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ABSTRACT: Zirconia-polyaniline (ZrO2-PANI) nano-
composites have been synthesized using the colloidal sta-
bility of ZrO2 sol. Complex impedance and dielectric per-
mittivity of ZrO2-PANI nanocomposites have been inves-
tigated as a function of frequency and temperature for
different compositions. Grain conductivity is about two
orders of magnitude higher than the grain boundary con-
ductivity. A very large dielectric permittivity of about
2500 at room temperature has been observed for the com-

posite with highest content of ZrO2. The high dielectric
permittivity is mainly dominated by interfacial polariza-
tion because of Maxwell-Wagner relaxation effect. The
electric modulus spectra reveal two types of conductivity
relaxation. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105:
2225–2235, 2007
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INTRODUCTION

Zirconia (ZrO2), one of the important wide band gap
transition metal oxides, has been extensively studied
because of potential applications1 in sensors, fuel
cells,2 catalyst,3 and gate dielectrics.4,5 ZrO2 exists in
different crystalline phases such as monoclinic, tet-
ragonal, and cubic at elevated temperatures.6 The
high temperature phases can be stabilized by doping
with lower valence cations at Zr sites.7 Oxygen
vacancies are created due to the presence of the alio-
valent cations within Zr lattice. Doped and reduced
ZrO2 exhibit mixed ionic and electronic conduction
depending on temperature and oxygen partial pres-
sure. The electrical properties of polycrystalline
materials are mainly determined by the microstruc-
ture. The powdered ceramics exhibit distinct grain
and grain boundary in their microstructures. Discon-
tinuity in lattice periodicity, different thermodynam-
ics and distribution of oxygen vacancy, and forma-
tion of impurity phase of nanoparticle significantly
alters the grain boundary properties.8 The properties
of nanocrystalline ZrO2 are changed because of the
presence of high density of interfaces. Grain size and
intergrain distances are the important parameters to
control the electrical conduction. Nanoscale grain
size enhances the conductivity of yttria stabilized

ZrO2 by one or two orders of magnitude than that of
microcrystalline sample.9 Electrical conductivity of
sol-gel derived rare earth doped nanocrystalline
ZrO2 thin film is about four times higher than the
bulk value.10 The conductivity of yttria stabilized
ZrO2 films of nanometer thickness is lower by a fac-
tor of four compared to the bulk conductivity.11

Electrical properties of nanocrystalline ZrO2 critically
depend on the techniques of synthesis.

The electrical and dielectric studies of an isolated
nanoparticles are very difficult. In this respect, the
dispersion of nanosized particles within a suitable
matrix is essential to investigate the physical proper-
ties as well as to design novel materials. The compo-
sites of conducting polymers containing inorganic
nanoparticles have attracted much attention in the
recent past. The combined effects of organic and
inorganic compounds yield a completely different
class of materials.12,13 Polyaniline (PANI) is the most
attractive conducting polymer because of its high
electrical conductivity and thermal stability. Synthe-
sis of ZrO2 nanoparticle in PANI14 and polypyr-
role15,16 and some preliminary characterizations have
been reported. In this article, we present the ele-
ctrical and dielectric properties of PANI-ZrO2 nano-
composites at low temperature and high frequency
employing impedance spectroscopy.

EXPERIMENTAL DETAILS

Aniline and ammonium peroxydisulphate (APS) were
purchased from E. Merck (India). Aniline was distilled
twice under reduced pressure and stored below 48C
in nitrogen atmosphere. APS was used as received.
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ZrO2 nanoparticles have been prepared by a two
reverse emulsion technique.17–19 A typical synthesis
involved the following steps.

Zirconium oxychloride solution (0.05M) was pre-
pared by dissolving the required amount of Zirco-
nium oxychloride octahydrate, ZrOCl2, 8H2O (G.R.,
Merck, India) in deionized water.

Support solvents were prepared at ambient tem-
perature by mixing cyclohexane of dielectric constant
2.042 at and 2 vol % of the emulsifier (surfactant)
with respect to the cyclohexane under agitation. The
sorbitan monooeleate (Span 80, Fluka Chemica AG,
Switzerland) having a hydrophilic-lipophilic balance
(HLB) value of 4.3 was used as the emulsifier in the
present study.

