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Conducting polymer composites of polyaniline/vanadium pentaoxide PANI/V
2
O
5
(with different initial weight percentage of

V
2
O
5
) has been synthesized by in situ polymerization method. DC conductivity of compressed pellets has been analyzed in the

temperature range 300–550K and was found to increase with V
2
O
5
doping. This increase in conductivity is mainly due to band

conduction. It has also been observed that the dielectric constant and dielectric loss increase with the level of doping of V
2
O
5
but

remain independent of the frequency (50KHz–1MHz). X-ray diffraction pattern shows some order of crystallinity of composites
due to interaction of polyaniline with V

2
O
5
. UV-visible spectroscopy shows an increase in the optical band gap with doping.

1. Introduction

The conducting polymers have emerged as a new class of
materials because of their unique electrical, optical, and
chemical properties. By proper doping the conductivity
of these materials can be varied from semiconducting to
metallic regime, which offers new concept of charge transport
mechanism. Among different conducting polymers, conduc-
tive polyaniline (PANI) has been studied extensively because
of its ease of synthesis in aqueous media, its environmental
stability, special electrical, and other properties. PANI and
its derivatives have received much attention because of their
various technological applications, reversible proton doping,
high electrical conductivity, and ease of bulk synthesis. PANI
is also a suitable candidate for a variety of technological
applications such as solar cells, electromagnetic shielding,
electrodes for rechargeable batteries, and sensors [1–11].

Many authors have studied the progress of chemical poly-
merization and doping of aniline and its derivatives. The
effort was to correlate mechanisms of oxidation of anilines
and properties of PANI such as electrical conductivity,molec-
ular weight, and crystallinity. However, when they were taken
in the composite form, their electrical as well as dielectric
properties alter from those of basic materials. A number of

groups had reported on the electrical conductivity and dielec-
tric properties of composites of a variety of conducting poly-
mers [12–15]. Recently heterogeneous conducting polymer
composites, especially organic-inorganic composites, became
the subject of extensive study. Among the basematerials used,
polyaniline (PANI) is one of the most extensively studied
conducting polymer. Ever since its discovery in a pioneering
work by Mc Diarmid et al. [16–21]. The DC conductivity
of a conjugated polymer depends on the doping level, and
for a given dopant in a particular polymer, the conductivity
increases up to a certain level and then saturates.

The vanadium oxygen system (V
2
O
5
and VO

2
) has been

widely studied because the system shows metal semicon-
ductor transitions, which imply an abrupt change in their
optical and electrical properties. For example, VO

2
exhibits

a change in electrical resistivity in the order of 105Ω cm over
a temperature change of 0.1 at 68∘C in a single crystal. This
oxide is therefore used in thermal sensing and switching.
Similarly, V

2
O
5
has been a subject of several theoretical and

applied studies, due to its industrial importance for many
technological applications, such as heterogeneous catalyst.
V
2
O
5
also plays the role of active electrode in a rechargeable

lithium battery. High electrochemical activity, high stability,
and ease of thin film formation by numerous deposition
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techniques led to its use as a highly promising intercalation
material in solid statemicrobattery applications. It is themost
stable oxide in the V–O system with an energy gap of ∼2.2 eV
and shows a semiconductor-metal transition at about 250∘C
[22–26].

In the present study, composites of PANI/V
2
O
5
have

been synthesized by in situ polymerization of aniline using
ammonium persulphate ((NH

4
) S
2
O
8
) as oxidizing agent, in

the presence of V
2
O
5
. The V

2
O
5
concentrations were varied

from0 to 40%weight.The composites obtained have different
concentrations of V

2
O
5
.

In present work electrical conductivity by two-probe
method and dielectric behavior by LCR methods of these
synthesized composites have been studied. X-ray diffraction
(XRD) and UV-visible absorption spectroscopy have been
carried out to characterize these samples.

