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Improvement of Electrical Property in Laterally
Aligned CNT/Polyaniline Composite Thin Film
by Rubbing Technique

Hiroyuki Nakamatsu
Eiji Itoh
Keiichi Miyairi
Department of Electrical and Electronic Engineering,
Shinshu University, Wakasato, Nagano, Japan

We have investigated the electrical property of carbon nanotube (CNT)=Polyaniline
(PANI) composite thin film. It was found that the electrical conductivity of
CNT=PANI composite film increases by seven orders of magnitude with the
increment of functionalized SWCNT loading from 0 to 20 wt%, whereas little
change was observed in pristine MWCNT=PANI composite. The electrical conduc-
tivity of the composite increases by conventional rubbing technique in the rubbing
direction successfully. The increment of electrical conductivity in rubbed composite
film strongly depends on SWCNT loading The electrical conductivity of rubbed
composite film doped with 20 wt% functionalized SWCNT increases by factor of
�12 compared to the non-rubbed film, which is considered as an unique technique
to control the anisotropy of electrical conductivity in the aligned conjugated
polymer=CNT composite.

Keywords: anisotropy of electrical conductivity; carbon nanotube; composite; poly-
aniline; rubbing

1. INTRODUCTION

Carbon nanotubes (CNTs) has been attracting a great deal of attention
recently because of their excellent thermal stability, unique mechan-
ical and electronic properties, such as very high aspect ratio, high ther-
mal and electrical conductivity [1–4]. The CNT=polymer composites
dispersed in the solution processable polymer binder should therefore
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have the potential of various applications such as electrostatic
dissipation, electromagnetic interference (EMI) shielding, electrode
material for the printable circuit, printable field effect transistors,
and transparent conductive coatings [5–9]. Polyaniline (PANI) is one
of the most promising conducting polymers because of its relatively
chemical and thermal stability, low cost and easy film preparation,
but its conductivity can be reversibly controlled with the conjugated
backbone or by protonation of the nitrogen [10]. Therefore several
reports has been reported about the enhanced conductivity of
CNT=PANI composite with a low percolation threshold [11–14]. The
electrical properties of the composites parallel to the substrate will
be further improved if the direction of CNTs is controlled in the plane
parallel to the substrate. There are some reports on the vertical
aligned nanotubes by using high magnetic fields and fibers of aligned
nanotubes by using the electrophoresis [15,16]. However, there are
little reports on the electrical properties of CNTs film aligned parallel
to the substrate in the lateral direction probably due to the difficulty of
CNT dispersion in the conducting polymer binder and the difficulty of
the application of very high external electric (or magnetic) field in the
direction parallel to the substrate. On the other hand, it is well known
that rubbing of the thin polymer surface is one of the typical techni-
ques for the surface alignment of polymeric materials and widely used
for the alignment of liquid crystals deposited on the aligned polymer
surface.

In this study, we investigated the electrical conductivity of func-
tionalized SWCNT=PANI composite and pristine MWCNT=PANI
composite as a function of CNT concentration by weight. We also
investigated the electrical conductivity change of the aligned ultra
thin CNT=PANI composite. We then demonstrated the rubbing effect
on the electrical properties of the composite film.

2. EXPERIMENTAL

Two types of carbon nanotubes, single-walled carbon nanotubes
functionalized with carboxylic acid (SWCNT-COOH) with a purity of
ca. 85–90% and pristine multi-walled carbon nanotubes (MWCNT)
with a purity of >90% were used in this study. Here, the diameter
of SWCNT-COOH and MWCNT is 4–5 nm and 20–30 nm and the
length of the nanotubes are 0.5–1.5 mm and 0.5–2 mm, respectively.
Firstly, CNTs were ultra-sonicated in 1-Methyl-2-pyrrolidinone
(NMP) for 3 h to obtain the dispersion of MWCNT and to dissolve
SWCNT-COOH in NMP, respectively. Here, the density of CNTs
was 4 g=l. Leucoemeraldine base polyaniline (PANI) solution with a
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density of 40 g=l in NMP was then mixed with the solution or disper-
sion of CNTs followed by the second ultra-sonication for 10 min to
obtain the uniform dispersion of CNT=PANI composite.

