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Polyaniline composite films incorporated with aligned multi-walled carbon nanotubes (MWCNTs) are
synthesized through an easy electrodeposition process. These robust and electrically conductive films are
found to function as effective electrodes to fabricate transparent and flexible supercapacitors with a
maximum specific capacitance of 233 F/gat a current density of 1 A/g. Itis 36 times of bare MWCNT sheet,
23 times of pure polyaniline and 3 times of randomly dispersed MWCNT/polyaniline film under the same
conditions. The novel supercapacitors also show a high cyclic stability.

onducting polymers such as polyaniline, polypyrrole, and poly(3,4-ethylene-dioxythiophene) have been

widely studied for electrode materials in electrochemical supercapacitors due to the high electrical con-

ductivity, high pseudo capacitance, and low cost'””. However, the considerable volume change during the
repeated intercalation and depletion of ions in the charge and discharge process has largely decreased their
mechanical stability in the use®. To this end, carbon nanotubes (CNTs) which show a high surface area and high
mechanical strength, electrical conductivity and chemical stability are widely incorporated to improve the
performance of supercapacitors™'®. However, the improvements are far from expected as CNTs are randomly
aggregated in the composite electrode by a typical solution process, and the produced charges have to cross a lot of
boundaries in random CNT networks''. Therefore, the alignment of CNTs in the composite electrode may
provide an effective solution to achieve the desired high capacitance and stability. For instance, the aligned
CNT arrays were found to facilitate ionic motions compared with the CNT network''. However, the use of
aligned CNT composite materials for supercapacitors is rare. On the other hand, transparent and flexible super-
capacitors had been recently proposed for unique and promising applications in various portable and integrated
equipments'>™*, but they have not been realized with high performances yet.

Herein, we have developed a general method to synthesize continuous conducting polymer composite films
incorporated with highly aligned multi-walled carbon nanotubes (MWCNTs) at large scale through an electro-
deposition process. The composite films are robust and electrically conductive with a high optical transmittance,
which makes them very promising as new and effective electrode materials. The resulting supercapacitors were
shown to be transparent and flexible with a high specific capacitance.

Results

MWCNT sheets were drawn from spinnable MWCNT arrays which had been synthesized by chemical vapor
deposition and reported elsewhere'>°. Here the spinnable arrays showed a height of about 250 um, and the used
MWCNTSs were uniform with a diameter of about 10 nm. The widths of MWCNT sheets were controlled from
several millimeters to centimeters by varying the widths of spinnable arrays, and the average thickness of a layer of
sheet was about 25 nm. Layers of MWCNT sheets could be further stacked along the same direction to produce
thicker films. The length of MWCNT sheets had generally achieved tens of to hundreds of meters. Figure 1a shows
a typical scanning electron microscopy (SEM) image of MWCNT sheet. MWCNT's had been highly aligned along
the drawing direction to provide the sheets with high electrical conductivities of (10°~10%) S/cm. Therefore, these
MWCNT sheets could function as effective electrodes for electrodeposition of conducting polymers. Polyaniline
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Figure 1 | Scanning electron microscopy (
sheets before and after incorporation of PANI with different weight
percentages. (a) Bare AMWCNT sheet. (b) 12%. (c) 23%. (d) 50%.

(e) 70%. (f) 86%.
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(PANI) had been firstly investigated as a model. The sizes of voids
among MWCNTs were mainly varied from several to tens of
nanometers, and PANI was mainly attached onto the outer surfaces
(Figure S1) and infiltrated into the voids. Figures 1b-1f show typical
SEM images of the resulting MWCNT/PANI composite films with
increasing PANI weight percentages of 12, 23, 50, 70 and 86%. The
sizes of voids among aligned MWCNTs were decreased with the
increasing PANI percentage as more PANI was infiltrated into the
voids. At a weight percentage of about 70%, almost all voids were
filled with the PANI. With the further increase of electrodeposition
time, the additional PANI was mainly coated at the top of the sheet.
For instance, almost no MWCNTs could be observed by SEM at 86%
as they were totally covered by the PANI layer.

