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Abstract
The article deals with the investigation of structural, thermal and temperature-dependent alternating current (AC) parameters 
of hetero-structures generated by the reinforcement of copper alumina (Cu–Al2O3) nanoparticles within the poly(aniline-co-
pyrrole) (PANI-co-PPy). Further, the effect of reinforcement of Cu–Al2O3 on the direct current (DC) conductivity of 
the copolymer was equated with various theoretical models. Compared with the pristine copolymer, the ultraviolet–visible 
(UV–visible) spectrum of (PANI-co-PPy)/Cu–Al2O3 nanocomposites manifested a redshift in absorbance and the least 
optical bandgap energy was observed for 5 mass percentage (mass %) nanocomposite. Field emission scanning electron 
microscopy confirmed the effective reinforcement of Cu–Al2O3 nanoparticles within the PANI-co-PPy. The thermogravi-
metric analysis profile demonstrated a delayed thermal degradation for copolymer nanocomposites. The alternating current 
(AC) conductivity and dielectric properties were enhanced with a rise in temperature and content of nanofillers (up to 5 
mass % loading). Further, the activation energy was found to be reduced with the temperature indicating the semiconduc-
tive behavior of synthesized nanocomposites. The Nyquist plot of copolymer nanocomposites showed two distinct areas, an 
incomplete semicircle and a rapid spike. The diameter of the semicircle was decreased with temperature. The DC conductiv-
ity of nanocomposites was enhanced with the reinforcement of Cu–Al2O3 nanofillers due to the enriched number of charge 
carriers accumulated within the nanocomposites. Finally, DC conductivity values were equated using Scarisbrick, Bueche 
and McCullough theoretical models. The McCullough model was in good agreement with measured DC conductivity as this 
model explains the dependence of DC conductivity with the quantity of filler and conductive pathway generated between the 
interfaces. Based on the results, these synthesized copolymer composites can be used in highly durable electronic devices 
such as supercapacitors, electrochemical sensors and optoelectronics.

Keywords  Poly(aniline-co-pyrrole) · Copper alumina · Nanocomposites · Optical properties · Thermal stability · 
Temperature-dependent conductivity · Dielectric parameters · DC conductivity modeling

Introduction

Conducting polymers pertain to the class of organic semi-
conductors with alluring material properties [1, 2]. The 
fascinating electrical properties, optical traits and stabil-
ity could be adopted for fabricating high-tech devices. The 
quasi-1D internment to electron transfer plays a significant 

role in controlling the electronic properties of conducting 
polymer. On account of superior electrical traits and envi-
ronmental stability, polyaniline (PANI) and polypyrrole 
(PPy) are extensively accepted as smart conducting poly-
mers [3–6]. However, the poor processability and solubility 
are the major flaws of the aforementioned conducting poly-
mers. In recent years, scientists have been trying to solve the 
aforementioned flaws experienced by conducting polymers 
through copolymerization methods [7, 8]. Simultaneously, 
PANI-co-PPy owns exclusive electrochemical properties 
than polyaniline and polypyrrole.

Copolymers with TiO2 and Fe3O4 nanocomposites can 
incorporate physical and chemical traits of two individual 
polymers with electrical and magnetic traits of metallic 
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nanoparticles [9, 10]. The aforementioned hybrid materi-
als generally express a batch of physicochemical proper-
ties remarkably unique from the isolated constituents. The 
properties of the hybrid could be well utilized in ingenious 
multifunctional devices. The amplification of properties 
is dependent on the quantity of nanofillers used in the 
composite. The synergy between organic macromolecu-
lar chains and metallic nanofillers is the reason for the 
aforementioned amplification in properties [11]. Among 
the set of metallic nanofillers, metal oxide nanoparticles 
are widely recognized owing to their standard electrical, 
optical, sensing and photocatalytic properties [12–15]. 
The previous reports suggested that metal oxide nanopar-
ticles such as ZnO, TiO2, Fe3O4 impart optical properties, 
electrical conductivity and thermal stability to conducting 
polymer matrix [7, 9, 16].