Reverse emulsion of zirconium oxychloride solution
(emulsion A) was prepared by adding a measured
volume of the salt solution to the support solvent in a
closed glass container under a mechanical agitation.
The volume ratio of the salt solution : support solvent
was 1 : 4 in the experiments. The emulsion B was
prepared at ambient temperature by adding a meas-
ured volume of the ammonia solution to the support
solvent in a closed glass container under mechanical
agitation. The volume ratio of the ammonia solution:
support solvent was 1 : 4 in the experiment.

Both the containers i.e. the emulsion A and emul-
sion B were kept separately in an oil bath preheated
to 908C (reaction temperature) and kept at that tem-
perature for 10 min under magnetic stirring to attain
the reaction temperature. After attaining the tempera-
ture of 908C, the emulsion B was rapidly added to the
emulsion A under stirring to obtain a single reverse
emulsion (w/o) followed by simultaneous precipita-
tion of the precursor powders. Ageing at 908C was
continued for 10 min after which the container was
removed from the bath and cooled down under water
tap. The synthesized particles were obtained from the
single reverse emulsions by adding a known volume
of acetone. Immediate separation of the particles
occurred. The particles were collected by centrifuga-
tion. To remove the traces of adhered impurities, the
above procedure was repeated twice, each time col-
lecting the powders centrifugally. The washed par-
ticles were dried at 1008C in an air oven.

ZrO2 sol was prepared by dissolving a known
amount (1 g) of finely divided powder in double dis-
tilled water. The sol was dialyzed until free from all
unwanted ions. The nanocomposites of PANI-ZrO2

were prepared as follows. Fifty milliliter of ZrO2 colloid
was taken at each time and the volume was reduced to
about 20 mL on evaporation at �358C using a lyophil-
izer. Different volume of aniline (0.1–0.5 mL) was
injected to the colloid under ultrasonic action to reduce
the agglomeration of ZrO2 nanoparticles. About 1.5M
of acidic aqueous solution of APS (precooled) using
varying amount of concentrated HCl and keeping
1 : 1.25 monomers: APS mole ratio was then added
dropwise under sonication. The polymerization was
allowed to proceed for 24 h maintaining the tempera-
ture at 0–58C. The composite came out as bright green
residue. The solution was then washed several times
with 1.5M HCl and deionized water under ultra cen-
trifugation followed by drying in vacuum oven at 608C
for 24 h to obtain fine green powder. Five different
compositions (C1–C5) with varying concentration of an-
iline and pure PANI (C6) as shown in Table I were
investigated in details.

CHARACTERIZATION

Particle size and morphology of the bare nanopar-
ticles and the nanocomposites were determined from
scanning and transmission electron microscopic
studies. X-ray Diffraction (XRD) pattern of the nano-
composites were performed using a Philips Diffrac-
tometer (PW 1710) using Cu Ka radiation. UV-Vis
spectra of the stable dispersion of nanocomposites
and bare nanoparticles were recorded using UV-
2401PC (Shimadzu, Japan) spectrometer.

The complex dielectric function, e* ¼ e1 þ ie2 was
obtained from the measurements of capacitance (C)
and dissipation factor (D) by autobalance bridge
4192A Agilent Impedance Analyser up to the fre-
quency of 1.6 MHz with an applied ac voltage of 1 V.
Agilent test lead 16048A with coaxial cable at room
temperature and two-electrode configuration in the
cryostat for low temperatures were used. The temper-
ature was varied from 303 to 123 K in a liquid nitro-

TABLE I
Weight Percentage of Aniline (x), Room Temperature Dielectric Constant (e1) at 40 kHz, Grain Boundary Conductivity
(sgb), Grain Conductivity (sg) at Room Temperature, Grain Boundary Activation Energy (Egb), Grain Activation Energy

(Eg) and Activation Energy EM(A) from Peak A, and EM(B) from Peak B of Conductivity Relaxation

Sample x e1 (40 kHz) sgb (10�5 S/cm) sg (10
�3 S/cm) Egb (meV) Eg (meV) EM (A) (meV) EM (B) (meV)

