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We report the development of high-performance wearable super-
capacitor fabrics based on flexible metallic fabrics (Ni—cotton), on
which nanofiber webs containing multi-walled carbon nanotubes
(MWCNTSs) are directly electrospun without the need for any post-
treatment. The as-prepared fabric devices show a high areal capaci-
tance of 973.5 mF cm~2 (2.5 mA cm™2) and ultrahigh stability in the
bending test at a very small bending radius (2 mm). In addition, such
supercapacitor fabrics can be integrated into commercial textiles with
any desirable forms, indicating the remarkable application potentials in
wearable electronics.

Wearable electronics attract remarkable attention both in
academia and industry because of their wide applications such
as healthy monitoring devices, biomedical implants, portable
military equipment, and smart textiles with built-in electronic
functions.'” All wearable electronic devices require lightweight,
wearable and high-performance energy-storage components to
provide power. However, conventional power supply compo-
nents are rigid and bulky, which have encountered significant
difficulty in integration for wearable applications.>® Regarding
the requisitions as stated above, developing fabric-based
energy-storage devices is an ideal solution because textile
fabrics exhibit intrinsically mechanical flexibility, lightweight
and a high surface area for anchoring active materials, and
most importantly, the feasibility of device integration into
wearable forms. Among the many energy-storage devices,
a supercapacitor shows distinctive advantages due to its high
power density, fast charge/discharge capability, excellent
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reversibility, long cycle life and safety, which are very suitable
for wearable applications.>”

To fabricate fabric-based supercapacitors, a typical proce-
dure starts with coating conductive components, followed by
introducing active materials and assembling into devices.®® In
this field, carbon-based materials such as activated carbon,?
graphene' and carbon nanotubes (CNTs)''* are extensively
studied to coat on non-conductive textiles such as cotton
fabrics, which not only provide electrical conductivity for the
fabrics but also function as active electrode materials. However,
due to the high resistance of carbon-based materials (normally
in the range of tens to thousands of Q sq '), these super-
capacitor fabrics faced issues in high internal resistance.*>**

Although extra metal films such as copper foil or nickel foam
can be introduced as current collectors during the device
assembly and performance test to solve this issue, they lead to
other problems such as device rigidity and poor fatigue resis-
tance. Alternatively, researchers have recently demonstrated
that by using conductive carbon fabrics or carbonized cotton
fabrics as current collectors, followed by depositing other active
materials, such as carbon nanomaterials,****'¢ metal oxides,"”°
conducting polymers,**>* and their hybrids,***?** super-
capacitor devices with good flexibility and high capacitances
can be successfully achieved at the same time. Nevertheless,
these approaches usually involve harsh processing conditions,
for example, electrochemical/chemical activation of carbon
cloths,>"” hydrothermal reduction of graphene oxide,'® hydro-
thermal or vapor deposition of metal oxide'™*>*® and high
temperature carbonization (800-1000 °C).* These techniques
are therefore not suitable for scalable production. To date, it is
still a significant challenge to fabricate high-performance
fabric-based supercapacitors with low-cost materials and high-
throughput fabrication methods.””

To address this challenge, we report herein a cost-effective
and continuous material approach for making high-performance
supercapacitor fabrics. This approach is based on direct elec-
trospinning of multi-walled carbon nanotubes (MWCNTS) onto
wearable nickel-coated cotton fabrics (Ni-cotton). Importantly,

This journal is © The Royal Society of Chemistry 2016
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Ni-cotton is used as the conductive collecting substrate in the
electrospinning process, which enables the formation of carbon
nanoweb coated metallic fabrics (C-web@Ni-cotton) in one step
without the need for any post-treatment. In such an architecture,
carbon nanowebs function as the active materials enabling large
surface areas of electrochemical double layers, while the metallic
textile fabrics act as highly flexible and conductive current
collectors as well as mechanical supports for the fragile carbon
nanowebs. We demonstrate the use of C-web@Ni-cotton as
electrodes for making high-performance wearable super-
capacitors, which show remarkable areal capacitance as high as
973.5 mF cm ™2 (at 2.5 mA cm™ ) and ultrahigh stability in the
bending test at a very small bending radius (2 mm). To the best of
our knowledge, this is the best performing fabric-based super-
capacitor reported to date.

