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Abstract In this paper, electrical and dielectric properties
of multiwall carbon nanotubes (MWCNTs)/insulating poly-
aniline (PANI) composites were studied. A mixture of
MWCNTs and insulating polyaniline was dispersed in an
ethanol solution by ultrasonic process, subsequently dried,
and was hot-pressed at 200 °C under 30 MPa. Electrical
and dielectric properties of the composites were measured.
The experimental results show that the dc conductivities of
the composites exhibit a typical percolation behavior with a
low percolation threshold of 5.85 wt.% MWCNTs content.
The dielectric constant of the composites increases remark-
ably with the increasing MWCNTs concentration, when the
MWCNTs concentration was close to percolation threshold.
This may be attributed to the critical behavior of the
dielectric constant near the percolation threshold as well as
to the polarization effects between the clusters inside the
composites.
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Introduction

The unique physical properties of carbon nanotubes
(CNTs), which combine high strength and low weight,
high electrical and thermal conductivity, have been of great
interest for developing new classes of multifunctional
composites that incorporate CNTs into polymers [1-5].
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Kymakis et al. [2] reported the optoelectronic properties
occurring in single-walled carbon nanotubes/poly(3-
octylthiophene) composites, and found that the composite
represents an alternative class of organic semiconducting
material that is promising for organic photovoltaic cells
with improved performance. Alexandrou [3] prepared the
single-walled carbon nanotubes/poly(3-octylthiophene)
composites and showed excellent field emission properties.
Hughes [4] found that aligned multi-walled carbon nano-
tubes/polypyrrole (PPy) composite films offer an exciting
combination of exceptional charge storage capacities
(several times larger than that of either carbon nanotubes
or PPy) and have potential applications in supercapacitors
and secondary batteries. In particular, carbon nanotubes
possess high flexibility, small diameter and large aspect
ratio (100—1,000), make carbon nanotubes excellent candi-
dates to substitute or complement the conventional nano-
fillers in the fabrication of multifunctional polymer
nanocomposites. For example, as carbon nanotubes is
dispersed in an insulating polymer matrix to make a
composite, it is expected that the electrical properties of
the composite can be greatly improved with a very low
percolation threshold. Many experimental studies [6—10]
have also verified the CNTs as conductive filler in polymer
matrix resulting in very low percolation thresholds from 1%
107* to 11 wt.% of CNTs concentration, which are much
less than 16 vol.% of the theoretical value of percolation
threshold derived from the percolation theory [11], and
which suggest an advantage of small perturbations of bulk
physical properties of polymer matrix, such as strength and
lower cost. According to the percolation theory, the
dielectric properties of the composites can be enhanced as
the conductive CNTs concentration is close to the percola-
tion threshold, which suggest the potential applications for
the composites.
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It has been known that polyaniline (PANI) can be
applied for many practical fields such as chemical sensor,
supercapacitor, corrosion protection, battery and energy
storage, and antistatic coating. Therefore, the preparation
and properties of CNTs/polyaniline composites have also
been investigated [12—15], however, the polyaniline in the
composites are almost the conducting polyaniline, and the
preparation and properties of CNTs/insulating polyaniline
composite has few reported. In this work, we prepared
MWCNTs/insulating polyaniline (PANI) composites and
investigated systematically the behaviors of the dc electrical
conductivity and dielectric properties at room-temperature,
to explore some potential applications.

Experimental

The composites were prepared by solution blending and
subsequently hot-pressing process. MWCNTs used in this
study was prepared from chemical vapor deposition grown
and treated by dilute nitric acid and fluorhydric acid by
removing nickel and silica, respectively. It typically con-
sists of eight to fifteen graphite layers wrapped around a
hollow 20 nm core, and with typical average diameters
30 nm while lengths are between 0.05 and 1.0 pm.
Insulating polyaniline used in this study was obtained from
the Zheng Ji Company(Ji Lin, China). The starting
materials of MWCNTs and PANI were mixed in different
weight fraction of MWCNTs by ball milling, further
ultrasonic dispersing and drying simultaneously in ethanol
solution. Subsequently, the mixtures were molded by hot
pressing at about 200 °C under 30 MPa. Disk-shaped
samples (20 mm in diameter, 1 mm in thickness) were
prepared for electrical testing. The ac conductivity and
dielectric measurements were conducted using an imped-
ance analyzer (Model HP4194A, Hewlett-Packard Corp.
Palo Alto, CA) in the frequencies range from 100 Hz to
40 MHz at a bias voltage of 1.0 V. The dc conductivity was
measured using the four-point probe method. The micro-
structure of the composites was observed by scanning
electron microscopy (SEM, Jeol-6301F, Japan).

