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e all-solid-state asymmetric
stretchable supercapacitors based on wrinkled
MnO2/CNT and Fe2O3/CNT macrofilms

Taoli Gu and Bingqing Wei*

High-performance stretchable energy storage devices are urgently needed due to the rapid development

of portable, wearable, and stretchable electronics. However, most of the stretchable single-cell energy

storage devices suffer from a relatively low operating voltage and thus a low energy density. Here, we

report an all-solid-state asymmetric stretchable supercapacitor (ASS) with high energy density using the

wrinkled manganese dioxide (MnO2)/carbon nanotube (CNT) hybrid film as a positive electrode and the

wrinkled iron oxide (Fe2O3)/CNT composite film as a negative electrode in a neutral Na2SO4–poly(vinyl

alcohol) (Na2SO4/PVA) gel electrolyte. Due to the high specific capacitance and excellent rate

performance of MnO2/CNTs and Fe2O3/CNTs, as well as the synergistic effects of the two electrodes

with an optimized potential window, the asymmetric stretchable cell exhibits superior electrochemical

and mechanical performances. An optimized ASS can be reversibly cycled in the voltage window

between 0 and 2 V, and shows a supreme energy density of 45.8 W h kg�1 (corresponding power

density of 0.41 kW kg�1). Additionally, the ASS also exhibits exceptional cycling stability and durability,

with 98.9% specific capacitance retained even after 10 000 electrochemical cycles at multiple strains.

These encouraging results show its great potential in developing stretchable energy storage devices with

high energy and power densities for wearable and implantable electronic applications.
Introduction

Along with the rapid development of exible electronics,
stretchable electronics are springing up as a new technological
advancement due to their reversible stretchability while still
maintaining their functionality.1–4 Stretchability represents
a rigorous challenge of mechanical stability. Stretchable
devices must bear large strain deformation and signicant
shape deformation, including bending, twisting, stretching,
etc. Therefore, stretchable energy storage devices are strongly
desired to power the stretchable electronics.5–10 However, such
stretchable electrochemical double layer supercapacitors
(EDLCs) or pseudocapacitors still suffer from low specic
capacitance and low working potentials (usually less than 1 V),
leading to unsatisfactory energy and power densities, pre-
venting them from usable applications. Therefore, it is
imperative to develop a valid approach to enhance their elec-
trochemical performance, while maintaining their high
mechanical stretchability.

The asymmetric electrode conguration, taking advantage of
the pseudocapacitive positive electrodes to improve the specic
capacitance as well as the carbon-based negative electrodes to
extend the operating potential, has been demonstrated as an
versity of Delaware, Newark, DE, 19716,

hemistry 2016
effective way for improving the supercapacitor electrochemical
performance.11–14 The higher operating voltage can not only
enhance the energy density but also reduce the number of
capacitors in series to achieve an expected output voltage.
Lately, the asymmetric electrode conguration has been applied
to the newly emerged exible supercapacitors, such as manga-
nese dioxide (MnO2)//carbon or graphene,12–14 graphene//carbon
nanotubes (CNTs),15 graphene–ruthenium oxide (RuO2)//gra-
phene,11,16 and graphene–nickel(II) hydroxide (Ni(OH)2)//gra-
phene,17 but most of these exible asymmetric supercapacitor
prototypes are only capable of bending but not stretching. The
simple bendability sustaining the induced strains #1% is far
insufficient for practical applications where the devices would
experience more complicated and challenging stretching, which
must accommodate large strain deformation [1%.

Transition metal oxides (MeOx) dominate the pseudocapa-
citive materials for electrochemical energy storage. As an
example, MnO2 has signicant predominance such as abun-
dance, low cost, and a high theoretical specic capacitance
(1370 F g�1).18 Iron oxide (Fe2O3) has the advantage of low cost
and environmental harmlessness and shows a superior elec-
trochemical performance in negative potentials.19 Therefore,
asymmetric supercapacitors composed of MnO2 as the positive
electrode and Fe2O3 as the negative electrode will become
a promising energy storage candidate that possesses more
economical and environmental superiority. Besides, the redox
J. Mater. Chem. A, 2016, 4, 12289–12295 | 12289

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ta04712b&domain=pdf&date_stamp=2016-07-28
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta04712b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA004031


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

01
6.