Alumina nanoparticles are excellent materials with 
impressive thermomechanical and optical properties 
[17–19]. On the other side, moderate electrical proper-
ties thwart their usage in electrical applications. Previous 
reports suggested that dispersive strengthening of alumina 
with copper has a significant impact on improving their 
electrical properties [20]. Earlier, our research group has 
been successful in synthesizing nanocomposites of PANI 
with Cu–Al2O3 having favorable thermal and electrical 
properties [21]. This incites us to use Cu–Al2O3 nano-
materials as filler particles to reinforce the PANI-co-PPy 
matrix.

Electro-polymerization, in  situ chemical oxida-
tion polymerization, melt mixing, solution mixing and 
mechanical mixing are outstanding polymerization modes 
implemented for the preparation of conducting polymer 
nanocomposites [22–25]. By the means of electro-polym-
erization technique, we can fabricate conducting polymer 
nanocomposite films while the lower yield of polymeriza-
tion and convoluted experimental setup are the concerns. 
In situ oxidation polymerization is a benign technique to 
get conducting polymer nanocomposites in powder form 
with a higher yield. In situ chemical oxidation polymeri-
zation of almost all conducting polymers is performed in 
aqueous condition hence can be considered a green syn-
thetic procedure. Through the in situ polymerization tech-
nique, uniform coverage of nanofillers over conducting 
polymers establishes a synergy between the constituents 
and eventually experiences magnificent material proper-
ties [26]. The purpose of this article was to synthesize 
and investigate the optical, morphological, temperature-
dependent dielectric properties and DC conductivity stud-
ies of (PANI-co-PPy)/Cu–Al2O3 nanocomposites. The 
change in DC conductivity of the copolymer with the addi-
tion of Cu–Al2O3 nanoparticles was also correlated with 
different theoretical modeling to establish the mechanism 
of conductivity in the copolymer nanocomposites.

Experimental

Materials and methods

The aniline and pyrrole were acquired from Merck and 
were distilled prior to use. The oxidant (FeCl3), surfactant 
(sodium dodecyl sulfate (SDS)) HCl and methanol were 
purchased from Hi-media. The materials for the synthe-
sis of copper alumina nanofillers (Cu (NO3)2, Al (NO3)3 
and urea) were also bought from Merck. Distilled water 
was used for the entire course of synthesis. The Cu–Al2O3 
nanopowder with a particle size of 30 nm was prepared 
through the sol–gel auto-combustion technique [21]

Synthesis of poly(aniline‑co‑pyrrole) 

The polymerization of monomer solutions containing an 
equal concentration of aniline and pyrrolewas achieved by 
chemical oxidation polymerization. The oxidizing agent 
was taken in a three-neck flask by dissolving an appropri-
ate quantity of FeCl3 in water at 0 °C. The acidic aqueous 
monomer solutions were added drop by drop using a drop-
ping funnel into the FeCl3 solution. The color change of 
the polymeric solution manifests the polymerization reac-
tion. The efficient polymerization was ensured by constant 
stirring and keeping the reaction mixture at 0 °C for 8 h. 
Then, impurities such as excess monomers and oxidants 
left were washed with water and methanol. The copolymer 
was kept in a vacuum oven maintained at 60 °C for 24 h.

Synthesis of (PANI‑co‑PPy)/Cu–Al2O3 nanocomposites

The encapsulation of Cu–Al2O3 within the PANI-co-PPy 
matrix was achieved by following the aforementioned 
reaction strategy in the presence of different contents of 
copper alumina nanoparticles (3, 5 and 7 mass %).

Instrumentation

The UV spectrum of PANI-co-PPy and their nanocom-
posites with Cu–Al2O3 were recorded using a JASCO 
V-770 spectrophotometer. The field emission scanning 
electron microscopy (FE-SEM) images of (PANI-co-PPy)/
Cu–Al2O3 nanocomposite were studied using the Carl 
Zeiss VP-500 model. Evaluation of  the thermal stabil-
ity of (PANI-co-PPy)/Cu–Al2O3 in the temperature range 
of 25–600 °C at a heating rate of 10 °C min−1 was per-
formed on Hitachi STA7200 thermogravimetric analyzer. 
The frequency-dependent AC conductivity, dielectric 
permittivity and impedance parameters of pelletized sam-
ples (0.5 mm thickness and 1.5 cm diameter) at different 
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temperatures were measured with the help of the Hioki 
3570 Model.