2. Experimental

All chemicals used were of analytical reagent (AR) grade.
The monomer aniline was doubly distilled prior to use.
Ammonium persulphate ((NH

4
) S
2
O
8
), hydrochloric acid

(HCl), and vanadium pentoxide V
2
O
5
were used as received

in the present study.
Polyaniline has been synthesized by in situ oxidative poly-

merization of aniline, hydrochloric acid (HCl), and ammo-
nium persulphate ((NH

4
) S
2
O
8
) as oxidant. The oxidant

monomer ratio is 1 : 1.25. Aniline (1.25M) has been dissolved
in 10mL of HCl (1M) taken in 200mL round bottom flask
and stirred well. Further finely ground V

2
O
5
powder taken

in different (20, 30, and 40) wt% with respect to aniline
concentration has been added to the previous mixture under
vigorous stirring in order to keep V

2
O
5
powder suspended

in solution. The reaction mixture has been cooled up to 5∘C,
and the precooled solution of ammoniumpersulfate (1M) has
been slowly added drop by drop over a period of 30min.The
reaction has been allowed to proceed for 6–8 h. The mixture
was further cooled down to 4∘C for 24–36 hours. It was then
filtered and washed with ammonia until filtrate was colorless.
The dark colored polymer powder so obtained was dried
thoroughly in an oven at 100∘C until constant weight was
attained, then grinded and sieved. PANI has been synthesized
in the same manner in the absence of V

2
O
5
.

TheDC conductivity of pure PANI and PANI/V
2
O
5
com-

posites wasmeasured by using two-probemethod in the tem-
perature range 300–550K.The powder was made into pellets
of 1 cm diameter and different thickness for PANI/V

2
O
5

composites. The bulk DC conductivity was measured by
mounting between two steel electrodes inside a specially
designed metallic sample holder [22]. The temperature was
measured with a calibrated copper-constantan thermocouple
mounted near the electrodes. The samples were annealed
at a temperature of 100∘C to avoid any effect of moisture
absorption. These measurements were made at a pressure
of about 10−3 Torr. A stabilized voltage of 1.5 V was applied
across the sample, and the resultant current was measured
with a picoammeter.

In order to get information about the crystallinity, X-
ray diffraction patterns of all samples are recorded at room
temperature by using a Panalytical (PW 3710) X-ray powder
diffractometer with Cu K𝛼 radiation. All the samples were
scanned in angular range of 0–90∘ with scan speed of 0.01∘/s
under the similar conditions. UV-visible spectroscopy has
been carried out using Camspec M550 double beam UV-
visible spectrophotometer [22–26].

3. Results and Discussion

3.1. Temperature DC Conductivity Studies. The variation of
DC conductivity with temperature for pure PANI and the
PANI/V

2
O
5
composites (with different wt%) is shown in

Figure 1. Arrhenius plot of DC conductivity shows straight
line behavior. The DC conductivity of pure PANI increased
exponentially with doping, exhibiting semiconductor charac-
teristics.The conductivity as a function of temperature can be
represented by the relation [27]

𝜎DC = 𝜎
0
exp (−Δ𝐸

𝑘𝑇
) , (1)

where (ΔE) is the activation energy for the DC conduction
mechanism, “𝑘” is the Boltzmann constant, and “𝜎

0
” is the

preexponential factor. The activation energy (Δ𝐸) has been
calculated from the slope of Figure 1 for pure PANI and
the PANI/V

2
O
5
. The DC conductivity of undoped PANI

is measured to be 3.58 × 10−9 S/cm. After doping with
different weight % of V

2
O
5
the conductivity was found to

change from 10−7 to 10−9 S/cm, attaining a maximum value
at 30 weight % of V

2
O
5
and then reduced at 40 weight

% of V
2
O
5
. The doping of conducting polymers implies

charge transfer, the associated insertion of a counter ion,
and the simultaneous control of Fermi level or chemical
potential. Through doping, electronic and optical properties
of conducting polymers can be controlled over a long range.
The electrical conductivity of conducting polymers results
frommobile charge carriers introduced into the 𝜋-electronic
system through doping. At low doping levels these charge
carriers are self-localized and form nonlinear configurations.
Because of large interchain transfer integrals, the transport
of charge is believed to be principally along the conjugated
chains, with interchain hopping as a necessary secondary
condition [28–31]. When the polymer is heavily doped (40
weight %), the wave functions are delocalized over many
lattice constants along the polymer chain. In PANI, since
there are nearly degenerate ground states, the dominating
charge carriers are polarons and bipolarons [32]. When
PANI is doped with V

