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Currently, there still remains a big challenge for flexible supercapacitors: low energy density. According to
the equation E = (1/2)CU?, here we realize a combination of high gravimetric specific capacitances of active
materials, high mass loadings of active materials and a large voltage window, which results in the highest
areal energy density to the best of our knowledge. Specifically, a cotton fabric was tuned to have an
optimal pore structure, on which CNT/rGO and PPy were coated by dip-coating and chemical
polymerization, respectively. The mass loading of CNT/rGO is up to 7.7 mg cm™2, to balance which the
PPy has a mass loading of 5.7 mg cm™2. The resulting asymmetric supercapacitor with a voltage window
of 1.8 V exhibits a super-high areal energy density of 0.26 mW h cm™2. Moreover, it possesses excellent
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Introduction

Recently, flexible supercapacitors have gained much attention
both from academic and industrial fields.”* They are urgently
needed in the burgeoning flexible and wearable electronics as
an indispensable power supply. Supercapacitors possess
distinct merits of high power density, long cycle life and envi-
ronmental benignity when compared with the other main-
stream energy storage device, ie., the lithium-ion battery.>”
However, supercapacitors have their inherent shortage that is
the low energy density.*® Therefore, a sustained effort has been
devoted to the pursuit of high energy density and flexibility in
the last decade.'***

According to the equation of E = (1/2)CU?, to enlarge the
energy density (E) we should improve the specific capacitance
(C) and broaden the voltage window (U).** To this end, on the
one hand bunches of electrochemically active materials with
high gravimetric specific capacitances, e.g., conducting poly-
mers and metal oxides/hydroxides have been developed;***° on
the other hand asymmetric supercapacitors whose voltage
windows are larger than 1.5 V have been assembled.”*** More-
over, in terms of flexibility, high flexibility has been demon-
strated by using various flexible substrates, for example, film,
paper, foam, mesh and fabric.***
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stability under charge/discharge for 1000 cycles and under bending 100 times with an angle of 180°.

At a glance of the above advancements, it seemed that the
problem had been solved. However, there still remains a big
gulf between the flexible supercapacitors in the lab and those
could be put on the market. One deficiency is that the afore-
mentioned achievements were usually separate. In fact,
a comprehensive triumph is desired, i.e., a combination of high
gravimetric specific capacitance, large voltage window and
excellent flexibility. The other deficiency is that in most cases
only the gravimetric energy densities based on the active
materials are concerned. In the light of the integration of flex-
ible supercapacitors into the wearable electronics, it should be
noted that the usable area of a human body is limited to 2 m>.>®
Thus the areal energy density, a unit of the device, is preferred
and vital, which so far is very low though. To the best of our
knowledge, the largest areal energy density of the flexible
supercapacitors is only 0.18 mW h cm 2 One important
reason maybe lies in the difficulty in fabricating thick flexible
electrodes with high mass loadings of active materials, which
meantime maintain porosity throughout the whole thickness.

In our previous work, an initial attempt was made in tuning
the pore structure of a cotton fabric, which turned out to be an
ideal platform to load polypyrrole (PPy) with a high mass
loading and a high gravimetric specific capacitance.** Based on
that, herein we continue the strategy, i.e., applying a porous
substrate with an optimum pore structure to incorporate nano/
micro-sized active materials, by which both high mass loadings
and high gravimetric specific capacitances can be achieved.
Specifically, carbon nanotube/reduced graphene oxide hybrid
(CNT/rGO) was deposited on the tuned porous cotton fabric
using a facile dip-coating method and a high mass loading of
7.7 mg cm™ > was obtained. And the mass loading of PPy that
grown on the fabric via chemical polymerization could be up to

This journal is © The Royal Society of Chemistry 2017
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9.9 mg cm >, nevertheless the value of 5.7 mg cm ? was
chosen to match the CNT/rGO electrode. Consequently, the
resulting asymmetric supercapacitor works at a large voltage
window of 1.8 V and reaches the highest areal energy density
of 0.26 mW h cm™? to date. Furthermore, the supercapacitor
possesses excellent flexibility. The electrochemical perfor-
mance maintains stable under bending for 100 times with an
angle of 180°.

