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A robust and high-performance stretchable electrode was developed via
crumpled Au-coated carbon nanotube (Au-CNT) forest transferred onto a
compliant substrate. Compared with a pure CNT forest electrode, the Au-CNT
forest electrode exhibits one order magnitude lower resistance. The stretchable
Au-CNT forest electrodes and supercapacitors demonstrate significant
improvement in mechanical reliability and electrochemical stability under
extremely large strains. This research offers a facile approach to fabricate
stretchable supercapacitors based on vertically aligned nanotubes or nanowires
for exceptional and robust electrochemical performance.
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and Jeffrey T. Glass'>*

SUMMARY

Stretchable supercapacitors based on vertically aligned nanotubes
or nanowires have attracted considerable attention because of their
improved robustness and electrochemical performance under large
and repeated deformations. Here, we demonstrate a robust and
high-performance stretchable electrode based on crumpled Au-
coated carbon nanotube forest (Au-CNT forest). Experimental mea-
surements show that the resistance of the Au-CNT forest electrode
is around one order magnitude lower than that of a pure CNT forest
electrode. The biaxially crumpled Au-CNT forest electrode demon-
strates nearly identical electrochemical performance at different
measured charge/discharge rates under different strain conditions
(i.e., from 0% to 800% area strain). The as-prepared symmetric
supercapacitor demonstrates a maximum specific capacitance of
~6 mF cm 2 at the current density of 40 mA cm 2 under large
strains, exhibiting superior mechanical and electrochemical stabil-
ity. This research presents a facile process to fabricate highly
stretchable supercapacitors based on vertically aligned nanotubes
or nanowires for achieving exceptional and robust electrochemical
performance.

INTRODUCTION

Stretchable supercapacitors have received tremendous research interest in recent
years because of their ability to serve as independent and conformal power sources
for stretchable electronics, biointegrated electronics, and wearable electronics.'®

Nanomaterials including metal,”'® carbon,'’'? 13,14

pseudocapacitive polymer,
MXene,'® and metal oxide'®"” have been utilized to fabricate these kinds of devices.
In particular, stretchable supercapacitors made from carbon nanomaterials (e.g.,
activated carbon, graphene, carbon nanotube [CNT]) are very promising and have
been widely explored due to their low cost, high surface area, and long cycle life-
time.”"'®"? For example, CNT thin film electrodes demonstrated a consistent capac-
itance of 100 F g~ under uniaxial strain up to 30%.”” The crumpled graphene super-
capacitor electrodes exhibited a capacitance of up to 200 F g=' with area
stretchability of 800%.2" Currently most stretchable electrodes are made from thin
film materials, which suffer from cracking issues in the fabrication process because
of the mismatched mechanical properties between the rigid active materials and
the soft substrates.>?* Delamination failure and cracks have also been frequently
observed when the electrodes undergo large and repeated strains, resulting in sig-
nificant degradation of their electrochemical performance.'?

4')

b

Progress and Potential
Emerging electronics such as
wearable electronics and
biointegrated electronics have
evolved rapidly over the years.
This bloom has generated great
demands on high-performance
stretchable energy devices such
as batteries and supercapacitors.
Although many nanomaterials and
strategies are proposed to
fabricate durable devices that can
survive under large strains, they
are suffering from the issues of
robustness and low performance
under large strains. Here, we
successfully fabricated a robust
and high-performance stretchable
electrode and supercapacitor via
the crumpled Au-CNT forest.
Compared with the pure CNT
forest, the Au-modified CNT
forest electrode enabled a much
smaller resistance. The all-solid-
state supercapacitors
demonstrated high power density
and fast charge/discharge
capability and represented a
significant advancement toward
the invention of highly
stretchable, high-performance
supercapacitors via vertically
aligned CNT forests or other
nanowires for numerous
applications.
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Recently, vertically aligned CNT forest electrodes have been explored to fabricate
robust and extremely stretchable supercapacitors.”” The main advantages of the
crumpled CNT forest include its easily accessible pore structure, short ion transport
time, and low ionic diffusion resistance, leading to its high power and rate capa-
bility.?*? The discretized feature of the CNT forest electrode makes it free of
cracking even when subjected to large strains (e.g., 300%), thereby achieving better
mechanical robustness, while the well-connected CNT network (the intertwined
plasma-enhanced chemical vapor deposition [PECVD] grown CNTs and the
randomly branching out CNTs) maintains conductivity and electrochemical perfor-
mance.?’ Additionally, the crumpled CNT forest electrode can be easily modified
via direct spray coating to be a hybrid high-performance supercapacitor with both
pseudocapacitance and double-layer capacitance. For example, pseudocapacitive
NiO nanoparticles can be airbrushed onto a CNT forest electrode and impregnated
into the conductive CNT scaffold to enhance its electrochemical performance.?®
Despite these advantages, the crumpled CNT forest electrode shows relatively large
electrical resistance, especially under extremely large mechanical strains (e.g., 800%
area strain), which results in poor performance in high-speed charge/discharge mea-
surements. This phenomenon is mainly due to the destruction of the well-connected
CNT network and the poor physical contact between individual nanotubes under
extremely large mechanical strains. This resistance issue significantly limits the po-
wer density and rate capability of the crumpled CNT forest electrode, becoming
an obstacle for their use in some applications, especially those requiring high-speed
charge/discharge. In fact, the reported stretchable CNT interwoven supercapacitor
(CNT partially embedded in polydimethylsiloxane substrate) encountered a similar

problem leading to poor device performance.”®

In this research, we demonstrate a facile approach to improve the electrical resis-
tance of the crumpled CNT forest under large strain deformations. We deposit a
thin layer of metal film on top of the CNT forest before the dry-transfer step to
form an Au-modified CNT forest electrode. The Au-modified CNT forest (referred
to as Au-CNT forest) increases the contact area between the CNT forest and the pre-
strained substrate, which facilitates the transfer of the forest. More importantly, the
Au-modified CNT forest network reduces the resistance of the forest electrode by an
order of magnitude while maintaining the unique porous structure of the crumpled
CNT forest. As a result, nearly constant electrochemical performance under
extremely large mechanical strains (i.e., 800% area strain) is achieved in high-speed
charge/discharge measurements. The successful development of the Au-CNT forest
electrodes and corresponding all-solid-state supercapacitors with high power den-
sity and fast charge/discharge capability represents a significant advancement to-
ward the invention of highly stretchable, high-performance supercapacitors based
on vertically aligned CNT forests for wearable electronics and beyond.