Raman spectroscopy was further used to characterize the
MWCNT/PANI composite film. Figure S2 has compared Raman
spectra of PANI, MWCNT sheet and MWCNT/PANI composite
films with increasing PANI weight percentages of 12%, 23%, 50%,
70%, 86%. The C-H bending of the quinoid ring at 1165 cm™*, C-H
bending of the benzenoid ring at 1255 cm™', C-N™ stretching at
1333 cm™', and C-C stretching of the benzene ring at 1485 and
1623 cm™" were observed in the aligned MWCNT/PANI composite
film. The peaks at 1643 cm ™' and 1165 cm ™' in the bare PANT shifted
to 1623 and 1167 cm™" in the composite film, respectively, which
indicated the m-m interaction between MWCNT and PANI'">. As
both D and G bands in MWCNTs are overlapped with the peaks of
PANL, it is difficult to compare them before and after formation of
composite films.

The aligned MWCNT/PANI composite films were transparent
(Figure S3). According to the UV-vis spectrometer characterization,
the transmittance values for the composite films were higher than 84,
72,70, 70 and 60 at PANI weight percentages of 12, 23, 50, 70, and
86% in a wavelength range of 300-900 nm, respectively. A typical
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Figure 2| (a) CV curves of the bare MWCNT sheet and composite film (weight percentage of 70% for PANI) as electrodes in a potential range of
—0.2t0 0.8 V atascan rate of 50 mV s™' in H;PO,-PVA gel electrolyte. (b) Galvanostatic charge-discharge curves of bare MWCNT sheet and composite
films with different PANI weight percentages of 12, 23, 50, 70 and 86% at a current density of 1 A/g. (c) Dependence of specific capacitance on current
density. (d) Dependence of specific capacitance on weight percentage of PANI.
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UV-vis spectrum in Figure S4 further shows a desorption peak at
around 350 nm, indicating that PANT mainly existed in an emerald-
ine structure. The composite films were flexible and could be easily
bent into different morphologies (Figure S3). In addition, the elec-
trical conductivities remained almost unchanged during the bending
process. Therefore, such composite films may be stably used as a new
family of flexible electrode materials.

Cyclic voltammetry was first used to characterize the electrochem-
ical property of aligned MWCNT sheet and MWCNT/PANI com-
posite film. Figure 2a has compared cyclic voltammograms (CV's) of
an MWCNT sheet and MWCNT/PANI composite film with PANI
weight percentage of 70% measured in a two-electrode system at a
scan rate of 50 mV/s in H;PO,4-PVA gel electrolyte. Obviously, a
typical rectangular shape which corresponded to an electrochemical
double layer capacitor was obtained for the MWCNT sheet, while
redox peaks which indicated a pseudo-capacitance derived from
different oxidation states of PANI were observed for the MWCNT/
PANI film®”**~%%. As expected, the current density for the composite
film was much higher than that of the bare MWCNT sheet. Figure 2b
has compared the typical galvanostatic charge-discharge curves of
MWCNT sheet and MWCNT/PANI composite film electrodes
between 0 and 0.8 V at a current density of 1 A/g. The charge curves
were nearly symmetric to their corresponding discharge curves in the
potential range, which indicated a high reversibility between charge
and discharge processes.

The specific capacitances were firstly increased with the increasing
PANI weight percentage and then reached a platform (Figures 2cand
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2d). Specifically, they were increased from 6.38, 31.0, 93.8, 207 to
233 F/g with the increasing PANT weight percentage from 0, 12, 23,
50,t0 70% ata current density of 1 A/g, respectively. With the further
increase of PANI, the speciﬁc capacitance was maintained, e.g.,
230 F/g at 86%. The increasing specific capacitance at PANI weight
percentages of less than 70% was mainly derived from the higher
pseudocapacitance of PANI. PANI was mainly incorporated among
aligned MWCNTs, where the excellent electrical properties of
MWCNTs such as high conductivity had been effectively used. At
higher percentages, the additional PANI was covered at the top of
composite films, and could not efficiently interact with aligned
MWCNTs. Therefore, besides the introduction of higher pseudoca-
pacitance of PANI, a synergetic interaction between aligned
MWCNT and PANI plays a critical role for the high capacitance of
composite films. The dependence of specific capacitance on PANI
weight percentage had been also confirmed by the alternate current
impedance spectra of supercapacitors (Figure S5).