Fig. 1 shows the fabrication process and the layout of the
supercapacitor fabrics. The fabrication starts from the prepa-
ration of Ni-cotton by using solution-processed polymer-assis-
ted metal deposition (PAMD), which was developed by our
research group previously.'#**3* We have demonstrated that
metal-coated textile materials including yarns and fabrics
prepared by PAMD exhibited high electrical conductivity while
maintaining good flexibility, lightweight and durability,
showing great application potentials as electrodes in electronic
devices.'*?*31% Detailed PAMD procedures can be found in the
ESI.f The Ni-cotton fabric was then loaded onto the rotating
collector of an electrospinning system, in which Ni-cotton was
used directly as the conductive collecting substrate in the
electrospinning process. An N,N’-dimethylformamide (DMF)
solution containing a mixture of concentrated MWCNTsS (60-80
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wt%) and polyacrylonitrile (PAN) was electrospun directly onto
the rotating Ni-cotton fabric under a bias of 25 kV for a certain
length of time to yield the C-web@Ni-cotton electrode. Finally,
two pieces of C-web@Ni-cotton electrodes were assembled,
together with a piece of pristine cotton fabric as the separator,
to form a symmetrical supercapacitor fabric device.

As shown in Fig. 2a and b, the surface of the pristine cotton
fabric was coated with a layer of Ni after carrying out the PAMD
process, leading to an obvious color change of the fabric from
white to dark grey. Because the entire cotton fabric was
immersed in the reaction bath during PAMD, Ni was able to be
evenly and densely deposited on the surface of the cotton fibers
of the fabric (Fig. 2c and d), and the thickness of this Ni coating
was estimated to be ~440 nm (Fig. 2e). The as-made Ni-cotton
fabric exhibited very low sheet resistance, being ~0.2 Q sq "
This value is lower than that of the conductive textile fabrics
commonly used for fabric-based supercapacitors in the litera-
ture, including carbonized cotton fabrics (10-20 Q sq~*,»1%1°
225-1225 Q sq~'),** single-walled carbon nanotube (SWCNT)-
coated cotton fabrics (~2 Q sq ')'* and GO-coated cotton
fabrics (~700 Q sq~').° Remarkably, this highly conductive Ni-
cotton fabric maintained textile-like flexibility and lightweight
(23 mg cm2). No obvious increase in sheet or bulk resistance
was observed after 1000 cycles of the bending test.*

After the electrospinning process, a three-dimensional
nanofiber web was formed on the surface of Ni-cotton (Fig. 2a
and f). The diameters of the nanofibers are in the range of 100
nm to 400 nm (Fig. 2g). Unlike the smooth pure PAN nanofibers
reported in the literature,*?>* the nanofibers fabricated in our
experiment are corrugated and have a rough surface. In
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Fig.1 Schematic illustration of the fabrication procedures of supercapacitor fabrics. The inset shows the details of the one-step electrospinning

setup.
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(a) Photographs of the pristine cotton fabric, Ni-coated cotton fabric (Ni—cotton) and carbon nanofiber web coated Ni—cotton fabric (C-

web@Ni-cotton). (b) Photograph of the Ni—cotton fabric with large dimension, showing good flexibility. SEM images showing the surface
morphology of the Ni—cotton fabric (c and d) and the cross-section of the Ni coating (e). (f) SEM image of the C-web@Ni-cotton fabric
electrode. TEM (g) and HRTEM (h) images of the electrospun carbon nanofiber web. The inset in (h) shows the electron diffraction pattern of the

carbon nanofiber web.