Results and discussion

UV–visible spectroscopy

The UV–visible spectrum of (PANI-co-PPy)/Cu–Al2O3 
nanocomposites at different loadings is presented in Fig. 1. 
The absorption spectrum of all samples shows a single 
absorption at 274 nm. This absorption band arises from 
the electron transition from a filled π orbital (HOMO) to 
π* orbital (LUMO). The absorption of a copolymer greatly 
depends on the degree of ordering of the chains in the poly-
meric material. The noticeable red shift in absorption band 
and increased relative intensity of absorption are evident 
with the loading of Cu–Al2O3 nanofiller in the copolymer. 
This arises from the excellent order of (PANI-co-PPy)/
Cu–Al2O3 nanocomposites and increased defect sites. The 
maximum absorption intensity of (PANI-co-PPy)/5 mass % 
nanocomposite implies regular and consistent dispersion of 
Cu–Al2O3. This means that the interaction between nano-
filler and copolymer is maximum at this loading. The reduc-
tion in absorption maximum in the 7 mass % copolymer 
nanocomposite indicates a reduction in interfacial interac-
tion due to the clustering of nanofillers.

Optical bandgap energy

The optical bandgap decides whether a material is suitable 
for optoelectronic applications or not. Bandgap energy signi-
fies the energy separation existing between the valence band 

and conduction band. By the Tauc equation, we will be able 
to measure the direct optical bandgap energy.

(α) in the equation corresponds to absorption coefficient, 
B is the probability transition constant, hν is the excitation 
energy and Eg refers to optical bandgap energy. The absorp-
tion coefficient can be calculated by the equation given 
below.

The Tauc plot of PANI-co-PPy and (PANI-co-PPy)/
Cu–Al2O3 nanocomposites is shown in Fig. 2. It is observed 
that the bandgap energy of PANI-co-PPy reduces with the 
incorporation of nanofillers. This observation is the result of 
an intermediary energy level originated between the conduc-
tion band and valence band. With the help of an intermedi-
ate band, facile electron excitation is possible. Moreover, 
the generation of charge carriers in the copolymer associ-
ated with the incorporation of Cu–Al2O3 fillers widens the 
density of states in the direction of the visible region. The 
(PANI-co-PPy)/5 mass % Cu–Al2O3 shows the least value 
for bandgap energy which confirms the presence of a large 
number of charge carriers within the system. The consistent 
distribution of fillers and the efficient interaction between 
copolymer and Cu–Al2O3 is the reason for an increased 
number of charge carriers. The countless intermediate 
energy levels generated in the aforementioned system reduce 
the optical bandgap energy. The increase in bandgap energy 
beyond 5 mass % loading of nanofiller is due to the cluster-
ing tendency of nanoparticles in the copolymer matrix.

(1)(∝ h�)2 = B(h� − Eg)
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Field emission scanning electron microscopy 
(FE‑SEM)

FE-SEM images of PANI-co-PPy and (PANI-co-PPy)/
Cu–Al2O3 nanocomposites are analyzed, and the images 
are given in Fig. 3. The FE-SEM photograph of (PANI-co-
PPy) is observed to have a corrugated morphology. Thus, 
constant morphology throughout the surface with consistent 
particle sizes confirms the copolymerization reaction occurs 
between aniline and pyrrole. However, a spherical morphol-
ogy is obtained for (PANI-co-PPy)/Cu–Al2O3 nanocompos-
ites. This morphology arises from the interaction between 
Cu–Al2O3 and PANI-co-PPy. Further, with the addition of 
Cu–Al2O3 nanoparticles to PANI-co-PPy, inflation in the 
particle size is also identified. This inflation in particle size 
generates a larger surface area, which is vital for superior 
material properties. Better morphology has been observed 
for 5 mass % nanocomposite with an average grain size of 
82.08 nm. The lumping of particles has been observed for 
higher mass fraction nanocomposites which advocate the 
co-mixing of Cu–Al2O3 nanomaterials in the PANI-co-
PPy abutment. The co-mixing of Cu–Al2O3 nanomaterials 

debilitates the interaction at the interface between copolymer 
and nanoparticles.