Experimental section

Cotton fabrics were tuned to possess an optimal pore struc-
ture, serving as the flexible substrates. The porosity is 80%
and the average pore diameter is 45 pm.*' Graphene oxide
(GO) was synthesized by the modified Hummers' method.**
Then GO was reduced by ascorbic acid at 95 °C leading to the
reduced graphene oxide (rGO). Afterwards, 300 mg carbon
nanotubes (CNTs, nanocyl NC 7000, Belgium) and 300 mg
rGO were mixed in 50 mL deionized water by using sodium
dodecyl sulfate (SDS) as the disperser and under ultrasonic
treatment for 60 min, resulting in the CNT/rGO dispersion.
To prepare the CNT/rGO-coated fabric, the fabric with an area
of 4 cm® was immersed into the dispersion for 20 min, then
pulled out and finally dried at 80 °C for 30 min. This process
is denoted as one time of dip-coating. The mass loading of
CNT/rGO on the fabric can be controlled by the time of dip-
coating.

To prepare PPy-coated fabric, the cotton fabric was
immersed into 50 mL aqueous solution of pyrrole at 0 °C for
20 min. Then 50 mL aqueous solution of FeCl; and sodium
anthraquinone-2-sulfonate (NaAQS) was added dropwise to
initiate polymerization. The concentration of pyrrole was varied
from 0.05 to 0.25 mol L™, and the molar ratio of pyrrole/FeCl,/
NaAQS was kept at 1/2/0.25. The polymerization reaction was
carried out at 0 °C for 2 h. After polymerization, the coated
fabric was washed with deionized water and then dried at 80 °C.
The mass loading of PPy is dependent on the concentration of
pyrrole.

Field emission scanning electron microscope (FESEM,
SU8010, Hitachi) was used to observe the morphology of the
fabrics. Raman spectra were obtained with a Renishaw micro-
Raman spectroscopy system (633 nm laser). Fourier transform
infrared (FTIR) results were measured with a FTIR spectrometer
(Nicolet, 6700). And surface resistance was recorded using
a four-point probe (SX1944, Suzhou Baishen Technology Co.,
Ltd).

Electrochemical tests of the fabric electrodes were per-
formed in a three-electrode system with 1 M Na,SO, aqueous
electrolyte on a CHI 660E electrochemical workstation. The PPy-
coated cotton fabrics and the CNT/rGO-coated cotton fabrics
were directly used as the working electrode, while a Pt wire and
Ag/AgCl electrode served as the counter and reference elec-
trodes, respectively. The capacitance of the fabric electrodes can
be calculated from the galvanostatic discharge curves by the
follow equation:

Celectrode = (2 x I x A[)/AU
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where I, At and AU are the discharge current, discharge time
and potential window, respectively. The areal specific capaci-
tance (C,) of the electrodes is obtained from dividing Cejectrode
by the area of the electrodes. The gravimetric specific capaci-
tance (Cy) of the active materials is generated from dividing
Celectrode Dy the weight of the active materials on the electrodes.
For the asymmetric supercapacitor, the as-prepared PPy-coated
fabric and the CNT/rGO-coated fabric worked as the positive
and negative electrodes, respectively. The asymmetric super-
capacitors were assembled in pouch cells by sealing them into
plastic bags to avoid the evaporation of the aqueous electrolyte.
Separators (Celgard 2400) and an aqueous electrolyte (1 M
Na,S0,) were used. The capacitance and energy density of the
asymmetric supercapacitors were calculated by the following
equations:

Cievice = (I X AZ)/AU
Egevice = 0.5 X Cyeyice ¥ AUZ

where I, At and AU are the discharge current, discharge time
and voltage window, respectively. The areal specific capacitance
and areal energy density of the device can be calculated from
dividing Cyevice and Egevice by the area of the device, respectively.

Results and discussion

Fig. 1 illustrates the preparation scheme of the fabric electrodes
and the asymmetric supercapacitor. CNT was uniformly
blended with rGO, which was then dip-coated on the tuned
porous cotton fabric, resulting in the CNT/rGO-coated fabric.
Pyrrole was polymerized on the same kind of the cotton fabric
leading to the PPy-coated fabric. Both fabrics were thoroughly
soaked by the electrolyte and stacked to form an asymmetric
supercapacitor. Between two fabrics is an insulating
membrane.

