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Abstract
In situ chemical polymerization method was used to synthesize the polyaniline 
(PANI) and polyaniline cadmium oxide (PANI-CdO) nanocomposites. The mor-
phology and structure of pure PANI and PANI-CdO nanocomposites were charac-
terized by scanning electron microscopy (SEM) and X-ray diffraction (XRD) analy-
sis, whereas electrical properties were studied by dielectric, electric modulus and 
a.c conductivity. Various dopant-to-polymer ratios were used to investigate their 
effect on the characteristics of the synthesized samples. The SEM images exhibited 
granular as well as flaky structures of PANI and PANI-CdO nanocomposites. The 
XRD patterns revealed that pure PANI exhibits amorphous nature, while PANI-CdO 
nanocomposites exhibit polycrystalline nature. The crystallinity and intensity of 
(XRD) peaks of composite are enhanced by increasing CdO contents. The dielectric 
measurements show a decrease in dielectric constant, dielectric loss and a decrease 
in tangent loss with the increase in frequency and nearly constant values at higher 
frequencies, while the values of dielectric properties increase with the rise in tem-
perature and doping concentration. The electric field modulus was used to analyze 
the relaxation behavior of the synthesized samples and found to be increased with 
frequency and decreased with the temperature and CdO concentration. The a.c con-
ductivity was observed to increase with the increase in frequency and temperature 
for PANI and PANI-CdO composites. The changing behavior of the frequency expo-
nent (S) at various temperatures was analyzed to observe different conduction mech-
anisms, and a correlated barrier hopping model (CBH) was found to be observed in 
PANI-CdO composites as well as in pure PANI. The Log a.c conductivity decreases 
versus the inverse of temperature and with increase in frequency that confirms that 
the hopping mechanism is the dominant charge transport mechanism.
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Introduction

In recent years, transition metal oxide (TMO) nanocrystalline II–IV semiconductors 
have been extensively focused by researchers due to their wide range of applications 
[1–3]. Cadmium oxide (CdO) is an n-type II–IV semiconductor with a direct band gap 
of 2.5 eV and an indirect band gap of 1.98 eV. CdO possesses outstanding properties as 
it has a large number of surface atoms [4–6]. CdO has promising applications in both 
semiconductor and piezoelectric devices such as photodiodes, solar cells, photo transis-
tors, transparent electrodes, catalysts and gas sensors [7–11].

On the other hand, conducting polymers have a wide range of applications such 
as sensors by detecting vapor of a variety of gases [12], lightweight batteries [13], 
Schottky diodes [14], field-effect transistors (FETs) [15] and light-emitting diodes 
(LEDs) [16]. Among the family of conducting polymers, Polyaniline (PANI) is an 
extensively used polymer for synthesizing nanocomposites due to its high conductiv-
ity, simple synthesis, high compatibility, good thermal and environmental stability, and 
reversible acid–base chemistry in aqueous solutions [17, 18].

Its chemical formula is  C6H5NH2 in which a phenyl group  C6H5 is attached to the 
amino group  NH2 as shown in Fig. 1. The electrical conductivity of PANI can be modi-
fied by the addition of inorganic fillers [19] Additionally, the electrical conductivity of 
PANI depends on dopant ions [20–22]

The conducting polymer/inorganic nanocomposites have unique physical and 
mechanical properties and have attracted much attention from researchers as they com-
bine the merits of conducting polymers and inorganic nanoparticles [23]. Recently, sev-
eral reports have been published to synthesize PANI/inorganic nanocomposites such as 
 TiO2 [24–26], CdS [27], silica [28], Ag [29, 30],  Na+-montmorillonite [31],  CeO2 [32], 
 Fe3O4 [33], Zn [34] and  MnO2 [35].

In the present work, a low dopant-to-polymer ratio was used to synthesis the PANI-
CdO nanocomposites via In situ chemical polymerization method. The effect of CdO 
on the dielectric behavior, electric field modulus and a.c conductivity of conducting 
polyaniline composites has been studied in temperature range 30 °C to 180 °C with an 
increasing step of 30 °C.

