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ABSTRACT: We present flexible and stretchable supercapaci-
tors composed of interwoven carbon nanotubes (CNTs)
embedded in polydimethylsiloxane (PDMS) substrates. CNTs
are grown using atmospheric-pressure chemical vapor deposition
(APCVD) on a Si/SiO, substrate and then partially embedded
into PDMS. This unique process permits a rapid and facile
integration of the interwoven CNT—PDMS structure as a

flexible and stretchable supercapacitor electrode with a high level of integrity under various strains. The electrochemical
properties of the supercapacitors are measured in 30% KOH solution and with a poly(vinyl alcohol) (PVA)—KOH gel electrolyte
(i.e., all-solid-state flexible supercapacitor). The measured capacitance of the supercapacitor is 0.6 mF/cm” in 30% KOH solution
and is 0.3 mF/cm® with a PVA—KOH gel electrolyte at a scan rate of 100 mV/s, showing a consistent performance under
stretching from 0% to 200% and bending/twisting angles from 0° to 180°. The stretching test is performed for 200 cycles from
0% to 100%, after which its capacitance is attenuated by 25%. The all-solid-state stretchable supercapacitors show a stable

galvanostatic performance during and after 10 000 charge/discharge cycles with its capacitance maintained.
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1. INTRODUCTION

Batteries and supercapacitors are both important components
in energy storage systems. Unlike batteries, no chemical and
phase changes are involved in the charging and discharging in
supercapacitors. Therefore, supercapacitors have an almost
unlimited cyclability, on the order of 10°—10° times.’
Sufficiently large accessible electrode areas of the super-
capacitors enable high capacitance and high energy density.
Supercapacitors have much higher power densities (from $ to
55 kW/kg) than Li-ion battery (from 0.4 to 3 kW/kg),” which
makes them ideal for high-power devices, such as regenerative
braking and load leveling systems, with great potential to
complement batteries or electrolytic capacitors. By making
supercapacitors flexible, it opens up applications ranging from
self-powered rollable displays to wearable and lightweight
electronics.” ™"

Typically, supercapacitors consist of two electrodes, an
electrolyte, and a separator arranged between the two
electrodes. Electric energy storage occurs at the electrode/
electrolyte interface of both positive and negative electrodes or
through surface oxidation/reduction."" High surface area,
electrical conductivity, mesoporosity, and electrolyte accessi-
bility are important properties desired for an ideal electrode
material.">'® Carbon in its various forms, such as activated
carbon, carbon fibers, carbon clothes, carbon aerogels,
graphene, and carbon nanotubes (CNTs), has been widely
studied as an electrode material for electrochemical capaci-
tors.'*™* The capacitance and charge storage/delivery
essentially depend on the variation of electrode materials
because poor accessibility of the carbon surface to the
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electrolyte has been confirmed to be the most important
reason for the absence of proportionality between specific
capacitance and surface area of the materials.””** CNTs are an
attractive electrode material toward high performance super-
capacitors owing to their high electrical conductivity, high
charge transport capability, chemical stability, and an
appropriate balance between the surface area and the
mesoporosity of a carbon material, which provide easier access
for electrolyte ions to form an electrical double layer on the
interface between electrode and electrolyte.**™* In recent
years, vertically aligned carbon nanotubes (VACNTSs) have
been widely studied for supercapacitor applications," "' ~**
owing to their advantages of exhibiting a combined charge
capacity from all individual tubes, high effective surface area
(2200 m?/ g49), electrical conductivity (7—14 S/cm’), power
density (98.9 kW/kg"), and energy density (24.7 Wh/kg").
Several studies have been conducted to investigate the
fabrication and characterization of CNT-based flexible super-
capacitors.® ' #32739272836759 Though significant accomplish-
ments have been demonstrated for flexible/stretchable super-
capacitors, fabrication processes are often complicated or time-
consuming. Facile fabrication process, along with the ability to
accommodate various mechanical disturbances (i.e., large
bending, twisting and stretching), would be beneficial for
practical applications of flexible and stretchable supercapacitor.
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Figure 1. Schematics of the fabrication procedure and illustration of the shape change of interwoven CNTs under stretching of the PDMS substrate.
(a) Schematics depicting the fabrication procedure and the stretching of CNT—PDMS structures. (i) Interwoven CNTs are grown on the Si/SiO,
substrate via APCVD. The CNTs consist of wavy nanotubes and individual nanotubes are mechanically and electrically connected as a CNT
network. (ii) Grown CNTs are partially embedded in PDMS. (iii) Individual nanotubes are still interconnected when CNT—PDMS structure is
stretched. SEM images of (b, c) cross-sectional view of a CNT carpet grown on the Si/SiO, substrate and (d) cross-sectional view of a CNT carpet
transferred onto PDMS. The growth and characterization of CNTs have been regularly performed by the author’s group and are reported
elsewhere.”"®> (e) Interface area between the CNT carpet and PDMS (white dashed line), showing that the CNT carpet is partially embedded in
PDMS, and (f—i) the top views of CNT-PDMS structure under 0%—80% stretching strains.