Results and discussion

Figure 1 shows scanning electron microscopy (SEM)
micrographs of fracture surface of the composites with
0.0, 3.0, and 5.0 wt.% MWCNTs content. The SEM
micrographs show that the excellent dispersing of the
MWCNTs in the PANI matrix. Figure 2a is the plot of dc
conductivity measured at the room temperature of the
composites versus mass fraction of MWCNTs. It can be
observed that dc conductivity of the composites follows a
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Fig. 1 Scanning electron microscopy (SEM) micrographs of fracture
surface of MWCNTs/insulating PANI composite with 0.0, 3.0, and
5 wt.% MWCNTs content
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Fig. 2 a Effective dc electrical conductivity of MWCNTs/insulating
PANI composites vs. MWCNTSs concentration at room temperature
and b dielectric behaviors of composites at room temperature, vs.
MWCNTs concentration at a frequency of 100 Hz of electric field

typical percolative behavior, when the MWCNTs concen-
tration is below 4 wt.%, it is only slightly elevated from the
insulating PANI matrix, and with the increasing MWCNTs
concentration is between 4 and 6 wt.%, it displays a
dramatic increase. This behavior can be described by the
following percolation theory [16—18]:

om = oc(f —f), forf > f. (1)

where o0, o. are the effective dc conductivity of the
composites and conducting component, respectively, f is
the weight fraction of the conducting component, f; is the
critical weight fraction of the conducting component or
percolation threshold. The ¢ is the critical exponent. By
using a least-squares fit, the percolation threshold f. and
exponent ¢ are determined to be £.=0.0585+0.0003, =2.20+
0.12. Tt should be noted that the value of critical exponent ¢ is

much close to the universal 3D lattice value (#~2) [19].
Depending on the polymer matrix and the processing
technology as well as the characteristics of carbon nanotubes,
such as aspect ratio, dispersion, and alignment, percolation
thresholds between 1x10~* and 11 wt.% have been observed
experimentally for carbon nanotube/polymer composites.
Kymakis et al. [6] reported a percolation threshold of
11 wt.% of multiwall carbon nanotube for carbon nano-
tube/poly(3-octylthiophene) composites. Sandler et al. [7]
prepared aligned multiwall carbon nanotube/epoxy compo-
sites, and found that the composites exhibit a very low
percolation threshold with 0.0025 wt.% of multiwall carbon
nanotube, Seo et al. [20] found that the percolation threshold
of multiwalled carbon nanotubes/polypropylene (PP) was
between 1.0 and 1.5 wt.% of multiwall carbon nanotube.
Long et al. [21] synthesized multiwalled carbon nanotube/
polyaniline composite by an in situ chemical oxidative
polymerization directed with cationic surfactant cetyltrime-
thylammonium bromide. They found that the conductivity
of the composites increases by two orders of magnitude
with increasing carbon nanotube loading from 0 to 24.8 wt.
%. Comparatively, though our results shows the lower
percolation threshold than that of Long’s result [21],
however, it is higher than Sandler’s and Seo’s result [20],
this may be attributed to the processing method of solution
blending, in which multiwall carbon nanotubes tended to
agglomerate during slow solvent evaporation, leading to
inhomogeneous distribution of the nanotubes in the
polymer matrix. Figure 2b is the plot of dielectric behavior
of the composites measured at the room temperature versus
mass fraction of MWCNTs. It can be seen that dielectric
constant of the composites is enhanced when the MWCNTs
concentration is close to the percolation threshold, accord-
ing to the percolation theory, the following power law is
given [16]:

em = eo(fe —f) ", for f < fe (2)

