Studies of AC Conductivity and Dielectric Relaxation
Behavior of CdO-Doped Nanometric Polyaniline

Aashis S. Roy, Koppalkar R. Anilkumar, M. V. N. Ambika Prasad
Department of Materials Science, Gulbarga University, Gulbarga, Karnataka, India

Received 5 May 2010; accepted 12 April 2011
DOI 10.1002/ app.34696

Published online 22 August 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: The Cadmium oxide doped in nanocrystal-
line polyaniline (CdO/PANI) composite were prepared
with various weight percentages by in situ polymerization
method using aniline, ammonium per sulfate, and CdO as
starting materials. The frequency dependent conductivity
and dielectric behavior of PANI/CdO composites have
been studied. The formation of nano PANI and PANI/CdO
composites with regards to the structural and microstruc-
tural properties of the materials were investigated by XRD,
FTIR, and SEM techniques. The variation of c,. with fre-
quency obeys Jonscher power law except a small deviation
in the low frequency region and is due to dipole polariza-
tion effect. The o, increases with increase in CdO concen-

tration. Studies of dielectric properties at lower frequencies
show that the relaxation behavior is superimposed by
dipole polarization effect. The appearance of peak for each
concentration in the loss tangent suggests the presence of
relaxing dipoles in the PANI/CdO composite. On addition
of CdO, the peak shifts toward higher frequency side indi-
cating the speed up of the relaxation time. Analysis of
frequency dependent dielectric suggests that the electronic
and polymer segmental motions are strongly coupled.
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INTRODUCTION

Building the new supramoleecular architectures with
the desired structures and properties with greater
ease of applications has been of great interest in
recent years.' Polymers have traditionally been con-
sidered as a good electrical insulators and a variety
of their applications have relied on their insulating
property.” The discovery of doping has led to a fur-
ther dramatic increase in the conductivity of such
conjugated polymers to values as high as 10° S
cm . The presence of an extended m conjugation in
polymers, however, confers the required mobility to
charges that are created on the polymer backbone
(by the process of doping) and make them electri-
cally conducting.

The conducting polymer/inorganic nanoparticles
composites having unique physical properties that
have attracted more and more attention. Because
they combine the merits of conducting polymers and
inorganic nanoparticles, they have wide potential
applications in diverse areas such as chemistry,
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physics, electronic, optics, materials, and biomedical
science.*® Among all polymers, polyaniline (PANT)
is an air-stable conducting polymer and has
attracted considerable attention because of its mod-
erate electrical conductivity. PANI is unique as its
electronic properties can be controlled both by vary-
ing the oxidation state of the main chain and by pro-
tonation'” Recent investigations have shown that
PANI can be an excellent matrix for forming poly-
mer-nanomaterials composites.'''* Enhancement in
CdS photoluminescence has been observed by Xi
et al. on incorporation of CdS nanowires in noncon-
ducting PANI matrix. A mechanism wherein photo-
generated charge carrier transfer from PANI to CdS
has been suggested."” Similar effects have been
observed in PANI-ZnO nanocomposites.

Rashid and Suhail reported the variation of the
photoluminescence intensity of the CdO and ZrO,
nanocrystals with respect to the molar fraction of
PANI in the composite.'”

Salunkhe et al. reported that cadmium oxide itself
is active and responds to LPG gas, the principle on
which it relies is the change in conductivity on expo-
sure to a target gas and its gas-sensing performance
can be enhanced by doping of impurities and/or
using a small amount of a noble metal catalyst, such
as palladium (Pd) and platinum (Pt), which not only
promotes gas sensitivity but also improves the
response time.'®

To the best of our knowledge, this is the first attempt
by the authors reporting the synthesis, characterization,
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ac conductivity, and dielectric relaxation behavior
of nanostructured polyaniline and polyaniline/Cad-
mium oxide (PANI/CdO) composites.