Here we demonstrate a facile and reliable fabrication of
stretchable supercapacitors based on the partial embedding of
vertically aligned carbon nanotubes (VACNTSs) in PDMS,
which enables the stretchable supercapacitors with a high level
of integrity under various strains. We grow 100 um thick
interwoven CNTs via atmospheric-pressure chemical vapor
deposition (APCVD). We transfer the CNTs from as-grown
Si/SiO, substrates onto partially cured PDMS to partially
embed the CNTs into PDMS, after which the fully cured
PDMS strongly holds the CNTs to sustain various strains. We
characterize the electrochemical properties and the mechanical
flexibility of CNT—PDMS structure in a liquid electrolyte as
well as with a gel electrolyte, showing a stable charge/discharge
performance under various strain values (stretching, bending,
and twisting) for multiple cycles.

2. EXPERIMENTAL SECTION

2.1. Growth of Interwoven CNTs. CNTs were grown via
atmospheric-pressure chemical vapor deposition (APCVD). The
APCVD setup and the recipe are shown in Figure SI. The substrate
of Si/SiO, chip, consisting of 5 nm Al and 3 nm Fe as catalyst
deposited on the surface, was prepared via physical vapor deposition
(PVD). Then the substrate was placed in the tube furnace for APCVD
growth. The furnace temperature was increased to 750 °C with 500
sccm Ar flow, and interwoven CNT's were grown at 750 °C for 15 min
with 60 sccm H, and 100 sccm C,H,. After the growth, the CVD tube
was rapidly cooled down to room temperature by opening the furnace

cover, while maintaining Ar flow. While the grown CNTs were
generally vertically aligned, they are composed of individual wavy
nanotubes, which are mechanically cross-linked with each other.

2.2. Transfer of CNTs onto PDMS. To fabricate VACNT—PDMS
structures with a high level of integrity for stretchable supercapacitor
electrodes, we optimized the curing condition of PDMS, whereby the
PDMS fully wetted the roots of individual CNT carpets upon the full
curing of PDMS and eventually CNTs were partially embedded into
PDMS. Since VACNTSs consist of wavy nanotubes individually
entangled with each other, the entire VACNT carpet retains
mechanical and electrical integrity during various levels of stretching,
bending, or twisting. First, a liquid mixture of PDMS base and curing
agent (Sylgard 184 Silicone Elastomer, Dow Corning) were mixed
with a ratio of 10:1 and degassed under reduced pressure in a vacuum
pump to remove bubbles. Then, the liquid PDMS was heated on a hot
plate at 65 °C for about 30 min. At this stage, PDMS was not fully
cured. The CNT carpet was placed face-to-face onto the partially
cured PDMS. We let PDMS infiltrate between each individual carbon
nanotube, owing to the capillary effect and the viscoelastic property of
PDMS. As a result, tips of interwoven CNTs were embedded into
PDMS. To fully cure PDMS, the CNT—PDMS sample was left in an
ambient condition for 12 h. After PDMS is fully cured, the CNT—
PDMS substrate was successfully peeled off from the Si/SiO,
substrate, owing to the stronger hold of one end of the CNTs
embedded in PDMS than the adhesion between CNTs and the Si/
SiO, substrate.

