7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

PAPER

Ultra-stretchable supercapacitors based on
biaxially pre-strained super-aligned carbon
nanotube films+
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Super-aligned carbon nanotube (SACNT) films with wrinkled structures are prepared by a biaxial pre-
strain method and can withstand repetitive stretching of large strains in multiple directions. Ultra-stretch-
able supercapacitors were fabricated with the SACNT film and active carbon (AC) powders. The initial
specific capacitance without strain and with 150% strains in the X, Y and 45° axes was 91, 88, 89 and 90 F
g~%, respectively. Moreover, the capacitance retentions were 97%, 98.5% and 98.6% after 2000 tensile
cycles at 0-150% strain in the X, Y and 45° axes, respectively, demonstrating the excellent strain durability
of the SACNT/AC supercapacitors. The stretchable circuit with the combination of stretchable SACNT/AC
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stretchable functional devices for a variety of applications. The low-cost and scalable biaxial pre-strain
process presents a potential route for designing high performance stretchable electronic and energy

rsc.li/nanoscale storage devices.

Introduction

The rapid growth of wearable and implantable devices has
created a boom in the development of high performance
stretchable materials and electronics, which can maintain
normal functions and reliability under large deformation.'”
Various stretchable electronic devices have been developed for
different applications, including stretchable circuits, loudspea-
kers, pressure and strain sensors, transistors, epidermal elec-
tronics, and implantable medical devices.®° As an indispens-
able component, energy storage devices that are able to
deform together with the stretchable systems have attracted
much attention. Lithium-ion battery systems with high energy
density, high output voltage, and no memory effect are one of
the suitable candidates for flexible energy storage devices.*' >
However, lithium-ion batteries suffer from safety hazards,
short lifetime, and low power density. Apart from lithium-ion
batteries, supercapacitors have become irreplaceable by virtue
of their excellent power density and extremely long operating
life, and have increasingly become an attractive candidate for
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flexible energy storage devices.>® Many stretchable super-
capacitors have been reported in the literature.>>>° Carbon
nanotube (CNT) is considered as a promising material for use
in stretchable supercapacitors because of its high specific
surface area, large aspect ratio, mechanical robustness, and
excellent electrical conductivity.>'~** Stretchable supercapacitors
based on buckled single-walled CNT (SWCNT) macrofilms are
able to stand about 30% strain without performance degra-
dation.*® Integrated supercapacitors based on SWCNT films
with reticulate architecture can maintain their properties at
strain as high as 120%.>* However, the existing stretchable
supercapacitors using CNTs as electrodes only demonstrate
stretchability at uniaxial strain, which limits their practical
applications in implantable or wearable devices embedded in
soft and elastic biological tissue, where the devices are mostly
stretched in different directions. Therefore, developing high-per-
formance stretchable supercapacitors that can withstand large
and repeated strain in different axes becomes critical.
Super-aligned CNTs (SACNTs) have attracted much atten-
tion these years.*>*® Unlike regular CNTs, SACNTs have very
clean surfaces and extremely large aspect ratio. Ultrathin and
continuous SACNT films are drawn from SACNT arrays using a
cost-effective and environmentally benign method by an end-
to-end joining mechanism and can be stacked together to
achieve isotropic electrical conductivity. The SACNT films are
freestanding, light weight, and possess excellent electrical and
mechanical properties along their axial direction and have
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demonstrated a variety of applications such as loudspeakers
and stretchable conductors.””*® By compositing the films with
other materials, the SACNT films have been widely used for
the development of high-performance electrodes for various
kinds of high performance and stretchable energy storage
devices.>*™°

Herein, a low-cost and scalable biaxial pre-strain process
was used to fabricate ultra-stretchable SACNT/active carbon
(AC) supercapacitor and SACNT conductive films. The stretch-
able SACNT film could withstand high and repeated strains in
different axes without large conductivity decay. Stretchable
supercapacitors assembled with the stretchable SACNT films
and AC powders demonstrated unprecedented stretchability
and high capacitive performance at high strains in different
axes. Stable capacitive charge-discharge behaviors were also
demonstrated during tensile cycles. Moreover, stretchable cir-
cuits consisting of stretchable SACNT/AC supercapacitors and
SACNT conductors represent a promising direction in develop-
ing self-contained stretchable devices for a wide range of
applications.