EXPERIMENTAL
Materials and methods

All chemicals used were analytical grade (AR). The
monomer aniline was doubly distilled prior to use.
Ammonium persulphate ((NH4),5,0s), hydrochloric
acid (HCl), and cadmium oxide (CdO), were pro-
cured and were used as received. Synthesis of poly-
aniline/cadmium oxide (CdO) composites has been
carried out by in situ polymerization. Aniline (0.1
mol) was dissolved in 1M HCI to form aniline
hydrochloride. Cadmium oxide is added in the
weight percent to the above solution with vigorous
stirring to keep the cadmium oxide suspended in
the solution. To this above reaction mixture, 0.1M of
ammonium persulphate [(NH4),5,05] which acts as
the oxidant was added drop wise slowly with con-
tinuous stirring for 46 h at 0-5°C to polymerize.
The precipitate was filtered and washed with deion-
ized water. Finally the resultant precipitate was
dried in an oven for 24 h to achieve a constant
weight. In this way five different polyaniline/CdO
composites with different wt % of CdO (10, 20, 30,
40, and 50) in polyaniline have been synthesized.'**
The pellets of 10-mm diameter are prepared with
thickness varying up to 2 mm by applying pressure
of 10 Tons in a UTM - 40 (40 Ton Universal testing
machine). For temperature-dependent conductivity
and sensor studies, the pellets are coated with silver
paste on either side of the surfaces. The copper elec-
trodes are placed on each of the surface to obtain
better contacts.

The X-ray diffraction (XRD) pattern of the PANI/
CdO composites was recorded at room temperature
by employing an X-ray powder diffractometer
(Rigaku Miniflex) with Cu Ko radiation (o« = 1.5405
A) in the 20 (Bragg angles) range (2° = 20 < 10°) at
a scan speed of 0.5° min '. Optical micrographs of
the films were made through a polarizing micro-
scope (Nikon Eclipse E 400 POL) equipped with a
digital camera.

The IR spectra of the samples are recorded on Per-
kin—-Elmer (Model 783) IR spectrometer in KBr me-
dium at room temperature. For recording IR spectra,
powders are mixed with KBr in the ratio 1 : 25 by
weight to ensure uniform dispersion in KBr pellets.
The mixed powders are pressed in a cylindrical die
to obtain clean discs of ~ 1 mm thickness. The per-
centage transmittances for the entire sample are
measured from 300 to 4000 cm . The SEM images
of polyaniline cadmium oxide composites were
recorded using Philips XL-30 (ESEM) scanning elec-

tron microscopy. The set up used for measuring ac
conductivity is Hioki 3050 impedance analyzer,
which is in turn interfaced to the computer.

Analysis of the dielectric properties of the PANI/
CdO composites has been carried out using imped-
ance spectroscopy on application of a small ac signal
across the sample cell with blocking electrode (stain-
less steel). Complex impedance parameters (i.e., ca-
pacitance, dissipation factor, impedance, phase
angles parameters) were measured with a computer-
controlled impedance analyzer (HIOKI LCR Hi-Tes-
ter, Model: 3532, Japan). c,. has been evaluated
from dielectric data in accordance with the relation:

Gac = WEE'tan §, 1)

where ¢, permittivity of the free space, &’ real part of
dielectric constant, and tan § is tangent loss. The real
and imaginary part of permittivity was calculated
form the relation

8* — 8/ _]‘8//’ (2)

where ¢ = —Z"/0wCy (Z* + Z'*) and &' = —Z"/wC,
(Z/2 + ZI2)

RESULTS AND DISCUSSION

Figure 1(a—c) shows the X-ray diffraction pattern of
nanostructured pure PANI, CdO, and polyaniline/
CdO composite with 50 wt % of CdO in polyaniline.
It is seen from figure that the monoclinic peaks of
CdO indicates the crystalline nature of the compos-
ite. By comparing the XRD pattern of composite
with that of CdO, the prominent peaks correspond-
ing to 20 = 44.61°, 50.12°, and 67.35° are due to,
(111), (200), and (222) planes which indicates the
presence of CdO in PANI By comparing the XRD
patterns of pure polyaniline with its composites, it is
observed that there is homogenous distribution of
CdO in polyaniline and also confirmed that CdO
has retained its structure even though dispersed in
PANI during polymerization reaction.

The FTIR spectra measurement was carried out
to study the molecular bonding of the PANI and
PANI/CdO composites (CdO 50 wt % in PANI).
Figure 2(a,b) shows the FTIR spectra of the
pure PANI and PANI/CdO composites. For the
pure PANI [Fig. 2(a)], the characteristic peaks
appear at 1564 cm™' due to C=C stretching of
quinoid rings, 1475 cm™' due to stretching of the
benzenoid ring, which conforms the formation of
polyaniline.

In the FTIR spectrum of PANI/CdO composite
[Fig. 2(b)], some other important peaks are observed
such as 3431 and 2968 cm ™' due to N—H bending,
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Figure 1 (a—c) show the X-ray diffraction pattern of pure
PANI, CdO, and polyaniline/CdO composite with 50 wt
% of CdO in polyaniline.