A 30 nm-thick CNT=PANI composite film were then prepared by
spin-coating technique on a glass slide with several pairs of 2 mm-wide
collinear gold stripes with the gap of 90 mm in length. Subsequently,
the spincoated films were then heat-treated on a hot plate at 120�C
for 20 min.

The films of the surfaces were then rubbed by velvet film (YA-20-R:
Yoshikawa chemical) which is reeled around the rotating roller with a
diameter of 25 mm and the rotating speed of the roller was controlled
between 2000 rpm and 9000 rpm. We prepared three types of films,
without rubbing, rubbed in a direction parallel to the collinear electro-
des across the gap, and rubbed in a direction vertical to the collinear
electrodes.

The electrical property of composite was measured in an evacuated
atmosphere (�10�2 Torr) by using an electrometer (KEITHLEY6517A).
And scanning electron micrographs of surface of CNT=PANI compo-
sites coated by a sputtered 10-nm thick Au thin film were measured
by using a JEOL JSM-7000F scanning electronic microscope (SEM).

3. RESULTS AND DISCUSSION

Figure 1 shows the electrical conductivity of SWCNT-COOH=PANI
and MWCNT=PANI composites as a function of CNT concentration
by wt%. The conductivity of non-doped PANI film is relatively very
low as �10�9 S=cm and it increases with the increment of SWCNT-
COOH loading and it becomes as high as 0.007 S=cm in 20 wt%-
SWCNT-COOH doped PANI film. That is, the electrical conductivity
of SWCNT-COOH doped PANI increases by a factor of 107 by
20 wt% CNT loading. The inset in Figure 1 shows the change in the
conductivity in a low SWCNT-COOH loading. From this figure, the
percolation threshold is 1.5 wt%.

On the other hand, the conductivity of pristine MWCNT=PANI
composite does not improved at all compared to the SWCNT-COOH
doped film.

Figures 2(a) and (b) shows the SEM images of SWCNT-COOH
(30 wt%)=PANI composite and Figures 2(c) and (d) shows the SEM
images of MWCNT=PANI composite, respectively. High-resolution
scanning electron microscopy analysis reveals the presence of ran-
domly networked SWCNTs but aligned laterally in the substrate
plane. The diameter of SWCNT-COOH wires observed in Figure 2(a)
was �20 nm, which is wider than the diameter of SWCNT-COOH,
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�5 nm, suggests the aggregation of CNTs. It should be noted here,
however, that the SEM images of CNTs coated by different thickness
of Au gives different diameters. We therefore considered that each
SWCNT-COOH separates each other in the polymer matrix success-
fully. On the other hand, the SEM images of MWCNT (30 wt%)=PANI
composite reveals that MWCNTs tangle each other and the large
domain like island structure is clearly observed instead of uniform dis-
persion of CNTs. It is therefore revealed from Figures 1 and 2 that
the uniformly dispersion of SWCNT network in the SWCNT-
COOH=PANI composite improve the electrical conductivity drasti-
cally, whereas the separation of island like CNT domain in the
MWCNT=PANI composite does not improve the electrical conductivity
at all. That is, a smooth sidewalls of pristine CNT surfaces are incom-
patible with the solvent and PANI resulting in poor dispersion of nano-
tubes in the polymer matrix, whereas a homogeneous network of
carbon nanotubes is obtained successfully by the use of noncovalently
functionalized CNT surfaces. The electrical conductivity of SWCNT-
COOH=PANI composites is, however, still very small compared to
that of pure SWCNTs, >103 S=cm [4], probably due to the large con-
tact and inter-nanotube resistance of PANI between each CNT wires.

FIGURE 1 The electrical conductivity of SWCNT-COOH=PANI and MWCNT=
PANI composites as a function of CNT concentration by wt%.
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The re-arrangement of CNTs seems to be an efficient procedure to
improve these problems.