 D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 9
:5

1:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reaction process of the typical pseudocapacitive materials has
been found to be extremely fast owing to the strong bonded,
inherently superior conductive, and porous CNT lms.9 In light
of this, different from using sole carbon-based materials as
a negative electrode in previously reported asymmetric super-
capacitors,12–17 we focused on enhancing the specic capaci-
tance and energy density of asymmetric supercapacitors using
metal oxide electrodes in both electrodes in this work.

Herein, an asymmetric stretchable supercapacitor (ASS)
with the MnO2/CNT hybrid lm as the positive electrode, the
Fe2O3/CNT composite lm as the negative electrode, and the
Na2SO4–poly(vinyl alcohol) (Na2SO4/PVA) gel electrolyte has
been fabricated. The ASS cell with a stretchability of up to
100% possesses a high potential window of 2 V, a high energy
density (45.8 W h kg�1), and high electrochemical and
mechanical cycling stability. To the best of our knowledge, this
is the rst report on a novel asymmetric stretchable energy
storage system based on two MeOx/CNT electrodes, which
shows simultaneously excellent electrochemical performance
and high stretchability.
Results and discussion

To fabricate the ASS cell, the MnO2/CNT lm, Fe2O3/CNT lm,
and Na2SO4/PVA gel electrolyte were used as the positive
electrode, negative electrode, and electrolyte, respectively
(Fig. 1a). The ASS wasmade stretchable by applying a simple pre-
straining-then-buckling strategy.5,6 Materials synthesis and cell
Fig. 1 (a) Schematic illustration of the fabricated ASS cell based on the
wrinkledMnO2/CNT hybrid film as a positive electrode and Fe2O3/CNT
hybrid film as a negative electrode; SEM image of the wrinkled MnO2/
CNT film (b) and Fe2O3/CNT film (c). Magnified SEM image of the
MnO2/CNT film (d) and Fe2O3/CNT film (e).

12290 | J. Mater. Chem. A, 2016, 4, 12289–12295
assembly procedures are depicted in detail in the Experimental
section. In brief, a custom-made, two-way movable stage was
utilized to pre-stretch a polydimethylsiloxane (PDMS) substrate
(with 100% pre-strain); the freestanding MnO2/CNT and
Fe2O3/CNT lms were then attached and secured to the PDMS
substrate, respectively. Subsequently, a liquid Na2SO4/PVA gel
electrolyte was coated on the surface of electrodes by means of
dip coating. Aer the electrolyte had solidied, two electrodes
were stacked together with each other with the electrolyte-coated
parts overlapping. Finally, the pre-strain was released to its
original length to form the “wrinkled” structure. The SEM
gures of the wrinkled MnO2/CNT and Fe2O3/CNT lms are
shown in Fig. 1b and c, respectively. The precipitated MnO2

particles and as-synthesized Fe2O3 particles were demonstrated
to possess nanoscale architectures and evenly distributed within
CNT bundles (Fig. 1d and e).

To identify the potential window of the asymmetric super-
capacitor and balance the charges between the positive and
negative electrodes, the electrochemical performance of the
hybrid MnO2/CNT and Fe2O3/CNT electrodes was investigated in
a three-electrode systemusing platinum (Pt) foil, Ag/AgCl, and 1M
Na2SO4 aqueous solution as the counter electrode, reference
electrode, and electrolyte, respectively. The MnO2/CNT electrode
shows a stable potential window of 0–1.2 V, while the Fe2O3/CNT
electrode exhibits stable operation in the range of �0.8 to 0 V,
indicating that the potential window of the assembled asym-
metric supercapacitor can be potentially extended to 2 V, as
shown in Fig. 2a. At a scan rate of 50 mV s�1, the specic capac-
itance of the MnO2/CNT positive electrode and Fe2O3/CNT nega-
tive electrode is 130.2 and 129.1 F g�1, respectively. The charge
balance between the two electrodes follows the relationship
Q+ ¼ Q�, in which the stored charge by each electrode is deter-
mined by the specic capacitance (C), the potential window (DU),
and the mass (m) of each electrode using the following equation:

Q ¼ CDUm

Based on this calculation, the optimal mass ratio between the
two electrodes should be around mMnO2/CNT/mFe2O3/CNT ¼ 0.66.