2922 and 2849 cm ! due to C—H stretching,
1483 cm ' due to CH, bending, and 626 and
711 cm ' due to the metal oxygen vibration of
CdO. By comparing the FTIR spectra of PANI and
PANI/CdO composites, it is observed that in the
composite the characteristic stretching frequency are
shifted toward lower frequency side which may be
due to the Van der Waal’s interaction between CdO
and PANI chains and thus FTIR spectra conforms
the formation of PANI/CdO composites.

Figure 3(a—c) shows the scanning electron
micrograph (SEM) of polyaniline, cadmium oxide,
and PANI/CdO composites (CdO 50 wt % in
PANI). The SEM performed on these samples
indicate that the transformation of highly
branched-like polyaniline of size 60-80 nm to
granular-like structure were CdO particle is highly
agglomerated with the PANI of size around 450
nm. The increase of CdO in PANI (10, 20, 30, 40,
and 50 wt % of CdO in PANI), increases the
granular size and decreases the porosity. The
SEM image also reveals the presence of CdO in
polyaniline which is homogeneously distributed
throughout the polymer sample.
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Transport properties

Figure 4(a) shows the variation of dielectric constant
(¢/) with frequency for different wt % of CdO in
nanostructured PANI at room temperature. In all the
cases, a strong frequency dispersion of permittivity is
observed in the low frequency region followed by a
near frequency-independent behavior above 10 kHz.

The decrease of ¢'with increase in frequency may
be attributed to the electrical relaxation processes
and this behavior is conformed by eq. (2). At lower
frequencies, there is significant change in dielectric
constant that is noticeable and is attributed to dipo-
lar contribution from the hopping of electrons
between isolated polarons and bipolarons states. It is
seen that with addition of CdO, the & value gradu-
ally decreases in lower frequency and remains con-
stant in higher frequency region. The CdO addition
may result in more localization of charge carriers
along with polarons causing higher DC conductivity.
This may be the reason for higher ¢ and strong low
frequency dispersion on addition of CdO in nano-
structured PANL>"*

Figure 4(b) shows the variation of dielectric con-
stant (¢/) with various wt % of CdO in nanostruc-
tured PANI at room temperature. It is found that
the value of (¢/) approaches to 10° for 50 wt % at
10 KHz and further, it decreases for 10 wt % and
PANI where as it remains constant for 30 and 40 wt
% of CdO in PANIL The same behavior is observed
even at 100 and 1000 KHz frequencies.
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Figure 2 (a) shows the Fourier Transform Infra Red
(FTIR) spectra of the pure PANI. (b) shows the Fourier
Transform Infra Red spectra (FTIR) of the PANI/CdO
composites.
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Figure 3 (a—c) shows the scanning electron micrograph
(SEM) of polyaniline, cadmium oxide, and PANI/CdO
composites.

Figure 5(a) shows the variation of imaginary part
of dielectric constant (eg”) with frequency for differ-
ent wt % of CdO in PANI at room temperature. At
room temperature, ¢’ decreases with increasing fre-
quency. The higher value of imaginary part of
dielectric (¢”) at low frequency is due to the free
charge motion within the materials. Further addition
of CdO in PANI, ¢’ remains almost constant in the
entire frequency region.”

Figure 5(b) shows the variation of imaginary
part of dielectric constant (¢”) as a function of wt
% of CdO in PANL It is observed that imaginary
dielectric constant changes for PANI and remains
constant on introduction of CdO in PANI matrix.
This confirms the enhancement of mobility of
charge carries in the composites is due to CdO in
PANIL.

It is generally believed that dielectric data is char-
acterized by superposition of two processes: a con-
ductivity contribution that produces an increase of
both real part € and the imaginary part &’ of the
dielectric function on decreasing frequency and a
relaxation process exhibiting a minimum in €” that
shifts higher frequency side with increase in concen-
tration of CdO. The measured imaginary dielectric
constant (¢”) spectrum contains contribution from
two sources: dipolar orientation and diffusion of
charge carrier. When interfacial polarization occurs
it can be written®* as
(@, T) + giper (@, T) + &5 (0, T),  (3)

g (0,T)=

meas ( pol

with €)_(o,T) = € (T)/(sjo'*) where k =0 < k > 1
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Figure 4 (a) shows the variation of dielectric constant (g")
with frequency for different wt % of CdO in PANI at
room temperature. (b) shows the variation of dielectric
constant (¢”) with various wt % of CdO in PANI at room
temperature. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 5 (a) shows the variation of imaginary part of
dielectric constant (¢”) with frequency for different wt %
of CdO in PANI at room temperature. (b) show the
variation of imaginary part of dielectric constant (¢”) as a
function of wt % of CdO in PANI. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

When the loss is due to Ohmic electrical conduc-
tion where ¢”4. dominates and then addition of CdO
resulted in overall decrease of ¢ and ¢’ due to both
dipolar and free charge contributions. The overall

result is enhancement of conductivity on addition of
CdO in PANI matrix.