Experimental

Preparation of the SACNT film and the polydimethylsiloxane
(PDMS) substrate

SACNT arrays with a tube diameter of 20-30 nm and a height
of 300 um were synthesized on silicon wafers by chemical
vapor deposition. Details of the synthesis method are reported
in previous papers*”*® Continuous SACNT films were directly
drawn from the SACNT arrays. PDMS substrates with a thick-
ness of 1 mm were prepared by mixing the base and the curing
agent at a weight ratio of 10:1 using Sylgard 184 (Dow
Corning). The mixture was cured at 70 °C for 1 h. After cooling
down to room temperature, the PDMS substrates were cut into
60 mm X 60 mm pieces, and their optical photograph is shown
in Fig. S1.}

Fabrication of the stretchable SACNT composites

Fig. 1a shows the schematic of the fabrication process of the
stretchable SACNT conductors and SACNT/AC supercapacitor
electrodes. First, a PDMS square substrate with a length L was
biaxially pre-strained in two perpendicular directions to L + AL
(Fig. S17), and covered with a cross-stacked 6-layer SACNT film.
Then, a thin polyethylene (PE) film with two rectangular open-
ings with a dimension of 10 mm x 20 mm was stacked on top
of the SACNT film as a mask for making supercapacitor elec-
trodes. 45 mg of AC powder (XFP01, XF Chem Co., Ltd, specific
surface area: 2000 m”> g~') was dispersed in 60 mL of ethanol
by ultrasonication for 45 minutes. The suspension of AC
powder in ethanol was dropped on the mask with a pipette.
After the evaporation of ethanol and the removal of the mask,
the AC powder only existed in the exposed area through the
rectangular openings of the mask. A cross-stacked 2-layer
SACNT film was coated on top of the SACNT film and AC
powder, followed by the processes of stacking the PE mask and
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dropping the AC suspension, which were repeated 20 times.
Afterwards, another cross-stacked 6-layer SACNT film was
stacked on top of the composite film, forming a composite
film consisting of a SACNT/AC sandwich structure in the areas
of the rectangular openings and pure SACNT film in the
remaining part. After the pre-strained PDMS substrate was
released to its original length L, a stretchable SACNT conduc-
tor and a SACNT/AC supercapacitor electrode were fabricated.
The areal density of the supercapacitor electrodes was 5 mg
em™>. The weight ratio of AC in the SACNT/AC composite elec-
trode was larger than 95%. The stretchable composite films
with the SACNT/AC and the pure SACNT areas were then laser
cut to different patterns to assemble stretchable -circuits
(Fig. 1b). The size of the SACNT/AC composite electrodes was
10 mm X 20 mm.

Preparation of the gel electrolyte and assembly of the
stretchable supercapacitors

The gel electrolyte was prepared by dissolving 0.60 g of polyvi-
nyl alcohol (PVA, Sinopharm Chemical Reagent Co., Ltd) and
0.60 g of 1 M H3PO, (Sinopharm Chemical Reagent Co., Ltd)
in 6 mL of DI water at 80 °C with stirring for 5 hours. The gel
electrolyte was then dropped on an SACNT/AC composite elec-
trode and dried at 70 °C for 1 h. Two SACNT/AC composite
electrodes with the gel electrolyte were stacked together and
uncured PDMS paste was used to seal the package. After
curing of the PDMS, a stretchable SACNT/AC supercapacitor
was fabricated. Herein, two SACNT/AC supercapacitors were
connected by the SACNT conductor. The gel electrolyte was
used to accommodate any deformation of the stretchable elec-
trodes (Fig. 1c). Photograph of a light emitting diode (LED)
illuminated by the stretchable circuit is shown in Fig. 1d.

