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G
raphene, a 2D monatomic layer
with sp2-hybridized carbon atoms
arranged in a hexagonal configura-

tion, possesses extraordinary properties, such
as strong mechanical strength, superb flexi-
bility, excellent electrical conductivity, large
specific surface area, highoptical transparency,
and good chemical stability.1�4 It has demon-
strated an enormous potential in a variety of
fields, encompassing nanocomposites, op-
toelectronic devices, sensors, actuators, mi-
croelectronics, and energy storage devices.5,6

Numerous approaches for graphene synthe-
sis have been developed; these include me-
chanical exfoliation (the Scotch tape andAFM
method), epitaxial growth on silicon carbide,
chemical vapor deposition (CVD), reduction
from chemically exfoliated graphene oxide,
unzipping carbon nanotubes, and so forth.
Among them, reduction from chemically ex-
foliated graphene oxide has been the most

prevailing, low-cost, and scalable process.
Unfortunately, the as-received graphene suf-
fers from poor electrical conductivity owing
to poor interlayer junction contacts, struc-
tural defects, and incomplete reduction
caused by vigorous exfoliation and reduc-
tion processes.4,5 Therefore, chemical vapor
deposition, which can synthesize large-area
graphene film on inexpensive Ni and Cu foils,
has emerged as a desirable approach. Parti-
cularly, when compared to the nonuniform
multilayer graphene obtained on Ni sub-
strates, predominantly monolayer graphene
of high quality produced on polycrystalline
Cu foil is more favorable for applications
as electrodes of supercapacitors where high
conductivity is essential.3,7�9

A review of the substantial amount of
literature on graphene-based supercapaci-
tors reveals that there are very few reports
on the electrochemical performance of CVD
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ABSTRACT Due to their exceptional flexibility and transparency, CVD

graphene films have been regarded as an ideal replacement of indium tin oxide

for transparent electrodes, especially in applications where electronic devices

may be subjected to large tensile strain. However, the search for a desirable

combination of stretchability and electrochemical performance of such devices

remains a huge challenge. Here, we demonstrate the implementation of a

laminated ultrathin CVD graphene film as a stretchable and transparent

electrode for supercapacitors. Transferred and buckled on PDMS substrates by a

prestraininig-then-buckling strategy, the four-layer graphene film maintained

its outstanding quality, as evidenced by Raman spectra. Optical transmittance of up to 72.9% at a wavelength of 550 nm and stretchability of 40% were

achieved. As the tensile strain increased up to 40%, the specific capacitance showed no degradation and even increased slightly. Furthermore, the

supercapacitor demonstrated excellent frequency capability with small time constants under stretching.
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graphene films. The supercapacitor based on vertically
oriented graphene nanosheets that were synthe-
sized using radio frequency plasma-enhanced CVD
was reported to be able to efficiently filter 120 Hz
current.10,11 One to two layers of CVD graphene were
first fabricated into ultrathin supercapacitors using an
“in-plane”method with a specific capacitance of up to
80 μF cm�2.12 It has been further manifested that
graphene intercalation enhances the electrochemical
performance of MnO2/graphene composite based
supercapacitors.13

The recent trend of miniaturized, flexible, and wear-
able electronics has motivated considerable research
interest in the potential of high-performance super-
capacitors with large stretchability.14�19 The pursuit
of graphene-based stretchable supercapacitors can be
much benefited by learning from the experience
gained by carbon nanotube-based supercapacitors,
which have enjoyed a longer period of study. Research-
ers have utilized carbon nanotube arrays, films, or
fibers to fabricate stretchable supercapacitors largely
through a prestraining-then-buckling strategy.20�24 In
addition to carbon nanotubes, an all-graphene core�
sheath fiber based supercapacitor has been demon-
strated, where the stretchability was accomplished by
forming it in the shape of a spring.25