Experimental work

Materials

Aniline was purchased from Riedel-de-Haen. Cadmium oxide (CdO) was purchased 
from UNI-CHϵM chemical reagents, and ammonium persulfate (APS) was provided 
by Duksan Reagents. Hydrochloric acid (HCl) was purchased from Sacharlu. All the 
materials were used as received without any further purification except aniline.
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Synthesis of polyaniline (PANI) and polyaniline cadmium oxide (PANI‑CdO) 
nanocomposites

In situ chemical polymerization method was used to synthesize polyaniline in 
open atmosphere, and APS was used as an oxidant. The molar ratio aniline/APS 
was kept 2:1. For this purpose, 6.125 gm of APS was dissolved in 50 ml distilled 
water and stirred on magnetic stirrer for 20 min at room temperature. After that 
5 ml of aniline was added into 50 ml distilled water separately and 5 ml HCl was 
added drop wise in order to maintain the pH between 0–1, while the solution was 
kept on stirring continuously. After half an hour, both the solutions were mixed 
slowly and further stirred for 3 h. The solution was left over night in open atmos-
phere to complete the polymerization. Finally, the obtained greenish-black solu-
tion was filtered using Whatman filter paper and washed repeatedly with metha-
nol and deionizing water to remove HCl from the solution. The suspension was 
placed in a vacuum oven at 80 °C to dry and then ground to fine powder [36].

PANI-CdO nanocomposites of (0.5, 1.5 and 2.5) weight percentage of CdO 
dopant were synthesized by In  situ chemical polymerization method. Further 
steps were the same as that of the synthesis of polyaniline as discussed above.

Measurements

Scanning electron micrographs were obtained by MAIA3 TESCAN instru-
ment having 10.0 kx magnifications. X-rays diffraction patterns were obtained 
by Bruker model D8 Advanced equipped with Cu Kα radiations of wavelength 
λ = 1.5406 Å. The instrument was operated at 40 kV and 30 mA, and the diffrac-
tion patterns were recorded in the range of 10° to 80° at a scan rate of 2°/min. 
Two-probe technique was used to characterize the dielectric, a.c conductivity and 
electric modulus properties of pure and synthesized PANI-CdO nanocomposites 
in temperature range 30 °C to 180 °C with an increasing step of 30 °C.

These measurements were carried out with the help of G w INSTEK (LCR) 
meter Model 8101 and a current source electrometer. The temperature was moni-
tored by FENWAL digital bimetallic thermometer. The reproducibility of every 
sample was checked thrice.

Fig. 1  Chemical structure of polyaniline (PANI)
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Results and discussions

SEM investigations

SEM image of pristine CdO shown in Fig. 2e revealed agglomeration of small 
spherical, spindle, dumbbell and cuboidal-shaped particle crystallites [37]. SEM 
image of pure PANI shown in Fig. 2a revealed agglomeration and porous mor-
phology as well as flaky structure, whereas SEM images of PANI-CdO nano-
composites (Fig. 2b, c, d) revealed a random distribution of CdO particles into 
the PANI matrix as well as agglomerates of the fibrous flaky structure of indefi-
nite shapes. This may be attributed to the large surface area of CdO that contrib-
utes greater binding sites to the polymer.

XRD Analysis

The XRD pattern of pure PANI Fig.  3a revealed a single characteristic peak 
at 2θ = 24.8o which represents the amorphous-like structure due to the repeti-
tion of benzenoid and quinoid rings in PANI chains [38]. The XRD pattern of 
pristine CdO Fig. 3e exhibits three sharp diffraction peaks at 2θ = 40.1°, 46.6° 
and 68.2o corresponding to hkl planes (111), (200) and (311), respectively [37]. 
The observed reflection peaks of CdO are matched with the reference patterns 
of JCPDS Card No. 05–0640 with monoclinic structure. The XRD patterns of 
composite samples (Fig.  3b, c, d) also show reflections from (111), (200) and 
(311) planes at 2θ = 40.1°, 46.6° and 68.2o, respectively. No shifting of peaks 
was observed due to a small fraction of CdO nanoparticles which is less than 
3%, but their intensity increases with the increase of CdO in PANI–CdO nano-
composites. The addition of CdO in PANI provides larger surface area to PANI 
molecules to accumulate on its surface due to which PANI chains have been 
arranged in greater order. This increase in order between polymer chains sup-
presses the amorphous nature of PANI and the appearance of CdO peaks in 
XRD diffractograms indicates an increase in its crystalline nature. The syntheses 
of both metal oxide and PANI conducted simultaneously, resulting in a uniform 
distribution of the metal oxide over the PANI network [39]. Another approach is 
that the metal oxide can be used as the oxidizing agent for initiating the polym-
erization process [40]. In this case, the PANI is directly grown from the metal 
oxide, and thus, forming a strong interaction with the metal oxide at a nanoscale. 
So PANI grows well on its surface and PANI chains may arrange in regular pat-
tern. That is why peaks of CdO become more intense on increasing the weight 
percentage of CdO in PANI/CdO composites. The increase in peak intensity can 
be attributed to increase in crystallinity of PANI/CdO composite. The crystallin-
ity of synthesized samples was calculated by XRD (WAXS) formula [41]. The 
crystallite sizes were calculated by Debye–Scherrer’s formula for (111), (200) 
and (311) planes [42] as shown in Table 1.
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Fig. 2  SEM images of a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO and e pris-
tine CdO, respectively



