fig. 3b). We also integrated six primitive super-
capacitors in series via easily tailoring the cellular CNT film
electrodes. Based on the configuration in Fig. 3c, the output
voltage was enlarged by a factor of six (Fig. 3d). Here, one
individual CNT film had three roles with the half parts covered
with electrolyte acting as the positive and negative electrode and
the uncovered part acting as the external collector. Further-
more, the output current and voltage could be simultaneously
enhanced by further programming the covering area of the
electrolyte (Fig. 3e and f). The intrinsic structure obviously
reduced the complexity in integration compared with the
conventional methods. It avoided the additional resistance and
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Fig. 4 Powering a commercial electronic watch using the stretchable supercapacitor. (a and b) Schematic illustration and photograph of the
structure of the electronic watch with a stretchable supercapacitor as a “watch strap”. (c) Galvanostatic charge—discharge curve of the "watch
strap” at a current of 0.57 mA. (d and e) Photographs of the “watch strap” at the wrist, the middle arm and the upper arm to power the watch.

unnecessary volume introduced by the external circuits which
contained excess and heavy metal conductors.

The stretchable cellular supercapacitors were further
demonstrated to effectively power various wearable and
portable devices. For instance, Fig. 4a shows a cellular super-
capacitor in a combination of series and parallel connections. It
served as a “watch strap” for a commercial electronic watch
(Fig. 4b). After charging to 4 V, the “watch strap” had success-
fully driven the electronic watch for about ten seconds (Fig. 4c).
Due to the stretchability of the “watch strap”, it was applicable
to different people with different sizes of wrists (Fig. 4d). In
addition, the “watch strap” could be further stretched to the
arm (Fig. 4e). The electronic watch was able to function during
the stretching process. Based on the cellular structure that
offered the supercapacitor the function of ventilation, it is
particularly promising for wearable electronic devices and
electronic skin.

In summary, we have demonstrated a new family of
stretchable supercapacitors by designing a cellular structure
mimicking nature. They display remarkable electrochemical
performances with both large, tunable strain under stretching
and almost one to two orders higher specific capacitances

10128 | J Mater. Chem. A, 2016, 4, 10124-10129

compared with conventional stretchable counterparts through
the use of elastic substrates. In addition, the specific capaci-
tance of the cellular supercapacitor can be maintained by 98.3%
after stretching by 140% for 3000 cycles. The cellular structure
also makes the supercapacitor permeable to air and water,
which is important for a variety of application fields such as
wearable and medical electronics.
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