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A supercapacitor in a flexible wire format has potential advantages that are described in this paper.
Polyaniline composite fibers incorporated with aligned multi-walled carbon nanotubes are first
synthesized with high mechanical strength and electrical conductivity through an easy electrodeposition

process, and two robust composite fibers have then been twisted to produce microsupercapacitor wires
—1
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DOI: 10.1039/c2ta00274d with a specific capacitance of 274 F g~" or 263 mF cm~". These energy storage wires are light-weight,

www.rsc.org/MaterialsA flexible, strong and weavable for promising applications in various fields.

Introduction

Supercapacitors have been generally fabricated in a rigid plate
which is unfavorable for many applications, e.g., portable and
highly integrated equipment which needs to be small size, light-
weight, and highly flexible."* As a result, flexible devices have
recently become the subject of active research as a good solu-
tion."*¢ A lot of effort has been dedicated to achieve these goals
mainly by developing flexible planar supercapacitors, while
wire-shaped supercapacitors are rare.>® However, compared
with the conventional planar structure, a supercapacitor wire
which is weavable may exhibit unique and promising applica-
tions.>'® This fact may be explained by the much stricter
requirement for the electrode such as a combined elaborate
surface, high flexibility and remarkable electrochemical activity
in wire-shaped supercapacitors.

On the other hand, conducting polymers such as polyaniline
(PANI) are widely studied for electrode materials in electro-
chemical supercapacitors due to their high electrical conduc-
tivity and pseudo capacitance.”*® Unfortunately, PANI shows
an obvious volume change during the charge and discharge
process, which has largely decreased its mechanical stability
during use. Carbon nanotubes (CNTs) have been explored for
their high surface area and remarkable mechanical, electrical
and thermal properties, and are then incorporated into PANI to
enhance the performance of supercapacitors.'** However, the
degrees of improvement were far from expected as the CNTs
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had been randomly aggregated in the composite electrode by a
typical solution process, and charges had to cross a lot of
boundaries in random CNT networks with low efficiency."”"** To
this end, the alignment of CNTs may provide an effective route
to solve the above problem and improve the capacitive perfor-
mance of composite electrodes.

Herein, we have developed a new family of polyaniline
composite fibers incorporated with aligned multi-walled carbon
nanotubes (MWCNTSs). Two composite fibers are twisted to
produce novel microsupercapacitor wires with a surprisingly
high specific capacitance of 274 F g~ ' or 263 mF cm ™" (Fig. 1).
Due to their high flexibility, these microsupercapacitor wires
can be easily woven into clothes, packages or other portable
devices by conventional textile technology, and serve as self-
powered electric generators.

Experimental section

PANI was coated onto alignhed MWCNT fiber electrodes through
an electrochemical analyzer system (CHI 660D) using platinum
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Fig. 1 Two aligned MWCNT-PANI composite fibers twisted into a super-
capacitor wire. (a) Schematic illustration. (b) Typical scanning electron microscopy
(SEM) image.
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wire and Ag/AgCl as counter and reference electrodes, respec-
tively. Bare MWCNT fibers were first dipped into the electrolyte
containing 1 M H,SO, and 0.1 M aniline for 5 h, so the aniline
monomer can be effectively infiltrated into them. Electro-
polymerization of aniline was mainly performed from 50 to
2000 s at a potential of 0.75 V. After polymerization, the as-
prepared MWCNT-PANI composite fibers were washed with de-
ionized water and dried at room temperature for over 2 h. The
aligned MWCNT-PANI composite fibers were then coated with a
layer of gel electrolyte containing 10 wt% poly(vinyl alcohol) and
2.5 wt% H3PO, on the surface (Fig. S1f). Two modified
composite fibers were finally twisted to fabricate the super-
capacitor wire. The electrochemical measurements of super-
capacitor wires were performed using an ARBIN multi-channel
electro-chemical testing system.

The structures of aligned MWCNT-PANI composite fibers
were characterized by transmission electron microscopy (TEM,
JEOL JEM-2100F operated at 200 kV), scanning electron
microscopy (SEM, Hitachi FE-SEM S-4800 operated at 1 kV),
Raman spectroscopy (Renishaw inVia Reflex with an excitation
wavelength of 514.5 nm and laser power of 20 mW) and Fourier
transform infrared spectroscopy (Thermofisher Nicolet 6700).
Galvanostatic charge-discharge measurements of super-
capacitor wires were taken at a current density of 2 A g~ '. The
specific resistances were measured by an alternating current
complex impedance method. The average specific capacitance
of the electrode derived from the galvanostatic discharging
curve was calculated according to the following equation: C =
2iy/[m(AV/At)], where i,, AV/At and m correspond to the
discharge current, average slope of the discharge curve and
mass of the active MWCNT-PANI material in the electrode,
respectively. Here the mass of PANI was calculated from the
total depositing charge in the cathode with 2.5 electrons per
aniline monomer in emeraldine.

