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ABSTRACT:

Flexible sheets consisting of acrylonitrile-butadiene rubber (NBR) and carbon nanotube (CNT) are
newly prepared varying the composition (CNT 20-25 wt.%) for use as a current collector of super-
capacitor electrodes. The as-prepared CNT/NBR is electrodeposited with aniline using potentio-
dynamic cyclic voltammetry to yield a polyaniline (PANI)/CNT/NBR composite electrode. It is
confirmed that the electrical conductivity of CNT/NBR current collector can be enhanced as the
content of CNT increases. Cyclic voltammetry result shows that the sample of PANI/CNT(25
wt.%)/NBR composite achieves a maximum specific capacitance (134.9F g!) at 5mV s™. Such
supercapacitor application is possibly originated from the synergistic effects consisting of higher
polarity of nitrile groups in NBR, conducting pathway of CNT, and electroactive property of PANI.
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1. Introduction

Materials of two or more different conducting com-
ponents are of wide interest nowadays because of their
combined advantageous effects in the fields of electro-
chemistry and materials science. Among these, con-
ducting polymers and carbon-based materials, due to
their electrochemical properties, are able to form highly
porous films and exhibit reversible redox behaviors.
Flexible supercapacitors already arise to cater some
necessities of flexible devices assembly, such as
wearable external power sources for medical devices.
However, common metallic current collectors such as
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platinum foil, nickel foam, aluminum foil, and stainless
steel sheet,' cannot satisfy the device flexibility. Thus,
it will be convenient to design the flexible energy
storage device if polymer-based organic current collec-
tor with a certain degree of electric conductivity can be
available.

Polyaniline (PANI) as one of the most widely used
conducting polymer can be a promising material for
flexible electrode since it can be fabricated as a
mechanically flexible electrode with a light-weight and
a electrical conductivity in its emeraldine salt form.*®
Another possible component for a flexible electrode is
acrylonitrile-butadiene rubber (NBR), a typical syn-
thetic rubber commonly used as an elastomer in auto-
motive industry. The NBR contains polar nitrile
groups” that are beneficial to organic conductive matrix
in a flexible current collector. Also, the addition of
carbon nanotube (CNT) is believed to enhance the elec-
trical conductivity of the current collector.
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In this study, a polymer-based organic current collec-
tor is prepared from NBR as a polymer matrix and CNT
as a conductive agent. PANI is used as an electroactive
material by electrodepositing on the surface of the
CNT/NBR current collector through a potentiodynamic
cyclic voltammetry to produce a flexible PANI/CNT/
NBR composite electrode. The amount of CNT loading
is also varied to monitor its effect on the supercapacitive
performance of the composite electrode.

2. Experimental

The NBR (KNB Series, acrylonitrile 34 mol %) and
CNT (tube length 10-20 pm, diameter 10-50 nm) used
were commercially obtained from Kumho Petrochemi-
cal Corp. and Hanhwa Nanotech, respectively. Prior to
the electrodeposition, the aniline monomer (99.0% Ald-
rich) was purified by vacuum distillation. First, different
contents of CNT (20 and 25 wt.%) were dispersed in
5 ml of chloroform (CHCls, Aldrich) by stirring for 6 h.
The NBR (0.4 g) was then added and vigorously stirred
for 6 h to obtain viscous black slurry. The slurry was
cast onto a glass slide using a doctor blade apparatus to
yield a current collector sheet (CNT/NBR) with a thick-
ness of 140 mm as a free-standing film. After air-drying
for 18 h at ambient temperature, the morphology of the
cast CNT/NBR film was observed using a field-emis-
sion scanning electron microscope (Hitachi S-4800).

The electrodeposition of PANI on the surface of
CNT/NBR current collector film was carried out using
an Autolab instrument (P/Gstat 100, Eco-Chemie). A
mixture of 0.2 M H,SO4 and 0.1 M aniline monomer
was used as an electrolyte solution. The potentiody-
namic electrodeposition of PANI onto the CNT/NBR
current collector as a working electrode was performed
10 times in the potential range 0f-0.05 to 0.85 V (vs.
Ag/AgCl) at a scan rate of 5 mV s~ to form the emeral-
dine structure of PANI. The upper limit of potential
range was set by the structural transformation of emer-
aldine to pernigraniline over the 0.85 V.'” The flexible
PANI/CNT/NBR composite electrode was finally
obtained by washing in deionized water and drying in
an oven at 40°C for 24 h. The surface morphology of
the prepared PANI/CNT/NBR electrode was also
observed using a field-emission scanning electron
microscope (Hitachi S-4800). The electrical conductiv-
ity was measured using a four-point probe picoamme-
ter (CMT-100, Advanced Instrumental Technology).

Supercapacitive properties of the PANI/CNT/NBR as
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Fig. 1. Scanning electron microscopic images of (a)
CNT(20 wt.%)/NBR and (b) CNT(25 wt.%)/NBR.

a working electrode were examined through a cyclic
voltammetry (P/Gstat 100, Eco-Chemie) using a three-
electrode cell equipped with a Ag/AgCl reference elec-
trode (Metrohm AG 9101 Herisau, 3 M KCI, 0.222 V
vs. Ag/AgCl at 25°C). A 2 cm X 2 cm-sized platinum
was used as a counter electrode in the potential range of
-0.2t0 0.6 V at various scan rates of 10-200 mV s™! in a
1.0 M H,SO; electrolyte solution at 25°C.