C1 67.1 2503 0.09 0.03 144 141 121
C2 80.3 2191 2.62 0.79 73 71 74
C3 85.9 1563 3.68 2.06 59 57 52 71
C4 89.1 1374 33.74 46.20 72 47 71
C5 91.1 975 55.03 104.0 63 43 48
C6 100.0 362
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gen cryostat using Eurotherm temperature controller,
Model No. 2404. The samples for measurements were
prepared by uniaxial pressure in a stainless steel die.
The samples were disk shaped of 8–10 mm diameter
and 0.7–1.0 mm thickness. The electrical contacts on
both sides of the pelletized samples were made by sil-
ver paint. All the measurements were carried out by
a computer based on general purpose interface board
(GPIB). The real part of dielectric constant (e1) was
evaluated by the relation C ¼ e0e1S/t, e0 is the per-
mittivity of vacuum, S is the area, and t is the thick-
ness of the sample. The imaginary component was
calculated from the dissipation factor, e2 ¼ De1.

RESULTS

Figure 1(a,b) show the characteristic peaks of XRD of
bare ZrO2 nanoparticles and the nanocomposite sam-
ple (C1) with highest content of ZrO2. The main
peaks at 2y ¼ 30.38 (111), 35.38 (200), 50.58 (220),
60.38 (311), 63.08 (222), and 74.68 (400), which are
characteristics of tetragonal ZrO2 are also present in
the composite. A broad peak appears around 25.18
(110) which is attributed to highly doped emeraldine
salt,20 suggesting some degree of crystallinity in
PANI. During polymerization, the growth of poly-
mer chain is restricted to some extent in presence of
ZrO2 nanoparticles and the polymer becomes more
and more crystalline. The crystallite size of the ZrO2

nanoparticles in the composite was calculated fol-
lowing the Scherrer’s equation21

D ¼ Kl=b cos y (1)

where K ¼ 0.89, D represents crystallite size (nm), l,
the wavelength of CuKa radiation, and b, the cor-
rected value at half width (FWHM) of the diffraction
peak. At 2y ¼ 30.38 (111 face), which is the character-
istics peak of ZrO2, is chosen to calculate the average
diameter and it comes out to be 16 nm, which is
consistent with that obtained from transmission elec-
tron micrograph (TEM) studies. Tetragonal ZrO2 can
be stabilized at room temperature without doping
when the particle size is less than 30 nm.22,23 The
size effect is attributed to the lower surface free
energy of the tetragonal form as compared to that of
the monoclinic phase. As a result of it, the tetragonal
phase becomes more predominant for nanosized
particles. In the present investigation, the ZrO2 nano-
particles having size less than 30 nm are thermody-
namically favorable for the stabilization of metasta-
ble tetragonal phase.

The TEM micrographs of the nanocomposite
sample C1 are shown in Figure 2(a–c). Figure 2(a)
is the high resolution transmission electron micro-
graph (HRTEM) of the bare ZrO2 nanoparticles,
which shows the particles are of spherical shape

with uniform diameter lying in the range from 15
to 28 nm. Figure 2(b) shows the lower magnifica-
tion image of the sample C1, which indicates the
nanoparticles to be well dispersed in the polymer
matrix. The HRTEM of the sample C1 is shown in
Figure 2(c). This shows the lattice image from a
ZrO2 nanoparticle in the surrounding of PANI ma-
trix. The lattice spacing is found to be 0.127 nm,
which corresponds to (400) plane in t-ZrO2. So, af-
ter the formation of the composites the particles
(dark shaded) are found to be encapsulated into
PANI (light shaded) chains. This fact is also sup-
ported by XRD analysis.

Figure 3(a,b) show the SEM of the pressed powder
samples prepared at ambient temperature with high-
est (C1) and lowest (C5) content of ZrO2. SEM reveal
the grain sizes are of the order of 75–250 nm and it
decrease with the increase of ZrO2 content in the
composites. Moreover, the grain becomes more uni-
form with the increase of ZrO2 content. The micro-
graphs shown in Figures 2(b) and 3 are different
from each other as they were taken in different ex-
perimental conditions.

The UV-VIS absorption spectra of the diluted colloi-
dal composite dispersions of two samples (C1 and
C3) are shown in Figure 4. The characteristics bands
of conducting form of PANI (emeraldine salt) appear
at 3.8, 1.8, and 1.3 eV, which are attributed to p-p*,
polaron-p*, and p-polaron transitions, respectively.24,25

An additional peak appears at 2.8 eV for all the com-
posites samples indicating PANI in highly doped
state. The absence of any peak around 2 eV associated
with the quinoid rings eliminates the possibility of
formation of insulating form (emeraldine base). The
inset shows the same for bare ZrO2 nanoparticles.
A strong absorption starts at around 3.8 eV. The band
gap corresponding to the band edge structure gives
activation energy of 4.0 eV, which is lower compare
to the optical band gap of bulk ZrO2 as reported ear-

Figure 1 XRD pattern of (a) as synthesized ZrO2 nano-
particles and (b) ZrO2-PANI nanocomposite sample C1.