TG analysis

With the aid of TG analysis, we can identify the effect of 
Cu–Al2O3 nanoparticles on the thermal stability of PANI-
co-PPy. Figure 4 depicts the TG graph of PANI-co-PPy and 
(PANI-co-PPy)/Cu–Al2O3. Two recognizable mass loss has 
observed for bare PANI-co-PPy. The first mass loss between 
room temperature and 146 °C corresponds to the expul-
sion of water molecules and decomposition of dopant ions, 
respectively. The second and final mass loss corresponds to 
the gradual degradation of the copolymer matrix. The ulti-
mate char residue found at 600 °C for bare PANI-co-PPy is 
55 mass %. The polymer degradation temperature and ulti-
mate char residue (at 600 °C) of copolymer nanocomposites 
are found to be greater than that of the pristine copolymer. 
The thermal stability and ultimate char residue of (PANI-co-
PPy)/Cu–Al2O3 nanocomposites are maximum for higher 
mass fractions. The thermal resistance of Cu–Al2O3 nano-
particles and their strong interaction with the polymer matrix 

Fig. 3   FE-SEM images of a copolymer b 5 mass % and c 7 mass % of Cu–Al2O3
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can be attributed to the thermal stability and flame resistance 
of (PANI-co-PPy)/Cu–Al2O3 nanocomposites [27].

Dielectric constant

The details and statistics regarding the polarization behavior 
of PANI-co-PPy and their nanocomposite with Cu–Al2O3 
fillers can be obtained by measuring the dielectric param-
eters over a series of frequencies at various temperatures. 
Figure 5 denotes the variation of the dielectric constant of 
PANI-co-PPy and (PANI-co-PPy)/Cu–Al2O3 nanocompos-
ite (3, 5 and 7 mass % loading) with frequency at different 
temperatures. For the entire set of samples, higher values 
for dielectric constant are noticed at 100 Hz. The Max-
well–Wagner–Sillars and counter ion polarization effects can 
be ascribed to the high dielectric values [28]. Once the fre-
quency is increased, the dielectric constant decreases due to 
the rapid switching of polarity of the AC electric field. This 
expeditious reversibility of polarity restricts the polarization 
within the conducting copolymer. Further, it is observed that 
the dielectric constant of all samples improves with the tem-
perature rise. At room temperature, the dipoles within the 
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material cannot align with the field thereby minimizing the 
Maxwell–Wagner–Sillars polarization effect. On the other 
hand, increasing the temperature aids the aligning of dipoles 
with the field eventually maximizing the polarization and 
enhancing the dielectric constant values [29].

Figure 6 denotes the dielectric constant Vs fraction of 
Cu–Al2O3 nanofillers reinforced at 90 °C at a frequency 
of 100 Hz. It is obvious that values of dielectric constant 
improve with the incorporation of Cu–Al2O3 nanofillers. 
The maximum value of the dielectric constant is observed 
for (PANI-co-PPy)/5 mass % Cu–Al2O3 nanocomposite, 
and this can be attributed to the excellent electron tunneling 
between the interface facilitated by the homogenous distri-
bution of Cu–Al2O3 nanofillers (already discussed in SEM 
results). However, the loading of nanoparticles reached 7 
mass %, and the dielectric constant is found to diminish due 
to the self-bounding of nanofillers within the copolymer 
which restricts the charge tunneling between the interface 
[30].

Dielectric loss tangent

The plot of Tan δ with frequency shown in Fig. 7 gives us 
information about energy dissipation occurring in (PANI-
co-PPy)/Cu–Al2O3 nanocomposites (0, 3, 5 and 7 mass 
% loading) when exposed to an electric field at different 
temperatures. It is observed that the magnitude of Tan δ 
is reduced on increasing the frequency. The highest energy 
dissipation at lower frequencies is due to the presence of 
insulating grain boundaries. At higher frequencies, the 
energy dissipation is almost saturated due to lower polari-
zation occurring in the system [31]. The energy dissipation 
of the studied material is greatly influenced by temperature. 