RESULTS

Fabrication and Characterization of Crumpled Au-CNT Forest Electrodes
Figure 1A depicts the fabrication process for a biaxially stretchable Au-CNT forest
electrode. In brief, a seeding nanofilm of iron (Fe, ~5 nm) is first deposited onto an
n-doped Si wafer. The CNT forest is then grown via the PECVD method.”” Next, a
layer of gold (~50 nm) is deposited onto the top of the CNT forest by a vacuum sput-
tering coater (Figure 1B). The diameter of the Au-coated CNTs is 148 + 8.41 nm,
which is approximately three times that of the original CNTs (Figure S1). The Au-
CNT forest is then dry-transferred onto a prestretched elastomer substrate (VHB
4910; 3M, USA), following the same procedure reported in our previous work.”* To
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Figure 1. Fabrication and Characterization of Robust Stretchable Au-CNT Forest Electrodes

(A) Schematic illustration of the fabrication process of a biaxially stretchable electrode via Au-CNT forest. (i) PECVD growth of vertically aligned CNT
forest on a silicon wafer. (ii) Sputter-coating a thin layer of gold film on top of the CNT forest. (iii) Dry-transferring Au-CNT forest to a prestrained
elastomer substrate. (iv) Peeling off the silicon wafer from the substrate. (v) Releasing the prestrain of the substrate in one direction. (vi) Releasing the
prestrain in its orthogonal direction.

(B) SEM image of the top view of the Au-coated CNT forest.

(C) SEM image of the Au-CNT forest pattern morphology generated by a uniaxial prestrain of 300%.

(D) SEM image of the Au-CNT forest pattern morphology formed by applying a biaxial prestrain of 200% x 200%.

facilitate the transfer of the CNT forest, the as-grown CNT forest on Si wafer is an-
nealed in air on a hotplate at 540°C for 15 min to partially oxidize the region of the
CNT forest connecting to iron seeds.*” It is worth noting that the Au-CNT forest is up-
side down after the dry-transfer step. The intertwined top section of the original Au-
CNT forest serves as a conductive network at the base of the crumpled Au-CNT forest
electrode. Figure S1 shows the scanning electron microscopy (SEM) images of CNT/
Si and Au-CNT/Si substrates after the transfer process, indicating that most of the
CNT forest is successfully transferred from the Si wafer onto the elastomer substrate.

Thereafter, the prestrain in the stretched substrate is relaxed along two orthogonal
directions sequentially to form a crumpled Au-CNT forest electrode with hierarchical
wrinkle or ridge structures (Figures 1C and 1D). As shown in Figure 1C, the uniaxially
stretchable Au-CNT forest electrode is fabricated by applying a 300% uniaxial pre-
strain while the biaxially stretchable Au-CNT forest electrode is fabricated by
applying a 200% x 200% prestrain onto the elastomer substrate along its two
orthogonal directions (Figure 1D). Different from the crumpled graphene paper

with high-aspect-ratio ridges,”'*"

the pattern of crumpled Au-CNT forest is mainly
composed of wrinkles under large prestrains (Figures 1C and 1D), which is attributed
to the small volume ratio of CNT forest (~1%).?*>? At the beginning of the relaxa-

tion, the discrete CNTs can be compressed easily due to a small compression

Matter 2, 1307-1323, May 6, 2020 1309



¢? CellPress

modulus,** leading to delayed and more uniform wrinkle formation. Moreover, the
discrete but entangled feature of the Au-CNT forest enables it to avoid cracking or
breaking, which enhances the reliability of the electrode under cyclic mechanical

loading or overstretching of the stretchable thin films.*®

Figures S2A and S2B show the wrinkle patterns of a uniaxially stretchable CNT forest
electrode and a uniaxially stretchable Au-CNT forest electrode, respectively. The
wrinkle wavelength of the crumpled Au-CNT forest electrode is ~20% larger than
that of the crumpled CNT forest electrode without a Au coating. This is because the
Au deposition increases the effective thickness of the CNT forest layer and the effective
compression modulus of the CNT forest. The electrical resistance of the stretchable Au-
CNT forest electrode is significantly lower than that of the CNT forest electrode in the
measured stretching range (i.e., 272 Qversus 24 Q at 0% strain, and 543 Q versus 52 Q at
300% strain) (Figure S2C). Similar variations of the morphology and the resistance are
also observed for a biaxially stretchable electrode with a crumpled Au-CNT forest (Fig-
ures S2D-S2F). The conductivity improvement of the Au-CNT forest electrodes is
mainly attributed to two aspects: (1) the Au coating significantly reduces the contact
resistance between individual CNTs in the relaxation process; (2) the Au coating con-
nects more independent CNTs into the CNT network (Figure 1A), which then enhances

the conductivity by having more conductive pathways in the CNT network.*¢*’