Cyclic voltammetry (CV) curves of the ASS cell at 50 mV s�1 in
different potential windows are displayed in Fig. 2b. Even when
the potential window is increased up to 2 V, the rectangular
shape of the CV curves with two weak symmetric broad redox
peaks and the symmetric shape are maintained, indicating
a good capacitive behaviour. The weak broad redox peaks are
attributed to the pseudocapacitive behaviour of the super-
capacitor resulting from the faradaic reactions of MnO2 and
Fe2O3. Fig. 2c shows the potential window dependence of the
specic capacitance of the asymmetric supercapacitor. The
specic capacitance increases signicantly from 34 to 57.7 F g�1

with the operation potential from 0.8 to 2 V, meaning that the
stored energy and delivered power can be improved at least by
961% according to the equation:

E ¼ 1

2
CU2:
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Comparative CV curves of MnO2/CNT and Fe2O3/CNT
electrodes recorded in a three-electrode cell in 1 M Na2SO4 aqueous
solution at a scan rate of 50 mV s�1. (b) CV curves of an optimized
MnO2/CNT and Fe2O3/CNT asymmetric supercapacitor recorded in
different potential windows at a scan rate of 50 mV s�1. (c) Specific
capacitances of the ASS with the increase of the potential window in
Na2SO4/PVA at a scan rate of 50 mV s�1. (d) GCD curves obtained over
different voltages from 0.8 to 2 V at a current density of 2 A g�1. (e)
Effects of the extended potential window on the specific capacitance
and energy density.

Fig. 3 (a) CV curves of an optimized ASS at scan rates ranging from 10
to 500 mV s�1. (b) The scan rate dependence of specific capacitance.
(c) GCD curves collected at different current densities for the ASS cell
operated within a voltage window from 0 to 2 V. (d) Specific capaci-
tance variation with current densities.
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As a result, the overall performance of the supercapacitor is
greatly improved. Note that operating at a higher voltage can
provide additional advantages for practical applications, by
reducing the number of devices in series required to reach
a desired output voltage.

Similarly, galvanostatic charge–discharge (GCD) was also
carried out at 2 A g�1 with different cell voltages from 0.8 to 2 V
(Fig. 2d), and no overcharge curve was observed, inferring an
excellent supercapacitor performance. The GCD result also
shows an increase in charging and discharging time with
increasing the cell voltage, thus indicating the increase of
capacitance and energy density. These results also coincide with
the CV results. Based on Fig. 2d, the effects of extending the
potential window on specic capacitance and energy density are
calculated and depicted in Fig. 2e. While the specic capaci-
tance starts to increase slightly from 28.7 F g�1 at 0.8 V to 45.9 F
g�1 at 2 V, the energy density increases signicantly, ten-fold
from 2.5 to 25.5 W h kg�1, as the potential window is extended
from 0.8 to 2 V.

Fig. 3a shows CV curves of an optimized ASS cell recorded at
different scan rates of 10, 20, 50, 80, 100, 200, and 500 mV s�1