2
O
5
hydrochloric acid, the charge

carriers form nonlinear configurations, and as a result the
conductivity does not change substantially. The nonlinear
formation may be more in the case of heavy doping of 40
weight % of V

2
O
5
, due to which it exhibits lesser conductivity

than 30 weight % doped polymer.
The activation energy ΔE, DC conductivity 𝜎DC, and

preexponential factor 𝜎
0
of pure PANI and PANI/V

2
O
5

composites have been measured and tabulated in Table 1.
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Figure 1: Temperature dependence of DC conductivity in the temperature range (300–550K) for pure PANI and PANI/V
2
O
5
composites

(different weight %).

Table 1: Electrical and dielectric parameters of pure PANI and PANI/V2O5 composite (different weight %).

Sample 𝜎dc (Ω
−1 cm−1) Δ𝐸 (eV) 𝜎

0
(Ω−1 cm−1)

𝑇 = 302K and 𝑓 = 850KHz
𝜀


𝜀


PANI 3.58 × 10
−9 0.22 2.99 × 10

−6 7.59 173.43
PANI/V2O5 20wt% 6.20 × 10

−8 0.61 2.00 × 10
−1 8.35 3158.35

PANI/V2O5 30wt% 2.48 × 10
−6 0.17 1.10 × 10

−4 235.68 3193.48
PANI/V2O5 40wt% 6.16 × 10

−8 0.46 8.6 × 10
−4 242.34 85682.81

3.2. Dielectric Parameters as a Function of Frequency and
Temperature. Dielectric parameters as a function of fre-
quency and temperature are calculated using the values of the
equivalent parallel capacitance, 𝐶

𝑃
, dissipation factor,𝐷, and

parallel equivalent resistance, 𝑅
𝑃
, recorded by the LCRmeter

(Model Wayne Kerr) at selected frequencies range. Tempera-
ture dependence of the dielectric constant (𝜀) and dielectric
loss (𝜀) is studied for PANI and PANI/V

2
O
5
composites in

the different range of temperature (300–320K) and frequency
range from 50 kHz to 1MHz. Dielectric parameters have been
calculated using the following equations:

𝜀

=
𝐶
𝑃

𝐶
0

,

𝜀

=

𝜀


𝜔𝐶
𝑃
𝑅
𝑃

= 𝜀

𝐷,

(2)

where 𝐶
0
= (0.08854A/t) pf is the geometrical capacitance of

vacuum of the same dimensions as that of the sample,A and 𝑡
are the area and thickness of the sample, respectively,𝐶

𝑃
is the

capacitance measured in pf, 𝜔 = 2𝜋𝑓, and 𝐷 = tan 𝛿, with 𝛿
being the phase angle. The 𝜀 and 𝜀 are, respectively, the real
and imaginary parts of the complex dielectric constant 𝜀(𝑓),
which are represented by the relation

𝜀 (𝑓) = 𝜀

(𝑓) − 𝑖𝜀


(𝑓) . (3)

Thedielectric constant of amaterial consists of ionic, elec-
tronic, and dipolar polarizations. Temperature dependence of
the dielectric constant (𝜀) and dielectric loss (𝜀) is shown
in Figures 2 and 3. It is clear that dielectric constant (𝜀)
and dielectric loss (𝜀) remain constant with temperature
for pure PANI and 20 weight % of PANI/V

2
O
5
, whereas a

slightly increase is observed in (𝜀) for 30% and 40% doped
samples, and (𝜀) slightly increases for 40 weight %. Figures
4 and 5 show variation of dielectric constant and dielectric
loss as a function of frequency for pure polyaniline and
V
2
O
5
composite (different wt%). The results show constant

behavior with frequency; their value increases with doping
of V
2
O
5
(different wt%). At 850KHz, the dielectric constant

for the composite samples with 40 weight % of oxide is about
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Figure 3: Dielectric loss (𝜀) versus temperature at fixed frequency
for pure polyaniline and PANI/V

2
O
5
composites (different weight

%).