Performance of Uniaxially Stretchable Au-CNT Forest Electrodes

Figure 2 shows the electrochemical performance of uniaxially stretchable Au-CNT forest
electrodes. As shown in Figure 2A, cyclic voltammetry (CV) curves of a uniaxially stretch-
able Au-CNT forest electrode under 300% strain are rectangular across all scan rates
ranging from 20 mV s™" to 5V 57" in 1 M H,SO,, indicating its excellent capacitive
behavior and superior rate capability. Redox peaks are observed at around 0.5 and
0.3 V versus the Ag/AgCl reference electrode on the CV in 1 M H,SO,. These redox
peaks are from the faradic redox reactions (protonations) of the surface groups on the
CNT walls in the acidic electrolyte,” because there are no similar peaks observed in
testing a stretchable CNT forest electrode in 1 M KCl electrolyte.”® Unlike the Au-
CNT forest electrode, the CNT forest electrode under 300% strain showed distorted

CV curves at a high scan rate (5 Vs~

in Figure S3), which may be attributed to the large
CNT forest resistance under extreme mechanical deformations. Figure 2B shows the CV
of Au-CNT forest electrode and CNT forest electrode at 5 V s~ "'under different strains,
demonstrating different influences of the strain on the capacitive current of the two
stretchable electrodes. The capacitive current of the uniaxially stretchable Au-CNT for-
est increases from 56 mA cm™2 to 70 mA cm ™2 at 0.4 V versus the Ag/AgCl reference
electrode when the strain changes from 0% to 300% and the CV remains rectangular
athigher strain states. On the contrary, the capacitive current of the stretchable CNT for-
est electrode decreases with applied strain, reducing from 43 mA cm~2 under 0% strain
to 17 mA cm™2 under 300% strain at the same applied potential. Enhancement of the
electrochemical performance of the uniaxially stretchable Au-CNT forest electrode at
higher strain states results from two factors: the reduced resistance of the electrodes
by Au coating and smaller ion-diffusion resistance due to increased distance between

neighboring nanotubes and the wavelength of wrinkles and, thus, larger pore size.?**?

Figure 2C presents the specific capacitance calculated based on the CV curves at
different scan rates for both uniaxially stretchable Au-CNT and CNT forest electrodes.
It can be seen that the specific capacitance of CNT forest electrodes is nearly constant
at different strain states for low scan rates (i.e., 20 mV s~ ). However, when the scan rate
increasesto 5V's™", the capacitance drops dramatically with applied strain increase (i.e.,
from 6.67 mF cm™2 at 0% down to 2.11 mF cm™2 at 200%). The significant loss of
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Figure 2. Electrochemical Performance of Uniaxially Stretchable Au-CNT Forest Electrodes

(A) CV curves of a representative uniaxially stretchable Au-CNT forest electrode at the 300% strain state, measured at different scan rates from 20 mV s~

to5Vs.

(B) CV curves of the uniaxially stretchable Au-CNT forest electrode measured at a scan rate of 5V's

uniaxially stretchable CNT forest electrode under the same conditions.

—1

Power density (W m?)

1

at different strain states, compared with the

(C) Specific capacitance of the uniaxially stretchable Au-CNT forest electrode as a function of scan rates, measured at different strain states.
(D) GCD curves of the uniaxially stretchable Au-CNT and CNT forest electrodes measured at a current density of 20 mA cm 2 at different strain states.

(E) Ragone plot of uniaxially stretchable Au-CNT and CNT supercapacitor electrodes.
All of the measurements were performed in 1 M H,SO,.

capacitance under large strain at a high scan rate hinders its high power and high rate
applications. In contrast, the Au-CNT forest electrode shows increased specific capac-
itance and higher rate capability when the applied strain increases from 0% to 300%.
The Au-CNT forest electrode demonstrates an areal capacitance of 18.14 mF cm ™2 at
20 mV s~" under 300% applied strain, 50% higher than the value of a CNT forest elec-
trode. When the scan rate increases to 5V s™', the specific capacitance of the Au-forest
electrode is 11.52 mF cm~2almost four times higher than that of the CNT forest elec-
trode. The capacitance retention of an Au-CNT forest electrode is ~64% from 20 mV
s " to 5V s~ " under 300% strain, whereas the capacitance retention of CNT forest elec-
trode is only ~22%. The increase of specific capacitance of the Au-CNT forest electrode
may be attributed to three reasons. First, more CNTs are better connected via the
coated Au layer in the Au-CNT network, leading to the increased amount of active ma-
terial and available surface area for capacitance. Second, Au has a double-layer capac-
itance of 25 pF/em?,“° twice the value of CNT.*? Third, increased distance between
neighboring nanotubes and the wavelength of wrinkles and, thus, larger pore size de-
creases ion-diffusion resistance. It is noted that the CNTs grown by PECVD from
different batches varies slightly (Figure S4), leading to small differences among the
CNT forest samples in testing. Moreover, the Au-CNT forest demonstrates a distinct
trend from the CNT forest electrode, whose specific capacitance decreases as the
scan rate and applied strain increase. For instance, the specific capacitance increases
from 7.9 mF cm 2 to 11.52mF cm % at 5 Vs~ ' from 0% strain to 300% strain.

Matter 2, 1307-1323, May 6, 2020 1311
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The difference between Au-CNT forest and CNT forest electrodes is also observed in
the galvanostatic charge/discharge (GCD) measurements. Figure 2D shows the
charge/discharge curves of Au-CNT and CNT forest electrodes subjected to
different strains at a charge/discharge current density of 20 mA cm™2. An increasing
drop in internal resistance (IR) appears in the charge/discharge curves of the CNT
forest electrode with increased strain, indicating an increasing IR. Therefore, the
charge/discharge time of one cycle decreases from ~0.8 s at 0% strain to less
than 0.6 s at 300% strain. For the Au-CNT forest electrode, the charge/discharge
time slightly increases with the applied strain due to the reduced forest resistance
and more vertically aligned porous structure under large strains. The specific capac-
itance of the stretchable supercapacitor electrodes can also be calculated from the
GCD curves at different current densities. The challenge of using this method is to
determine the IR drop at the beginning of the discharge process. As shown in Fig-
ure S5, a transition from IR drop to normal potential decrease is observed at the start
of the discharge process in the charge/discharge curves, especially at a high current
density.*’ Such behavior is generally related to the resistance of the stretchable elec-
trode because the extrapolated ohmic drop changes significantly with the applied
strain. Previous results have demonstrated that the ohmic drop calculated by the
extrapolation method can give a more accurate power performance.”” Figure Sé
presents the specific capacitances of the uniaxially stretchable CNT/Au-CNT elec-
trodes at different strain states, based on the GCD measurements with the ohmic
drop.