between 0 and 2 V. The CV proles still retain a relatively
This journal is © The Royal Society of Chemistry 2016
rectangular shape without obvious distortion with increasing
the scan rate, even at a high scan rate of 500 mV s�1, indicating
the desirable fast charge/discharge property for the power
device. As shown in Fig. 3b, the specic capacitance gradually
decreases with the increase of scan rates. It is understandable
that at high scan rates, ionic diffusions of Na+ ions and protons
are most likely limited due to the time constraint, and only the
outer active surface is utilized for the charge storage, resulting
in a low electrochemical utilization of the electroactive mate-
rials. It is worth noting that the specic capacitance was
calculated using the total mass of the two electrodes in the
asymmetric supercapacitor, rather than a single electrode. More
importantly, the maximum specic capacitance reaches 125.3
F g�1 at 1 mV s�1, which is almost twice that of graphene//
CNT asymmetric exible supercapacitors15 and CNT//CNT,
MnO2/CNT//MnO2/CNT symmetrical stretchable or exible
supercapacitors.5–7,9 The exceptional performances of the ASS
cell are ascribed to the high capacitance and rate performance
of both MnO2/CNT and Fe2O3/CNT composites. Besides, the
superior performance is further conrmed by GCD measure-
ments at different current densities. As shown in Fig. 3c, the
charge and discharge curves of the ASS device are reasonably
symmetric. This further demonstrates the ideal capacitive
characteristic and rapid charge–discharge property of the ASS
cell. The specic capacitance calculated based on the discharge
curves is 82.4 F g�1 (87% coulombic efficiency) at 100 mA g�1

(Fig. 3d), which is substantially higher than the values obtained
from recent reports for other exible supercapacitors.15,20

To demonstrate the stretchability of the ASS cell, a series of
electrical and electrochemical tests were performed. Fig. 4a
shows the normalized resistance at different strain levels, where
R0 is the resistance of the unstretched MnO2/CNT electrode.
Although the resistance of the Fe2O3/CNT electrode is �15%
J. Mater. Chem. A, 2016, 4, 12289–12295 | 12291
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Fig. 4 (a) Normalized resistance versus tensile strain of wrinkled
MnO2/CNT and Fe2O3/CNT films subjected to tensile strains up to
100%. (b) Normalized resistance as a function of 1000 repeated
stretching–releasing cycles between strains of 0 to 100%. (c)
Comparison of GCD electrochemical performance of the ASS with 0,
50, and 100% strains at 1 A g�1. (d) Bode plots of imaginary specific
capacitance related to the relaxation time constant at 0, 50, and 100%
strains.

Fig. 5 (a) Long cycling stability of the ASS cell under 0%, 100%, and
50% strain at a constant current density of 1 A g�1 over 10 000 cycles.
(b) Nyquist plots of the ASS cell in the frequency range of 100 kHz to
0.01 Hz recorded after the 1st and 10 000th cycle. (c) 10 000
mechanical stretching–releasing cycles between 0 and 100% strain at
10% strain per second at a current density of 1 A g�1. (d) Ragone plot of
the ASS at 100% strain and comparison with other flexible and
stretchable asymmetric supercapacitors in the literature.
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higher than that of the MnO2/CNT electrode, the conductivity of
both MnO2/CNT and Fe2O3/CNT electrodes did not vary much
(less than 5%) with the increase of tensile strain up to 100%. In
other words, without changing the original lm length while
stretching, the wrinkled MnO2/CNT and Fe2O3/CNT lms
accommodate the applied tensile strains by just adjusting the
buckling structure, resulting in nearly constant resistance.

The wrinkled MnO2/CNT and Fe2O3/CNT composite lms
were further used to explore the resistance stability and
mechanical durability during the mechanically dynamic
processes between 0 and 100% strain, respectively. It should be
noted that the resistance shows a small increment of <4% aer
1000 dynamic stretching–releasing (DSR) cycles for both hybrid
lms subjected to a high strain rate of 10% strain per second
(Fig. 4b), which demonstrates a superb mechanical robustness
of the wrinkled MnO2/CNT and Fe2O3/CNT lms.