6586 Polymer Bulletin (2022) 79:6581–6600

1 3

Dielectric behavior of PANI and PANI‑CdO nanocomposites

Effect of frequency, temperature and CdO concentration on dielectric constant

Figure 4 represents the dielectric constant (ɛ′) as a function of frequency ranging 
from 1 Hz to 1 MHz for PANI and PANI-CdO nanocomposites at room and elevated 
temperatures. The dielectric constant (ɛ′) was observed to vary with frequency, tem-
perature and filler concentration. The dielectric constant (ɛ′) has higher values at 
lower frequencies and decreases sharply as frequency increases and becomes nearly 
constant as the frequency approaches to higher values. The dielectric constant (ɛ′) is 
given by Eq. (1)

where C is the capacitance, d is the thickness of the pellet, A is the area of the pellet, 
and εo is the free space permittivity.

It was also observed that the dielectric constant (ɛ′) increases with the rise in 
temperature and filler CdO concentration and becomes nearly constant at higher 
temperatures. As the temperature rises, the intermolecular forces between the poly-
mer chains are broken which cause an increase in thermal agitation. This heating 
treatment affects the dipoles polarization by reducing the relaxation time, and poly-
mer chains prefer to align in phase with the changing frequency and contribute to 
enhancing the dielectric constant [43].

�
� = Cd∕A�o

Fig. 3  XRD patterns of a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, e pris-
tine CdO, respectively
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Effect of frequency, temperature and CdO concentration on dielectric loss

Dielectric loss (ε″) is expressed in Eq. (2)

The above relation shows that the dielectric loss is directly proportional to the 
dielectric constant so satisfies the same results as for the dielectric constant.

Figures 4 and 5 show that (ɛ′) and (ε″) have higher values at lower frequencies 
and decrease with the rise in frequency for all temperature [44]. This increase in 
(ɛ′) and (ε″) at low frequencies is also characterized by the deposition of additional 
charge carriers at the interfaces, which may increase the net dipoles on the interface. 
This increase in electrical dipoles may play a crucial role to change the net polariza-
tion of the ionic medium that helps to boost the dielectric constant (ɛ′). However, 
as the frequency approaches to higher values, the dipoles do not have enough relax-
ation time to follow the applied electrical field. Therefore, surface polarization is 
expected to decrease which results in the reduction of (ɛ′) and (ε″) values. At higher 
frequency, atomic or electronic polarization typically happens [45].

Figures 4 and 5 show that the values of (ɛ′) and (ε″) are low for lower tempera-
tures and lower concentration of CdO in PANI and increase with the increase in 
content of CdO in PANI at the lower end of frequency and gradually decrease as 

�
�� = �

�
tan�

Fig. 4  Log ε′ vs Log f a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, respec-
tively
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frequency approaches to higher values. Both (ɛ′) and (ε″) display strong scatter-
ing toward the lower frequency end which may built up space charge polarization 
along with non-negligible ionic conductivity due to the accumulation of charge 
carriers at the interface between the sample and the electrodes. At high frequen-
cies, the charge deposition is minimal at the interface; therefore, (ɛ′) and (ε″) are 
relatively constant and the charge carriers neglect to respond to the external elec-
tric field which leads to lattice polarization. This accounts for a linear decrease 
in the (ɛ′) and (ε″) values at a low-frequency region and a frequency-independent 
plateau region at high frequencies.