3. Results and discussion

Fig. 1 shows the cross-sectional images of the as-pre-
pared CNT/NBR current collectors, varying the amount
of CNT. The CNT/NBR current collectors are success-
fully formed as self-supporting films with a certain
degree of mechanical strength. It can also be seen that
fibrils of CNT are homogeneously distributed in NBR
matrix entangled to form a three-dimensional network
and are more condensed with increasing its content. The
fibrils are more strongly connected with each other in
the NBR matrix, so that the current collector is highly
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Fig. 2. Scanning electron microscopic images of PANI/CNT(25 wt.%)/NBR with the magnifications of (a) X 15,000 and

(b) > 30,000.
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Fig. 3. Cyclic voltammograms of PANI/CNT/NBR
composite electrodes with (a) 20 wt. % CNT and (b) 25 wt.
% CNT. Also, (c) shows the cyclic voltammograms of PANI/
CNT/NBR composite electrodes recorded at S mV s™.

flexible and tough enough to be folded. That is, the dis-
tance between CNT fibrils becomes more shortened to
involve the reduction of electrical resistance of CNT/
NBR current collector which will tend to increase the
electrical conductivity of the current collector. This can
be evidenced by the electrical conductivity values of
0.85 and 1.24 S cm™ for the CNT/NBR current collec-
tors with 20 and 25 wt.% of CNT, respectively. An
attempt to make a current collector with CNT content
exceeding 25 wt.% is conducted, but the obtained slurry
is too viscous which make it difficult to form a self-sup-
porting film with good flexibility. This is due to the
overdose of fibril structure that will make the fabricated
current collector to be inappropriate as a flexible film.
Surface images of the electrodeposited PANI onto the
CNT/NBR current collector with 25 wt.% of CNT are
shown in Fig. 2. Uniformly deposited spherical shaped
nanoparticles with an average of 0.1-0.2 mm in diame-
ter are observed around the branches of CNT, giving a
micro-porous structure of PANI/CNT/NBR composite
electrode.

The supercapacitive properties of the PANI/CNT/
NBR composite electrodes are investigated by cyclic
voltammetry in the potential range 0f-0.2t0 0.6 V (vs.
Ag/AgCl) at various scan rates. Fig. 3a and 3b show the
cyclic voltammograms of the composite electrodes
obtained at scan rates 5, 10, 20, 50, 100 and 200 mV s,
while Fig. 3¢ is the magnified cyclic voltammetry
results at the lowest scan rate of 5 mV s'. PANI-based
electrodes are usually known to show bulk faradaic
redox behavior at potentials over 0.2 V.'V At low scan
rates within a potential region of-0.1 to 0.6 V, a redox
current response is observed indicating that the emeral-
dine salt form of aniline is oxidized during anodic scan
and the emeraldine is reduced to aniline during cathodic
scans.!>16)
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Fig. 4. Specific capacitance evolution as a function of scan

On the other hand, high scan rate involves fast redox
behaviors becoming the iR drop significant. All the
cyclic voltammograms at high scan rates do not show
redox peaks over the potential range, indicating the lim-
ited proton-diffusion migration and the iR drop in the
PANI component. No redox peaks at high scan rates
may involve the capacitance decrease or reveal the irre-
versibility. The kinetics of surface redox reactions of the
composite electrode is relatively slow. At low scan rate,
however, high electrical conductivity of the CNT/NBR
current collector offers a better electronically conduct-
ing pathway among PANI particles. The micro-porous
structure of the PANI/CNT(25 wt.%)/NBR composite
electrode also facilitates solvated ion diffusion in the
materials at high scan rates. As the amount of CNT
loading increases, the redox peak positions at low scan
rate tend to shift to yield a narrow potential range
between the cathodic and anodic peaks, as shown in
Fig. 4c, indicating an increase in capacitance.

Specific capacitances calculated by integrating the
cyclic voltammograms of the two CNT loading-varied
composite electrodes are shown in Fig. 4 as a function
of scan rate. Maximum specific capacitance values
obtained at lowest scan rate (5 mV s™!) turn out to be
96.1 and 134.9 F g! for the composite electrodes adopt-
ing 20 and 25 wt.% of CNT, respectively. A distinctive
decrease of capacitances ascribe to the presence of inner
active sites that cannot sustain the redox transitions
completely at higher scan rates. This may be due to the
diffusion effect of protons within the electrode. Hence,
the specific capacitance obtained at the slowest scan
rate is believed to be closest to that of full utilization of
the electrode material.!” On the other hand, the

contribution of CNT in the current collector on the
specific capacitance is not negligible because the CNT
has used as the electrode material of electric double
layer capacitors and showed some specific capacitance
values of 35-50 F g1V It can be said that if the CNT
and PANI may be strictly contribute as active materials
to the specific capacitance of the PANI/CNT(25 wt.%)/
NBR composite electrode, the portion of PANI in the
maximum specific capacitance is approximately in the
range of 85-100 F ¢! by subtracting from 1349 F g™\,

4. Conclusions

In this study, a polymer-based current collector with a
conducting additive was prepared for supercapacitor
applications. The CNT/NBR current collector acted as a
flexible self-supporting conductive film with a high
electrical conductivity. The composite electrode, elec-
trodeposited PANI on the surface of CNT/NBR current
collector, has a micro-porous structure in which the
PANI particles are homogeneously deposited on the
aggregated CNT branches in the NBR matrix. The
resultant PANI/CNT/NBR composite electrodes with
adequate content of CNT (20-25 wt.%) show good spe-
cific capacitances applicable to supercapacitors. Com-
prehensively considering, this achievement is possible
by the synergistic effect of the higher polarity of nitrile
groups in NBR, conducting pathway of CNT, and elec-
troactive property of PANI.
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