Figure 2E shows the Ragone plot (energy density versus power density) of the uniax-
ially stretchable CNT and Au-CNT forest electrodes under different strains, which are
calculated from the obtained ohmic drop and capacitance. Electrode resistance is
believed to be a key factor in determining the power density of a supercapacitor.
Therefore, the energy density of the CNT forest electrode begins to drop quickly
at high strain states when the power density reaches 100 W m~2 due to its large resis-
tance. On the other hand, the Au-CNT forest electrode shows almost constant en-
ergy density at different strain states, even when the power density is above
100 W m~2, thanks to the higher capacitance and reduced resistance provided by
the Au-CNT network.

Performance of Biaxially Stretchable Au-CNT Forest Electrodes

Figure 3A shows the CV curves of a biaxially stretchable electrode with crumpled Au-
CNT forest measured at various scan rates from 20 mVs™ to 5V s~ in 1 M H,SO,.
Compared with the CV curves of the uniaxially stretchable Au-CNT forest electrode,
the biaxially stretchable Au-CNT forest electrode demonstrates a slightly distorted
rectangular shape, indicating a larger resistance of the electrode. Figure 3B displays
the CV curves of the biaxially stretchable Au-CNT forests at the scan rate of 5V s~ at
different strain states. The CV curves at different strain states have no significant dif-
ference, indicating the negligible influence of the strain on the performance of the
stretchable Au-CNT forest electrode. This may be due to the tradeoff between the
increased electronic resistance and the declined ion-diffusion resistance. On
the contrary, the CV curves of the pure CNT forest electrode at the same scan rate
are inclined remarkably, even with a small current density (Figure 3B).

The specific capacitances of the biaxially stretchable Au-CNT forest and CNT forest
electrodes calculated from the CV curves at different strain states are summarized in
Figure 3C. Compared with the CNT forest, the Au-CNT forest electrode demon-
strates significantly improved performances in both specific capacitance and rate
capability. The biaxially stretchable Au-CNT forest electrode shows a specific

1312 Matter 2, 1307-1323, May 6, 2020
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Figure 3. Electrochemical Performance of Biaxially Stretchable Au-CNT Forest Electrodes

(A) CV curves of a representative biaxially stretchable Au-CNT forest electrode at the 200% x 200% strain state, measured at different scan rates from

20mVsTto5Vs

(B) CV curves of the biaxially stretchable Au-CNT forest electrode measured at a scan rate of 5V s~ at different strain states, compared with the biaxially

stretchable CNT forest electrode under the same conditions.

(C) Specific capacitance of the biaxially stretchable Au-CNT forest electrode as a function of scan rates, measured at different strain states. The data for

the biaxially stretchable CNT forest electrodes are presented for comparison.

(D) GCD curves of the biaxially stretchable Au-CNT and CNT forest electrodes measured at a current density of 40 mA cm™2 at different strain states.

(E) Ragone plot of biaxially stretchable Au-CNT and CNT supercapacitor electrodes.
All of the measurements were performed in 1 M H,SO,.

capacitance of ~26.33 mFcm 2at 20 mV s~ and ~14.72 mFcm 2 at5Vs~', much
larger than those of its CNT forest counterparts at all of the tested scan rates (e.g.,
~50% higherat 20mV s™" and ~2,967% higher at 5V s~ "). The capacitance retention
of the biaxially stretchable Au-CNT forest electrode is ~56% (from 20 mV s~ ' to 5V
s~") under the strain of 200% X 200%, whereas only 2.7% capacitance can be re-
tained from 20mV s~ 'to 5V s~ forthe CNT forest electrode at the same strain state.
The improved rate capability of the Au-CNT forest electrode is also attributed to the
easily accessible porous structure (low ionic resistance) and increased conductivity
across the crumpled Au-CNT forest (low electronic resistance).

Figure 3D illustrates the improvement of the GCD behavior of a biaxially stretchable
Au-CNT forest electrode. The charge/discharge curves of the biaxially stretchable
Au-CNT forest electrode are identical under different strains with small IR drops.
On the other hand, the IR drop of the CNT forest electrode at the relaxed state is
considerable, and at several strain states (e.g., 100% X 100% and 200% x 200%) ex-
ceeds the potential window of charge/discharge at 40 mA cm ™2, and no capacitance
can be measured. The specific capacitance of the biaxially stretchable Au-CNT forest
electrode under different strains from GCD measurements is almost constant even
when the charge/discharge current density is 80 mA cm™2, indicating a consistent
electrochemical performance of the electrode under large strains (Figure Sé).
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Figure 4. EIS Results of Uniaxially Stretchable CNT and Au-CNT Forest Electrodes
A) Nyquist plot of a uniaxially stretchable Au-CNT forest electrode at different strain states.

(
(
(
(D) Nyquist plot of a uniaxially stretchable CNT forest electrode at different strain states.
(
(

EIS was performed from 200 kHz to 100 mHz as indicated by the arrow.