addition, we found that some large beads were formed, which
could be attributed to a small portion of not well-dispersed
MWCNTs in the spinning solution and the agglomeration of
MWCNTSs due to their high proportion. Importantly, we found
that oriented and bundled MWCNTs, which were partially
embedded in the PAN matrix, were interconnected through the
entire nanoweb network (Fig. 2g and h). The interconnection of
MWCNTs can be attributed to their high proportion (60 wt% of
the solute) in the spinning solution, which is enabled by the use
of a metallic fabric as a conductive collection substrate. It
should be noted that much lower CNT concentrations (2-26
wt%) are required in conventional electrospinning of CNT-
based nanofiber webs, where metallic fabric collecting
substrates are not in use.***** This is because a high CNT
concentration results in brittle electrospun webs, which
severely affects the mechanical performance during the appli-
cations. However, the use of low CNT concentration leads to
a discontinuous morphology of the embedded CNTs in the
nanofiber webs.**373° As a result, one has to carbonize the
nanofibers in a high annealing temperature range of 700-1000
°C to improve the conductivity and expose the CNTs for elec-
trochemical applications such as supercapacitors.*® Such an
energy-consuming and toxic-substance-releasing step is

6804 | J. Mater. Chem. A, 2016, 4, 6802-6808

particularly undesirable in large scale device fabrication.*® In
contrast, we use a highly conductive metallic fabric (Ni-cotton)
as the collecting substrate in the electrospinning process to
provide mechanical support for the fragile carbon nanoweb
electrospun directly from high-concentration MWCNT solu-
tions. This room-temperature and one-step process eliminates
the need for post-stabilization and carbonization steps, making
the entire electrode fabrication simple, continuous and low-
cost.

Such a web of interconnected MWCNTSs ensures the high
electrical conductivity and large exposed surface area of active
materials, which lead to remarkable electrochemical capaci-
tance. To investigate the electrochemical performance of the C-
web@Ni-cotton fabric electrodes, we assembled the symmetric
fabric supercapacitors with a pristine cotton separator, and
tested the device in 1 M Na,SO, liquid electrolyte. It is believed
that compared with a three-electrode configuration, the two-
electrode test configuration can better provide the true indica-
tion of the electrode material's performance.** Fig. 3 shows the
electrochemical performance of the fabric device assembled
with C-web@Ni-cotton fabric electrodes, which were made with
20 min electrospinning time. Cyclic voltammetry (CV) curves
maintained the rectangular-like and symmetric shapes at an

This journal is © The Royal Society of Chemistry 2016
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Fig.3 CV(a) and GCD (b) curves of the C-web@Ni-cotton supercapacitor fabric tested in 1 M Na,SO, liquid electrolyte. (c) Summary of the areal
capacitance of the supercapacitor at different current densities. (d) Retention performance of supercapacitor (scan rate: 100 mV s~%). The inset
graph shows the change of EIS spectra before and after cyclic performance testing. (e) The equivalent circuit of the C-web@Ni-cotton
supercapacitor fabric, where R is the equivalent series resistance (ESR), R is the resistance of the electrode—electrolyte (charge transfer
resistance), R is the leakage resistance, CPEp, is the electrical double layer capacitance, W, is the Warburg element, and CPE_ is the

pseudocapacitance.

increasing scan rate from 5 mV s~ ' to 100 mV s~ ', indicating an
ideal and stable electrochemical behavior (Fig. 3a). In addition,
high coulombic efficiency (nearly 100%) and galvanostatic
charge/discharge (GCD) curves (Fig. 3b) with symmetrical
triangular shapes at different current densities were also
recorded. Remarkably, these fabric supercapacitors possess
extremely high device capacitance, being 973.5 mF em ™ > at 2.5
mA cm 2, and 437.5 mF cm ™ ? at 10 mA cm > (Fig. 4d), which is
six fold higher than that of supercapacitors made with CNT-
embedded and carbonized carbon nanofibers (144 mF cm ™2 at
2.5 mA cm ?F* and also better than other state-of-the-art
carbon-based and metal oxide-based fabric supercapacitors re-
ported in the literature (Table S17), including SWCNTs@cotton
fabric (480 mF cm ™2 at 0.2 mA cm ™ 2),* activated carbon@cotton
fabric (435 mF cm™ 2 at 5 mA cm ™ %),> MnO,/TiN@carbon cloth//
activated carbon cloth (215.2 mF cm™? at 6 mA cm™ ?),"” and
Ppy/MO@cotton fabric (309 mF cm ™2 at 0.6 mA cm™>).!

