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Stretchable Supercapacitors Based on Buckled
Single-Walled Carbon Nanotube Macrofilms

By Cunjiang Yu, Charan Masarapu, Jiepeng Rong, Bingging Wei,* and

Hanging Jiang*

Stretchable electronic devices, such as p—n diodes,!™ photovoltaic
devices,'>?! transistors,**! and functional electronic eyes,[6] have
been fabricated using buckled single-crystal (e.g., Si, GaAs) thin
films supported by elastomeric substrates. Recently, carbon
nanotube (CNT)-based highly conducting elastic composites!”*®!
and stretchable graphene films® have been reported, which are
suitable as interconnects in stretchable electronic devices. As an
indispensable component of stretchable electronics, a stretchable
power-source device should be able to accommodate large strains
while retaining intact function. Of various power-source devices,
supercapacitors have attracted great interest in recent years due to
their high power and energy densities compared with lithium-ion
batteries and conventional dielectric capacitors, respectively. The
most active research in supercapacitors is the development of
new electrode materials. Recently, CNTs have been studied as
good candidates for electrode materials!'®® because of several
advantages, including a high surface area, nanoscale dimensions,
and excellent electrical conductivity.

Here, we report stretchable supercapacitors based on
periodically sinusoidal single-walled carbon nanotube (SWNT)
macrofilms (a 2D network of randomly oriented SWNTs). The
stretchable supercapacitors comprise two sinusoidal SWNT
macrofilms as stretchable electrodes, an organic electrolyte,
and a polymeric separator. Electrochemical tests were performed
and the fabricated stretchable supercapacitors are found to
possess energy and power densities comparable with those of
supercapacitors using pristine SWNT macrofilms as electrodes.
Remarkably, the electrochemical performance of the stretchable
supercapacitors remains unchanged even under 30% applied
tensile strain.

The preparation of the periodically sinusoidal SWNT macro-
films is of primary importance for stretchable supercapacitors.
The synthesis of high-quality, purified, and functionalized SWNT
macrofilms is, thus, an important preprocess, which has been
presented elsewhere.'”) The purified SWNT macrofilm was
then shaped to a sinusoidal form by following the steps shown in
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Figure 1a. The procedure introduced here (step i in Fig. 1a)
involves the uniaxial prestretching (ep) of an elastomeric
substrate of a poly(dimethylsiloxane) (PDMS) slab (epre = AL/L
for length changed from L to L+ AL), followed by a chemical
surface treatment to form a hydrophilic surface (see Experimental
Section). The exposure of UV light introduces atomic oxygen, an
activated species that reacts with PDMS and, thus, changes the
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Figure 1. Fabrication steps of a buckled SWNT macrofilm on an elasto-
meric PDMS substrate. a) lllustration of the fabrication flow comprising
surface treatment, transfer, and relaxation of the prestrained PDMS sub-
strate. b) Optical microscopy image of a 50-nm-thick, buckled SWNT
macrofilm on a PDMS substrate with 30% prestrain, where the well-defined
periodic buckling structure is shown. ¢) SEM image of a buckled SWNT
macrofilm. The buckling wavelength is 2 um. d) AFM image of the buckling
profile of the SWNT macrofilm. The buckling amplitude is 0.4 pm. e) SEM
image of the buckled SWNT macrofilm/PDMS substrate interface, where
the top white layer is a very thin layer of platinum that was sputtered onto
the SWNT macrofilm in advance to prevent the SWNT macrofilm from
damage during ion milling.
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hydrophobic surface (dominated by —OSi(CH3),0— groups) to a
hydrophilic surface (terminated with —0,,Si(OH),_, functional-
ities)."™®?) The hydrophilic surface of PDMS is able to form
strong chemical bonding through condensation reactions with
various inorganic surfaces that have —OH groups. The purified
SWNT macrofilm with extensive —OH groups was laminated and
aligned against the prestrained, UV-treated PDMS substrate
along the direction of the prestrain (step ii) to form covalent
bonds (—C—O—Si—) through condensation reactions. Releasing
the prestrain in the PDMS substrate leads to the spontaneous
formation of periodically buckled patterns due to mechanical
competition between the relatively stiff SWNT macrofilm and
the compliant PDMS substrate (step iii). Figure 1b shows an
optical microscopy image of a buckled SWNT film on a PDMS
substrate, in which the prestrain is &p,. = 30% and the thickness
of the film is hgwyt =50 nm. Figure 1c and d shows tilted-view
scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) images of the buckled SWNT film on PDMS
substrates. These images demonstrate uniform, periodic wavy
patterns, with a wavelength of A =2 pm and an amplitude of
A=0.4pm.