Furthermore, although indium tin oxide (ITO) has
been the most commonly used transparent electrode,
the intrinsic brittleness of ITO prevents its application
where mechanical flexibility is required.26 On the
other hand, CVD-grown graphene films with high
optical transparency, low sheet resistance, and de-
sirable mechanical compliance hold high potential
for transparent and stretchable electrodes.27 It has
been reported that with the same sheet resistance,
graphene can show better optical transparency
than ITO.28 Therefore, the superb combination of
stretchability and transparency of CVD graphene
films has enabled such developments as in self-
powered rolled-up displays and self-powered wearable
optoelectronics.29

Most recently, a transparent and stretchable super-
capacitor based on CVD-grown wrinkled multilayer

graphene films has been reported, which is capable
of sustaining a tensile strain of up to 40%.30 An optical
modulator based on a transparent CVD graphene
supercapacitor was demonstrated to be compliant
enough to be fabricated on flexible substrates for
the potential application of electrically reconfigurable
flexible coatings or smart windows.31 Wavy-shaped
PANI/graphene electrodes were also used to fabri-
cate the stretchable supercapacitor, which showed
good electrochemical performance at a maximum
strain of 30%.32

In spite of the recent encouraging advancements
summarized above, the adaptation of ultrathin CVD
graphene films for stretchable and high-rate super-
capacitors still remains a great challenge.

RESULTS AND DISCUSSION

In thispaper,weexplored theapplicability of thewidely
used prestraining-then-buckling method20�23,33�35 for
realizing the stretchability of graphene electrodes for
supercapacitors. Four-layer graphene films on an elasto-
meric PDMS substrate were endowed with stretchability
using this approach. The multilayer graphene was pro-
cessed by synthesizing individual graphene films, fol-
lowed by a film transporting and laying-up process.3

The PDMS film (around 300 μm thick) was prestretched
to the tensile strain of 50%, and a four-layer graphene
film was attached to the PDMS film. The graphene
film spontaneously buckled upon releasing the PDMS
substrate. Subsequently, the buckled graphene/PDMS
laminate was rinsed by deionized water and dried at
60 �C for 12 h.
To confirm that the CVD graphene films obtained on

the Cu substrate aremonolayer and of high quality, the
Raman spectrum of the graphene film transferred on a
300 nm thick SiO2/Si wafer was acquired (Figure 1a).
Prominent G and 2D bands were located at∼1590 and
∼2689 cm�1, respectively. The intensity ratio of the 2D
band to the G band (I2D/IG) reached ∼1.8, and the full
width at half-maximum (fwhm) of a 2D band equaled
30.91 cm�1, both of which provided convincing evi-
dence of the monolayer feature of the graphene
film.8,36 Additionally, the hardly distinguishable D peak

Figure 1. Raman spectra of graphenefilms. (a) Raman spectrumof as-receivedmonolayer graphenefilm on SiO2/Si substrate.
(b) Raman spectrum variation of a four-layer buckled graphene/PDMS film with the tensile strain.
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at∼1349 cm�1 implied theminimal amount of defects
and disorders in the graphitic material.36

The spectra of the four-layer buckled graphene/
PDMS film at different stretching levels were also
collected to evaluate the effects of tensile strain on
the quality of the graphene films (Figure 1b). Note that
as the Raman peaks of PDMS substrate and graphene
film are obviously separated and clearly distinguish-
able, the contribution from the PDMS substrate to
Raman feature of graphene film could be ignored.37