CONDUCTIVITY RELAXATION IN ZIRCONIA NANOPARTICLES 2227

Journal of Applied Polymer Science DOI 10.1002/app



lier.26 This indicates that there is contribution from
extrinsic states, such as surface trap or defects states
(possible due to Zr3þ). The absorption coeffcient a
is assessed for the three samples from the equation27

a ¼ 2.303 � 103 Ar/lc where A is the sample absorb-
ance, r is the density of ZrO2, c is the sample concen-
tration in g/L, and l is the path length.

The optical absorbtion coeffcient (a) near the absorp-
tion edge of the semiconductor can be described as28

ahn ¼ Aðhn� EgÞm (2)

where A is the absorption constant, photon energy is
hn, h is the plank constant and Eg is optical band
gap. Generally the optical band gap in a semicon-
ductor is determined by assuming the nature of the
transition (m) and plotting (ahn)1/m versus hn, where
m represents the nature of the transition. Now m
may have different values, such as 1/2, 2, 3/2, or 3
for allowed direct, allowed indirect, forbidden direct,
and forbidden indirect transitions, respectively. For
allowed direct transition one can plot (ahn)2 versus
hn as presented in Figure 5 and extrapolate the linear

Figure 2 TEM micrograph of (a) bare ZrO2 nanoparticles, (b) lower magnification image of C1 and high resolution lattice
image of C1 in the background of PANI matrix.
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portion of it to a ¼ 0 value to obtain the correspond-
ing band gap. In this case m ¼ 1/2 and so the inter-
band transition is allowed direct. The estimated
band gap for ZrO2 is 5.12 eV and it decreases from
5.05 eV (C1) to 4.25 eV (C5) with increasing concen-
tration of PANI.

ZrO2 is a direct band gap insulator with two dis-
tinct band to band transitions at 5.2 and 5.79 eV.29

The highest occupied molecular orbitals (HOMOs) of
the valence band are formed by overlapping 2p
states of oxygen ions with some admixing of 4 days
orbital of Zr4þ ions. The lowest unoccupied molecu-
lar orbitals (LUMOs) of the conduction band origi-
nate from 4 d orbitals of Zr4þ ions with some admix-
ing of 2p orbitals of oxygen.30 The absorption band
at 5–6 eV originates due to the transitions from 2p
states of oxygen to 4 d states of ZrO2.

The complex impedance Z* (Z* ¼ Z1 þ iZ2) spec-
tra at room temperature for the samples (C1, C2,
C4, and C5) as a function of ZrO2 concentration
and pure PANI (C6) are shown in Figure 6. The
same spectra for the sample C3 at 303 and 123 K
are shown in Figure 7. Figures 6 and 7 indicate that
the values of Z1 and Z2 decrease with decrease of
ZrO2 concentration. Moreover, two distinct semi-
circles appear systematically with increase of ZrO2

content. The temperature variation of impedance
spectra for C3 as displayed in Figure 7 exhibits that
the diameter of low frequency semicircle is very
large compared to that of the high frequency at
303 K. The diameter and the peak value of arc
increases with decreasing temperature. Two overlap-
ping semicircles appear in the impedance spectra
with lowering of temperature. The impedance spec-
tra consisting of two semicircles are analyzed by an
equivalent circuit as shown in Figure 7. Two arcs
are represented by two parallel combinations of re-
sistance, R and capacitance, C elements connected

in series. One branch is associated with the grain
and other with the grain boundary of the samples.
The corresponding circuit elements are Rg, Cg and
Rgb, Cgb of grain and grain boundary, respectively.
The features of impedance plots are derived from
the product RC in the equivalent circuit. The resist-
ance and capacitance of interfacial grain boundary
is usually larger than the grain. The high frequency
component is the grain contribution and grain
boundary effect is associated with the low fre-
quency arc. At low temperature Rgb becomes very
high which leads to an incomplete arc.