The buckling wavelength and amplitude can be characterized
by a nonlinear mechanics theory by modeling the SWNT
macrofilm as linear elastic material laying on a semi-infinite
compliant substrate, subject to large deformation (Eq. (1)).%*"
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Ao and Ay are the wavelength and amplitude, respectively,
based on small deformation theory.”? ¢. is defined as the critical
buckling strain, or the minimum strain needed to induce
buckling; & represents the large deformation and geometrical
nonlinearity in the substrate. E is the Young’s modulus; v is
Poisson's ratio, and the subscripts refer to the SWNT macrofilm
and PDMS substrate. When the following literature values®*?**
for the mechanical properties[zsl (Eswnt =4.5 GPa, vswnr=0.3,
Eppms =2MPa, vppys = 0.49) are used, the analytical solutions
(Eq. 1) give A=2.03 wm and A = 0.4 pum, which agrees very well
with the experiments without any parameter fitting.

To verify a good interface between buckled SWNT films and
PDMS substrates, which is important for the electrochemical
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performance, we examined the interface between buckled SWNT
macrofilms and PDMS using an integrated focused ion beam
(FIB) and an SEM system. Figure le shows an SEM image of the
interface, where the top white layer is a very thin platinum layer
that was sputtered onto the buckled SWNT macrofilm in advance
to prevent damaging the films during ion milling. No apparent
debonding between the buckled SWNT macrofilm and PDMS has
been observed, indicating strong interfacial bonding even for a
large prestrain (e.g., 30% in this image).

Since the maximum power of a supercapacitor is given by
P=V;*/ 4R (V; is the initial voltage and R is the equivalent series
resistance), the key factor to maintain a consistent power of
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Figure 2. Normalized electrical resistances versus tensile strains of
50-nm-thick buckled and pristine SWNT macrofilms. a) The measurement
of the buckled SWNT macrofilm is marked in triangle while that of the
pristine SWNT macrofilm is marked in square. b) SEM image of a randomly
aligned pristine SWNT macrofilm. c) SEM image of the film stretched by
10% tensile strain, which clearly shows the stretch-induced alignment.
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stretchable supercapacitors is to keep the
equivalent series resistance unvaried under
mechanical stretch. It is expected that the
buckled SWNT macrofilms have unchanged
conductance under reversible stretch. To verify
it, we measured the resistances of pristine and
buckled SWNT macrofilms under stretch. In
a SWNT film (either pristine or buckled),
where the nanotubes are bundled together and
these bundles, in turn, are highly entangled,
the conduction of electrons in the film takes
place through the bundles as well as by a
hopping mechanism, where the electrons
tunnel from one bundle to another. Figure 2a
shows the normalized resistance at different
strain levels, where Ry is the resistance of the
unstretched SWNT macrofilm. For the pristine
SWNT macrofilm (thickness hswnt = 50nm),
the resistance (squares in Fig. 2a) first
increases slowly when the tensile strain is
less than about 10%. This can be explained
by two mechanisms. On one hand, during
stretch-induced alignment (Fig. 2c) of origi-
nally randomly distributed SWNTs (Fig. 2b),
the overlap length (where the electrons tunnel
from one bundle to another) increases and,
therefore, the resistance decreases; on the
other hand, the resistance increases due to
the elongation of the SWNT macrofilms by the
tensile strain. The competition of these two
opposing mechanisms qualitatively leads to
almost constant resistance up to 10%. Upon
further stretch, however, the resistance
increases significantly, which can be explained
by a decrease of the overall overlap length and
an increase of the film length due to tube
sliding. It is also worth noting that this
elongation is irreversible upon releasing the
tensile strain because of the irreversible tube
sliding.