2.3. Fabrication Process of the All-Solid-State Flexible
Supercapacitor. PVA—KOH gel electrolyte was fabricated by mixing
1 g of poly(vinyl alcohol) (PVA) powder with 1 g of KOH powder in
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10 mL of DI water and mixed at 60° for around 1 h, while
continuously stirring until it took on a homogeneous viscous and clear
appearance. PVA—KOH gel electrolyte was dripped onto the surface
of the CNT—PDMS structures. Care was taken to ensure one end of
the CNT carpet was not wetted in order to function as the electrical
contact of the electrode with the conductive wires. Carbon paste was
used to ensure a good conductivity of the CNTs and the conductive
wires. After dripping PVA—KOH gel electrolyte on the surface of the
electrodes, all-solid-state flexible supercapacitors were integrated by
stacking two electrodes face-to-face into sandwiched system.

2.4. Electrochemical Measurements and Calculations. The
electrochemical performance of CNT—PDMS structures as super-
capacitor electrodes was characterized using cyclic voltammetry (CV)
in a three-electrode configuration as shown in Figure S3, via
potentiostat, whereas the all-solid-state flexible supercapacitor was
characterized in a two-electrode configuration. Platinum (Pt) foil was
used as a counter electrode and Ag/AgCl (sat. KCl) as a reference
electrode. The capacitances of the electrodes were calculated as a
capacitance per area (F/cm?). The average capacitance was normalized
per area of the samples and was estimated according to the following
equation:y'?’o'60

E
J.1dv
j— El
AVX VXA

where I is the current, A is the area of the supercapacitor, AV is the
scanning rate, E, and E, are the voltage, and V = E, — E,.

3. RESULTS AND DISCUSSION

Figure S1 and Figure la illustrate schematics of the fabrication
procedure and shape-change of interwoven CNTs partially
embedded in PDMS substrate, respectively. To fabricate
stretchable supercapacitors that work under very large strains,
we developed a unique transfer process of partially embedding
CNTs in partially cured PDMS. We optimized the curing
condition of PDMS, so that the partially cured PDMS became
tacky but not wet (e.g, a flat pair of tweezers touching the
surface of PDMS when removed would draw a string of PDMS
that snaps back without wetting the tweezers). The different
states of the PDMS curing process are shown in Figure S2. A
scanning electron microscope (SEM) (Auriga Small Dual-Beam
FIB-SEM, Carl Zeiss, Jena, Germany) was used to characterize
the samples. Figures 1b,c show the 94 um thick carbon
nanotube carpets vertically grown from aluminum (5 nm
thick)/iron (3 nm thick) catalyst layers deposited on a Si/SiO,
substrate. Figure 1d shows a successfully transferred CNT
carpet onto PDMS. Figure le depicts the interface (white
dashed line) between a CNT carpet and PDMS, showing that
tips of individual nanotubes are embedded in PDMS. Figures
1f—i give SEM images showing the top views of CNTs on
PDMS under 0%—80% stretching strains. It should be noted
that CNTs, albeit they are generally vertically aligned, consist of
wavy nanotubes individually entangled with each other, in
which individual nanotubes are mechanically cross-linked.
When mechanical strains are applied (i.e,, when the device is
stretched or twisted), the lateral expansion of the nanotube
network retains the entanglement, keeping their mechanical
and electrical integrity.

As shown in Figures 1f—i, the spacing between individual
CNTs is increased during stretching. The interwoven CNTs are
laterally deformed under the lateral elongation of PDMS
substrate because the bottom tips of CNTs are clearly
embedded into PDMS (Figures 1d,e). We characterized the
effect of the PDMS stretching on individual CNTs using
Raman spectra. No obvious shift of Raman peak position and

intensity ratio (Ip/Ig) shown in Raman spectra suggest that
individual CNTs were not under significant strain during the
PDMS stretching. The Raman spectra of the CNTs on the Si/
SiO, substrate and the CNT—PDMS structure are shown in
Figure 2. The Raman spectra were obtained using Horiba

—VACNTs on Si/SiO2 substrate
~—VACNT-PDMS structure
1587 —VACNT-PDMS with 28% stretch
~—VACNT-PDMS with 62% stretch
—VACNT-PDMS with 100% stretch
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Figure 2. Raman spectra of CNTs on the Si/SiO, substrate,
interwoven CNTs embedded in PDMS without strain applied to the
substrate, and CNTs embedded in PDMS under 28%, 62%, and 100%
stretching strains. The Raman spectrum of the CNTs on the Si/SiO,
substrate showed a D peak at 1345 cm™, a G peak at 1587 cm™’, and a
2D peak at 2697 cm™". No obvious shift of the G peak during and
following the substrate stretching indicates that individual nanotubes
may not have been subjected to strain during the substrate stretching.
The intensity ratio (I/Is) under 0%, 28%, 62%, and 100% stretching
were 0.6130, 0.6276, 0.5952, and 0.6293, respectively.