The composite film-based supercapacitors were stable during the
use. Figure 3a compares CV curves of the supercapactior prepared
from the MWCNT/PANI composite film with PANI weight percent-
age of 70%. The covered area of the CV curve was enhanced with the
increasing scan rate. Figure 3b compares charge-discharge curves of
the supercapactior under different current densities. The charge—
discharge curves are similar in shape between 0 and 0.8 V, indicating
that the supercapacitor can be stably performed in a wide range of
current densities””. The supercapacitor stability was also confirmed
by the cyclic measurement. Figure 3¢ shows typical charge-discharge
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Figure 3| (a) CV curves for a supercapacitor based on the PANI weight percentage of 70% at different scan rates. (b) Galvanostatic charge/discharge
curves for a supercapacitor based on the PANT weight percentage of 70% at different current densities. (c) Galvanostatic charge/discharge curves for a
supercapacitor based on the PANI weight percentage of 70% with the time at a current density of 1 A/g. (d) Dependence of specific capacitance

on cycle number for supercapacitors fabricated from bare and composite films with different PANI weight percentages. The specific capacitance was
calculated from the charge—discharge curves at the current density of 1 A/g in H;PO4-PVA gel electrolyte.
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Figure 4| (a) A typical photograph showing that the supercapacitor is transparent and flexible. (b), (c) Dependence of specific capacitance for a

supercapacitor based on the PANI weight percentage of 70% on bent angle and cycle number, respectively. 0 is the bent angle, and Cyand C correspond to
the specific capacitance before and after bending for different cycles, respectively. (d) Comparison of specific capacitances for supercapacitors fabricated
from bare MWCNT sheet on PET, PANI on flexible ITO, randomly dispersed MWCNT/PANI film on PET and aligned MWCNT/PANI film on PET.

curves in a continuous operation for 19 cycles. Obviously, these
curves are the same in shape. The cyclic performances of supercapa-
citors derived from MWCNT sheet and aligned MWCNT/PANI
composite films were further compared and extended to 1000 cycles
at a discharge current density of 1 A/g (Figure 3d). The specific
capacitances remain almost unchanged for both MWCNT sheet
and composite films with the PANI weight percentage of 12 and
23%. Interestingly, the specific capacitances are slightly increased
at 50% and 70%. The Coulomb efficiency was also slightly increased
to almost 100% after 1000 cycles (Figure S6). It remains unclear
about the mechanism yet. In the case of a higher weight percentage
of 86%, the specific capacitances are obviously decreased in the first
250 cycles and then maintained almost the same in the following
cycles.

Discussion

The supercapacitors based on aligned MWCNT/PANI composite
films were transparent (Figure 4a). In addition, they were flexible
and could be bent for over a hundred times 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 bent angles and cycles.
Figure 4b shows dependence of specific capacitance of a supercapa-
citor fabricated from an aligned MWCNT/PANI composite film
(PANT weight percentage of 70%) with the increasing bent angle
from 0 to 180°. The values of specific capacitances remain almost
unchanged with the increasing bent angle. In addition, the C/Cy
values are only slightly decreased by less than 8% after bending for

50 cycles (Figure 4c). Here Cy and C correspond to the specific
capacitances before and after bending for different cycles.

As a comparison, we had further studied the supercapaciors by
electrodeposing PANI on the randomly dispersed MWCNT film
under the same condition. Figure 4d shows the dependence of the
specific discharge capacitance in the supercapacior on the basis of
randomly dispersed MWCNT/PANI composite films on the current
density (Figure S7). The specific capacitances are seriously decreased
for the randomly dispersed MWCNT/PANI composite films with
different PANI weight percentages at a current density range of 0.3—
1.0 A/g. As previously discussed in Figure 2c, the capacitances for the
aligned MWCNT/PANI composite films were well maintained dur-
ing this current density range. In addition, the specific capacitances
for the randomly dispersed MWCNT/PANI composite films were
much lower than the aligned MWCNT/PANI films. As another
comparison, the specific capacitance based on the aligned
MWCNT/PANI film was also much higher than 10.2 F/g for pure
PANI deposited on a flexible indium tin oxide (ITO) substrate
(Figure 4d). It should be noted that the supercapacitor derived from
the pure PANI on generally used rigid fluorine-doped tin oxide
achieved a specific capacitance of 416 F/g at 1 A/g. The very low
specific capacitance of flexible PANI/ITO electrode was possibly
derived from much lower electrical properties.

The other conducting polymers such as poly(pyrrole) (PPy) were
also incorporated into aligned MWCNT to produce composite films
(Figure 5a). The aligned MWCNT/PPy composite films had been
used to fabricate novel supercapacitors. For instance, for a composite
film with PPy weight percentage of 70%, the specific capacitance of
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Figure 5 | Characterization of the aligned MWCNT/PPy composite film
with PPy weight percentage of 70% and the resulting supercapacitor.
(a) SEM image. (b) Dependence of specific capacitance on current density.
(c) Dependence of specific capacitance on cycle number at a current
density of 1 A/g.

resulting supercapacitor was slightly decreased with the increasing
current density of 0.3-7.0 A/g (Figure 5b). The cyclic performances
were also studied in 1000 cycles at a discharge current density of
1 A/g (Figure 5c¢), and the specific capacitance was about 76.0 F/g
after 1000 cycles.