Distinguished from the pristine SWNT
macrofilms, buckled SWNT macrofilms exhi-
bit excellent stretchability. As shown in
Figure 2a (triangle), the resistance remains
fairly unchanged for the buckled film (thick-
ness = 50 nm) before the applied tensile strain
reaches the prestrain (40%). Without changing
the overall overlap length and the film length
while stretched, the buckled SWNT macro-
films accommodate the applied tensile strains
by simply increasing the buckling wavelength
and decreasing the buckling amplitude, result-
ing in an unchanged resistance. More impor-
tantly, this stretchability is reversible within
the prestrain range, similar to an accordion
bellow. Once the applied strain reaches
the prestrain of 40%, the buckled SWNT
macrofilm resumes flat. Upon further stretch-
ing, the flattened SWNT macrofilm performs
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Figure 3. Measurements of stretchable supercapacitors subjected to 0 and 30% applied tensile
strain, along with supercapacitors using the pristine SWNT film for comparison. a,b) Cyclic
voltammograms of the stretchable supercapcitors measured at scan rates of 100mV s ' and
1000 mV s, respectively. There is no significant deviation in the CVs of the stretchable super-
capacitor with or without 30% applied strain. c—e) Charge—discharge cycles measured with a
constant current density of 1A g~' for the stretchable supercapacitor subjected to 0 and 30%
applied strain and for the supercapacitor with the pristine SWNT film, respectively. f) Long
charge—discharge cycling at a constant current density of 1A g~ ' demonstrates the stability of the
stretchable supercapacitor under 0 and 30% applied tensile strain. g) Energy and power densities
of the supercapacitors calculated from the constant current density charge—discharge curves
measured between 250mA g~ ' and 10A g~ . The values of the stretchable supercapacitor under
30% applied strain are very much comparable to the supercapacitor with the pristine SWNT films,
indicating that the stretchable supercapacitor using the buckled SWNT films can be stretched up
to 30% without any performance degradation.
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in the same way as the pristine SWNT macrofilm. As indicated in
Figure 2a, the electrical resistance experienced no remarkable
change, even under 50% tensile strain, for the buckled SWNT
macrofilm. Therefore, the buckled SWNT macrofilm is stretch-
able before flattening and its stretchability depends on the
prestrains. Our studies have shown that the buckled SWNT
macrofilm provides an excellent scenario to achieve stretchability
and meanwhile retain electrical conductance, which is critical for
stretchable supercapacitors.

To demonstrate the feasibility of the stretchable super-
capacitors with almost invariant electrochemical performances
(e.g., capacitance, power, and energy densities), supercapacitors
with the buckled SWNT macrofilms as electrodes were assembled
and their electrochemical behaviors were studied while strain
(eapptiea) is applied. The buckled SWNT macrofilms in super-
capacitors were formed by releasing the PDMS substrates with
30% prestrain. For comparison, the electrochemical performance
of the supercapacitor assembled with pristine SWNT macrofilms
as electrodes was also test. Figure 3a and b shows the cyclic
voltammograms (CVs) of the stretchable supercapacitor mea-
sured at different scan rates. The CVs retained rectangular
shape with ideal capacitive behavior even at a high scan rate of
1000 mV s~ ! (Fig. 3b). No significant change was observed in the
CVs of the stretchable supercapacitors with 0 and 30% applied
strains. The cycling stability of the stretchable supercapacitors
subjected to applied strains along with the supercapacitor
assembled with the pristine SWNT macrofilms as electrodes is
illustrated by galvanostatic charge—discharge with a constant
current density of 1 A g~ ' up to 1000 cycles (Fig. 3c—e). The initial
specific capacitances calculated from the discharge slopes
(Fig. 3c—e) were 54F g=' for the stretchable supercapacitor
without applied strain (top frame in Fig. 3f) and 52 F g~ for that
subject to 30% applied strain (middle frame in Fig. 3f). These
values are comparable to the specific capacitance (50 F g~") of the
supercapacitor with the pristine SWNT macrofilms as electrodes
(bottom frame in Fig. 3f). Remarkably, the specific capacitances of
stretchable supercapacitors with or without applied strain do not
alter even up to 1000 charge—discharge cycles, which concludes
excellent electrochemical stability. In addition, the energy and
power densities of the stretchable supercapacitors with or without
applied strains do not have significant variation compared to
those of the supercapacitor with the pristine SWNT macrofilms as
shown in Figure 3g.