Xplora system with an Andor iDus 420 detector with a 3.5 mW,
532 nm laser. The D peak originates from a hybridized
vibrational mode associated with graphene edges, indicating the
presence of some disorder to the structure. The more
prominent D and 2D peaks compared with the single wall
CNTs indicate the multilayer configuration. The G peak is
highly sensitive to strain effects in sp® nanocarbons and can be
used to probe the strain induced by external forces. The
intensity ratio of the D and G peaks (Ip/Ig) is widely used to
measure the quality with nanotubes as the literature reports that
the Raman peak and the intensity ratio of the D and G ;)eaks
(Ip/Ig) are very sensitive to the uniaxial strains.””®" We
measured the Raman peak position and intensity ratio (Ip/Ig)
of CNT—PDMS structure under 0%, 28%, 62%, and 100%
stretching strains from several different locations. We also
performed measurements six times to obtain average values.
The Raman spectrum of the CNTs on the Si/SiO, substrate
showed a D peak at 1345 cm™, a G peak at 1587 cm™!, and a
2D peak at 2697 cm™. No obvious shift of the G peak was
observed when we stretch the CNT—PDMS structure from 0%
to 80%, indicating that individual nanotubes were under little
strain during substrate stretching. The Raman intensity ratios
(In/Ig) under 0%, 28%, 62%, and 100% stretching strains were
0.6130, 0.6276, 0.5952, and 0.6293, respectively. There was no
obvious change in the intensity ratio Ij/I;, indicating the
interwoven CNTs remains intact after repeated stretching
cycles.

Figure 3 and Figure S4 show cyclic voltammetry (CV) of the
flexible supercapacitor measured with 30% KOH solution and
PVA—KOH gel electrolyte. The flexible supercapacitor
demonstrated good electrochemical stability and capacitive
behaviors at scan rates from 300 to 1000 mV/s. As shown in
Figure S4a, the CV profile of the supercapacitor is very close to
a rectangular shape even at a high scan rate; this implies that
the CNT—PDMS structure works as a typical electrochemical
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Figure 3. Performance of the supercapacitors measured with PVA—KOH gel electrolyte and with 30% KOH solution. (a) CV curves of the all-solid-
state flexible supercapacitors without tensile strain and with 100% tensile strain at the scan rate of 1 V/s. (b) Normalized capacitance of the all-solid-
state flexible supercapacitors as a function of tensile strains in comparison with that measured in liquid electrolyte. (c) CV curves of all-solid-state
flexible supercapacitors without bending and with 90° bending angle at the scan rate of 1 V/s. (d) Normalized capacitance of the all-solid-state
flexible supercapacitors as a function of bending angles in comparison with that measured in liquid electrolyte. (e) CV curves of the all-solid-state

flexible supercapacitors without twisting and with 90° twisting angle at the scan rate of 1 V/s. (f) Normalized capacitance of the all-solid-state flexible
supercapacitors as a function of twisting angles.
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Figure 4. Galvanostatic charge/discharge performance and cyclic behavior. (a) Galvanostatic charge/discharge curves at different current density. (b)
Normalized capacitance as a function of discharge current density. (c) Specific capacitance as a function of 200 stretching cycles measured in liquid
electrolyte. (d) Cycle life of the all-solid-state flexible supercapacitors at a constant current density of 2.00 mA/cm? for 10 000 cycles. (e) CV curves
of voltage ranges from 0.5 to 0.8 V. (f) Voltages measured from the diode versus discharge time.