Fig. 2 shows the morphologies of bare cotton fabric, CNT/
rGO-coated and PPy-coated cotton fabrics. In Fig. 2a, the bare
cotton fabric displays a typical loop geometric model of the
knitted fabric and has a smooth and clean surface observed at
enlarged magnifications (Fig. 2b and c). After coating with CNT/
rGO and PPy, the fabrics retained the knitted structure (Fig. 2d
and g). For the CNT/rGO-coated fabric (Fig. 2e), the CNT/rGO
hybrid bridged neighboring cotton yarns and finally formed
a CNT/rGO layer on and in the fabrics. Moreover, the CNTs were
uniformly dispersed in the CNT/rGO hybrid (Fig. 2f). For the
PPy-coated fabric (Fig. 2h), PPy was homogeneously coated on
the surface of the cotton yarns after chemical polymerization. It
can be observed that the surface of PPy-coated yarn (Fig. 2i)
became rough compared with the uncoated cotton yarn
(Fig. 2¢), demonstrating the deposition of PPy.

Raman spectra of the bare cotton fabric, CNT/rGO-coated
and PPy-coated cotton fabrics can be found in Fig. 3a. For the
bare cotton fabric, it appears no distinct peaks owing to the
strong fluorescence of the sample. For the PPy-coated fabric,
peaks at 924, 1077, 1227, 1367 and 1581 cm ™ * correspond to PPy
characteristic peaks of the ring deformation, C-H in-plane

RSC Adv., 2017, 7, 48934-48941 | 48935
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Fig. 1 Preparation scheme of the fabric electrodes and asymmetric supercapacitor.

Fig. 2 SEM images of bare cotton fabric with small (a), medium (b) and large (c) magnifications. SEM images of CNT/rGO-coated cotton fabric
with small (d), medium (e) and large (f) magnifications. SEM images of PPy-coated cotton fabric with small (g), medium (h) and large (i)

magnifications.

deformation, C-H in-plane bending, ring stretching and C=C
stretching, respectively.**?* As for the CNT/rGO-coated fabric, it
exhibits two typical bands, i.e., D band (1325 cm™ ') and G band
(1591 em ™). The D band represents the breathing vibration
modes of sp> carbon atoms, which caused by the defects and
disorder of the carbon lattice. The G band represents the in-
plane vibration modes of sp> carbon atoms.*** The existence
of D and G bands of carbon atoms indicated that CNT/rGO
hybrid was successfully introduced into the cotton fabric.
FTIR spectra of the bare cotton fabric, CNT/rGO-coated and
PPy-coated cotton fabrics are shown in Fig. 3b. For the bare

48936 | RSC Adv., 2017, 7, 48934-48941

cotton fabric, peak at 3440 cm ' is assigned to the O-H

stretching vibration, and peak at 2930 cm™* is for the C-H
stretching vibration.” Peaks situating at 1639 cm ' and
1436 cm™' correspond to the C=O stretching and CH,
symmetric bending, respectively.*® Furthermore, peaks at 1027,
1068, 1116 and 1155 cm " are related to the overlapping bands
of the C-O, C-C and C-O-C stretching vibrations.** For the PPy-
coated fabric, peaks at 1546 and 1457 cm™ " are ascribed to the
C-C and C-N stretching vibrations in the pyrrole ring, respec-
tively.*® A weak peak at 1311 cm™ ' is assigned to the C-H and
N-H in-plane deformation modes. Peak at 1159 cm ™'

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Raman spectra of bare, CNT/rGO-coated and PPy-coated cotton fabrics (a). FTIR spectra of bare, CNT/rGO-coated and PPy-coated
cotton fabrics (b). Dependence of sheet resistance of CNT/rGO-coated cotton fabric on the mass loading of CNT/rGO (c). Dependence of sheet

resistance of PPy-coated cotton fabric on the mass loading of PPy (d).

corresponds to the breathing vibration of the pyrrole ring. And
the in-plane deformation of N-H is observed at 1033 cm .
Peaks at 906 and 777 cm™ ' belong to the C-C and C-H out-of-
plane ring deformation modes.** For the CNT/rGO-coated
fabric, no new peaks are observed. However, the intensity of
peaks at 2930 and 1639 cm ™' increases compared with that of
the bare cotton fabric, which may be due to the introduction of
CNT/rGO. All of the above results verify that PPy and CNT/rGO
have been successfully coated onto the fabric.