Results and discussion

MWCNT fibers were first spun from spinnable MWCNT arrays
which were typically synthesized by chemical vapor deposition.
The synthesis of spinnable MWCNT arrays was reported else-
where,"?*> and the diameter of MWCNTSs was about 10 nm. The
resulting MWCNT fibers had been controlled from about 10 to
20 pm in diameter and up to hundreds of meters in length.
Fig. 2a shows a scanning electron microscopy (SEM) image of a
typical MWCNT fiber with uniform diameter of 15 pm, which
has been mainly studied in this work. Fig. 2b further exhibits
that MWCNTs are highly aligned in the fiber at a higher
magnification, which has been shown to enable excellent
mechanical and electrical properties, e.g., tensile strengths of
10* to 10° MPa and electrical conductivities of 10> S cm ™. A lot
of voids existed among aligned MWCNTs typically with sizes of
tens of nanometers, and a second phase, such as conducting
polymers, could then be easily electrodeposited onto the
MWCNTs and infiltrated into the voids.

Electrochemical deposition of PANI was made on aligned
MWCNT fiber electrodes through an electrochemical analyzer
system using platinum wire and Ag/AgCl as counter and
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Fig. 2 SEM images of (a and b) bare aligned MWCNTs and (c and d) MWCNT-
PANI composite fibers with a PANI weight percentage of 34% at different
magnifications.

reference electrodes, respectively. After introduction of PANI,
the resulting MWCNT-PANI composite fiber remained almost
unchanged in diameter. Fig. 2c shows a typical SEM image of
the composite fiber with a diameter of 15 pm, which was the
same as the bare MWCNT fiber. Fig. 2d, S2 and S3T show that
the MWCNTs remained highly aligned after electrodeposition,
and PANI had been uniformly coated onto the MWCNTs in the
composite fiber. The voids among MWCNTs were found to be
filled with PANI at a weight percentage of 40%. With the further
increase of PANI, the additional polymer was mainly coated on
the outer surface of fibers. Fig. S4T shows typical SEM images of
composite fibers with a weight percentage of 70%, and the
additional PANI was coated on the fiber surface.

The resulting MWCNT-PANI composite fibers were flexible
and could be easily bent. No obvious damage to the structure
was observed under SEM, and both tensile strength and elec-
trical conductivity remained almost unchanged after bending
for over a hundred cycles. PANI could be stably attached on the
aligned MWCNTSs possibly due to the interaction between them
in the composite fiber. Fig. S5 and S6] have compared the
Raman spectra and Fourier transform infrared spectra of PANI,
MWCNT and MWCNT-PANI composite fiber with PANI weight
percentage of 24%. The peaks at 1618 cm™ " for the C-C stretch
of benzenoid ring and 1193 cm ™" for the C-H stretch of quinoid
ring in the pure PANI shifted to 1616 and 1185 cm ' in the
aligned MWCNT-PANI composite fiber, respectively, which
indicated the m-m interaction between aligned MWCNT and
PANI.>** The wavelength and intensity ratio of D and G bands
have also been often used to study the interaction between
MWCNT and other incorporated components.***” Here both D
and G bands are overlapped with the peaks of PANI, so it is
difficult to directly compare them before and after formation of
the composite fibers.

Compared with bare MWCNT fibers, the polymer chains
bundled the neighboring MWCNTSs more closely to decrease the
slide and reduce the contact resistance among MWCNTSs.?*?°
The bundling effect was further strengthened by the m-7
interaction between MWCNT and PANIL** Accordingly, the
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resulting composite fiber showed a higher tensile strength than
the bare fiber. As shown in Fig. S7,T the strength of a composite
fiber with a PANI weight percentage of 34% has been improved
by 58%. The electrical conductivity remained almost the same
after formation of composite fibers.