The rapid oscillation of charges induced by temperature is 
the reason for the aforementioned observation. Additionally, 
the energy dissipation is increased by the introduction of 
Cu–Al2O3 within the PANI-co-PPy system. The increased 
hopping of charge carriers in nanocomposites is the reason 
for the highest energy dissipation. The maximum energy dis-
sipation is observed for (PANI-co-PPy)/5 mass % Cu–Al2O3 
nanocomposite. The excellent structural regularity in this 
composite facilitates the large-scale hopping of charge car-
riers. The aggregation tendency of Cu–Al2O3 nanofillers in 
(PANI-co-PPy)/7 mass % restricts hopping of charges, and 
hence, a reduction in energy dissipation is observed.

Alternating current conductivity (AC)

The AC conductivity Vs frequency plot of (PANI-co-PPy) 
and its nanocomposites at different temperatures (30, 50, 
70 and 90 °C) is given in Fig. 8. The AC conductivity value 
of bare copolymer is found to be unvarying at lower fre-
quency ranges. This frequency independence arises from 
the DC conductance where unbounded or loosely bounded 
charges are active. While these charges are inadequate to 
show a notable change in conductivity values. On the other 
hand, up to 104 Hz, a slight lowering of AC conductivity 
values is observed for (PANI-co-PPy)/Cu–Al2O3 nanocom-
posites. This anomalous behavior at lower frequencies can 
be explained on the basis of delayed dynamics of charge 
carriers present in the heterogeneous system. This delayed 
motion of charge carriers occurs at the onset of electrode 
polarization. Unlike at lower frequencies, for all samples, 
large variations in AC conductivity values are observed 
at higher frequencies. Here, the conductivity arises from 
bound charges. A large number of bound charges within the 
polymeric system get activated at larger frequencies hence 
obeying the power law. The high temperatures enable the 
unbounding of charge carriers that can easily tunnel through 
the frequency barricade hence enhancing the conductivity. 
We can observe the temperature dependence of AC con-
ductivity of the copolymer and their hybrid system from 
the graph. The induced thermal energy activates the charge 
carriers within the system hence increasing their oscilla-
tions. The thermal-induced vibration of charges results in 
enhanced conductivity at high temperatures [32].

The dependence of AC conductivity on filler content at 
106 Hz and 90 °C is shown in Fig. 9. The AC conductivity 
values of PANI-co-PPy are enhanced with the addition of 
Cu–Al2O3 nanofillers. The interfacial interaction between 
Cu–Al2O3 nanofiller and copolymer reduces the inter-chain 
distance, creates new electrical states and eventually gives 
rise to new conduction paths [33]. The maximum conduc-
tivity for (PANI-co-PPy)/5 mass % Cu–Al2O3 nanocom-
posite arises from the efficient distribution of nanofillers. 
The uniform distribution of nanofillers aids the formation of 
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interconnected conductive networks of Cu–Al2O3 nanofill-
ers within the pristine PANI-co-PPy. The decrease in AC 
conductivity beyond 5 mass % Cu–Al2O3 nanocomposites 
can be attributed to the depletion of the localized sites due 
to the aggregation of Cu–Al2O3 nanofillers.

Arrhenius plot of conductivity

The temperature dependence of AC conductivity follows an 
Arrhenius type of relation which can be expressed as

where Eσ, K, T and σ0 correspond to the activation energy, 
Boltzmann constant, absolute temperature and pre-exponen-
tial factor, respectively. The plot of AC conductivity Vs 1/T of 
PANI-co-PPy and its nanocomposites is presented in Fig. 10. 
The slope of this graph gives the activation energy of sam-
ples. The magnitude of activation energy Vs Cu–Al2O3 con-
tent at 1 MHz is shown in Fig. 11. The Cu–Al2O3 nanofillers 

(3)�ac = �0 exp
−E�

KT

reduce the conduction barrier of PANI-co-PPy due to the 
generation of charge carriers within the system. The efficient 
conducting pathway in (PANI-co-PPy)/5 mass % Cu–Al2O3 
minimizes the energy for activation of charges and hence, 
shows excellent conductivity. While more energy is required 
for activating the charge carriers in (PANI-co-PPy)/7 mass 
% Cu–Al2O3 due to the aggregation of nanofillers.