The dielectric behavior described by the complex permittivity ε* gives the 
information about the charge transport mechanism in the system and is given by 
Eq. (3)

where ε′ is storage energy and ε″ is the loss of energy in each cycle of applied elec-
tric field. At low frequencies for all temperatures, relative permittivity has higher 
values, whereas at higher frequencies, the values of relative permittivity are nearly 
constant [46]. This increase in dielectric constant and loss is related to the localized 
mobile charges that may contribute to the formation of interfacial dipoles due to 
electric polarization. At higher values of frequencies, dipoles do not have enough 

�
∗ = �

� − i�
��

Fig. 5  Log ε″ vs Log f a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, respec-
tively
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relaxation time (Ƭr) to be aligned along the field and do not depend upon frequency. 
The frequency-independent values are known as (ε′s) static dielectric constant. [47]. 
At low frequencies, dipoles have ample time to arrange themselves in the direc-
tion of the applied electric field and frequency-dependent behavior is observed. At 
(f <  fr = 1/2πƬr), dipoles follow the field in each dispersion region, where  fr is mean 
relaxation frequency and ε′r = ε′s. The mechanism which contributes to the dielectric 
properties may be attributed to the interaction of electric field with electronic, inter-
facial, dipolar and atomic polarization [48]. This may also be because of the charge 
transport mechanism at the valance states of cations [49].

With increase in frequency, the dipoles do not follow the field and lag behind 
according to their mobility which results in a slight decrease of ε′r. After relaxa-
tion frequency  fr = 1/2πƬr (Ƭr is relaxation time), the dipoles are not able to fol-
low the applied electric field so a sharp decrease in (ε′) and (ε″) was observed. 
The higher values of (ε′) and (ε″) at the lower end of frequency as compared 
to higher-frequency end may be ascribed to all types of polarization such as an 
electrode, interfacial, dipolar, atomic, ionic and electronic contributions. The 
higher values of (ε′) and (ε″) at lowered frequencies may be attributed to Maxwell 
Wagner polarization [50, 51] in heterogeneous systems. Maxwell–Wagner surface 
polarization model [52] is confirmed by the reduction in dielectric constant with 
increase in frequency. So, our results are in good agreement with the literature 
[47, 48]. Results shown in Table 2.

Fig. 6  Log tanδ vs Log f a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, respec-
tively
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Frequency and temperature dependences of tangent loss

The loss of energy in an insulating material can be measured by the phase (δ) 
relation of current and applied voltage as

where δ = 90º-θ and θ is the phase angle.
In insulating materials, the applied electric field E(ω) leads ahead to loss tan-

gent D(ω) by an angle (δ) that causes the energy dissipation. The deviation of 
D(ω) from  90o is called the dielectric loss factor. The decrease in tangent loss 
with increase in frequency at different temperatures is a typical characteristic of 
conjugated compounds. Hence, our results sensibly follow the literature as shown 
in Fig. 6 [53, 54].

Electric modulus spectra

The electric modulus represents the real dielectric relaxation process and is 
defined as the inverse of permittivity which is used to analyze ionic conductivities.

where M′ and M″ are the real and imaginary components defined as

The values of both M′ and M″ are approaching zero at a low frequency due to a 
slight contribution of electrode polarization and approaches to the highest values 
at higher frequencies due to the relaxation process. This can be attributed to the 
long-range mobility of charge carriers. The M″ part represents the hoping of ions 
from one site to a neighboring site at low frequency, whereas the peaks at high 
frequencies represent the segmental and ionic conduction. The M′ and M″ spectra 
of pure and nanocomposites at various temperatures in Figs. 7 and 8 show that 
M′ and M″ values reduce with the temperature rise, while the peaks of M′ and 
M″ spectra show a significant rise in its height with a shift toward the high fre-
quency region which corresponds to reduction with increase in temperature. This 
reduction contributes to the better flexibility of the polymeric matrix, as these 
peaks move toward higher-frequency region under rising temperature. Such shifts 
may be originated from the accumulation of free charges at the interface with 
the rise in temperature. Thus, the relaxation time decreases with the increase in 
charge carrier mobility. The shifting of peaks toward the higher-frequency region 
with the temperature rise indicates that the relaxation process is thermally acti-
vated, and the hopping mechanism of charge carriers is dominated intrinsically. 

D(�) = tan� = �
��∕��

(5)M
∗ = (�∗)−1 = M

� + iM
��

(6)M
� = �

�
(

�
�2 + �

��2
)−1

(7)M
�� = �

��
(

�
�2 + �

��2
)−1
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Fig. 7  M′ vs Log f a Pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, respectively

Fig. 8  M″ vs Log f a Pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, respectively
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In Figs.  7 and 8, the peaks are shifted toward a higher-frequency region under 
the increase in concentration of CdO nanoparticles, indicating that the relaxation 
time decreases as the dopant concentration increases.

a.c Conductivity ϭa.c(ω)

a.c conductivity of polymeric composites is usually associated with polymer’s polar-
ity and the filler particles conductivity, its crystallinity and the structure of electric 
network among the filler and the polymer chains. a.c conductivity of a material is 
given by Eq. (8 and 9) [55]