In summary, we have demonstrated supercapacitors of high
stretchability, depending on the level of prestain applied to the
PDMS substrate, whose electrochemical performances remain
unchanged during mechanical stretch. We expect that stretch-
able supercapacitors will enlighten a broad area of stretchable
energy-storage devices to be compatible with stretchable
electronics.

Experimental

Preparation of PDMS Substrates: PDMS was prepared by mixing
silicone-elastomer base and curing agent (Sylgard 184, Dow Corning) at
the ratio of 10:1 by weight, pouring into a glass container, and baking at
100°C for 45 min. Rectangular slabs of 1.5 x 6cm were cut from the
polymerized piece. The slab was rinsed with isopropyl alcohol (IPA) to
remove contaminations and dried using a nitrogen gun. A custom-made
stage was utilized to stretch the PDMS to specific strain levels. The
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prestrained PDMS substrate was subjected to a flood exposure by a UV
light (low-pressure mercury lamp, BHK), which produces 185- and 254-nm
radiation, for 150s. The 185-nm radiation produces ozone, while the
254-nm radiation dissociates the ozone to O, and atomic oxygen to form a
chemically activated surface.

Synthesis of SWNT Macrofilms: The growth of the SWNT films involved
a simple floating chemical vapor deposition (CVD) method, in which a
mixture of ferrocene and sulfur in the weight ratio 10:1 was controllably
evaporated into the CVD tube reactor under argon/hydrogen atmosphere.
Ferrocene acted as a carbon feedstock/catalyst and sulfur as an additive to
promote SWNT growth to a high percentage. The CNT film possessed a
hydrophobic surface as synthesized. A post purification, a combination of
oxidation (heating in air at 450°C for Th or immersion in 30% H,0,
solution for 72h) and rinsing with diluted acid (37% HCl) [17,26],
significantly reduced the amount of impurities and increased the functional
groups (e.g., O=C—OH) within the film and, hence, altering the surface to
become hydrophilic. The resulting hydrophilic surface highly benefited the
strong interaction with the activated PDMS surface by providing sufficient
—C—OH surface chemistry.

Supercapacitor Assembly and Electrochemical Measurements: The super-
capacitor was assembled as a two-electrode system. A 1wm solution of
tetraethylammonium tetrafluoroborate dissolved in propylene carbonate
was used as the electrolyte. Two PDMS sheets with buckled SWNT films
were pressed together with a filter paper in between that was soaked in the
electrolyte. The SWNT films themselves acted as current collectors. Thin
copper strips were placed at the edge of each SWNT-film electrode for
electrical contact. The resistance measurements were done by placing two
copper strips at the edges of the SWNT film that was attached to the PDMS
substrate. The tensile strain was applied by holding the PDMS sheet on
both sides at the location where the copper strips touch the SWNT film, so
as to keep the electrical contact between the copper and SWNT intact
during the application of the strain. The assembly was carried out in a glove
box (Unilab, MBraun) filled with purified argon. The assembled super-
capacitor was mounted on a custom-made stage. Cyclic voltammetry was
carried out between the voltage window from —1.5V to+ 1.5V using an
Autolab Potentiostat/Galvanostat. Galvanostatic charge—discharge mea-
surements were done using a four-channel Arbin system. First, all the
electrochemical measurements on the supercapacitor with buckled SWNT
film electrodes were carried out. Then, by using the custom-made stage,
the stretchable supercapacitor was stretched by 30% tensile strain,
where the SWNT macrofilms should become almost flattened and
the measurements on the stretched supercapacitor were carried out. The
specific capacitance (C) was calculated from the slope of the discharge
capacitance (Eq. (6)), where [ is the applied current and m is the average
mass of the two SWNT film electrodes.

21
C=—"rv
m(%7)

(6)

The energy and power density were calculated by conducting
galvanostatic charge—discharge cycling with constant current densities
ranging from 250mA g~ ' to 10A g~ .
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