The impedance spectra are deviated from the ideal
semicircle whose center lies on the Z1 axis. The flat-
tened spectra are analyzed by considering the constant
phase elements31,32 (CPE) capacitors C(o) ¼ B(io)n � 1.
The parameter B is constant for a given set of experi-

Figure 3 SEM micrograph of the cold pressed powder samples (a) C1 and (b) C5 respectively.

Figure 4 Electronic absorption spectra of the four differ-
ent nanocomposites (C1–C4) samples. The inset shows the
same for pure ZrO2 nanoparticles.
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mental data. The exponent n varies between 0 and 1.
CPE behaves as ideal capacitor for n ¼ 1 and ideal re-
sistor for n ¼ 0. The experimental data are best fitted

employing complex nonlinear curve fitting LEVM pro-
gram developed by Macdonald.33 The solid lines in
Figure 6 represent the best fitted calculated values.

Grain (sg) and grain boundary (sgb) conductivities
are evaluated from the best fitted values of Rg and
Rgb. The grain conductivity is about two orders of
magnitude higher than that of grain boundary as
depicted in Table I. Conductivity of ZrO2 is very
low compared to conducting PANI. This gives rise
to decrease of sg and sgb with the increase of the
concentration of ZrO2 as shown in Table I.

The temperature dependence of grain and grain
boundary conductivity (s) for all samples are illus-
trated in Figures 8 and 9, respectively. The straight
lines in conductivity s plot ( ln s vs 1000/T) indi-
cate thermally activated behavior:

s ¼ s0 expð�E=kBTÞ (3)

Here s0 is high temperature limit of conductivity,
E is the activation energy, and kB is Boltzmann con-
stant. The grain boundary (Egb) and grain (Eg) acti-

Figure 5 Plot of (ahn)2 versus photon energy (hn) for the
two nanocomposites samples (C1–C3) and the inset is for
bare ZrO2 nanoparticles.

Figure 6 Impedance spectra of the different samples (C1, C2, C4, C5, and C6) at room temperature. The solid lines are
fits to the proposed equivalent circuit for the samples.
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vation energies are determined from the slopes of
straight lines as shown in Figures 8 and 9. The val-
ues of Egb and Eg as presented in Table I are quite
smaller than usually observed in aliovalent doped
ZrO2 (1 eV).34 Both Egb and Eg increases with in-
crease of ZrO2 as shown in Table I except for the
sample C3.

Temperature variation of conductivity of PANI is
well described by Mott’s variable range hopping for-
malism of amorphous semiconductors.35

sðTÞ ¼ s0 exp½�ðT0=TÞ�g (4)

where s0 is the high temperature limit of conductiv-
ity and T0 is Mott’s characteristic temperature associ-
ated with the degree of localization of the electronic
wave function. The exponent g ¼ 1/(1 þ d) deter-
mines the dimensionality of the conducting medium.
The possible values of g are 1/4, 1/3, and 1/2
for three, two, and one-dimensional systems, res-
pectively. One and three-dimensional (3D) charge
transport occur in the conducting PANI.36 In the

nanocomposites, Arrhenius type thermally activated
conduction is found instead of Mott’s variable range
hopping within the measured temperature range.

The dielectric constant, e1 as a function of fre-
quency at room temperature for different composi-
tions are presented in Figure 10. The inset shows the
same for pure PANI. The magnitude and the fre-
quency dependence of e1 are strongly dependent on
the content of ZrO2 nanoparticles. In case of more
conducting samples, the value of e1 is almost inde-
pendent of frequency. The most important finding is
that the nanocomposites exhibit a very high dielec-
tric constant of about 2503 at room temperature for
the sample with highest content of ZrO2. The value
of dielectric constant in ZrO2 varies from 15 to 40
depending on the various crystalline phases.37,38

Theoretically, it is established that lattice contribu-
tion gives a high value of dielectric constant com-
pared to electronic effect. The value of e1 for PANI
is � 400. The present observation of e1 is remarkable
as it is larger than the constituent materials by six
times.