The alighed MWCNT-PANI composite fibers were then
coated with a layer of H;PO,-poly(vinyl alcohol) gel electrolyte
on the surface. Two modified composite fibers were finally
twisted to fabricate the supercapacitor wire. Cyclic voltammetry
was first used to characterize the electrochemical properties of
bare aligned MWCNT and MWCNT-PANI composite fibers.
Fig. 3a has compared the cyclic voltammograms (CVs) of a
MWCNT and MWCNT-PANI composite fiber with a PANI weight
percentage of 24% measured in a two-electrode system at a scan
rate of 10 mV s~ *. Obviously, a typical rectangular shape which
corresponds to a double layer capacitor is obtained for the bare
MWCNT fiber, while redox peaks at 0.3-0.4 V that indicate a
pseudo-capacitance derived from different oxidation states of
PANI are observed for the MWCNT-PANI composite fiber. As
expected, the current density for the composite fiber is much
higher than that of the bare MWCNT fiber. Fig. 3b shows typical
Galvanostatic charge-discharge curves of the composite fiber
electrode between 0 and 0.8 V at a current density of 2 A g~ " It
can be found that the charge curves are nearly symmetrical to
their corresponding discharge curves in the potential range,
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Fig. 3 Electrochemical properties of supercapacitor wires. (a) Cyclic voltammo-
gram of a supercapacitor based on a PANI weight percentage of 24%. (b) Gal-
vanostatic charge—discharge curves of a supercapacitor based on a PANI weight
percentage of 24%. (c) Dependence of specific capacitance and Coulomb effi-
ciency on cycle number of a supercapacitor based on a PANI weight percentage of
34%. (d) Dependence of specific capacitance on the PANI weight percentage. (e)
Schematic illustration of the unbending and bending morphologies. (f) Depen-
dence of the specific capacitance of a supercapacitor based on a PANI weight
percentage of 34% on bending cycle number. Cy and C correspond to the specific
capacitance before and after bending.
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which indicates a high reversibility between charge and
discharge processes.

The supercapacitor wire also showed a high stability during
use. Fig. 3c shows the dependence of specific capacitance on the
cycle number. It was slightly decreased in the first 50 cycles and
then remained unchanged in the following 950 cycles. Fig. 3¢
also shows that the Coulomb efficiency maintained 99% over
1000 cycles. The specific capacitances increase with the
increasing PANI weight percentage (Fig. 3d). For instance, the
specific capacitances are improved from 4.5,78,114,177 to 274 F
¢~ with the increasing PANI weight percentage from 0, 7.4, 19,
29, to 48% at a current density of 2 A g ', respectively. The
increasing specific capacitance with the PANI weight percentage
is mainly derived from the higher pseudocapacitance provided
by the deposited PANLI. Interestingly, further increase of PANI has
decreased the specific capacitance, e.g., 245 F g’1 at 70 wt%,
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Fig. 4 The supercapacitor wire woven into textile structures. (a) A continuous
and long wire. (b) Woven with the other CNT fibers. (c) Woven into a textile
composed of aramid fibers. The red arrows show the wire.
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which may be explained by a different structure in the composite
fiber with the increasing PANI weight percentage. PANI was
mainly deposited on the outer surfaces of individual MWCNTs at
aweight percentage of lower than 40%, where excellent electrical
properties such as high conductivity were observed. With further
electrodeposition at a higher percentage, the additional PANI
would cover the outer surface of the MWCNT fiber, thereby not
taking advantage of the aligned structure of the MWCNTSs. In
fact, pristine PANI on a flexible indium tin oxide substrate
showed a low specific capacitance of 10.2 F g ".

The supercapacitors were also flexible and can be bent
without an obvious decrease in structure stability traced by
SEM. The flexibility and stability were further characterized by
measuring the galvanostatic charge-discharge curves under
different bending cycles (Fig. 3e). Fig. 3f shows the dependence
of C/C, for a supercapacitor wire fabricated from a MWCNT-
PANI composite fiber (with a PANI weight percentage of 70%)
with an increasing number of bending cycles. Here C, and C
correspond to the specific capacitances before and after
bending. The values of C/C, only slightly decrease by less than
3% after 50 cycles of bending.

As the MWCNT fiber had been continuously spun from
arrays, the supercapacitor wire could also be scaled up for
practical applications (Fig. 4a). In addition, due to the high
flexibility, the supercapacitor wires were easily woven into
different textiles. Fig. 4b and c show that they could be woven
with each other or woven into chemical fibers such as a poly(p-
phenylene terephthalamide) textile. The light-weight and high
strength of such supercapacitor wires also provides them with
unique and promising applications.

Conclusions

In summary, highly aligned MWCNT-PANI composite fibers
were continuously synthesized with excellent mechanical, elec-
trical, and electrochemical properties through an easy electro-
deposition process. They were further twisted to fabricate novel
wire-shaped supercapacitors with high specific capacitances up
to 263 mF cm ™ '. The light-weight, high flexibility, high strength,
and good weavability provide them with promising applications
in various fields. This work also presents a fabrication paradigm
for the development of high performance energy storage devices
based on the use of new electrode nanomaterials.
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