Conductivities of the CNT/rGO-coated and PPy-coated cotton
fabrics were tested. For the CNT/rGO-coated fabric, the mass
loading was controlled by the dip-coating number and increases
with it monotonously (Fig. S11). The sheet resistance decreases
and the conductivity increases when increasing the mass
loading of CNT/rGO (Fig. 3c and S27). The sheet resistance can
be as low as 27 Q [J~ " when the CNT/rGO mass loading reaches
8.4 mg cm ™2, at which the conductivity is 38.6 S m~". The mass
loading of PPy was dependent on the concentration of the
pyrrole in the preparation process (Fig. S31). The sheet resis-
tance decreases and the conductivity increases with the
increasing mass loading of PPy (Fig. 3d and S47). At the PPy
mass loading of 9.9 mg cm™?, the sheet resistance is only 18 Q
O " and the conductivity is 52.2 S m™*. Furthermore, the CNT/
rGO-coated and PPy-coated fabrics have been compared with
other conductive fabrics in Table S1 and Fig. S5, from which
the conductivities achieved here are larger than most of the
reported data. Therefore, the excellent conductivities make
them competent as the supercapacitor electrodes.

Fig. 4 illustrates the electrochemical properties of the CNT/
rGO-coated fabric electrode. The potential window (vs. Ag/AgCl)
is from —1.0 V to 0 V. The dependence of areal and gravimetric
specific capacitances of the fabric electrode on the CNT/rGO

This journal is © The Royal Society of Chemistry 2017

mass loading is displayed in Fig. 4a. Here the current density is
2 mA cm > The maximum gravimetric specific capacitance is
138.6 Fg ! corresponding to the mass loading of 7.7 mg cm 2. In
this case, the areal specific capacitance reaches 1060.3 mF cm ™2,
which is nearly the highest one in the whole mass loading range.
Therefore, the mass loading of CNT/rGO-coated fabric hereafter
was chosen as 7.7 mg cm™>. The galvanostatic charge/discharge
(GCD) curves at different current densities are displayed in
Fig. 4b. The GCD curves show a symmetric triangular shape,
indicating the double-layer capacitance behavior of the CNT/rGO-
coated fabric electrode. The areal specific capacitances were
calculated to be 1060.3, 786.5, 728, 674.3 and 635.5 mF cm ™ at
current densities of 2, 4, 6, 8 and 10 mA cm™ 2, respectively
(Fig. 4c). The long-life performance of the CNT/rGO-coated fabric
electrode is shown in Fig. 4d. The capacitance retained by 94%
after 1000 charge/discharge cycles.

Fig. 5 displays the electrochemical properties of PPy-coated
fabric electrode. The potential window (vs. Ag/AgCl) is from
0 V to 0.8 V. Seen from Fig. 5a, the gravimetric specific capaci-
tance increases with increasing the mass loading no more than
8.1 mg cm?, at which the maximum gravimetric specific
capacitance of 324.8 F g~ ' is obtained. The areal specific
capacitance increases with increasing the mass loading up to
9.9 mg cm 2, at which the maximum areal specific capacitance
is 3090.6 mF cm 2. Here the current density is 2 mA cm™ 2 In
order to match the CNT/rGO-coated fabric electrode with a mass
loading of 7.7 mg cm 2, the mass loading of PPy-coated fabric is
set as 5.7 mg cm 2. The matching detail is described as follows.

