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Abstract Multi-walled carbon nanotube (MWNT)/
polyaniline (PANI) composite films with good unifor-
mity and dispersion were prepared by electrochemical
polymerization of aniline containing well-dispersed
MWNTs. The results of transmission electron micros-
copy (TEM) show that aniline can be used to solve
MWNTs via formation of donor–acceptor complexes.
Scanning electron microscopy (SEM), cyclic voltamme-
try (CV), and electrochemical impedance spectroscopy
(EIS) revealed that the well arrangement of PANI-
coated MWNTs in these films facilitated improved
electron and ion transfer relative to pure PANI films and
this may be due to the strong interaction between
MWNTs and PANI.
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Electropolymerization

Introduction

Carbonnanotubes (CNTs) have demonstrated awealth of
exceptional structural, mechanical and electronic prop-
erties [1] that have made them show a lot of potential for a
vast range of applications, including quantum wire [2],
tips for scanning probe microscopy [3] and molecular
octylthiophene [4]. Recent experimental studies have
shown that, much attention has been paid to the use of
CNTs in composite materials, e.g. the formation of
nanotube/polymer composites is considered a promising
approach to synergetic effects [5, 6]. Many polymers have

been used as matrix materials in CNT/polymer compos-
ites for various target applications. For example, CNTs
can be used as a conductive filler for CNT/poly(3-octy-
tchiophene) composites [7], and CNT/poly(phenylene-
vinylene) (PPV) [8], CNT/polyprrole [9], CNT/PMMA
[10] composites have also been reported. Moreover, con-
jugated polymers with the incorporation of CNTs show
potential for electronic device applications [11], micro-
electromechanical systems (MEMS) to supercapacitors
and sensors to solar cells and displays [12–14].

Among various conducting polymers, polyaniline
(PANI) is a unique and promising candidate for prac-
tical applications due to its good processability, envi-
ronmental stability, and reversible control of electrical
properties by both charge-transfer doping and proton-
ation [15, 16]. The dispersion of CNTs into PANI
matrices for the fabrication of CNT/PANI composites
has naturally stimulated significant interest among
researchers. To date, several methods have been devel-
oped to prepare these polymer/nanotube composites
efficiently including dissolving the polymer in an organic
solvent containing the multi-walled carbon nanotube
(MWNT) suspension [17], melt mixing [18], in situ
polymerization [19], grafting macromolecules to the
CNTs [20], and electrochemistry [9]. However, the
development of such composites has been impeded by
the inability to disperse CNTs in the polymer matrix due
to the lack of chemical compatibility between the poly-
mers and the CNTs [21–24]. This is, in part, because of
the difficulties in material processing arising from
insolubility of the pristine CNTs in most solvents. There
is therefore interest in increasing the strength of the
bonding between the nanotubes and the polymer matrix
so that the interaction between the composite materials
can be increased.

Recent studies have shown that the introduction of
MWNTs to polyaniline composites enhances the electri-
cal properties (the room temperature resistivity is de-
creased by one order of magnitude as compared to
polyaniline) by facilitating charge-transfer processes be-
tween the two components [25]. Here, we report on the
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fabrication and characterization of MWNT/PANI com-
posites by electrochemical polymerization of an aniline
solution containing different MWNT contents. Electron
microscopy showed that they have good uniform nano-
tube dispersion. The electrochemical impedance spec-
troscopy (EIS) analysis was used to investigate the doping
effect of MWNTs on PANI film.

Experimental sections

Preparation of MWNT-aniline solutions

Multi-walled carbon nanotubes were produced via the
chemical vapor deposition method. The samples—as
produced—were purified by procedure already reported
in the literature [26]. In a typical experiment, MWNTs
were added to 5 ml of aniline with different contents of
0, 2, 4, and 8 wt% (weight percent with respect to aniline
monomer). The mixture was heated at reflux for 5 h in
the dark. After reflux for a short time, the original col-
orless aniline solution first became brownish and then
turned dark red, indicating that MWNTs have been
dissolved in the aniline. After being cooled to room
temperature, MWNT/aniline solutions were obtained by
filtration through 0.1 lm diameter Supor Membrane
disc filters (Gelman).

Preparation of MWNT/PANI composite films

Multi-walled carbon nanotube/polyaniline composite
films were formed on the platinum disk working electrode
with an area of 1 cm2 by the cyclic voltammetry (CV)
technique at 100 mV s�1 between �0.2 and 1.2 V for 50
cycles in a solution of 0.5 M H2SO4 containing 0.325 M
aniline dissolved MWNTs in various mixture ratios.