Sﬁleas(m’ T) = Odc ((Dv T)/(ggmlik) 4)

Figure 6 shows the variation of tangent loss with
frequency for different wt % of CdO in PANI at
room temperatures. The loss spectra characterized
by peak appearing at a characteristic frequency for
both PANI and PANI/CdO composites suggest the
presence of relaxing dipoles in PANI and nonrelax-
ing dipole in composites.
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Figure 6 It shows the variation of tangent loss with fre-
quency for different wt % of CdO in PANI at room tem-
peratures. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

The strength and frequency of relaxation depend
on characteristic property of dipolar relaxation. The
tangent loss remains constant for all the frequencies
side on increase in CdO in PANL On addition of
CdO, it is believed that there is an increase in the
crystallinity content in the materials.

Figure 7 shows the variation of c,. with frequency
for different weight percentages of CdO in PANI at
room temperature. The ac conductivity values
decrease with decrease in frequency at very low
frequency. These drops in ¢, indicate dipole polariza-
tion where the rotation of dipoles between two
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Figure 7 It shows the variation of cac with frequency for
different weight percentages of CdO in PANI at room
temperature. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 8 It shows the frequency dependence of the real
and imaginary part of the impedance of pure polyaniline
and polyaniline composites. [Color figure can be viewed
in the online issue, which is available at wileyonline
library.com.]

equivalent equilibrium positions is involved. It is the
spontaneous alignment of dipoles in one of the
equilibrium positions that gives rise to the nonlinear
polarization behavior of these composites. The data anal-
ysis Gqc, €'(®) for this composites shows that the charge
transport does not occurs via the usual mechanism.

This behavior obeys the universal power law,*
o(w) = oo+ A", (the solid line is the fit to the expres-
sion) where o is the dc conductivity (frequency inde-
pendent plateau in the low frequency region), A is the
pre-exponential factor, and # is the fractional expo-
nent between 0 and 1. On crystallization the conduc-

tivity spectrum remains similar as that of the PANI
except dispersion in the low frequency region, where
the deviation from odc (plateau region) is more prom-
inent. The deviation from o4, (plateau region) value
in the conductivity spectrum (in the low frequency
region) is due to the electrode polarization effect. The
values of 6y, A and n were obtained by fitting the
o(m) to o(w) = oo+ Aw™ The overall behavior of o,
follows the universal dynamic response,'* which has
widely been observed in disordered materials like
ionically conducting glasses,®® conducting polymers,
and also doped crystalline solids**® and is generally
believed to be reflected in the mechanism of charge
transport behavior of charge carriers.

Figure 8 shows the frequency dependence of
the real part of the sample impedance, which is
governed by the resistance of pure polyaniline and
polyaniline composites. It is observed that the real
part of the impedance is starting to decrease even
from low frequencies and reaches an asymptotic
value in the high frequency range and that the HCI
doping is decreasing the impedance of the sample.

It is observed that resistance of the composites
decreases as the doping level is increased. The
increase in resistance suggests that the effect is even-
tually determined by the capacitance component of
the equivalent electric circuit.*’ The simple equivalent
circuit of impedance spectroscopy can be represented
as shown in Figure 9(a,b) The projection on the real
axis of the center of the circle in the representation
imaginary impedance versus real impedance, defined
by Ry, has a smooth decrease as the doping level is
increased were Ry is radius of curvature.’*>!

CONCLUSIONS

The effect of CdO on dielectric and electrical proper-
ties of conducting polyaniline composite has been
studied. At low frequency, the variation of real part
of dielectric constant with frequency shows the
presence of dipole polarization processes. The loss
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Figure 9 Simple equivalent circuits in impedance spectroscopy.
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tangent peaks appearing at a characteristic frequency
suggest the presence of relaxing dipoles in all the
samples. The frequency dependence of ac conductiv-
ity follows the universal power law with a small
deviation in the low frequency region due to the
dipole polarization effect. The conductivity increases
with increase in wt % of CdO in PANI which results
in variation of the size of conducting islands and
was confirmed by the SEM micrograph.
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