In the asymmetric supercapacitor, PPy-coated and CNT/rGO-
coated fabric electrodes work as the positive and negative
electrodes, respectively. The charge balance between the posi-
tive and negative electrodes is shown in the equations:

RSC Adv., 2017, 7, 48934-48941 | 48937
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9 =9
qg=Cx xS xAU

where g, Ca, S and AU represent the charge stored in the elec-
trode, the areal specific capacitance of the electrodes, the
working area of the electrodes and the potential window,
respectively. Superscripts of “+” and “—” correspond to the
positive and negative electrodes, respectively. Because of
the same working areas for negative and positive electrodes
(8" = 87), an equation can be derived:
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For the negative electrode, the mass loading of CNT/rGO was
set as 7.7 mg cm > and then C,~ is 1060 mF cm > and AU is
1V (Fig. 4a and b). Correspondingly, for the positive electrode,
AU" is 0.8 V and therefore C," should be 1325 mF cm 2.
Consequently, the mass loading of PPy was chosen as 5.7 mg
cm 2, because at which the PPy-coated fabric electrode can
generate the similar areal specific capacitance of its counterpart
(Fig. 5a).
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the latter three tests, the PPy mass loadings of fabric electrodes are all
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5.7 mgcm=2.
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A deep investigation of the electrochemical properties of the
PPy-coated fabric electrode with a mass loading of 5.7 mg cm 2
was carried out. The GCD results are shown in Fig. 5b, which
demonstrate the pseudo-capacitance type. The areal specific
capacitances are 1325.4, 874.5, 737.2, 620.4 and 413.34 mF

cm ™2 at the current densities of 2, 4, 6, 8 and 10 mA cm ™2,
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respectively (Fig. 5c). Fig. 5d represents the long-life perfor-
mance, iLe., 87% capacitance retention after 1000 charge/
discharge cycles. It can be learned that the PPy-coated fabric
has a poorer cycle performance than the CNT/rGO-coated
fabric. The reason is mainly the volume change of PPy under
redox cycles, which is the common issue for the active materials
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of pseudo-capacitance type."”*>** Additionally, the cycle
performance can be improved here to be 93% by coating an rGO
layer on the PPy-coated fabric (Fig. S67).

For the asymmetric supercapacitor, the PPy-coated fabric
electrode was used as the positive electrode while the CNT/rGO-
coated fabric electrode served as the negative electrode. The
cyclic voltammetry (CV) curves of the asymmetric super-
capacitor with different voltage windows at 10 mV s~ exhibit in
Fig. 6a. As expected, the voltage window of the asymmetric
supercapacitor can be extended to 1.8 V. Fig. 6b illustrates the
GCD curves at different current densities with a voltage window
of 1.8 V, from which a small voltage drop was observed. The rate
capability is shown in Fig. 6c¢, from which the maximum areal
specific capacitance is 569.6 mF cm ™ at 1 mA cm ™. As for the
long-life performance, the supercapacitor possesses 91% of its
initial capacitance after cycling for 1000 cycles, demonstrating
a good cycling stability (Fig. 6d).

As for the energy density, considering the areal specific
capacitance of 569.6 mF cm™> at 1 mA cm™~ and the voltage
window of 1.8 V, the areal energy density was calculated to be
0.26 mW h cm™?, which is the highest areal energy density
among the available flexible supercapacitors (Fig. 7a, data
extracted from Table S27). Fig. 7b shows the CV curves under
bending with angles of 0°, 90° and 180°. There is negligible
change, verifying the excellent flexibility. Fig. 7c exhibits the
stability of the asymmetric supercapacitor under bending for
100 times with a bending radius of 1 cm and an angle of 180°.
Consequently, 87% of the initial capacitance is retained.
Furthermore, two asymmetric supercapacitors in parallel can
lighten as many as 14 LEDs at one time (Fig. 7d).

Conclusion

Here, an asymmetric supercapacitor was successfully assem-
bled using CNT/rGO-coated fabric as the negative electrode and
PPy-coated fabric as the positive electrode. Both electrodes
achieve high areal specific capacitances. Therefore, the result-
ing asymmetric supercapacitor with a large voltage window of
1.8 V delivers a super-high areal energy density of 0.26 mW h
cm 2. Furthermore, it presents an excellent stability under
charge/discharge cycling and bending. The proposed strategy,
i.e., loading high mass of active materials and still maintaining
the porosity throughout the whole electrode thickness, is
demonstrated to be effective for flexible supercapacitors and
can be expanded to other electronic devices.
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