MWCNT/PPy and MWCNT/PANI composite films were further
compared in conductivity in Figure S8. The conductivities of
MWCNT sheet, PPy, and PANI are 570, 0.1, and 0.05 S/cm, respect-
ively. The aligned MWCNT/PPy composite film showed a higher
conductivity of 424, compared with 331 S/cm in the MWCNT/PANI

composite film under the same weight percentage of 70% for the
polymer content. However, PANI was observed to form a rough
surface while PPy produced a smooth surface in the composite film.
Therefore, the higher specific capacitance based on the aligned
MWCNT/PANI film may be derived from the rougher surface®.

In summary, aligned MWCNT/conducting polymer composite
films with high optical transmittance and good flexibility have been
synthesized by an electrochemical polymerization. These composite
films have been further used as electrodes to fabricate transparent
and flexible supercapacitors. The synergetic interaction between
aligned MWCNT and polymer provides the supercapacitor with
much improved performance compared with bare MWCNT sheet,
pure polymer, and randomly dispersed MWCNT/polymer film. For
instance, the specific capacitances in the resulting supercapacitors
based on aligned MWCNT/PANI composite films are 36 times of
bare MWCNT sheet, 23 times of pure PANI film, and 3 times of the
randomly dispersed MWCNT/PANI film. In addition, the superca-
pacitors based on aligned MWCNT composite films also showed a
high cyclic stability.

Methods

Synthesis of MWCNT/PANI and MWCNT/PPy composite film electrodes.The
synthesis of spinnable MWCNT arrays had been reported elsewhere'*°, and aligned
MWCNT sheets were continuously prepared from the arrays through a dry-drawing
process. The randomly dispersed MWCNT films were prepared by coating an
MWCNT/N-cyclohexyl-2-pyrrolidone dispersion with concentration of 1 mg/mL
onto poly(ethylene terephthalate) (PET). Electrochemical deposition of PANI and
PPy was made on MWCNT sheets or randomly dispersed MWCNT films through an
electrochemical analyzer system (CHI 660D) using platinum wire and saturated
calomel electrode (SCE) as counter and reference electrodes, respectively. Prior to
electrochemical deposition, the aligned MWCNT sheet or randomly dispersed
MWCNT film on PET were dipped in the electrolyte for 10 min.
Electropolymerization of aniline had been performed at a potential of 0.75 V vs. SCE
in a solution containing 0.1 M aniline and 1.0 M H,SO,. After polymerization, the
as-prepared MWCNT/PANI composite films were washed with de-ionized water and
then dried at 80°C for over 2 hr. As a comparison, pure PANI was also
electro-deposited on flexible ITO at a potential of 0.75 V vs. SCE.
Electropolymerization of pyrrole was made at a potential of 0.70 V vs. SCE in a
solution containing 0.1 M pyrroleand 0.1 M KNOj ata pH of about 3. The formation
of composite films had been confirmed by Fourier transform infrared spectra (Figures
S8 and §9)**%.

Fabrication of supercapacitors based on composite films. The MWCNT/PANI
composite films were used as electrodes to fabricate flexible supercapacitors. The
supercapacitor was typically composed of two composite film electrodes separated by
H;PO,-poly (vinyl acetate) gel electrolyte. The density of aligned MWCNT sheets was
1.41 pg/cm?, and the mass of PANI and PPy in the composite film had been
calculated from the total Faradic charge consumed in the electropolymerization
reaction by assuming an average of 2.5 and 2 electrons per monomer, respectively'*.

Characterization and electrical measurements. The structures of MWCNT/PANI
composite films 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 in Via Reflex with
an excitation wavelength of 633 nm and laser power of 20 mW) and Fourier
transform infrared spectroscopy (Thermofisher Nicolet 6700). The electrical
conductivities were generally measured by a four-probe method on Resistivity
Measurement System (RTS-8). Galvanostatic charge/discharge measurements of
supercapacitors were made at a current density of 1 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 discharge curve was
calculated according to the following equation: C = 2ip/[m(AV/At)], where iy, m and
AV/At correspond to the discharge current, mass of the active material in the
electrode and average slope of the discharge curve, respectively.
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