This journal is © The Royal Society of Chemistry 2016

With longer electrospinning time, denser and thicker carbon
nanowebs were formed on the Ni-cotton fabrics, and vice versa.
Fig. S2bf summarizes the areal capacitances of the fabric
supercapacitors with different electrospinning times from 5
min to 2 h. The areal capacitance of the fabric device first
increased when the electrospinning time extended from 5 to 20
min, because lower loading of carbon nanofibers caused
smaller capacitances. However, the device capacitance also
decreased when further increasing the electrospinning from 20
min to 2 h. For example, the areal capacitance of the device with
2 h electrospinning time dropped to 144.6 mF cm™ . This is
because the over-dense nanofiber web hinders the ion diffusion
between the electrolyte and electrode, resulting in the smaller
capacitance (Fig. S2i-nt). We also investigated the impact of the
MWCNT concentration on the electrochemical performance.
The areal capacitances of the fabric supercapacitors increased
with the MWCNT concentration from 20% to 60% (Fig. S3a and

J. Mater. Chem. A, 2016, 4, 6802-6808 | 6805
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Fig. 4 (a) CV curves of solid-state C-web@Ni-cotton supercapacitor fabric. (b) Summary of the areal capacitance of the supercapacitor at
different current densities. (c) Electrochemical impedance spectra (EIS) of the supercapacitor. (d) Capacitance retention of the supercapacitor
fabric under different bending radii (scan rate: 50 mV s). (e) Photographs of a large supercapacitor fabric (active area: 4 cm x 4 cm) enclosed
with commercial honconductive fabrics. (f) Photograph showing that three pieces of supercapacitor fabrics integrated into a wristband can
power a LED with 1.6 V turn-on voltage. The inset graph is the structural diagram of the wristband.

bt). Increasing the concentration of MWCNTS results in higher
loading and sufficient interconnection of MWCNTSs within the
nanoweb network, which therefore could cause the higher area
capacitance (Fig. S3c-et). We also found that further increasing
the concentration of MWCNTs (from 60 wt% to 80 wt%) resul-
ted in decreasing the electrochemical capacitance (Fig. S3a and
bt). The reason is because with ultrahigh MWCNT concentra-
tion, a large number of beads are formed, which leads to the
decrease in the surface area and electrical conductivity of the
electrode (Fig. S3f and gt).

More importantly, the fabric device showed excellent cycling
stability without any capacitance decay after 3000 cycles
(Fig. 3d). The device capacitance increased in the first 1000

6806 | J Mater. Chem. A, 2016, 4, 6802-6808

cycles and then gradually decreased. Electrochemical imped-
ance spectroscopy (EIS) measurements were conducted to
further characterize the fabric device performance. And we also
configured an equivalent circuit comprising a set of resistors
and capacitors in series and parallel to fit the EIS plots (Fig. 3e).
The as-fitted plots are shown in the ESI (Fig. S31).**™* From the
EIS plots, straight lines with 45° slope were observed for both
samples (supercapacitor before and after the retention test) in
the low frequency region, indicating the stable and fast ion
diffusion capability of the device during the cycling test. The
equivalent series resistance (ESR) R, which is used to describe
the resistance of the electrolyte combined with the internal
resistance of the electrode, is only approximately 1.28 Q. Such