Compared withmonolayer graphene, the Raman spec-
tra of four-layer buckled graphene films showed the
characteristic of a much lower I2D/IG (0.52�0.81), due
to the increased number of graphene layers in the
laminate.37 The weak D band at each tensile strain
suggested that neither processing (the laminating and
prestraining-then-buckling processes) nor stretching
induced mechanical damage to the buckled graphene
films. As the tensile strain increased to 40%, the G peak
(∼1588 cm�1) showed no noticeable change, while the
strain-sensitive 2D band2 is red-shifted by 7 cm�1.
Figure 2a shows the morphology of the buckled

graphene layer with nanoscale, ripple-like features.
The height of large ripples was around 0.6�1.5 μm
(Figure 2b,c), and the height of small ripples was
50�70 nm (Figure 2d,e). The mismatch of the elastic
modulus between graphene film and PDMS substrate
was responsible for the buckled structure.2 The larger
graphene ripples gave rise to a bigger hollow structure,
thereby providing the electrolytewithmore contact area
in accessing the graphene film electrodes (Figure 2b).
The proposed stretchable supercapacitor in the form

of simple parallel-plate geometry (Figure 3a,b) com-
prised two pieces of transparent buckled graphene/
PDMS films (Figure 3c), which were electrically sepa-
rated by a H2SO4�PVA gel electrolyte. Herein, the
H2SO4�PVA gel electrolyte, serving as both separator
and electrolyte, prevented the supercapacitor from
hazardous leakage and ensured the integrity of the
supercapacitor.38,39 In order to assess the transparency
of the supercapacitor, optical transmittances of the
assembled supercapacitor and its components were
measured, as exhibited in Figure 3d. At the wavelength
of 550 nm, the assembled supercapacitor based
on a four-layer buckled graphene/PDMS film (82.7%
transmittance) possessed an optical transmittance
of 72.9%,whichwasmuchhigher than that of thepioneer-
ing wrinkled graphene film based supercapacitor
(48�57%)30 and comparable to that of a highly aligned
carbon nanotube sheet based supercapacitor (75%).29

The excellent transparency of the assembled super-
capacitor can be attributed to its highly transparent
components of PDMS film with a transmittance of
94.6%, the electrolyte with negligible transmittance
reduction, and the fact that each graphene layer gives
rise to only 2.3% transmittance reduction.40 Besides the
excellent transparency, the as-received supercapacitor

was also capable of withstanding tensile strains of up to
40%, as displayed in Figure 3e.
In order to investigate the dielectric and transport

properties, electrochemical impedance spectroscopy
(EIS) studies were conducted. Figure 4a presents the
Nyquist plots at different degrees of stretching. The
lines nearly vertical to the axis of the real component
of impedance appeared in the low-frequency region,
which demonstrated that the stretchable graphene
based supercapacitor maintained an ideal capacitive
behavior41 without being affected by the stretching.
The magnitude of equivalent series resistance (ESR),
which determines the charge/discharge rate of the
supercapacitor, can be estimated from the x-intercept
of theNyquist plots.42 Specifically, increased tensile strain
led to the rise of ESR from1700 ohm to 5270 ohm,which,
to some extent, had a negative effect on the rate
capability.
The excellent rate capability was further analyzed

by the Bode plots of imaginary specific capacitance
(Figure 4b) using the serious resistor�capacitor model.
The frequency corresponding to the maximum of the
imaginary capacitance is the characteristic frequency
of the supercapacitor, f0, which can be used to deter-
mine the relaxation time constant (or dielectric relaxa-
tion time), τ0 = 1/f0. The relaxation time reflects the
transition between the capacitive and resistive beha-
vior of the supercapacitor and is the minimum time
required to deliver the stored energy with an efficiency

Figure 2. Morphology characterization of a four-layer
buckled graphene film on PDMS substrate. (a�d) Scanning
electron microscopy (SEM) images. The scale bars are 1 μm
in a�c and 20 nm in d. (e) Atomic force microscopy (AFM)
image of three neighboring ripples.
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of over 50%.43�46 It is evident from Figure 4c that the
frequency response slowed down from f0 = 34.3 Hz
(at a tensile strain of 0%) to f0 = 7.92 Hz (at a tensile
strain of 40%), corresponding to the time constants of
29 and 126 ms, respectively. The graphene film based
supercapacitor without any stretching (at a tensile
strain of 0%) possessed a very short relaxation time
constant τ0 (29 ms), which is comparable to carbon
onionmicrosupercapacitors (26ms), indicating the fast
ion accessibility for electrosorption.43 Although the
time constant increased to 126 ms at a tensile strain
of 40%, it was still comparable to or evenmuch shorter
than many carbon material based supercapacitors, for
instance, 700 ms for MWCNT-based supercapacitors,44