The large dielectric constant of composite systems
can be explained by Maxwell–Wagner (MW) type
interfacial polarization.39,40 The dielectric constant of
the nanocomposite increases with increase of ZrO2

content. The encapsulated ZrO2 nanoparticles play
crucial role to enhance the dielectric constant. The
electric and dielectric properties of ZrO2 nanoparticle
and PANI are completely different. This leads to a
heterogeneous behavior in the nanocomposite. The
microstructure consists of grain and gain boundary
with different conductivities. The poorly conducting
grain boundaries cause an accumulation of charges
around the boundary regions. The interfacial MW
polarization occurs in the composite containing con-
ducting and more insulating regions. The complex

Figure 7 Impedance spectra of the sample C3 at the low-
est and highest measured temperatures. The solid lines are
fits to the proposed equivalent circuit for the sample.

Figure 8 Arrhenius plot of grain conductivity for the five
different samples.
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dielectric constant can be calculated from the rela-
tion, e* ¼ 1/(ioC0Z*). The static dielectric constant of
such system consisting of different conductivities
can be expressed as41

es ¼
R2
gCg þ R2

gbCgb

C0ðRg þ RgbÞ2
(5)

C0 ¼ e0S/t is the geometrical capacitance. For the
present materials, Rgb > Rg so the static dielectric
constant can be approximated from eq. (5),

es ¼
Cgb

C0
(6)

The estimated dielectric constant from eq. (6) is
5600–1000 which is in good agreement with the ex-
perimental result at the lowest frequency. The inter-
facial polarization arising from different conductiv-
ities of grain and grain boundary may be the source
for the large dielectric constant.

Different complex formalisms such as impedance
(Z*), dielectric (e*), and electric modulus (M*) are
usually used to analyze the main features related to
conductivity and permittivity. The peak intensities in
Z* are proportional to the resistance. The large resist-
ance of grain boundary dominates the Z* spectra
over the grain. However, the modulus spectra are
very useful to separate grain and grain boundary
effects and to study the conductivity relaxation.42

The electric modulus M* is defined as

M�ðoÞ ¼ M1 þ iM2 ¼ 1

e�
¼ e1 þ ie2

e21 þ e22
(7)

The frequency response of the grain and grain
boundary appear in two distinct frequency domains.
Grain boundary peaks for C1 and C2 samples fall

below the measured frequency interval. Grain peaks
are beyond the upper limit of frequency for compo-
sitions C4 and C5. Only one peak is found in the
entire frequency domain for the nanocomposites (C1,
C2, C4, and C5). The real and imaginary components
of M* as a function of frequency are depicted in Fig-
ure 11 at various temperatures for sample C3. The
grain (peak A) and grain boundary (peak B) peaks
are observed in the modulus spectrum for C3. Both
the peaks shift to higher frequency with increasing
temperature. The magnitude of low frequency peak
remains unchanged while that of high frequency
decreases with increase of temperature. The peak
value depends on the capacitance. The variation of
peak value indicates that the capacitance of grain is
temperature dependent.

The relatively larger width and asymmetrical na-
ture of peaks suggest the non-Debye process. The
shape of M2 peak has been described by the more
generalized Havriliak–Negami (HN) function.43

M�ðoÞ ¼ M1 1� 1

ð1þ ðiotÞaÞb
" #

(8)

where t is the conductivity relaxation time which is
given at the frequency of maximum in M2 peak. M1
is electric modulus at higher frequency. The parame-
ter describes the distribution of the relaxation time
of the system. Debye relaxation is obtained for a ¼ b
¼ 1. The best fitted curves are obtained for a ¼ 1; b
¼ 0.54–0.98 (peak A) and a ¼ 0.72–0.99; b ¼ 0.16–
0.98 (peak B) in the entire temperature interval of
123–303 K.

The relaxation times t at different temperature are
determined from the reciprocal of the peak frequency.
The Arrehenius plot of ln t against 1/T for the differ-

Figure 9 Arrhenius plot of grain boundary conductivity
for the different samples.

Figure 10 Frequency dependence of the real part of rela-
tive dielectric permittivity (e1) at room temperature for the
five samples. Inset shows the same for the sample C6.
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ent samples is shown in Figure 12. A straight line
behavior is obtained. Thus, the temperature variation
of t can be described by thermally activated Arrhe-
nius law,

t ¼ t0 expðEM=kBTÞ (9)

where t0 is the relaxation time at high temperature,
EM is the activation energy of conductivity relaxation
process, and kB is the Boltzmann constant. The slope
of the best fitted straight line gives the activation
energy as shown in Table I. The temperature de-
pendence of t follows Arrehenius law similar to con-
ductivity.