The above relation shows that (ϭa.c) increases with the rise in frequency; Max-
well–Wagner model has explained this frequency-dependent behavior [51, 52]. 
Figure 9 shows considerable change in conductivity of prepared samples with the 

(8)�a.c(�) = ��o�
��
tan�

(9)�a.c(�) = 2�f �o�
��
tan�

Fig. 9  Log ϭa.c vs Log f a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, respec-
tively
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change in frequency of the applied electric field, temperature, and concentration 
of CdO. The bonds begin to rotate with available flexible polar bonds in polymer 
chains at higher frequencies; therefore, a.c conductivity increases with increase in 
frequency.

The frequency-dependent conductivity ϭa.c (ω) of disordered solid materials such 
as PANI-CdO nanocomposites can be approximated by an empirical law named as 
“universal power law” by Jonscher [56].

where A is a pre-exponential factor, ω is the angular frequency, and S is frequency 
exponent 0 < S < 1. For frequency-independent or dc electrical conduction S = 0 and 
frequency-dependent or a.c electrical conduction S ≤ 1.

Models for frequency(f) and temperature (T) dependency of slope (S)

There are several theoretical models to explain the conduction mechanism of 
materials depending upon S. If S is being frequency dependent and independ-
ent of temperature, then it follows the quantum tunneling model (QMT). If S is 
predicted to depend both upon frequency and temperature but increases with the 
temperature rise, then it follows small polaron tunneling model (SPT) [57]. If 
S depends both on temperature as well as on frequency and decreases first then 

(10)�a.c(�, T) = A (T)�S

Fig. 10  Slope (S) vs Temperature (oC) a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-
2.5%CdO, respectively
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increases with the temperature rise, so it follows the large polaron tunneling 
model (LPT) [58], and if S depends both on temperature and frequency and 
decreases with the temperature rise, then it follows correlated barrier hopping 
model (CBH) [59]. In our case, the correlated barrier hopping model (CBH) [60, 
61] behavior of S is dominant, which has already been reported by other workers 
[62]. In the CBH model, the conduction takes place via bipolaron hopping pro-
cess in which two polarons simultaneously hop over the potential barrier between 
two charged defect states and barrier height is correlated with the inter-site sepa-
ration via a coulombic interaction.

The frequency exponent S is given by the expression [63]

where  KB is Boltzmann constant, T is absolute temperature, and W is the barrier 
height which is the energy required to take two electrons from the charged defect 
sites.

Equation (11) can be arranged as

From the values of S (Fig. 10), W has been calculated by using Eq. (12) for our 
synthesized samples. The values of W found are shown in Table 2. It has been found 
that the barrier height decreases with increase in temperature and increase in con-
centration of dopant CdO. The obtained value of W is related to the optical band gap 
of the material [64].

(11)S = 1 −
(

6KBT∕W
)

(12)1 − S = 6KBT∕W

Table 1  hkl plane, 2θ (degree),  dhkl (Å), D (nm), %age crystallinity of pure PANI, PANI-0.5%CdO, 
PANI-1.5%CdO, PANI-2.5%CdO, pristine CdO, respectively, with ± 0.5 uncertainty

Sample hkl plane 2θ (degree) Calculated  dhkl 
(Åͦ)

D (nm) %age 
crystal-
linity

Pure PANI 53
PANI-0.5%CdO 111 40.1 2.24 0.44 68.5

200 46.6 1.94 0.43
311 68.1 1.37 0.37

PANI-1.5%CdO 111 40.1 2.24 0.44 77.5
200 46.6 1.94 0.43
311 68.1 1.37 0.37

PANI-2.5%CdO 111 40.1 2.24 0.44 78.5
200 46.6 1.94 0.43
311 68.1 1.37 0.37

Pristine CdO 111 40.1 2.24 0.44 98.5
200 46.6 1.94 0.43
311 68.1 1.37 0.37
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The straight lines of Log ϭa.c with the inverse of temperature follow the Arrhenius 
equation:

where ϭo is the pre-exponential constant and Ea.c is the activation energy.
The activation energies of our synthesized samples were calculated from 

the slope of the straight lines of Fig.  11. This shows that Log ϭa.c conductiv-
ity decreases with inverse of temperature and with increase in frequency; this 
can be attributed to enhancing the electronic jumps between the localized states 
under applied field frequency. This confirms that the hopping charge transport 
mechanism is dominant in our synthesized samples. Our present result is in 