Measurements

All electrochemical experiments were performed with a
CHI660A potentiosat/galvanostat using a glass cell with

a three-electrode configuration. The working electrode
was a platinum disk encapsulated in epoxy resin and the
working surface was the round face of the disk. A
platinum sheet was used as the counter electrode and a
saturated calomel electrode (SCE) as the reference elec-
trode. All potentials in this paper are presented on the
SCE scale. The working electrode was polished
mechanically using emery paper (grade 1,200–1,500) to a
mirror surface and then cleaned by potential cycling
between �1.0 and 1.2 V at 50 mV s�1 in 0.5 M H2SO4

until a stable voltammogram was obtained.
Electrochemical impedance spectroscopy measure-

ments for the MWNT/PANI composite films electrode
were performed in 0.5 M H2SO4 solution under open
circuit potential in an a.c. frequency range 10 kHz–
10 MHz with an excitation signal of 5 mV.

The morphology and microstructure of the MWNT/
PANI composite films were characterized using trans-
mission electron microscopy (TEM) (Hitachi600, Japan)
and scanning electron microscopy (SEM) (Model JSM-
6700F, Japan). All the electrochemical experiments were
carried out at 20±1 �C.

Results and discussion

MWNT-aniline solutions

Figure 1a shows the typical SEM image of the purified
MWNTs. It can be seen that the MWNTs are very long
and highly entangled in the solid state to form a dense,
robust, network structure. It is very difficult for the
MWNTs to be well dispersed in the polymer matrix.
However, after refluxing in aniline, the experiment
indicates that the MWNTs exhibit high dissolution in
most solvents such as acetone, THF, DMF and other
common organic solvents that are compatible with ani-
line [27, 28]. Figure 1b shows the typical TEM image of
a MWNT-aniline solution diluted with acetone after
evaporation. It was obvious that the MWNTs have been
completely peeled off and present as individual tubes
and showed similar structural features to that before

Fig. 1 Typical SEM image of
purified MWNTs (a) and
TEM image of dissolved
MWNTs (b) after evaporation
of the solvent
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dissolution, suggesting no damage had occurred to the
MWNTs (of course, TEM would not reveal evidence of
a chemical reaction of the MWNTs).

Electropolymerization of MWNT/PANI composite
films

The MWNT/PANI composite films were formed by
electropolymerization of aniline dissolved MWNTs with
different concentrations. Figure 2 shows the typical CV
growth of MWNT/PANI film in aqueous 0.5 M
H2SO4 + 0.325 M aniline dissolved with MWNTs of
8 wt%. Continuous potential scanning at 100 mV s�1 in
the potential range between �0.2 and 1.2 V gives a thin,
uniform green coating on the platinum electrode. The CV
exhibited three pairs of redox current peaks centered
roughly at 0.2, 0.5 and 0.8 V, respectively, and their peak
heights increased with the increase of number of potential
cycles, suggested that the films were conductive and also
electroactive. According to the literature [29], the oxida-
tion peaks A and C can be assigned to the oxidation of
PANI in the leucoemeraldine oxidation state to the
emeraldine oxidation state, and the further oxidation of
the emeraldine oxidation state, respectively. The inter-
pretation of the middle peaks B/B¢ corresponding to the
benzo/hydroquinone (BQ/HQ) couple [30].

Electrochemical response of the MWNT/PANI
composite films

To elucidate the effect of MWNTs on the property of
PANI films, electrochemical performance of composite
films was evaluated by carrying out CV measurements in
0.5 M H2SO4, as shown in Fig. 3. The cyclic voltam-
mograms of the MWNT/PANI films (Fig. 3a) showed a

couple of strong and broad oxidation and reduction
waves. Their wave currents were much stronger than
that of pure PANI films electrode s(Fig. 3b). The vol-
tammograms reveal the electrodes are stable in sulfuric
acid solution within the sweeping potential range. Close
comparisons of CV curves between MWNT/PANI
electrode and pure PANI electrode show that a MWNT/
PANI electrode not only displays a higher background
current in the potential sweep but also there exist fara-
daic currents, which is believed to arise from the con-
tribution of the loaded MWNT. It has been reported
that PANI was considered as a promising material for
electrochemical capacitors due to the existence of dif-
ferent oxidation states. Owing to the higher current in
the voltammograms of the MWNT/PANI electrode
than a pure PANI electrode, a larger capacitance for
capacitors equipped with MWNT/PANI electrode can
be anticipated.

To illustrate the performance of the resulting elec-
trodes in supercapacitors, constant current charge–dis-
charge cycling was performed to measure the
capacitance in a 0.5 M H2SO4 solution. Typical galva-
nostatic charge–discharge curves at a current of 0.5 mA
between 0 and 0.8 V are shown in Fig. 4. It can be
clearly seen that the MWNT/PANI electrode cell pre-
sents higher capacitance than the pure PANI and this
has been considered as the contribution of faradaic
pseudocapacitance of MWNT/PANI.