Maxwell–Wagner polarization model has been
successfully employed to interpret the dielectric and
conductivity relaxations in different types of materi-
als.44–48 Electric modulus is calculated from the rela-
tion, M* ¼ ioC0Z* based on the equivalent circuit as
shown in Figure 7. The imaginary component, M2

within the Maxwell–Wagner (MW) formalism can be
expressed as41

M2 ¼ C0

Cg

oRgCg

1þ ðoRgCgÞ2
" #

þ C0

Cgb

oRgbCgb

1þ ðoRgbCgbÞ2
" #

(10)

The relaxation time for grain and grain boundary
responses are tg ¼ RgCg and tgb ¼ RgbCgb. The
appearance of peak in M2 spectra within the meas-
ured frequency domain depends on the values of tg
and tgb. Two peaks are only observed for the sam-
ple C3. The calculated relaxation time for each com-
ponent is tg ¼ 8.0 � 10�8 s and tgb ¼ 2.4 � 10�6 s at
room temperature. For all other samples, the
deduced values of relaxation times at room temper-
ature are in the range 10�6–10�7 s. The overall
agreement of the calculated relaxation time with
our experimental data suggests that Maxwell–Wag-
ner interfacial polarization appears in the studied
materials.

ZrO2 in stoichiometric composition is a wide band
semiconductor and is of very low conductivity. In
reality the ratio of Zr : O ¼ 1 : 2 does not occur in
most of the cases because of oxygen vacancy. Experi-
mental results confirmed that oxygen vacancy is
more prominent upon decreasing of ZrO2 particle
size to nanometer scale.26,49 The concentration of oxy-
gen vacancy is relatively higher than its bulk counter-
part. In the process of oxygen vacancy, free electrons
are released in the material, which contribute to elec-
tronic conduction. Oxygen vacancy also contributes
to ionic conduction at high temperature. Much higher
activation energy of ionic conduction rules out this
process below room temperature. The electronic con-
ductivity of the nanocomposites is higher than the
pure reduced ZrO2 at 500–1000 K.50–52 Electrical

Figure 11 Frequency dependence of real and imaginary
component of electric modulus (M2) at selected tempera-
tures for the sample C3. The solid lines are fits to Eq. (8).

Figure 12 Temperature dependence of relaxation time: (a)
of all the samples corresponding to peak A and (b) of C3
corresponding to peak B.
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properties of conducting polymer PANI are effected
by the preparation condition. ZrO2 nanoparticles
are incorporated within the polymer chain as shown
by TEM micrograph. Polymers are formed on the
surface of ZrO2 nanoparticle. Chain lengths are
shortened with the increase of ZrO2 concentration
because of enhancement of effective surface area.
Hence the conductivity decreases with increase of
ZrO2 content.

Localized energy levels are created in the band
gap of ZrO2 because of oxygen vacancy.53 Defects
states are widened in case of large number of vacan-
cies. The decrease of band gap may due to the for-
mation of energy levels below the conduction band.
Zr3þ ions are formed for the compensation of charge
arising from oxygen vacancy. Different ionic radii
of Zr3þ and Zr4þ ions produce lattice distortion.
The oxygen vacancy is mainly concentrated on grain
boundary regions. The small peak at lower frequency
in M2 spectra for C3 may originate from the motion
of charge carriers between two sites Zr3þ at surface
and Zr4þ in the interior of the nanoparticle. The esti-
mated activation energy is rather small compared to
the optical energy gap ( 4–5 eV of ZrO2. The large
difference between the optical and the thermal acti-
vation energies may be due the formation of inter-
mediate impurity levels within the band gap. This
forms the mobility edge very close to the conduction
band and is responsible for the charge conduction
process.

CONCLUSION

Optical energy band gap of ZrO2 decreases with the
increase of PANI concentration. The electrical inho-
mogeneity induces two conduction processes, which
are attributed to grain and grain boundary effects.
Larger electronic conductivity and smaller activation
energy are due to the formation of localized states
arising from Zr3þ ions. Higher dielectric constant
results from the heterogeneous behavior of semicon-
ducting ZrO2 and conducting PANI.

Ashis Dey is thankful to Council of Scientific and Industrial
Research, Government of India for providing fellowship.
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