700 ms for an activated carbon based microdevice,43

1 s for a nitrogen-doped graphene sheet electrode,
and 8.3 s for a reduced graphene oxide electrode.47 In
addition, the high rate capability of supercapacitors is
usually demonstrated by better capacitance retention

at either high scan rates in the CV measurements
or higher current densities in galvanostatic charge�
discharge tests.48

Figure 5a and b exhibit the cyclic voltammetry (CV)
curves of a supercapacitor at tensile strains of 0% and
40% in a wide range of scan rates (20�6000 mV s�1).
The CV curves maintained an ideal, rectangular shape at
scan rates of up to 6000 mV s�1 at 0% and 4000 mV s�1

at 40%, respectively, indicating good electrical double-
layer capacitive behavior and rate capability.48 Figure 5c
depicts the CV curves obtained at various tensile strains
at a scan rate of 200 mV s�1. The slightly enlarged areas
enclosed by the CV curves at tensile strains from 0% to
40% corresponded to the enhanced area-specific capa-
citances of 4.27, 4.84, 5.14, and 5.33μF cm�2, whichwere
equal to the gravimetric capacitance of 13.9, 15.7, 16.7,
and 17.3 F g�1, respectively. The improved electroche-
mical performance may be attributed to the increased
pressure applied by the upper and lower PDMS films

Figure 3. Optical transparency and stretchability of thegraphene-basedsupercapacitor. (a) Schematic depictionof a transparent
and stretchable supercapacitor consisting of buckled graphene/PDMS films and gel electrolyte. Digital pictures of (b) a
supercapacitor based on transparent buckled graphene/PDMS films (c). (d) Transmittances of the supercapacitor and its
components. (e) Digital photo of the supercapacitor stretched from the tensile strain of 0% to 40%.
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during stretching by 20%, 30%, and 40%, which can
facilitate the wettability of the graphene electrode.49,50

The results achieved using only four graphene layers
were comparable to those of the supercapacitor based
on wrinkled graphene films with 10�20 layers.30 At the
relatively high scan rate of 4000 mV s�1 (Figure 5d),
the slope ΔI/ΔV (indicated by the dashed boxes) asso-
ciated with ESR of the supercapacitor39 declined gradu-
ally in the order 0% > 20% > 30% > 40%, indicating
slower charge/discharge rate responses to the applied
potential.48

As presented in Figure 5e, the specific capacitance
declined with increases in scan rate. The reason for this
variation was that at low scan rates the ample time
facilitated full access of the ions to the electrode, while
at high scan rates, the ions did not have sufficient time
to access the graphene electrodes.39 It is worth noting
that when the scan rate increased by 300 times, from
20 mV s�1 to 6000 mV s�1, the capacitance retained
67.69%, 59.12%, 63.55%, and 57.33% at the applied
tensile strains of 0%, 20%, 30%, and 40%, respectively,
manifesting the extraordinary rate capability of the
graphene electrodes.48 The Ragone plots in Figure 5f
further confirm the excellent rate performance of
the stretchable graphene film based supercapacitor.
As the tensile strain changed from 0% to 40%, the
average specific power and energy densities followed
the trend of continuing enhancement. For the same

electrolyte, the maximum specific energy densities
(Emax) determined by specific capacitance had the high-
est value at the tensile strain of 40% (0.27 nWh cm�2)
and lowest value at 0% (0.20 nWh cm�2). On the
contrary, the maximum specific power density
(Pmax), being limited by ESR, had the highest value
at 0% (36.48 μW cm�2) and lowest value at 40%
(11.77 μW cm�2). Compared with the ultrathin planar
CVD graphene supercapacitor (Emax = 2.8 nWh cm�2,
Pmax = 2.0 μW cm�2),12 the stretchable supercapacitor
has a much lower Emax but much higher Pmax of 18 (0%)
to 5 times (40%).
The superior electrochemical performance of