Figure 3E presents the Ragone plot of a biaxially stretchable CNT electrode and a
biaxially stretchable Au-CNT electrode using IR drop and specific capacitance ob-
tained from GCD measurements. Similar to the uniaxial case, the biaxially stretch-
able crumpled Au-CNT forest electrode possesses constant power performance at
different strain states even when the power density is as high as ~250 W m~2 due
to the reduced forest resistance. For the pure crumpled CNT forest electrode, the
maximum power density is limited by the increased ohmic drop when discharge cur-
rent increases. The maximum power density of the CNT forest electrode decreases
from 40W m~2at 0% X 0% strainto 11.2 W m 2 at 200% X 200% strain, less than 5%
of the values obtained from the Au-CNT electrode at the same strain level. When dis-
charged in the same time interval (0.36 s), the biaxially stretchable Au-CNT forest ex-
hibits about ten times higher energy and power density compared with the crum-
pled CNT forest electrode at the strain state of 200% x 200%.

EIS and Stability Analysis of Stretchable Au-CNT Forest Electrodes

To further analyze the electrochemical performance of the stretchable CNT and Au-
CNT forest electrodes, we carried out electrochemical impedance spectroscopy
(EIS) measurements of all samples at 0.4 V versus the Ag/AgCl reference electrode.
The Nyquist plots of uniaxially stretchable Au-CNT and CNT electrodes are shown in
Figures 4A and 4D. All of the measured curves have two common features. First, the
intersection at the 2’ axis at a high frequency (i.e., 200 kHz) is ~1 Q, indicating good
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B) Variation of real capacitance as a function of frequency for the uniaxially stretchable Au-CNT forest electrode at different strain states.
C) Variation of imaginary capacitance as a function of frequency for the uniaxially stretchable Au-CNT forest electrode at different strain states.

E) Variation of real capacitance as a function of frequency for the uniaxially stretchable CNT forest electrode at different strain states.
F) Variation of imaginary capacitance as a function of frequency for the uniaxially stretchable CNT forest electrode at different strain states.
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electrolyte conductivity. Second, a near-ideal capacitive behavior is observed from
the straight line in the low-frequency range. The major difference is located at the
high-to-middle frequency range as indicated by the semicircle. For the CNT forest
electrode, the radius of the semicircle increases with the increasing strain (Figure 4D)
while the semicircle of the Au-CNT forest electrode becomes smaller with the
increasing strains, as shown in the inset of Figure 4A. This variation of device resis-
tance results from the change of the electronic resistance and ion resistance at
different strain states.”” The electronic resistance includes the forest film resistance
and the contact resistance at the interface of the Ti current collector and the CNT for-
est electrode. When the electrode is stretched, the CNT forest resistance increases
due to the reduction in the number of conductive pathways. The ionic resistance is
determined by the ionic conductivity to the interface of the CNT forest electrode and
electrolyte. The ionic conductivity is dependent mainly on the diffusion resistance
and is affected by the porous structure of the electrode. When the CNT forest elec-
trode is relaxed, the distance between individual CNTs is smaller, leading to smaller
pores hindering ion diffusion into the structure. When the electrode is subjected to a
large strain (e.g., 300%) the distance between CNTs increases, leading to an acces-
sible porous structure. Furthermore, the unfolding of the wrinkles allows ions to
diffuse into the CNT pores easier via the valleys of the wrinkled structure. Conse-
quently, the ionic resistance decreases with the applied strain. For the stretchable
CNT forest without the Au-CNT network, the electronic resistance dominates the
response of the CNT forest in the high-frequency range; thus, the semicircle radius
grows with increasing applied strains. When the Au-modified network is introduced,
the electronic resistance can be significantly reduced (Figures S2C and S2F), result-
ing in the dominance of ionic resistance in that frequency range. Therefore, the
radius of the semicircle decreases with the applied strain. A similar trend is also
confirmed by the Nyquist plots of the biaxially stretchable CNT and Au-CNT forest
electrodes, as shown in Figures S7A and S7D.

The real C' and imaginary C" capacitance versus frequency can be calculated using
the equation® €' = =2 ¢ = Z)_ For the uniaxially stretchable CNT and Au-

w|Z(w)[>’ T wlZ(w)?
CNT forest electrodes, the relations between C’ and frequency are plotted in Figures

4B and 4E. In the low-frequency range, the Au-CNT forest electrode shows a capac-
itance of ~18 mF cm 2, whereas the CNT forest electrode exhibits a capacitance of
~11 mF cm™2. These results agree with the calculated values from the CV curves. As
the frequency increases the real capacitance decreases, leading to a transition from
capacitive response to resistive response at high frequencies. The transition
behavior of the Au-CNT forest electrode shifts to a higher frequency with a larger
applied strain, demonstrating a wider range of capacitive response. On the other
hand, the transition behavior of the CNT forest electrode shifts to lower frequency
with increasing applied strains. The different trends of the C’ curves are attributed
to the change of the ionic and the electronic resistance with applied strains, as dis-
cussed above. Interestingly, the C' curves of the biaxially stretchable Au-CNT forest
electrode at different strain states remain identical (Figure S7B), indicating that the
increase of electronic resistance and the decrease of ionic resistance reach a balance
forthat electrode. There is no plateau observed for the biaxially stretchable CNT for-
est electrode under large mechanical strains, indicating its poor capacitive behavior
(Figure S7E).

Figure 4C shows the variation of the imaginary part (C") of the capacitance of a uni-
axially stretchable Au-CNT forest electrode as a function of frequency. The imagi-
nary capacitance corresponds to some irreversible dissipation process (e.g., the
dielectric loss in water due to the movement and rotation of the molecules) at the
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Figure 5. Mechanical and Electrochemical Stability Analysis of a Stretchable Au-CNT Forest
Electrode

(A) Capacitance retention of a uniaxially stretchable Au-CNT forest electrode under mechanical
stretching-relaxation cyclic deformations to a strain of 200%.