242.34. This value decreases to about 8.35 for the composite
samples having 20 weight % of oxide. On the other hand,
the value of the dielectric constant for pure PANI at this
frequency is about 7.59. The corresponding dielectric loss for
the composite samples with 40 weight % of oxide is about
85682.81 at 850KHz frequency. The value decreases to about
3158.35 for the composite with 20weight%of oxide. Similarly,
the value of dielectric loss for pure PANI is about 173.43 at
same frequency. Similar trend in the dielectric behaviour of
PPy/Fe

3
O
4
composites has been reported [33, 34]. Higher

dielectric constant and dielectric loss observed with high
doping of oxide.

The dielectric loss consists of two contributions, one from
the dielectric polarization processes and the other from DC
conduction. To study the origin of the dielectric loss in the
operating temperature range, the DC conduction loss was
calculated using the relation

𝜀


DC =
𝜎DC
𝜀
0
𝜔
. (4)
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Figure 4: Dielectric constant (𝜀) versus frequency at fixed tem-
perature (302K) for pure polyaniline and PANI/V

2
O
5
composites

(different weight %).

The DC conduction loss is small compared to the observed
dielectric loss (𝜀). It can also be noted that the DC con-
duction loss increases with increasing dopant’s concentration
due to the increase of polarons and bipolarons. Various
other workers have also observed such type of behavior
[35, 36]. Polaron formation depends upon the viscosity of
the medium. The theories based on charged defect centers
serve as basis for understanding the dielectric response and
conduction mechanisms of such materials. In the correlated
barrier hoppingmodel of Elliott (CBH) [37, 38], two electrons
are assumed to transfer between charged defect sites (𝐷+ and
𝐷
−) by hopping over a potential barrier separating them.

The maximum value of the potential barrier separating the
charged defect sites (𝑊

𝑚
) can be approximately equated to the

band gap of the material. Based on the same model of Elliott
[38], the slope obtained from Figure 6 can be written as

(𝑚) =
−4𝑘𝑇

𝑊
𝑚

, (5)

where𝑚 is defined here as 𝑠 − 1 and𝑚 is in line with 𝑇. As an
outcome of CBH model, the value of 𝑠 decreases from unity
with increasing temperature, and 𝑠 is a band gap-dependent
property [39, 40]. The values of 𝑚 are calculated from the
slopes of these straight lines in Figure 6. The values of 𝑚
are negative, and the magnitude of𝑚 decreases linearly with
increasing weight % of V

2
O
5
. Thus, these results indicate

that the observed dielectric dispersion is recognized mainly
to dipolar type dispersion in the present study. The DC
conduction loss and numerical value of power (𝑚) are given
in Table 2.

3.3. Powder X-Ray Diffraction Analysis. XRD patterns of all
the four samples, pure PANI, PANI/V

2
O
5
composites (with

different weight %), show similar structure of amorphous
nature in Figure 7. In undoped powder, an intense hump near
19∘–24∘ is found, which is shifted towards lower angle side at
14–18∘ in doped samples. There are other three small peaks
appearing in 20weight %V

2
O
5
doped samples near 15∘ (200),

20∘ (001), and at 26∘ (110), which conform the concentration
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Table 2: Temperature dependence of slope (𝑚) and DC conduction
loss of pure PANI and PANI/V2O5 composites (different weight %).

Sample 𝜀


dc (𝑚) Indirect band
gap 𝐸

𝑔
(eV)

PANI 2.9 × 10
−3

−0.2 3.22
PANI/V2O5 20wt% 1.5 × 10

−3
−0.03 3.27

PANI/V2O5 30wt% 1.28 −0.009 3.31
PANI/V2O5 40wt% 4.8 × 10

−3
−0.0034 3.32

of V
2
O
5
in the composites.These peaks continued to be up to

40 weight % doped samples.Thus V
2
O
5
dopant is interacting

well with PANI; this explains the continuous increase in the
conductivity as well as crystallinity of composites. Sharpness
of the peaks also shows increase in the crystallinity of
composites [41, 42].