Characterization methods

The resistances of the SACNT/AC composites at strains up to
150% were characterized. The dimensions of the sample were
70 mm X 10 mm x 0.6 mm. Two copper foils were attached at
both ends of the sample by conductive silver paste for resis-
tance measurements. A tensile load was applied using an
Instron 5848 microtester and the resistances of the SACNT
composite electrodes were monitored by a Keithley 2400
Source Meter. The durability of the stretchable supercapacitors
was characterized by performing 2000 cyclic tensile tests at
0-150% strains and the electrochemical properties of the com-
posites were tested using a Land battery test system (Wuhan
Land Electronic Co., China) with a cut-off voltage of 0-1
V. Cyclic voltammetry (CV) curves were measured in a voltage
window of 0-1 V at a scan rate of 100 mV s~ .

Results and discussion

Morphology and resistance changes of the SACNT/AC
electrodes

Fig. S17 illustrates that AC powders were uniformly dispersed
on the cross-stacked SACNT films, maintaining an excellent

This journal is © The Royal Society of Chemistry 2020
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(a) Schematic of the process for fabricating stretchable supercapacitor electrodes and conductor films. (b) Supercapacitor electrodes and

conductors before and after laser cut. (c) Schematic of the structures of stretchable supercapacitors and conductors. (d) Photograph of an LED
powered by a stretchable circuit consisting of the SACNT/AC supercapacitor and SACNT conductor.

conductive structure. Fig. 2a and b show SEM images of an
SACNT/AC composite electrode and an SACNT conductor.
Wrinkled structures were observed on both surfaces, which
formed during the pre-strain and release process. Similar
wrinkled structures on the surface of CNT composite electro-
des for use in stretchable lithium ion batteries were also
reported in our previous paper.*’

Fig. 3 shows the normalized resistance changes (AR/R,) of
the SACNT/AC composite electrodes with and without pre-
strain as a function of applied strain in different axes (X, Y,
30°, and 45°). The resistance of the composite electrode
without pre-strain increased sharply as the applied strain

This journal is © The Royal Society of Chemistry 2020

increased. The normalized resistance increased by 50% at 35%
strain in the X axis, which would impair the electrochemical
performance of the electrode. The composite electrodes with
150% biaxial pre-strain showed more stable resistance at
applied strains up to 150% in different tensile axes. The nor-
malized resistances of the biaxially pre-strained electrodes
increased by 6.2%, 6%, 5.1%, and 5.9% at 150% strain in the
X, Y, 30° and 45° axes, respectively. The low resistance
changes of the composite electrodes were ascribed to the
wrinkled structures on the surface that can extend along the
strain axis to prevent the CNT composite structures from frac-
ture and maintain stable electrical properties. The pre-strained
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Fig. 2 SEM images of the pre-strained (a) SACNT/AC electrode and (b) SACNT conductor.
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Fig. 3 Normalized resistance changes of an SACNT/AC supercapacitor
electrode at applied strain up to 150% along different directions.

SACNT/AC composites demonstrate potential for use in high-
performance stretchable devices.

Electrochemical properties of the SACNT/AC supercapacitors

To demonstrate the stretchability and performance of the
SACNT/AC supercapacitors, their CV and galvanostatic charge/
discharge behaviors were tested. Fig. 4a and b present the CV
curves of the SACNT/AC supercapacitors with and without
strains in different axes. All the curves exhibit a typical rec-
tangular shape at a scan rate of 100 mV s, indicating the be-
havior of an ideal double-layer electrochemical capacitor. In
addition, no significant change was observed in the CV cures
of the supercapacitors when they were either uniaxially
strained to 150% in different axes (X, Y, and 45°, Fig. 4a) or
biaxially strained to 150% x 150% (X-Y, Fig. 4b), demonstrat-
ing the stable performances of the stretchable SACNT/AC
supercapacitor at uniaxial and biaxial strains as high as 150%.

Fig. 4c shows the galvanostatic charge-discharge curves of
the SACNT/AC supercapacitors with no strain and with 150%
strains in different axes (X, Y, 45°, and X-Y) at a constant
current density of 1 A g~'. These charge-discharge curves
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almost overlapped together, suggesting that the SACNT/AC
supercapacitors can withstand extremely large deformation
either uniaxially or biaxially. The cycling stability of the
stretchable SACNT/AC supercapacitors subjected to 150%
strains in different axes was illustrated by the galvanostatic
charge-discharge test at a current density of 1 A g¢”" up to 1000
cycles. Fig. 4d shows the specific capacitances of the single
SACNT/AC supercapacitors with and without strains. The
initial specific capacitances without strain and with 150%
strains in X, Y, and 45° axes were 91, 88, 89, and 90 F g™,
respectively. Remarkably, the specific capacitances of the
SACNT/AC supercapacitors with or without strains remained
unchanged for up to 1000 charge-discharge cycles, demon-
strating their excellent electrochemical stability under large
deformation.