double-layer capacitor electrode and has a relatively small state structure was stretched up to 150%, bent up to 180°, and
equivalent series resistance.”® The capacitance decreased with twisted up to 180°. The photographed images of the flexibility
the increased scan rates from SO to 1000 mV/s (Figure S4b), measurements are shown in Figure S5. With the increase of
which is attributed to the increased amount of ions and the strain, the CNT carpet would be deformed while individual
increase of the ion transport related resistance.’® The calculated nanotubes remain entangled with each other as the spacings
capacitance of the electrode in KOH solution was 170 and 140 between individual nanotubes were increased. Similar deforma-
uF/cm* with PVA—KOH gel electrolyte at a high scan rate of tion would be caused by bending (one side was stretching and
1000 mV/s, which were 28% and 47% of the capacitance at the the other side was compressing) or twisting (shear stress would
scan rate of 100 mV/s, respectively, comparable to the values deform the shape of CNTs). When larger strains were applied
reported in the literature (0.21—4.99 mF/cm?).>>'%>*~7* In up to the limit of tensile strength of fully cured PDMS, fracture
this experiment, the CNT—PDMS structure was stretched from would occur in PDMS. Since two electrodes were used for the
0% to 200% and bent from 0° to 180° (bending radius all-solid-state flexible supercapacitor, the whole integrated unit
approximately 4 mm) in 30% KOH solution, and the all-solid- fractured if one electrode was broken. This is the reason why
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Figure S. Demonstration of discharge performance of an all-solid-state flexible supercapacitor. (a) Discharge performance without the
supercapacitor, showing that the voltage across the diode was instantly dropped from 1.743 to 0.051 V once the battery was disconnected. (b)
Discharge performance with the supercapacitor connected to the diode in parallel. The diode voltage was dropped from 1.738 to 0.944 V, after the
supercapacitor was discharged for 3 s. (c) Under the supercapacitor stretching (about 50%), the diode voltage was dropped from 1.742 to 0.818 V,
which was similar to the discharge performance without stretching. (d) Discharge performance with the supercapacitor under bending. After the
supercapacitor was discharged for 3 s, the diode voltage was dropped from 1.743 to 0.921 V, showing the supercapacitor’s discharge performance

under various mechanical disturbances.

the all-solid-state flexible supercapacitor was measured to be
stretched up to 150%, while the one measured in ionic liquid
electrolyte was stretched up to 200%, until they show any
fatigue. We tested the stretchability of the samples in random
directions each time. The results did not show anisotropic
electrical properties. Figure 3b shows the average values of the
results. Figures 3a, 3¢, and 3e show CV curves of the all-solid-
state flexible supercapacitor under strain (100% tensile strain),
bending (90° bending angle), and twisting (90° twisting angle)
states in comparison with the curves without stretching,
bending, or twisting. Under these mechanical disturbances,
near rectangular CV curves similar to those without
disturbances were obtained, indicating a good capacitance
behavior of the flexible supercapacitor under strain. Figures
3b,d,f show that this supercapacitor exhibits a good flexibility
and stretchability under these mechanical deformations. The
capacitance was attenuated by 50% of its value without
stretching, when the supercapacitor was stretched by 200%.
The capacitance value was consistent at 160 yF/cm? at a scan
rate of 1000 mV/s under various bending and twisting angles
from 0° to 180°.

Galvanostatic charge/discharge performance and cyclic
behavior of the supercapacitors are shown in Figure 4. As
shown in Figure 4a, galvanostatic charge/discharge curves at
small current density show a nearly triangular shape which
indicated the good capacitive behavior with a high Coulombic
efficiency. With the increase of the current density, the charge
and discharge parts in the charge/discharge curves are no
longer linear and show an asymmetric capacitance behavior. In
Figure 4b, the supercapacitors showed a stable charge/
discharge behavior under various discharge current densities.
The capacitance of the supercapacitor is determined from
galvanostatic discharge curves using C = I/(A x (dV/dt)),