Similarly in the electrochemical performance of the ASS
device, the slopes of discharge curves in Fig. 4c remain
approximately constant as the supercapacitor deformed at
different tensile strains (0%, 50%, and 100%), indicating
a slight capacitance change. The excellent stretchability and
electrochemical stability are due to the high interfacial strength
to accommodate the various materials with different properties.
Bode plots with imaginary specic capacitance deduced from
the electrochemical impedance spectroscopy (EIS) data shown
in Fig. 4d further explain the excellent stretchability and
stability of the ASS cell. The equation below gives the imaginary
parts of the specic capacitance:

C 00 ¼ Z0ðuÞ
mujZðuÞj2 ;
12292 | J. Mater. Chem. A, 2016, 4, 12289–12295
where C00 is the imaginary part of specic capacitance; Z0 is the
real part of impedance Z; m is the total mass of the electrode,
and u ¼ 2pf is the radial frequency. The relaxation time
constant s0(s0 ¼ f0

�1) is a quantitative measure of how fast
a capacitor device could be charged and discharged reversibly
and of practical importance in determining the rate at which
the electrical response of a capacitor device can take place. The
relaxation time constant from Fig. 4d in the frequency-depen-
dent imaginary capacitance analysis quantitatively reveals its
performance. From the C0 0 plot, it is observed that the overall
frequency response of the cell from 0.01 Hz to 100 kHz in
a relaxed and a stretched state is almost the same. The stable
behaviour under the tensile strains from 0%, 50%, and 100% is
in good agreement with the GCD results in Fig. 4c. s0 is less than
0.25 s at all strains. This extremely short relaxation time
constant could be attributed to the outstanding conductivity of
the CNT lm, which facilitates MnO2 and Fe2O3 redox reactions
and leads to rapid capacitive behaviour. This extremely short
relaxation time constant s0 at different strains also strongly
suggests that the ASS device possesses tremendous potential for
stable and instantaneous delivery of ultra-high power and
energy under extreme mechanical deformation.

Long cycling life is an indispensable requirement for
stretchable energy storage devices. The cycling life test for the
ASS cell was carried out by repeating the GCD test between
0 and 2 V at a current density of 1 A g�1 for 10 000 cycles. Fig. 5a
shows the capacitance retention of the ASS cell charged between
0 and 2 V as a function of the electrochemical cycle number. It is
worth noting that the ASS cell is at 0% strain for the beginning
2000 GCD cycles and then strained to 100% from the 2001st
cycle to the 8000th cycle, and nally at 50% strain for the rest
This journal is © The Royal Society of Chemistry 2016
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2000 GCD cycles. The ASS cell exhibits outstanding electro-
chemical stability with only 1.1% deterioration of the initial
specic capacitance aer 10 000 GCD cycles. Therefore, the
retention of 98.9% aer 10 000 cycles for the ASS is comparable
to those of other recently reported asymmetric supercapacitors
without any stretchability, such as graphene/MnO2//activated
carbon (AC) (97% retention aer 1000 cycles),21 MnO2/gra-
phene//graphene (79% retention aer 1000 cycles),12 and
Ni(OH)2//AC (94.3% retention aer 3000 cycles).17 These results
further indicate that the ASS possesses not only exceptional
electrochemical performance but also excellent stretchability.

The EIS analysis has been recognized as one of the principal
methods for examining the fundamental behaviour of super-
capacitors. For further understanding, the impedance of the
asymmetric supercapacitor aer the 1st and 10 000th cycle was
measured in the frequency range of 100 kHz to 0.01 Hz at open
circuit potential with an AC perturbation of 10 mV (Fig. 5b).
Aer 10 000 cycles, nearly no change is observed for Rct (1.1 U),
and only a slight increase of Rs from 1.9 to 2.9 U is observed.
These EIS results further demonstrate the exceptional electro-
chemical stability of the ASS cell.