We have then investigated the rubbing condition of CNT=PANI
composites to optimize the conducting network. Figure 3 shows the
relationship between the rotation speed of velvet films and the electri-
cal conductivity of SWCNT-COOH (20 wt%)=PANI composite ultra
thin film (ca. 30 nm) in the direction parallel to the rubbing direction.
The conductivity of rubbed film clearly increases between 2000 rpm
and 6000 rpm, and it decreases with the rotation speed above
7000 rpm. Figure 4 show the relationship between the concentration
of SWCNT-COOH and the electrical conductivity of as-deposited
SWCNT-COOH=PANI composite r0, the rubbed composite in the
direction parallel to the rubbing direction rk, and the rubbed com-
posite vertical to the rubbing direction r?, respectively. The rotation
speed of the rubbing was 5000 rpm. The conductivity of the film

FIGURE 2 The SEM images of (a) SWCNT-COOH (30 wt%)=PANI composite
(�30,000), (b) (�10,000), (c) Pristine MWCNT (30 wt%)=PANI composite
(�30,000), and (d) (�5,000).
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FIGURE 3 The relationship between the rotation speed of velvet films and
the electrical conductivity of SWCNT-COOH (20 wt%)=PANI composite ultra
thin film (ca. 30 nm) in the direction parallel to the rubbing direction.

FIGURE 4 The relationship between the concentration of SWCNT-COOH and
the electrical conductivity of as-deposited SWCNT-COOH=PANI composite r0,
the rubbed composite in the direction parallel to the rubbing direction rk, and
the rubbed composite vertical to the rubbing direction r?, respectively.
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rubbed in the parallel direction increases remarkably, whereas the
electrical conductivity changes little in the film rubbed vertically. It
should be noted here that the ratio of the conductivity of non-rubbed

FIGURE 5 The SEM images of SWCNT (30 wt%)=PANI composite ultra thin
film of (a) before and (b) after rubbing treatment.

FIGURE 6 The relationship between the CNT concentration and the ani-
sotropy of electrical conductivity, rk=r?, of rubbed SWCNT=PANI composite
and MWCNT=PANI composite as a function of the CNT concentration.
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film to rubbed film, defined as rk=r0, does not change at all in pure
PANI film. On the other hand, rk=r0 increases with the concentration
of SWCNTs and it increases by factor of 12 at 20 wt%. That is, the
re-arrangement of SWCNTs in the polymer network is probably a
dominant factor of conductivity change. Figure 5 shows the SEM
images of SWCNT (30 wt%)=PANI composite ultra thin film before
and after rubbing treatment. The difference in the SEM images
strongly supports that a randomly aligned SWCNT network is rear-
ranged parallel to the rubbing direction resulting to the increment
of the electrical conductivity. Figure 6 shows the relationship between
the CNT concentration and the anisotropy of electrical conductivity,
rk=r?, of rubbed SWCNT=PANI composite and MWCNT=PANI com-
posite as a function of the CNT concentration. The anisotropy of elec-
trical conductivity increases with CNT concentration above
percolation threshold and it increases by factor of 10 at 20 wt%. We
therefore concluded that the rubbing of the uniformly dispersed
CNT in the polymer network is an easy and effective way of controlling
the unique electrical properties of aligned CNT=conducting polymer
composite thin film.

4. CONCLUSIONS

We investigated the electrical conductivity of carbon nanotube
(CNT)=Polyaniline (PANI) composite thin film. An uniform and ran-
domly aligned carbon nanotube network was successfully obtained
by using the functionalized SWCNT=PANI composite, whereas the
pristine MWCNT did not disperse in polymer network at all. The elec-
trical conductivity of SWCNT=PANI composite film was controlled by
factor of 107 by changing the concentration of functionalized SWCNT
from 0 to 20 wt%. We have demonstrated an unique fabrication tech-
nique to control the electrical conductivity of SWCNT=PANI composite
by conventional rubbing technique. The SEM images revealed that the
electrical conductivity of the composite films increases in the rubbing
direction by the rearrangement of CNTs in the polymer network. The
increment of electrical conductivity in rubbed composite film also
strongly depends on SWCNT concentration. The electrical conduc-
tivity of rubbed composite film doped with 20 wt% functionalized
SWCNT increased by factor of �12 compared to the non-rubbed film.
The anisotropy of electrical conductivity in the CNT=conducting poly-
mer network is considered as an unique technique for the application
of polymeric conducting film, such as aligned conjugated polymer=
CNT composite.
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