Nyquist plot

Figure 12 shows the frequency dependency of the imped-
ance of PANI-co-PPy and its nanocomposites at various 
temperatures. The real part of impedance gives insights 
into resistance and the imaginary part is about reactance. 
For all samples, both the real part and imaginary part of 
impedance diminish with an increase in frequencies. The 
rapid dipolar oscillations occurring with an increase in fre-
quency give rise to reactive current which eventually results 
in the reduction in reactance and resistance. Further beyond 
a critical frequency, impedance becomes frequency inde-
pendent. The frequency-independent impedance arises from 
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the insubstantial interfacial polarization at higher frequen-
cies [34] which has already been discussed in the previous 
sections. With the increase in temperatures, the magnitude 
of Z is found to be decreasing. This observation is due to 

the temperature-induced mobility of charge carriers hence 
signifying the semiconducting nature of the samples.

With the incorporation of Cu–Al2O3 nanofillers, the 
reactance and resistance are found to decrease. Moreover, 
the reactance and resistance decrease with an increase 
in nanofiller content within the matrix. The conductive 
Cu–Al2O3 nanoparticles generate an incessant conduc-
tive framework within the hybrid systems. The genera-
tion of a conducting framework relies on homogeneity 
in dispersion of nanofillers. The microscopic images of 
(PANI-co-PPy)/5 mass % nanocomposite indicate  the 
homogenous dispersion of Cu–Al2O3 nanofillers in the 
matrix and which can be correlated with their minimum 
values for the real and imaginary part of the impedance. 
Beyond 5 mass % loading, the particles have a tendency to 
agglomerate and this can be the reason for poor dielectric 
behavior of the (PANI-co-PPy)/7 mass % Cu–Al2O3 nano-
composite. The observations under this session are prov-
ing the inverse relationship of impedance with the AC 
conductivity section as the conductivity of all materials 
increases with frequency, temperature and filler loading. 
The Nyquist plot of (PANI-co-PPy)/3 mass % Cu–Al2O3 
and (PANI-co-PPy)/5 mass % Cu–Al2O3 shown in Fig. 13 
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shows two distinct areas; the first one corresponding to 
a region of incomplete semicircles followed by a region 
of the sudden spike. The semi-circular region indicates 
the bulk resistance of the polymeric material. The sudden 
spike is a clear indication of double-layer capacitance in 
the surface connecting electrode and sample pellet. When 
the temperature of the sample is increased, the diameter 
of the semicircle decreases. This confirms the direct pro-
portionality of AC conductivity with temperature. Addi-
tionally, the diameter of the circle is decreasing with the 
incorporation of Cu–Al2O3 nanofillers,which indicates 
the reduction in bulk resistance of PANI-co-PPy.

Direct current conductivity (DC)

DC conductivity plot of (PANI-co-PPy)/Cu–Al2O3 nano-
composites is shown in Fig. 14. An enhancement in DC 
conductivity of (PANI-co-PPy)/Cu–Al2O3 nanocompos-
ites is noticed as compared to pristine PANI-co-PPy. The 
bonding association between the polar fragments of the 
organic and inorganic interface creates a path for charge 
transport. A sharp enhancement in DC conductivity of 
(PANI-co-PPy)/Cu–Al2O3 nanocomposites is observed 
with increase in the composition of nanoparticles. The 
enhanced crystallinity and compactness of the nanocom-
posites on wrapping Cu–Al2O3 nanofillers within the 
copolymer is the reason for increased conductivity.

Scarisbrick model

The theoretical Scarisbrick model evaluates the contri-
bution of an ohmic inter-particle contact in generating a 
conductive network within the hybrid copolymer nano-
composites. According to this model, the conductivity of 
the conducting copolymer nanocomposites can be repre-
sented as

Fig. 13   Nyquist plot of 3 and 5 
mass % Cu–Al2O3 incorporated 
poly(aniline-co-pyrrole)
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where σc, σf, ψ and C is the conductivity of composite, con-
ductivity of nanofillers, volume fraction of nanofillers in the 
hybrid and geometrical factor, respectively. The values of the 
geometrical factor (C2) are ranging between 3 × 10−3 and 1. 
The comparison of conductivity obtained from Scarisbrick 
model and experimental conductivity is presented in Fig. 15. 
The theoretically obtained conductivity is higher in mag-
nitude than the experimentally obtained conductivity. This 
huge variation in conductivity calculated from Scarisbrick 
model can be attributed to the disregarded contribution of 
the copolymer matrix toward conductivity [35]. Moreover, 
the difficulty in finding the actual values of the geometrical 
factor (C2) also contributes to the aforementioned variations.