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Current density vs. areal capacitance of liquid-based (a) and solid-based (b) supercapacitor fabrics summarized in Table S1.1

low ESR values indicate the low internal resistance and excellent
electrochemical cycling stability of the fabric device.***® The
charge transfer resistance (R.) of the sample after 3000 cycles
also slightly decreased from 0.77 Q to 0.71 Q, which was asso-
ciated with the fast ion transport within the supercapacitor
because of the increased contact area at the electrode-electro-
lyte interface. SEM images also showed no obvious morpho-
logical change of the carbon nanowebs and the Ni-cotton fabric
after the 3000 cycle retention test (Fig. S4a and bf). These
results confirm the stable ionic and electrical conductivity of the
C-web@Ni-cotton fabric electrodes. The chemical composi-
tions of the samples were further examined by X-ray photo-
electron spectroscopy (XPS) measurements. After the retention
test, multiple strong peaks from 855 to 880 eV appeared, which
indicates the formation of a mixture of nickel oxides and
hydroxides (Fig. S4c and dt).*"*° Since nickel oxides/hydroxides
have been well known as good pseudocapacitive electrode
materials,**® we deduce that the capacitive increase in the first
1000 cycles may be attributed to the partial oxidation of surface
Ni, with better surface wetting.

To demonstrate the practical application of the C-web@Ni-
cotton fabric electrode, we further fabricated solid-state super-
capacitor fabric devices using a polyvinyl alcohol/lithium chlo-
ride (PVA/LiCl) gel electrolyte. As shown in Fig. 4a and b, the
solid-state device exhibits a high areal capacitance of 275.8 mF
cm 2 at 1 mA cm™ 2 with a low internal resistance. Since good
flexibility is an important issue for wearable applications,' the
bending test of the supercapacitor fabric was conducted under
two small bending radii (r = 2 mm and 5 mm) (Fig. 4c). The
device showed excellent electrochemical stability after bending
for 1000 cycles at r = 5 mm. After bending at r = 2 mm for
another 1000 cycles, the capacitance of the fabric device still
retained 92% of the original value. These solid-state super-
capacitor fabrics can be readily encapsulated and integrated
into wearable forms by conventional textile processing, e.g.,
sewing technology. Fig. 4e demonstrates a large supercapacitor
fabric (active area 4 cm x 4 cm), which is enclosed with a non-
conductive fabric through the sewing technique (Movie 11). CV
analysis proves that the device capacitance remains stable
before and after sewing (Fig. S5t). In another example, we

This journal is © The Royal Society of Chemistry 2016

connected three pieces of supercapacitors and sewed them into
one wearable wristband, which could readily power a light-
emitting diode with a turn-on voltage of 1.6 V (Fig. 4f).

Conclusion

In conclusion, we have reported a cost-effective and continuous
one-step direct electrospinning method for fabricating high-
performance flexible and wearable supercapacitor fabrics. The
key novelty is to use wearable Ni-cotton as a conductive collect-
ing substrate, on which a high concentration of MWCNTS can be
directly electrospun to form a wearable C-web@Ni-cotton elec-
trode at room temperature, without the need for any post-treat-
ment. This enables the formation of an interconnected MWCNT
framework throughout the electrospun nanofiber web, ensuring
the high electrical conductivity and ion accessibility of the fabric
electrode. Supercapacitor fabrics assembled with the as-made C-
web@Ni-cotton electrodes, both in the liquid state and solid
state, show high electrochemical performances, when compared
with other fabric-based supercapacitors reported in the literature
(Fig. 5 and Table S1f). More importantly, these supercapacitor
fabrics could be easily integrated into wearable forms by using
simple and conventional sewing technology. Considering the
wide accessibility, high scalability, and good variability of the
electrospinning technique, we believe that there still exists
a large room for improving the performance of the super-
capacitor fabrics, which are very likely to become ideal integrated
energy-storage devices for next-generation wearable electronics.
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