Strain durability of the SACNT/AC supercapacitors was
tested by carrying out electrochemical characterization under
large deformation in different axes for 2000 tensile cycles.
Fig. 4e shows the capacitance retentions of the SACNT/AC
supercapacitors during 2000 tensile cycles at 0-150% strains
in different axes. Only slight capacitance degradation was
observed. The capacitance retentions were 97%, 98.5%, and
98.6% after 2000 tensile cycles at 0-150% strains in the X, Y,
and 45° axes, proving excellent strain durability of the SACNT/
AC supercapacitors. Fig. 4f shows the galvanostatic charge-dis-
charge curves of the SACNT/AC supercapacitors at 0.5 A g~
during cyclic tensile cycles with 150% strains in different axes
at a high strain rate of 7.5% strain s™'. The charge-discharge
curves remained as straight lines when the dynamic tensile
cycles were applied in X, ¥, and 45° axes. The reproducible and
stable capacitive behavior of the SACNT/AC supercapacitors
shows that the in situ applied stretching/releasing processes
had no significant effect on the charge-discharge feature of
the sample and proves that the stretchable supercapacitors can
be reversibly charged and discharged during tensile cycles
with a high strain rate in different axes. These results demon-
strate outstanding stretchability and durability of the biaxially
pre-strained SACNT/AC supercapacitors under applied high
strains in different axes, proving the biaxial pre-strain process
as a promising method for fabricating ultra-stretchable and
high-performance supercapacitors.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 CV curves of the SACNT/AC supercapacitor (a) with no strain and with strains in X, Y, and 45° axes and (b) with no strain and with X-Y strain,
measured at a scan rate of 100 mV s™%. (c) Galvanostatic charge—discharge curves and (d) cycling performances of the SACNT/AC supercapacitors
with and without 150% strain in different axes. (e) Capacitance retention of the SACNT supercapacitor during 2000 tensile cycles under 150% strains
in X, Y, and 45° axes. (f) Galvanostatic charge—discharge curves of the SACNT supercapacitor during stretching/releasing processes at 150% strain in

X, Y, and 45° axes.

Finally, an LED was illuminated by a stretchable circuit con-
sisting of the SACNT/AC supercapacitor and the CNT conduc-
tor, as shown in Fig. 5a. When the circuit was stretched to
approximately 100% in both X and Y directions, the LED did
not show any noticeable luminance change (Fig. 5b). Even

This journal is © The Royal Society of Chemistry 2020

when the biaxially stretched circuit was further pressed by a
finger, the LED still functioned well (Fig. 5¢), demonstrating
the ultra-stretchability of the biaxially pre-strained circuit and
presenting great potential for the development of high per-
formance stretchable electronic devices.

Nanoscale, 2020, 12, 24259-24265 | 24263
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Fig. 5 An LED powered by a stretchable circuit consisting of the
SACNT/AC supercapacitor and SACNT conductor. (a) no strain, (b) X-Y
stain, (c) pressed by a finger.

Conclusions

Ultra-stretchable SACNT/AC composite electrodes were fabri-
cated by forming wrinkled structures on the surface of SACNT/
AC films using a biaxial pre-strain process. Stretchable super-
capacitors were assembled with the stretchable composite elec-
trodes and gel electrolyte, which demonstrated unprecedented
stretchability, reliability, and high capacitive performance at
high strain in different axes. The stretchable circuit with the
integration of stretchable supercapacitors and conductors rep-
resents a promising direction in developing self-contained
stretchable functional devices for a wide range of applications.
In addition, the low-cost and scalable biaxial pre-strain process
paves a way for designing high performance stretchable elec-
tronic and energy-storage devices.
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