(B) Capacitance retention of a uniaxially stretchable Au-CNT forest electrode tested for 10,000

times of charge/discharge cycles at the relaxed state. Inset shows the CV curves measured before

and after the electrochemical stability test at the scan rate of 500 mV s~ .

electrode/electrolyte interface.*® The maximum of the C” curve denotes the transi-
tion from capacitive behavior to resistive behavior and is related to the relaxation
time of the electrode by 7 = 1, where f is the frequency of maximum C”.® In Fig-
ure 4C, the relaxation time of the electrode at different strain states is 251 ms,
158 ms, 100 ms, and 79 ms, declining with the increased strain from 0% to 300%,
which is in agreement with the CV and GCD measurements. These relaxation time
values are shorter than previously reported values for activated carbon and CNT
composite,***¢*” indicating the superior rate capability and high power density
of this stretchable Au-CNT forest electrode. The relaxation time of the uniaxially
stretchable CNT forest, calculated from Figure 4F, increases from 158 ms to
794 ms when the applied strain increases from 0% to 300%. For the biaxially stretch-
able Au-CNT forest electrode, the relaxation time is 158 ms for all strain states (Fig-
ure S7C). The relaxation time of the biaxially stretchable CNT forest electrode is
calculated to be 1.58 s, 2.51 s, and 5.01 s for the strains of 0% x 0%, 100% X
100%, and 200% x 200%, respectively (Figure S7F). Under large mechanical strains,
the relaxation time of the Au-CNT forest electrode is ~10 times (300% uniaxial strain)
and 31 times (200% x 200% biaxial strain) shorter than its CNT forest counterpart,
due to the improved electronic and ionic conductivities.

Figure 5 presents the mechanical and electrochemical stability of a stretchable Au-CNT
forest electrode, which is a critical factor for potential applications of stretchable de-
vices.”® The stretchable Au-CNT forest electrode maintains its initial capacitance
(2 mA cm~?, calculated by GCD) well, retaining ~100% after 1,400 stretching-relaxation
cycles of a uniaxial strain of 200% (Figure 5A), indicating excellent electrical integrity and
constant resistance over large cyclic mechanical strains. Figure 5B shows the electro-
chemical stability of the Au-CNT forest electrode measured by charging/discharging
the electrode at a scan rate of 5 mA cm 2 for 10,000 times, for which the normalized
capacitance retention of the electrode is around 97.6%. The inset of Figure 5B illustrates
the CV curves of the electrode measured before and after 10,000 charging/discharging
cycles. These results demonstrate that the Au-CNT forest electrodes have excellent
electrochemical stability and robust adhesion strength between the Au-CNT forest
and the elastomer substrate.
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Figure 6. Electrochemical Performance of a Representative Uniaxially Stretchable Au-CNT Forest Supercapacitor
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curves in the relaxed state at 100 mV s~ before and after 1,000 stretching-relaxation cycles.
() Capacitance retention of the supercapacitor with 10,000 charge/discharge cycles of 5 mA cm™2 at the strain of 0% and 200%. Inset shows the CV

curves at 0% strain before and after the electrochemical stability test at the scan rate of 1 Vs™'.

1

Performance of Stretchable Au-CNT Forest Supercapacitors

Figure 6 shows the electrochemical performance of a uniaxially stretchable superca-
pacitor assembled with two crumpled Au-CNT forest electrodes and poly(vinyl
alcohol) (PVA)-H,SO, gel electrolyte (Figure S8). Figure 6A presents the CV curves
of the Au-CNT forest supercapacitor in the relaxed state at different scan rates
from 50 mV s~' to 5V s~". The capacitance of the supercapacitor decreases gradu-
ally with the increasing scan rate. However, the shape of the CV curves remains

A) CV curves of the supercapacitor measured at different scan rates from 50 mV s~' to 5V s~ at the relaxed state.
B) CV curves of the supercapacitor measured at the scan rate of 100 mV s~ at different strain states from 0% to 300%.
C) CV curves of the supercapacitor measured at the scan rate of 5V s~ at different strain states from 0% to 300%.

D) EIS curves of the supercapacitor measured at different strain states varying from 0% to 300%.

E) Capacitance variation of the supercapacitor with the frequency at different strain states from 0% to 300%, derived from the EIS curves.
F) GCD curves of the supercapacitor at different strain states from 0% to 300%, measured at the current density of 10 mA cm

G) Capacitance from the GCD curves at different strain states and current densities.

H) Capacitance retention of the supercapacitor under 1,000 uniaxially stretching-relaxation cyclic deformations up to 200% strain. Inset shows the CV

-2
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rectangular even at the high scan rate of 5V s~ due to the vertically aligned porous
structure and the excellent conductivity of the Au-CNT forest. Figures 6B and 6C
demonstrate the CV curves of the stretchable supercapacitor at different strain
states from 0% to 300%, measured at the scan rates of 100 mV s~ and 5V s™',
respectively. The CV curves obtained at 100 mV s~ at different strain states are iden-
tical, whereas the CV curves at 5V s~ ' show slight differences. At the scan rate of 5V
s, the current density in the CV of the Au-CNT forest electrode decreases slightly
with the applied strain in the whole voltage window (Figure 6C), indicating
decreased specific capacitance. This phenomenon is different from the result of a
three-electrode experimental setup in which the CV current density increases with
the increasing strain. The difference between a single electrode and an all-solid-
state device may arise from the different phases of the electrolyte. For a single elec-
trode immersed in electrolyte solution, the electrolyte/electrode interface is the
same at different strain states. Therefore, the diffusion resistance dominates the
electrochemical behavior of the electrode. However, for an all-solid-state superca-
pacitor, the interface between the gel electrolyte and the electrodes becomes crit-
ical to the electrochemical performance of the device. When the crumpled Au-CNT
forest supercapacitor is relaxed from 300% strain to 0% strain, the compression of
the device leads to an improved contact between the gel electrolyte and the Au-
CNT forest electrodes. The pressure can enhance the specific capacitance of the de-
vice significantly due to the reduced diffusion resistance and the reduced interfacial
resistance of assembled supercapacitors.”” " As a result, the crumpled Au-CNT for-
est supercapacitors show enhanced electrochemical performance with the
decreased applied strains. It should be mentioned that the CV curve at the strain
state of 300% maintains the rectangular shape with considerable capacitance
compared with the CV curve in the relaxation state resulting from the Au-CNT bot-
tom network.