The ASS can also be expected to accommodate volumetric
expansion of MnO2 and Fe2O3 during charge–discharge cycles
due to the highly conductive nature of the CNT framework in the
composites. However, the volumetric expansion effect can be
further enlarged during stretching and releasing when a portion
of the MnO2 and Fe2O3 nanoparticles will have the potential to
migrate more easily with dynamic mechanical shock. This was
veried by testing the attainable mechanical stretching–
releasing cycles, which reveal device durability for practical
applications and are also very critical in addition to evaluating
their long GCD cycling stability. The ASS cell was tested for
10 000 DSR cycles with a strain rate of 10% per second at
a constant current density of 1 A g�1. Fig. 5c shows that the
capacitance retention is extremely high where the capacitance
fades by merely less than 1%, further proving the excellent
durability of the ASS cell from the mechanical viewpoint. It is
apparent that MnO2 and Fe2O3 nanoparticles are still rmly
anchored on the surface of CNTs and agglomerated at the
crossing of nanotubes, although they experience the volumetric
variations generated by the electrochemical processes and the
mechanical shock at the same time. Such good cycle perfor-
mance is comparable with that of other stretchable super-
capacitors and is highly promising for practical applications.3,5–10

The energy density reaches 45.8 W h kg�1 at a power density
of 406.6 W kg�1 and remains at 19.6 W h kg�1 at a power density
of 32.7 kW kg�1 (Fig. 5d). The specic energy density values
achieved with a cell voltage of 2 V in this work are much higher
than those of recently reported exible/stretchable symmetrical
CNT//CNT supercapacitors (<12.5 W h kg�1),5–7,22 graphene//
graphene supercapacitors (<26 W h kg�1),23 MnO2//MnO2

supercapacitors (<4.8 W h kg�1),24 and polypyrrole/CNT super-
capacitors (<32.7 W h kg�1).25 It is also better than that of
existing asymmetric exible supercapacitors with an aqueous
electrolyte, such as RuO2/graphene//graphene (19.7 W h kg�1),11

MnO2/graphene//graphene (30.4 W h kg�1),12 MnO2/CNT//CNT
(6.0 W h kg�1),15 graphene/MnO2/CNT//AC/CNT (24 W h kg�1),26
This journal is © The Royal Society of Chemistry 2016
Bi2O3//MnO2 (11.3 W h kg�1),27 and Co2AlO4@MnO2//Fe3O4

(35.2 W h kg�1).28 Thus, it is obvious that the as-assembled
MnO2/CNT//Fe2O3/CNT asymmetric stretchable supercapacitor
displays excellent energy performance and shows attractive
potential for practical applications.29–39 The superior electro-
chemical performance of the ASS can be attributed to the
following aspects: (1) The CNT lms in the composites assist in
maintaining mechanical integrity and high electrical conduc-
tivity of the overall electrodes due to their superior mechanical
properties, good electrochemical stability, and excellent
conductivity. (2) Well-dispersed MnO2 nanoparticles can greatly
shorten the diffusion and migration paths of electrolyte ions
during the rapid charge–discharge process; accordingly, high
electrochemical utilization of MnO2 is ensured. (3) The carbon-
based anodes usually limit the energy density of the asymmetric
supercapacitors due to their relatively lower specic capaci-
tance. The present Fe2O3/CNT composite exhibits greatly
improved specic capacitance due to the synergetic effect of
highly conductive CNTs providing fast electron transfer and
large surface area and well-dispersed Fe2O3 nanoparticles
contributing large pseudocapacitance. The large specic
capacitance of the present Fe2O3/CNT composite is comparable
with that of the MnO2/CNT composite, making the desirable
anode–cathode coupling build a 2 V asymmetric supercapacitor
with both high energy density and power density. (4) The
binder-free device fabrication provides a low interfacial resis-
tance and fast electrochemical reaction rate.

Conclusions

In conclusion, an all-solid-state asymmetric stretchable super-
capacitor based on the MnO2/CNT hybrid lm positive elec-
trode, the Fe2O3/CNT composite lm negative electrode, and
the solid state Na2SO4/PVA gel electrolyte was fabricated. Due to
the good conductivity of the CNT lms and the extended
potential window of 2 V, the specic capacitance and the energy
density were greatly enhanced. In addition to its excellent
electrochemical performance, the remarkable stretchability of
up to 100% tensile strain made this supercapacitor a promising
energy storage device for practical applications. The asymmetric
conguration has been demonstrated to be the preferable
stretchable supercapacitor structure to achieve a higher oper-
ating voltage and high energy density without sacricing the
power delivery and cycle stability.