3.4. Optical Properties. The optical parameters of the pure
PANI and PANI/V

2
O
5
composites have been calculated by

0 10 20 30 40 50 60 70 80

PANI

C
ou

nt
s/

s

Initial 20 weight%

Initial 40 weight%

Initial 30 weight%

2𝜃 (deg)

Figure 7: XRD of pure PANI and PANI/V
2
O
5
composites (different

weight %).

using the UV-spectrophotometer (190–1100 nm). In amor-
phous materials, the optical band gap between the valence
band and the conduction band [43] is given by

𝛼ℎ] = 𝐵(ℎ] − 𝐸
𝑔
)
𝑚

, (6)

where “𝐸
𝑔
” is the optical band gap and “𝐵” is band tailing

parameter related constant. At the fundamental edge of
amorphous materials, two types of optical transitions can
take place. In both types of optical transitions, the photon
interacts with the electron in the valence band and raises it
to the conduction band. There is no interaction with lattice
in the direct transition, and the photon interacts with lattice
in indirect transition. In the given equation “𝑚” decides the
transition; for𝑚 = 1/2 the transition is direct allowed,𝑚 = 2

for indirect allowed transition,𝑚 = 3 for indirect forbidden,
and 𝑚 = 3/2 for direct forbidden band gap. After applying
all values of 𝑚, the composites 𝑚 = 2 (indirect transition)
is found most suitable to calculate band gap. Extinction
coefficient (𝐾) is calculated by using the relation [44]

𝐾 =
𝛼𝜆

4𝜋
, (7)

where “𝛼” is the absorption coefficient and “𝜆” is the
wavelength of photon.The extinction coefficient is a measure
of fractional loss due to absorption and scattering per unit
distance of the medium participating [45–47]. Figure 8 gives
the (𝛼ℎ])1/2 dependence on energy for composites. The
intercept of slope on 𝑥-axis gives the value of optical band
gap. The optical band gap measured for pure PANI and
PANI/V

2
O
5
is given inTable 2which is found to increasewith

the increase of the concentration of V
2
O
5
. Due to the increase

in the band gap with V
2
O
5
concentration the disorderliness

reduces, and defect state density decreases. With the addition
of V
2
O
5
, the unsaturated defects decrease in composites, and

a number of saturated bonds are produced. The density of
localized states decreases with the reduction in the number
of unsaturated defects. According to the Davis and Mott



6 International Journal of Polymer Science

3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45 3.50

60

80

100

120

140

160

180

200

h� (eV)

Pure PANI
PANI/V2O5 initial 20 weight%

PANI/V2O5 initial 30 weight%
PANI/V2O5 initial 40 weight%

(𝛼
h
�)

1/
2

(c
m

−
1
eV

)1/
2

Figure 8: (𝛼ℎ])1/2 versus photon energy of pure PANI and
PANI/V

2
O
5
composites (different weight %).

model [48] of density of states, the width of the localized
states near the mobility edge depends on defects and degree
of disorder present in amorphous structure. It is known that,
with saturated bonds, some unsaturated bonds are produced
as a result of some insufficient numbers of atoms deposited
in the amorphous materials. The high concentration of these
localized states is responsible for the low value of optical
band gap. The addition of V

2
O
5
in the PANI decreases the

unsaturated defects producing a number of saturated bonds.
This reduction in the unsaturated bonds or defects decreases
the density of localized states in band structure increasing the
optical band gap.

4. Conclusion

A series of PANI/V
2
O
5
composites have been prepared by in

situ polymerizationwith different weight percentage of V
2
O
5
.

XRD study reveals the encapsulation of oxide particles by
polymer and some degree of crystallinity.TheDC conductiv-
ity of polyaniline and PANI/V

2
O
5
composites together with

the dielectric constant and dielectric loss measurements have
been determined from the measured values of capacitance
in the frequency range from 50KHz to 1MHz and in the
temperature range of 300–550K. The conductivity measured
is in the range 10−7–10−9 S/cm at a temperature 302K. The
conductivity increasedwith doping, aswell as the crystallinity
increased when compared to undoped sample. This increase
in conductivity of composites at dielectric constant and
dielectric loss results indicates that the observed dielectric
dispersion is recognized mainly to dipolar type dispersion
in the present study and shows independent behavior of
frequency. Indirect transition (𝑚 = 2) is found most suitable
to calculate band gap. The optical band gap (𝐸

𝑔
) increases

as the concentration of V
2
O
5
increases; it shows that the

disorderliness reduces and defect state density decreases.
Dielectric behavior is possible for application in conductive
paints, rechargeable batteries, sensors, MOS devices, and so
forth.
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