Figure 6D presents the Nyquist plot of a crumpled Au-CNT forest supercapacitor at
different strain states, revealing that the impedance of an Au-CNT supercapacitor at
different strain states is almost constant. Benefiting from the enhanced electric con-
ductivity of the Au-CNT network, the resistance of the device ranges from 3.5 Q to
4.5 Q at different strain states, which is much smaller compared with the crumpled
CNT supercapacitors (100-260 Q) reported in the literature.”” The Au-CNT forest
supercapacitor is as conductive as most of the thin film supercapacitors yet maintains
the discretized feature and accessible porous structure of the CNT forest (Figures
1B-1D). Figure 6E demonstrates the real capacitance of the Au-CNT forest superca-
pacitor at different strain states for a wide range of frequency from 0.1 Hz to 200 kHz.
The device shows similar capacitance (<25% difference) at different strain states in
the whole range of frequency. The GCD curves of the device measured at 10 mA
cm~2 also confirm the analogous capacitance between different strain states (Fig-
ure 6F). The charge/discharge time of the device for one cycle at 10 mA cm™2 de-
creases slightly from 1.38 s to 1.22 s when the applied strain increases from 0% to
300%. The specific capacitance of the device is then calculated based on the GCD
measurements. The capacitance of the Au-CNT forest supercapacitor is ~12 mF
cm~2atalow current density of 0.5 mA cm ™2 for all of the applied strains (Figure 6G).
When the current density is 40 mA cm 2, the specific capacitance of the device drops
to ~6 mF cm ™2, corresponding to capacitance retention of ~50%. The capacitance
retention of the symmetric supercapacitor is lower than that of the single electrode,
most likely because of the slower ion mobility in the gel electrolyte. Figures 6H and 6l
depict the mechanical and electrochemical stability, respectively, of the stretchable
device. The capacitance of the device has negligible reduction after 1,000 stretch-
ing-relaxation cycles for up to 200% strain (Figure 6H), exhibiting good mechanical
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stability of the Au-CNT electrode and a stable electrode/gel electrolyte interface. It
can be seen that the capacitance retention after 10,000 charge/discharge cycles at
10 mA cm 2 is ~93.6% for 0% strain and ~94.2% for 200% strain, respectively, indi-
cating the excellent electrochemical stability of the device at different stain states
(Figure 6l).

To better evaluate the electrochemical and mechanical performance of the crum-
pled Au-CNT forest supercapacitor, we compare the specific capacitance and
stretchability of crumpled Au-CNT supercapacitor with other CNT-based superca-
pacitors in the literature, as listed in Table S1.°?" The crumpled Au-CNT forest
supercapacitors possess comparable area and volumetric capacitance due to their
unique hierarchical structure and high conductivity. In addition, the crumpled Au-
CNT supercapacitors exhibit a large mechanical stretchability of 300%, which ren-
ders them a promising candidate for high-performance stretchable or wearable en-
ergy-storage devices. Furthermore, the crumpled Au-CNT forest supercapacitors
demonstrate outstanding rate capability, which is desired for many specific applica-
tions requiring a fast charge/discharge rate. Figure S9 further presents the energy
density and power density of a crumpled Au-CNT forest supercapacitor and its com-
parison with other CNT supercapacitors reported in the literature. The crumpled Au-
CNT forest supercapacitor has a larger energy and power density compared with our
crumpled CNT forest supercapacitors previously reported and the other CNT-based
supercapacitors in the literature.

DISCUSSION

In conclusion, a robust and stretchable Au-CNT forest electrode has been devel-
oped by sputter coating a thin layer of metal film on top of the CNT forest grown
by PECVD. The Au-CNT forest network served as the current collector at the base
of stretchable CNT forest electrodes and reduced the electrode resistance by one
order of magnitude. Compared with stretchable CNT forest electrodes, the stretch-
able Au-CNT forest electrodes have demonstrated superior electrochemical perfor-
mance with improved specific capacitance (~26 mF cm~2 for biaxially stretchable
Au-CNT forest) and excellent rate capability (~64% from 20 mV s "to5Vs ' foruni-
axially stretchable Au-CNT forest). Moreover, the stretchable Au-CNT forest elec-
trode maintains its superior electrochemical performance under large mechanical
strains (i.e., 800% area strain) in both low and high charge/discharge rates, which
cannot be achieved by the reported stretchable CNT forest electrodes. The stretch-
able Au-CNT forest electrode also exhibited good mechanical stability (~100% for
1,400 cycles) and electrochemical stability (97.6% for 10,000 cycles). A symmetric
stretchable supercapacitor made of uniaxially crumpled Au-CNT forest and PVA-
H2SO4 gel electrolyte finally demonstrated nearly identical specific capacitance
and stable electrochemical performance under different strains. The stretchable
Au-CNT forest-based electrodes and supercapacitors are expected to have broad
applications in wearable electronics with high power density and fast charge/
discharge capability requirements. The crumpled Au-CNT forest can also serve as
an electronic scaffold to further enhance its capacitance and energy density by
impregnating pseudocapacitive materials.

EXPERIMENTAL PROCEDURES

Fabrication of Crumpled Au-CNT Forest Electrode

The procedures for the growth of CNT forest on silicon wafers are the same as those
described in our previous work.” The gold film was deposited on top of the CNT
forest by using a Desk V Vacuum Sputter System (Denton Vacuum). The deposition
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time was 580 s and five depositions were performed consecutively to obtain a
~50-nm-thick Au film. The as-prepared Au-CNT forest was then dry-transferred
onto a prestrained elastomer substrate (VHB 4910; 3M, USA). To facilitate the dry
transfer of the CNT forest, we annealed the as-grown CNT forest on a Si wafer in
air on a hotplate at 540°C for 15 min. The CNT forest was then dry-transferred
from the Si wafer onto the prestrained elastomer substrate following the same pro-
cedures reported in the literature.”” The prestrain in the stretched substrate was
then relaxed along two orthogonal directions sequentially to form a crumpled Au-
CNT forest electrode with hierarchical wrinkle/ridge structures.