where I is the discharge current, A is the area of one electrode,
and dV/dt is calculated from the slope of the discharge curve.
Calculating the slope dV/dt can introduce significant errors,
and it is important to calculate the capacitance using the typical
operating voltage range. The recommended method to
calculate the discharge curve is to use two data points with
dv/dt = (V = '/,V)/(t, — t,) where V is the voltage change.”
The energy density E and power density P can be calculated
with E = '/,CV* and P = E/t, respectively, where t is the
discharge time. The capacitance of the supercapacitors
decreased to 82% gradually with the increase of the discharge
current density from 0.00125 to 0.0125 mA/cm® without
showing significant reduction in capacitance, indicating a stable
electrochemical behavior. The electrode in 30% KOH solution
was tested under 200 repetitive stretching cycles with up to
100% strains as shown in Figure 4c. Strains were induced by a
manually operated screw stage as shown in Figure SS. The
measured capacitance gradually decreased with increasing cycle
numbers, which was attenuated to about 75% of the initial value
at the 200th cycle. Such high and stable strechability can be
ascribed to the excellent integration between interwoven CNTs
and PDMS. In Figure 4d, the cyclic performance showed a
stable performance during and after 10000 galvanostatic
charge/discharge cycles at a current density of 2.00 mA/cm?
with its capacitance maintained after the 10000 charge/
discharge cycles. The all-solid-state supercapacitor was stable
with an applied potential ranging from 0.5 to 0.8 V as shown in
Figure 4e, showing electrochemical stability of the PVA—KOH
gel electrolyte. Although higher operating voltages allow for
higher energy densities, the CV curves become less symmetric
when the voltage is close to 1 V (electrolyte’s electrochemical
window is reflected by the voltage range from 0 to ~1 V for
aqueous). The overall performance of the all-solid-state flexible
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supercapacitor was presented in the form of Ragone plot in
Figure S6. From the Ragone plot, with the increase of the
current density from 0.00625 to 0.0125 mA/ cm?, the energy
density decreased from 0.0601 to 0.0319 mWh/ cm?, while the
power density increased from 0.005 413 to 0.009 275 W/cm?,
which was better than or comparable to the values reported in
the literature.'®”%7%7¢

We also tested the electrochemical properties of the all-solid-
state supercapacitor under strains as shown in Figures S. In this
test, a diode was connected with a 9 V battery, a 1000
resistor, a switch, a voltmeter, and the flexible supercapacitor.
The circuit diagram is shown in Figure S7. When the battery
was connected, the voltage across the diode was 1.743 V. Then
we measured the voltage when the battery was disconnected
with/without paralleling the supercapacitor to test the
discharging performance of the CNT—PDMS supercapacitor
(Figures S7). First, we measured the diode voltage without
paralleling the supercapacitor, where the diode voltage was
instantly dropped from 1.743 to 0.051 V (Figure S7a). Then,
we connected the supercapacitor in parallel with the diode,
which are connected to the battery (Figure S7b). The measured
diode voltage fully charged by the battery was 1.743 V. Next,
we disconnected the battery from the supercapacitor as shown
in Figure S7c, and the measured diode voltage was dropped
down to 0.944 V after the supercapacitor was discharged for 3 s.
The discharge performance of the supercapacitor is shown in
Figure 4f. For comparison, we performed the same measure-
ments with various applied strains (i.e., stretching and bending)
to the CNT—PDMS substrate (Figures Sc,d). Under about 50%
stretching of the supercapacitor substrate, the diode voltage was
dropped from 1.742 to 0.818 V, which was similar to the
discharge performance without stretching. The discharge
performance with the supercapacitor under substrate bending
exhibited a nearly identical discharge rate with the values
without bending.

4. CONCLUSIONS

We have demonstrated highly stretchable supercapacitors
enabled by a unique fabrication strategy, in which individual
carbon nanotubes are partially embedded in PDMS, warranting
a high level of integrity of interwoven CNT—PDMS structure.
A nanotube architecture/network of any shape (pattern) and
dimension can be applied with the same transfer method
without disrupting the nanotube alignment. The CNT—PDMS
structure was used as the supercapacitor electrode and
characterized in an ionic liquid electrolyte as well as with a
gel electrolyte. The CNTs exhibited electrochemical stability
and repeatability in both the ionic liquid electrolyte and the gel
electrolyte at the scan rates from 50 to 1000 mV/s. The
fabricated CNT—PDMS structures exhibited high flexibility,
stretchability, and stability under stretching up to 200%,
bending up to 180°, and twisting up to 180°. The CNT carpet
consisting of wavy nanotubes individually entangled with each
other (ie, mechanically cross-linked) retained the entangle-
ment under the lateral expansion of the nanotube network,
maintaining their mechanical and electrical integrity. The all-
solid-state flexible supercapacitors showed a stable cyclic
behavior up to 10 000 cycles of galvanostatic charge/discharge
measurement. This demonstration is promising for flexible
energy storage devices to be compatible with wearable
electronics applications.
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