where €, & are the dielectric constant of the composites
and the matrix, respectively. The s is the critical exponent.
The data for the composites with 7,=0.0585+0.0003
(Fig. 1a) yield s=0.81£0.02. It is noted that the value of s
is lower than the universal 3D lattice value (s~1), which
can be attributed to effect of the large aspect ratio of
MWCNTs fillers. In addition, it is seen that the dielectric
constant of the composites remains increase above the
percolation threshold but does not decrease as expected
from Eq. 2. Such behavior has been reported earlier for
polymer composites [22-25], and which was attributed to
“micro capacitors” remaining in the sample above the
percolation threshold. The “micro capacitors” are assumed
to be formed by gaps between multiwall carbon nanotubes.
Another possibility for formation of capacitances is parallel
strength and free ends of the percolation structure.
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According to the percolation theory, the frequency depen-
dence of the dielectric constant and effective conductivity of
the random mixture results from two important effects: (a)
polarization effects between clusters inside the mixture and (b)
anomalous diffusion within each cluster, and as considering
only the polarization effects between clusters, many research-
ers have derived the following relation [26-29]:

x=t/(t+5s),y=s5/(t+5) (3)

where ¢, s are the critical exponent in the Egs. 1 and 2,
respectively. The x and y is the critical exponent, and
Bergman derived the power law for the effective conductiv-
ity 027y, f.) and dielectric constant €27y, f.):

o(2zv, 1) < 2rv)', e(2nv, f.) x 2rv)™” ()

where f. and v is the percolation threshold and frequency,
respectively. Figure 3 shows the frequency dependence of
the dielectric constant and ac conductivity of the composites.
From Fig. 3a, it can be seen that the composites exhibited a
typical dielectric behavior below the percolation threshold,
i.e., ac conductivity increased linearly with the frequency.
This may be explained by the polarization effects between
the clusters, as the MWCNTs concentration is below the
percolation threshold, due to a lack of percolating clusters,
the polarization between the clusters and the motion of
electrons in the finite cluster will determine ac conductivity
of the composites, hence, the ac conductivity of the
composites increases with the increasing of frequency. In
addition, we can experimentally obtain the critical exponent
x=0.76+0.03 from the ac conductivity of the composite with
the MWCNTs concentration is just above the percolation
threshold and 6 wt.%, which is much close to the universal
3D value (~0.72) [30]. From the above determined critical
exponent ¢ and s, we can theoretically calculate critical
exponent x=0.74+0.02 from the Eq. 4, which is much close
to the experimentally obtain the critical exponent x, and
which suggest that polarization effects between clusters
inside the mixture play dominant part for the frequency
dependence of the dielectric constant and effective ac
conductivity of the composites. Subsequently, as the
MWCNTs concentration is much above the percolation
threshold, the ac conductivity of the composite is mainly
determined by the many paths of the percolating clusters
rather than the small effect of the capacitors, therefore, a
finite conductivity led to a plateau at low frequency
corresponding to the electrical response of the percolating
network.

From Figure 3c, it is seen that the dielectric constant of
composites are nearly frequency independent as the
MWCNTs concentration is less than 4.0 wt.%, which
follow the tendency of insulating PANI matrix, which is
approximately frequency independent at room temperature.
As the MWCNTs concentration is higher than 4.0 wt.%, the
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dielectric constant decrease with the increasing of frequency,
which can be attributed to the MWCNTs become larger
clusters, the dielectric relaxation become evident as the
frequency of the electric field increases, results in the decrease
of the dielectric constant. However, the dielectric constant of
the composites is greatly enhanced by addition of MWCNTs
toward low frequency, and a maximum value of the dielectric
constant is achieved 650 at the frequency of 100 Hz, as the
MWCNTs concentration is 8 wt.%, which suggests that it
should be promising way for addition of MWCNTs to
enhance the dielectric constant of materials.

Conclusions

MWCNTs/insulating PANI composites were prepared by
solution blending and subsequently hot-pressing process.
The electrical and dielectric behaviors of the composites
were investigated. A low percolation threshold of 5.85 wt.
% MWCNTs concentration in the system was determined
by percolation theory. The dielectric constant of the
composites can be greatly enhanced when the MWCNTSs
concentration is close to the percolation threshold, which
may be attributed to the critical behavior of the dielectric
constant near the percolation threshold as well as the
polarization effects between clusters inside the composites.
The electrical and dielectric behaviors of the MWCNTs/
insulating PANI composites suggest that it should be
attractive for some electrical applications.
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