the graphene film based supercapacitor is further
demonstrated by conducting galvanostatic charge�
discharge tests in the potential range 0�0.8 V at
current densities from 0.45 to 2.25 μA cm�2 and range
of stretching from 0% to 40%. Figure 6a and b show
the galvanostatic charge�discharge curves at tensile
strains of 0% and 40%, respectively. Here, the linear
triangular time dependence of the voltage indi-
cated sound double-layer capacitance behavior. The
slightly reduced slope of the discharge curve with
the increase of tensile strain in Figure 6c indicated
the slight enhanced specific capacitance. At such low
current densities, small IR drops were observed; never-
theless, the calculated ESRs were around 20 000 Ω,
which was much higher than the values obtained from

Figure 4. Kinetics properties of a buckled graphene film based supercapacitor. (a) Nyquist plots in which Zre is real
impedance and Zimg is imaginary impedance. The inset is themagnification of Nyquist plots in the high-frequency region. (b)
Bode plots of imaginary area specific capacitances (C00), which are calculated from EIS data. The legend for panel b is the same
as for a. (c) Variations of characteristic frequency f0 and time constant τ0 with tensile strains of 0�40%.
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the EIS experiments. Resulting from the extra contribution
of self-discharge to the IR drop at a low current, especially
in the circumstance of small-mass electrodes, ESR calcu-
lated on the basis of the galvanostatic charge�discharge
tests may be larger than the true value.51,52

The electrochemical stability of the stretchable
supercapacitor at a tensile strain of 40% was exa-
mined using the galvanostatic charge�discharge
long-cycling method at 0.9 μA cm�2 for 10 000 cycles
(Figure 6d). The supercapacitor possessed an excellent
electrochemical stability with a capacitance reten-
tion around 100% as the cycle number increased.
The capacitance retention still can achieve 98% after
10 000 cycles.

CONCLUSIONS

In conclusion, a transparent and stretchable super-
capacitor based on ultrathin, buckled four-layer CVD
graphene films has been reported. Fabricated through
the facile prestraining-then-releasing approach in
a highly controlled manner, the supercapacitor rea-
lized the unique combination of excellent stretcha-
bility (up to 40%), high optical transparency (72.9%
transmittance), and outstanding electrochemical per-
formance with extraordinary rate capability (time
constant: 29�126 ms) and electrochemical stability
(capacitance retention: 98% after 10 000 cycles). Over-
all, depending on the requirements of targeted appli-
cations, the optimal combination of these multiple

Figure 5. Electrochemical performance revealed by CV tests. (a, b) CV curves at tensile strains of 0% and 40%,
respectively, at scan rates of 20, 50, 100, 200, 500, 1000, 2000, 3000, 4000, 5000, and 6000 mV s�1, increasing in the
arrow direction. (c, d) CV curves at scan rates of 200 and 4000 mV s�1, respectively. (e) Variations of specific capacitance
at different tensile strains with scan rate increasing from 20 mV s�1 to 6000 mV s�1. (f) Ragone plots at tensile strains
from 0% to 40%. The curves represent the average power and energy densities at different tensile strains, while the
scattered symbols represent their maximum values. The value of “Ref.” comes from an ultrathin planar graphene
supercapacitor.12
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functions could be accomplished through supercapa-
citor design, such as modifying graphene electrodes
(e.g., chemical doping, increasing the layer number,

or adding pseudocapacitor materials), selecting elec-
trolytes with high operating voltage, and adopting an
asymmetric design.