Characterization and Measurements of Stretchable Electrode

SEM images of the stretchable CNT and Au-CNT forest were taken with an FEI XL30
microscope and an Apreo S system. ImageJ was used to measure the diameter of
CNT and Au-coated CNT. The electrical resistance of the stretchable CNT or Au-
CNT forest electrode was measured by using a Flukes 77 IV multimeter. The resis-
tance was measured across the diagonal direction of the stretchable forest. Five
measurements were averaged for the reported values.

Electrochemical Measurements of Electrodes

Bio-Logic Sp-200 was used as the potentiostat in all experiments. A three-electrode
setup was used to measure the electrochemical performance of the stretchable elec-
trodes. The Ag/AgCl in saturated KCl solution was utilized as the reference elec-
trode. A Pt mesh was used as the counter electrode. All measurements were per-
formed at room temperature in 1 M H,SO, solution. Ti wire was used as the
current collector to connect the stretchable electrodes with the potentiostat
because of its small capacitance, high conductivity, and low catalytic activity in
H,SO,. Before each measurement, CV was performed with scan rates from 50 mV
s7'to 100 V s7" to clean and wet the surfaces. The CV measurements were per-
formed from —0.1 V to 0.8 V with scan rates from 20 mV s~ to 5V s~ for uniaxially
stretchable CNT and Au-CNT electrodes. For biaxially stretchable CNT and Au-CNT
electrodes, the potential window was chosen to be from 0V to 0.8 V with the same
scan rates. GCD measurements were performed from —0.1 V to 0.8 V with current
densities from 0.5 mA cm™2 to 40 mA cm™2 for uniaxially stretchable CNT and Au-
CNT electrodes. For biaxially stretchable CNT and Au-CNT electrodes, the potential
window was chosen to be from 0 V to 0.8 V with current densities from 0.5 mA cm ™2
to 80 mA cm 2. A smaller potential window was applied for the biaxially stretchable
CNT and Au-CNT forest electrodes because below 0 V versus Ag/AgCl, the biaxially
stretchable CNT and Au-CNT forest electrodes at large mechanical strains showed
higher catalytic currents leading to the misinterpretation of its energy-storage capa-
bility. EIS was conducted at 0.4 V versus Ag/AgCl for all stretchable CNT and Au-
CNT forest electrodes. The frequency range was from 0.1 Hz to 200 kHz with a po-
tential sinusoidal amplitude of 10 mV. Capacitance was calculated in two ways. The
capacitance from CV scans was calculated from both the charge and discharge re-
gions of the CV curves at different scan rates by

S
C_2vx(Va—Vc)’

where Va and Vc are the anodic and cathodic vertex potentials of the CV measure-
ments, v is the scan rate of the CV measurements, and Sis the area of the CV curve.
The capacitance from GCD is calculated by

[x At
V-V’

C=
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where [ is the discharge current density of the GCD measurements, At is the
discharge time, Vis the applied potential, and V, is the ohmic drop at the beginning
of the discharge process. The energy density and power density is calculated by

1

- _ 2
E= 2x3,6OOC(V Vo),
P:3’6OSXE,

where Cis the capacitance from the GCD measurement, V,, is the ohmic drop at the
beginning of the discharge process, and tis the discharge time. The unit of Eand Pis
respectively Wh m™2 and W m~2.

Mechanical stability for a uniaxially stretchable Au-CNT electrode was examined by per-
forming 1,400 uniaxial stretching-relaxation cycles from 0% to 200% strain. The specific
capacitance was calculated by using GCD measurements at the current density of 2 mA
cm 2. Electrochemical stability was evaluated by testing 10,000 GCD cycles at a current
density of 5 mA cm™2. Pt wires were used as current collectors for long-term testing in
1 M H,SO;, electrolyte. The capacitance, energy density, and power density are based
on the area of active material in the relaxation state (i.e., 0% and 0% x 0% strain).

Fabrication and Measurements of Stretchable Supercapacitors

Two and a half grams of PVA (MW 146,000-186,000; Sigma-Aldrich) was dissolved into
25 mL of 1 M H3SO,. The solution was heated up to 90°C for 1 h with stirring until it
became clear. The prepared PVA-H,SO, solution was then degassed in a vacuum desic-
cator overnight to remove the bubbles. The PVA-H,SO,4 gel was finally cast onto the
stretched CNT forest electrodes. A small margin area (~2 mm) was left uncovered for
placing Pt wires for electrochemical measurement. After drying in air for 30 min, the
two prestretched CNT forest electrodes were laminated together. The PVA-H,SO,
gel (~100-120 pm by vernier calipers) served as both electrolyte and separator in the
assembled supercapacitor. The final device was then tested by a standard two-elec-
trode setup. CV curves were measured from O V to 0.8 V at the scan rates from
20mV s~ to 5V s~ EIS was performed from 0.1 Hz to 200 kHz with a potential sinu-
soidal amplitude of 10 mV at 0 V. GCD measurements were done between 0V and 0.8V
with the current densities varying from 0.5 mA cm™2 to 40 mA cm™2. Mechanical stability
was evaluated by the discharged capacitance of CV at 100 mV s™" after multiple cyclic
mechanical strains. Electrochemical stability was evaluated by performing 10,000 GCD
cycles at a current density of 5 mA cm™~2. Energy density and power density were calcu-
lated in the same way as for the electrode. The capacitance, energy density, and power
density are based on the area of active material in the relaxation state.
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