(13)�a.c = �
o
e
− Ea.c/K

B
T

Table 2  The observed average dielectric constant, dielectric loss and tangent loss of pure PANI, PANI-
0.5%CdO, PANI-1.5%CdO, PANI-2.5%CdO and pristine CdO composites at different temperatures

Sr. No Material Temperature
(oC)

Average dielec-
tric 
Constant
(ε′)

Average dielec-
tric
Loss (ε″)

Average tangent
Loss D(ω)

Barrier 
Height
(eV)

1 Pure PANI 30o 6.8 ×  105 3.3 ×  105 0.51 0.1324
60o 7.8 ×  105 3.8 ×  105 0.51 0.0441
90o 9.5 ×  105 7.1 ×  105 0.78 0.0331
120o 1.0 ×  106 8.9 ×  105 0.84 0.0264
150o 1.1 ×  106 1.0 ×  106 0.92 0.0165
180o 1.5 ×  106 1.8 ×  106 1.18 0.0120

2 PANI-0.5%CdO 30o 1.7 ×  106 1.6 ×  106 1.02 0.1324
60o 2.5 ×  106 3.0 ×  106 1.26 0.0331
90o 4.4 ×  106 8.7 ×  106 1.93 0.0189
120o 6.2 ×  106 1.6 ×  106 2.38 0.0101
150o 1.1 ×  107 3.7 ×  107 4.10 0.0094
180o 2.1 ×  107 7.9 ×  107 3.85 0.0045

3 PANI-1.5%CdO 30o 4.3 ×  106 6.7 ×  106 1.38 0.0440
60o 4.8 ×  106 7.4 ×  106 1.59 0.0331
90o 5.6 ×  106 8.6 ×  106 1.72 0.0088
120o 6.9 ×  106 1.5 ×  107 2.30 0.0066
150o 9.0 ×  106 3.9 ×  107 2.71 0.0063
180o 2.3 ×  107 1.1 ×  108 3.62 0.0060

4 PANI-2.5%CdO 30o 7.6 ×  106 2.0 ×  107 2.79 0.0044
60o 9.7 ×  106 2.9 ×  107 3.10 0.0033
90o 1.5 ×  107 5.3 ×  107 3.45 0.0028
120o 1.8 ×  107 7.2 ×  107 3.76 0.0024
150o 2.0 ×  107 1.0 ×  108 3.89 0.0021
180o 2.8 ×  107 2.2 ×  108 4.18 0.0013
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good agreement with the recently reported results for other amorphous materials 
[65–67]

Conclusion

In situ chemical polymerization method was used to synthesize the polyaniline 
(PANI) and polyaniline cadmium oxide (PANI-CdO) nanocomposites. The mor-
phology and structure of pure PANI and PANI-CdO nanocomposites were charac-
terized by scanning electron microscopy (SEM) and X-ray diffraction (XRD) analy-
sis, whereas electrical properties were studied by dielectric, electric modulus and 
a.c conductivity. Various dopant-to polymer-ratios were used to investigate their 
effect on the characteristics of the synthesized samples. The SEM images exhibited 
granular as well as flaky structures of PANI and PANI-CdO nanocomposites. The 
XRD patterns revealed that pure PANI exhibits amorphous nature while PANI-CdO 
nanocomposites exhibit polycrystalline nature. The crystallinity and intensity of 
(XRD) peaks of composite are enhanced by increasing CdO contents. The dielectric 
measurements show a decrease in dielectric constant, dielectric loss and a decrease 
in tangent loss with the increase in frequency and nearly constant values at higher 
frequencies, while the values of dielectric properties increase with the rise in tem-
perature and doping concentration. The electric field modulus was used to analyze 

Fig. 11  Log �a.c vs 1000/T a pure PANI, b PANI-0.5%CdO, c PANI-1.5%CdO, d PANI-2.5%CdO, 
respectively
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the relaxation behavior of the synthesized samples and found to be increased with 
frequency and decreased with the temperature and CdO concentration. The a.c con-
ductivity was observed to increase with the increase in frequency and temperature 
for PANI and PANI-CdO composites. The changing behavior of the frequency expo-
nent (S) at various temperatures was analyzed to observe different conduction mech-
anisms, and a correlated barrier hopping model (CBH) was found to be observed in 
PANI-CdO composites as well as in pure PANI. The Log a.c conductivity decreases 
versus the inverse of temperature and with increase in frequency that confirms that 
the hopping mechanism is the dominant charge transport mechanism.
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