Bueche model

The Bueche model suggests that conductivity in hetero-
geneous hybrid systems arises from the physicochemical 
interaction existing between the copolymeric abutment and 
conductive fillers. The accumulation of nanofillers within 
the copolymeric abutment may generate a conductive path 
within the polymeric abutment. Thus, Bueche model con-
siders the contribution of both filler particles and polymer 
toward conductivity [36]. The Bueche equation can be rep-
resented as

where σf, σp, and Ψf correspond to the conductivity of filler, 
the conductivity of polymer and volume fraction, respec-
tively. The graph comparing the experimental and theoretical 

(4)
�c

�f
= C2��

[

exp
(
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3

)]

(5)�c = �f�f + �p
[

1 − �f

]

conductivity (Bueche model) is represented in Fig. 16. It 
is evident that the Bueche model fails to explain the con-
ductivity of the (PANI-co-PPy)/Cu–Al2O3 nanocomposites 
system. The failure of Bueche model can be attributed to 
the variable conductivity of constituents in the copolymer 
nanocomposite system.

McCullough model

McCollough model suggests that the DC conductivity of 
inorganic/copolymer hybrid nanocomposites depends on the 
filler content and conductive pathway generated between the 
interfaces [37]. The conductivity of copolymer nanocompos-
ites using this model can be expressed as

σf, σp, Ψf, Ψp and λ in this equation pertain to the con-
ductivity of filler, the conductivity of the copolymer, the 
volume fraction of nanofillers, the volume fraction of the 
polymer and structural factor, respectively. The magnitude 
of the structural factor varies between 0 and 1. Using the 
following equations, the νf and νp values can be determined.

The values between 0 and 1 are substituted, and the theo-
retical DC conductivity is calculated. The theoretical DC 
conductivity calculated by McCollough model and experi-
mental values is compared in Fig. 17. The graph suggests 
that for the value of λ = 1, the experimental conductivity and 
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theoretical conductivity follow similar nature. The matching 
of experimental and measured conductivity values in this 
system indicates the formation of an excellent conductive 
network generated between the interface [38].

Conclusions

A series of conductive copolymer nanocomposites were 
prepared using poly(aniline-co-pyrrole) as a matrix and 
the conductive copper alumina as nanofillers. The bandgap 
energy obtained from the UV spectrum showed a decrease 
in optical bandgap energy of the composites with the addi-
tion of nanoparticles and the minimum bandgap energy 
observed for (PANI-co-PPy)/5 mass % Cu–Al2O3 nanocom-
posite indicated the presence of a large number of charge 
carriers in the hybrid system. The uniform dispersion of 
Cu–Al2O3 nanofillers in the copolymer was evident from 
FESEM images. The thermal stability of the copolymer 
nanocomposites obtained from TG analysis was signifi-
cantly enhanced by the loading of Cu–Al2O3 nanoparticles. 
The AC conductivity, dielectric constant and dielectric 
loss parameters of all synthesized samples were found to 
increase with temperature and with the loading of nanofill-
ers. The excellent AC electrical parameters observed for 
(PANI-co-PPy)/5 mass % Cu–Al2O3 nanocomposite are 
due to excellent electron tunneling between the interfaces. 
At higher loading of Cu–Al2O3 nanofillers, agglomerated 
filler particles in the copolymer block the conductive path 
and hence, electronic properties were significantly reduced. 
The Nyquist plot revealed the presence of bulk and grain 
boundary resistance in entire samples. In addition to this, 
this resistance was found to diminish with an increase in 
both the temperature and the content of nanofillers. The 

(PANI-co-PPy)/Cu–Al2O3 nanocomposites exhibited higher 
DC conductivity. The trend in DC conductivity with the 
content of nanofillers follows the McCullough theoretical 
model. The excellent electrical conductivity and dielectric 
properties of (PANI-co-PPy)/Cu–Al2O3 nanocomposites can 
be utilized for developing energy storage, optoelectronic and 
EMI shielding devices.
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