Experimental section
Preparation of Fe2O3/CNT and MnO2/CNT lms

CNT lms were prepared using a modied oating chemical
vapour deposition method according to previously published
work.40 Briey, the precursor, a mixture of ferrocene and sulfur
(atomic ratio Fe : S ¼ 1 : 10, both from Sigma-Aldrich), was
heated to 1150 �C in a tube furnace with a mixed gas ow of Ar
(1500 mL min�1) and H2 (150 mL min�1). Aer 30 min of
reaction, the as-obtained unpuried CNT lms were transferred
into a ceramic cubicle to be heat-treated at 450 �C in air
for 30 min. The samples were then cooled down, and the
J. Mater. Chem. A, 2016, 4, 12289–12295 | 12293
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Fe2O3/CNT lms were obtained.41 Some of the Fe2O3/CNT lms
were then immersed in concentrated HCl (37% by volume
percent) for 72 h to remove the Fe2O3 oxidized from Fe catalysts
during the heat treatment. Then the lms were rinsed with
deionized (DI) water until the pH became neutral. The free-
standing lms were held up on a frame made of stainless steel
and dried at room temperature (RT) overnight. The MnO2/CNT
lm electrodes were then prepared by modied precipitation.42

Briey, the puried CNT lm as above was immersed in ethanol
while 0.1 M KMnO4 aqueous solution was added drop-wise.
A thin layer of nanostructured MnO2 was deposited on the
surface of the CNT bundles with 30 min precipitation time.
The resulting MnO2/CNT electrodes were rinsed excessively
in deionized water and ethanol and nally dried at room
temperature for 24 h.

Preparation of the gel electrolyte

Na2SO4 (1 M, 6 g) and PVA powder (6 g, Sigma Aldrich,
Mw ¼ 89 000 to 98 000) were added into 60 mL of deionized
water, which were heated to 85 �C under stirring until the
mixture became clear.

Assembly of asymmetric stretchable supercapacitors

The as-prepared Fe2O3/CNT and MnO2/CNT lms were lami-
nated tightly with a UV-light treated PDMS substrate. The
stretchable electrodes were then stretched to 100% strain.
Subsequently, the liquid Na2SO4/PVA gel electrolyte was coated
on the surface of electrodes by means of dip coating, leaving the
uncoated part to be connected to current collectors. Aer
the electrolyte had solidied, one MnO2/CNT and the other
Fe2O3/CNT lm were stacked together with the electrolyte-
coated parts overlapping with each other. The electrical resis-
tance between them was monitored using a multimeter to avoid
a short circuit. The assembled ASS was placed in a fume hood
under ambient conditions to allow the gel electrolyte to solidify.

Characterization

The morphology and structure were characterized using a Zeiss
Auriga 60 FIB/SEM. The mass of the freestanding electrode was
weighed using a micro/ultramicro-balance (Mettler Toledo
XP6) with 0.001 mg accuracy. The galvanostatic discharge–
charge tests were carried out on four-channel battery testing
equipment (Arbin Instrument, Ltd.). Electrochemical imped-
ance spectroscopy was performed on a PARSTAT 2273 poten-
tiostat/galvanostat (Princeton Applied Research) with 10 mV
amplitude of AC signals from 100 kHz to 10 mHz. Cyclic vol-
tammetry measurements were also obtained using the elec-
trochemical workstation (Princeton Applied Research). The
dynamic electrochemical measurements were performed while
the ASS was being stretched and released between 0% and
100% tensile strains.

Calculation

The specic capacitance of the ASS was calculated based on the
total mass of both positive and negative electrodes (0.33 mg).
12294 | J. Mater. Chem. A, 2016, 4, 12289–12295
The energy and power densities were calculated by conducting
GCD cycling with different constant current densities from the
slope of the discharge capacitance. The frequency dependence
of the imaginary part (C0 0) of electrochemical capacitance was
obtained from EIS measurements.
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