Morphology of the MWNT/PANI composite films

Figure 5a, b shows SEM micrographs of the surface of
the pure polyaniline and the MWNT/PANI composite
films on the Pt electrode, respectively. As can be seen,
the pure polyaniline films are a loose and fibrillar. For
the MWNT/PANI composite films, SEM images re-

Fig. 2 Cyclic voltammograms of the first ten potential cycles on Pt
electrode in aqueous 0.5 M H2SO4 + 0.325 M aniline dissolved
with MWNTs of 8 wt%, scan rate, 100 mV s�1

Fig. 3 Cyclic voltammograms of the MWNT/PANI films dissolved
with MWNTs of 8 wt% (a) and pure PANI films (b) coated Pt
electrode in 0.5 M H2SO4, scan rate, 100 mV s�1
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vealed the uniform and cable-like morphology of the
nanostructures in which the outer layers were polyani-
line and the inner layer were comprised of MWNTs [31].
The rough outer amorphous polyaniline layer had an
average thickness of about several tens of nanometers. It
is to be expected that this difference in surface mor-
phology will play an important role in subsequent pro-
cesses, e.g., impedance spectra.

Impedance spectra of the MWNT/PANI
composite films

It is well known that CNTs can be dissolved in aniline
via the formation of a donor–acceptor complex [32]. The
solubility of single-walled carbon nanotubes (SWNTs)
in aniline is up to 8 mg ml�1. Therefore, the dependence
of impedance spectra of the conducting polymer com-
posite may be considered for studying the characteristics
of film structures and the kinetics and mechanisms of
charge transfer and ion transport in the MWNT/poly-
mer film interface and polymer film/electrolyte interface.
Figure 6 shows the impedance spectra of the MWNT/

PANI composite films containing different amounts of
MWNTs in 0.5 M H2SO4 solution. It can be seen that
the plot in Fig. 6 shows a single semi-circle in the high-
frequency region and a straight line in the low-frequency
region for all spectra can be observed. The high-fre-
quency arc is the overall contact impedance generated
from the electrical connection between MWNT/PANI
composites and the backing plate as well as the charge
transfer at the contact interface between the electrode
and the electrolyte solution.

In spite of the similar shape of the impedance spectra,
there is an obvious difference between the diameters of
the four semi-circles. That is, the diameters of the semi-
circles declines greatly with the increasing doping con-
tent of MWNTs in aniline. In other words, the bulk-film
transport of electrons and the charge transfer resistance
(Rct) of MWNT/PANI composite films are much lower
than that of the pure polyaniline films. This means that
the MWNTs inside the polyaniline matrix may lead to a
faster electron transport in the bulk-film and charge
transfer in the parallel polyaniline film/solution interface

Fig. 5 Typical SEM images of
the pure polyaniline (a) and
MWNT/PANI composite films
(b) with a content of MWNTs
8 wt%

Fig. 4 Charge–discharge curves with a 0.5 mA current of capac-
itors equipped with a PANI and b MWNT/PANI films dissolved
with MWNTs of 8 wt%

Fig. 6 The impedance spectra of MWNT/PANI composite films
with content of 8 wt% 1, 4 wt% 2, 2 wt% 3, 0 wt% 4 prepared
using similar conditions in 0.5 M H2SO4 solution at open circuit
potential
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and MWNTs/solution interface, compared to that in the
originally single polyaniline film/solution interface. In
conducting polymer/carbon nanotubes (CP/CNs) com-
posites, it has been suggested that either the polymer
functionalizes the CNs [33, 34], or the CPs are doped
with CNs, i.e., a charge transfer occurs between the two
constituents. This fact may suggest that the MWNT has
an obvious improvement effect, which makes the com-
posites have more active sites for faradaic reactions and
a larger specific capacitance than pure PANI. Also, this
results in enhanced electric conductivity, lowers the
resistance, and facilitates the charge-transfer of the
composites.

Conclusions

The MWNT/PANI composite films were synthesized
successfully by electropolymerization of aniline con-
taining well-dissolved MWNTs. Aligned MWNT films
were encapsulated in the cores of the growing polymer
chains, resulting in the formation of a PANI-MWNT
hybrid material. Owing to the specific and complex
nature of MWNTs, the results revealed an improvement
in various physical and chemical properties of PANI,
such as thermal stability, conductivity and charge carrier
mobility. The improvements made in the various prop-
erties of the present MWNTs are expected to enhance
the application potential of the conducting polymer
without hampering its chemical properties. The method
described here may be useful for developing new appli-
cations of these nanocomposite films in molecular elec-
tronics and other fields.
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