EXPERIMENTAL SECTION
Single-Layer Graphene Film Synthesis. The single-layer graphene

filmswere synthesized onaCu substrate using the CVDmethod. A
Cu foilwas annealedat 1000 �C for1.5h in a2 in. quartz tubewitha
2 sccmH2 flow. Subsequently, a 20 sccm CH4 flowwas introduced
for graphene growth at 30 mTorr for 0.5 h. Then, the furnace was
quickly cooled to room temperature under He flow. The graphene
on the back side of Cu foil was etched away by O2 plasma.53

Graphene Laminating Procedure. The procedure adopted to
laminate four individual graphene films into a stacked
four-layer graphene film is summarized as follows. First, the
single-layer graphene on Cu foil was coated by poly(methyl
methacrylate) (PMMA). The Cu foil was then etched away by an
aqueous solution of 0.1 M ammonium persulfate solution
((NH4)2S2O8). After rinsing with DI water, the floating PMMA/
graphene film was scooped up by another single-layer gra-
phene on Cu foil. The procedure was repeated three times
to obtain the PMMA/four-layer graphene/copper laminate.
Then, the precoated PMMA was dissolved by acetone.54 Finally,
the laminated four-layer graphene film was obtained after Cu
etching and rinsing in DI water.

Raman Spectra. The Raman spectra of buckled graphene
films were acquired using a WITEC CRM 200 Raman system.
The excitation source is a 532 nm laser (2.33 eV) with a laser
power below 0.1 mW on the buckled graphene/PDMS film to
avoid laser-induced heating. The monolayer graphene film on
the SiO2/Si wafer was characterized by 514 nm (2.41 eV) Raman
spectroscopy (Renishaw).

Gel Electrolyte Preparation. The H2SO4 gel electrolyte was pre-
pared by mixing concentrated H2SO4 (6 g, 98%) with deionized

water (60 mL) and then adding PVA powder (6 g, Sigma-Aldrich,
Mw = 89 000�98 000). The solution was subjected to vigorous
stirring throughout the mixing process and subsequent heating
to 85 �C until the solution became clear.

Supercapacitor Fabrication. To fabricate a stretchable graphene-
based supercapacitor, a thin layer of the liquid H2SO4�PVA gel
electrolyte was applied on a predetermined area of the buckled
graphene/PDMS film, leaving the uncoated part to be connected
with current collectors. After the electrolyte solidified, two of such
films were stacked together with the electrolyte-coated parts
overlapping with each other. The electrical resistance between
them was monitored by multimeter to avoid a short circuit. The
assembled supercapacitor was placed in the fume hood under
ambient conditions to allow the gel electrolyte to solidify.

Morphology Characterization. The surface morphology of the
buckled four-layer graphene/PDMS film was characterized by
scanning electron microscopy (Zeiss Auriga 60 FIB-SEM) and
atomic forcemicroscopy (VeecoDimension 3100, at tapingmode).

Optical Transmittances. The optical transmittances of the sam-
ples were measured by a PerkinElmer Lambda 750UV/visible/IR
spectrophotometer fitted with an integrating sphere.

Electrochemical Performance Evaluation. The electrochemical
performance of the supercapacitor was investigated by electro-
chemical impedance spectroscopy and cyclic voltammograms
using a PARSTAT 2273 potentiostat/galvonostat Advanced
Electrochemical System (Princeton Applied Research, USA).
The galvanostatic charge�discharge cycling experiments were
conducted using an Arbin potentiostat test system. EIS mea-
surements were recorded over the frequency range of 100 kHz
to10 mHz.

Figure 6. Galvanostatic charge�discharge measurements. (a, b) Charge�discharge curves (current densities ranging from
0.45 to 2.25 μA cm�2 at tensile strains of 0% and 40%, respectively). (c) Comparison of charge�discharge curves at different
tensile strains. The current density is 0.9 μA cm�2. (d) Capacitance retention at a tensile strain of 40% as the cycle number
increased up to 10 000.
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