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ABSTRACT

Characterizations of conductive polymers can improve through their
hybridization with other materials. In this work, an ultrasound-
based method was employed to synthesize conductive polymer-metal
oxide (CPMO) hybrid nanocomposites in the presence of pyrrole and
different percentages of vanadium and titanium oxides. FESEM images
indicated cubic-shape vanadium oxide and spherical-shape titanium
oxide are distributed in polypyrrole matrix. Electrochemical impedance
spectroscopy and direct measuring resistance were used to evaluate the
electrical properties of the synthesized nanocomposites. The optimized
CPMO hybrid nanocomposite (0.5 g vanadium oxide and 0.5 titanium
oxide) displayed a relatively good electrical properties such as charge
transfer resistance of 5.12 k Q and resistance of 78.1 Q.square™. Also, the
synthesized CPMO hybrid nanocomposite showed a good photocatalytic
activity through degradation of methylene blue with a degradation rate
constant of 16.1x10~° min™ and efficiency of 87.3 % and 120 min. The
synergetic effects of vanadium oxide and titanium oxide in the synthesized
nanocomposites improved their functional features.
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INTRODUCTION

Conductive polymers have a wide applications
in various fields such as electrical, sensors,
energy devices, and optoelectronic due to their
characterizations including easy fabrication,
acceptable environmental stability, tunable
electrical  properties, and good optical
and mechanical properties [1, 2]. They are
important in preparaing various micro- and
nano-structures with customized chemical and
physical characterizations [3]. Polypyrrole (PPy)
is an inherently conductive polymer with several
advantages such as good electrical properties,
* Corresponding Author Email: mazloum@yazd.ac.ir

high conductivity, biocompatibility, low cost and
high stability. The broad m—electron conjugation
of conjugated double bonds in the structure of
conductive polymers is the reason for their good
conductivity, which can improved via doping using
protonation or reduction/oxidation reactions [4,
5]. One of the ways to increase the efficiency of
polypyrrole is the polymerization of pyrrole in
the presence of other compounds to synthesize a
high performance nanocomposite. The structure
of nanocomposite leads to a better dispersion of
the individual components, maximization of their
interactions and improvement of properties [6, 7].
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Metal oxides have an important role in
chemistry and material science because of
their unique physical and chemical properties.
In addition, their catalytic performance and
physicochemical properties can be easily regulated
according to the required characteristics. Metal
oxide-based nanostructures have been widely
used in various fields such as energy storage
devices, catalysis, sensors, adsorbing pollutants
and others [8-10]. Synthesis of a nanocomposite
containing polypyrrole and metal oxides can
result in unique properties and synergistic effects,
combining the electrical conductivity of PPy with
the specific properties of metal oxides. Several
Researche studies have been reported on the
application of metal oxides in modification of
conductive polymers. Among them, vanadium
and titanium oxides can be considered as a good
candidate for enhancing properties of polypyrrole
due to their good properties such as availability,
high mechanical and thermal stability, high
conductivity and low cost [5]. Polypyrrole is a
conductive polymer, and the addition of vanadium
and titanium oxides can enhance its electrical
conductivity. These nanoparticles act as conductive
fillers and facilitate the electron transport within
the nanocomposite. On the other hand, The
inclusion of vanadium and titanium oxides can
improve the mechanical strength and stability of
polypyrrole in the nanocomposite. Titanium oxide
NPs are known for their excellent photocatalytic
and optical properties, including high absorption
in the UV region and good photoconductivity.
It can enhanced photocatalytic and optical
characterization of the prepared nanocomposite.
Also, vanadium oxides NPs possess unique
properties such as high redox activity and
electrochemical performance [11-14]. Therefore,
Adding these nanoparticles into polypyrrole can
lead to synergistic effects, enabling applications in
preparation of energy storage devices, catalysis,
and sensors.

In  this several CPMO

work, hybrid

Table 1. Contents of the prepared CPMO hybrid nanocomposites

nanocomposites were prepared using vanadium
and titanium oxides as the metal oxides and
polypyrrole as the conductive polymer through
an ultrasound-based method. CPMO hybrid
nanocomposites were fabricated using different
percentages of vanadium and titanium oxides and
their characterizations were investigated using
FESEM, EDX, FTIR and XRD analysis. Also, electrical
properties and photocatalytic activity of the
synthesized CPMO hybrid nanocomposites were
evaluated.

MATERIAL AND METHODS
Materials

Pyrrole (67.09 g/mol), titanium dioxide and
vanadium pentoxide were purchased from
Merck Co. and Iron (lll) chloride hexahydrate and
potassium chloride were received from Sigma
Aldrich Co. All solutions were prepared using
deionized water.

Synthesis of CPMO Hybrid Nanocomposites

TiO,- V,0.-PPy  nanocomposites  were
synthesized according to our previous work [5]
with different percentages of components. In
summary, various amounts of titanium dioxide
(samples 1-5: 0.30, 0.40, 0.50, 0.60, 0.70 g) and
vanadium pentoxide (samples 1-5: 0.70, 0.60,
0.50, 0.40, 0.30 g) were added to 10 mL aqueous
solution of iron (Il) chloride hexahydrate 0.10 mol
L™*. The prepared mixtures were sonicated using a
SONICA 2200EP S3 ultrasonic bath device at 25 °C
for 30 min. Then, 1 mL pyrrole 1 mol L™* was added
drop by drop to the obtained solutions. They were
stirred with a magnetic stirrer in the presence of
nitrogen gas with a flow rate of 20 mL min™ at 8 °C
for 2 h. Five CPMO hybrid nanocomposites were
obtained according to Table 1.

Characterization of the Prepared CPMO Hybrid
Nanocomposites

FESEM images and EDX patterns of the prepared
CPMO hybrid nanocomposites were obtained

iron (Il1) chloride

Vanadium pentoxide

Samples hexahydrate (mL) Pyrrole (mL) Titanium dioxide (g) )
T3V7@PPy 10 1 0.30 0.70
T4V6@PPy 10 1 0.40 0.60
T5V5@PPy 10 1 0.50 0.50
Te6V4A@PPy 10 1 0.60 0.40
T7V3@PPy 10 1 0.70 0.30
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by a Tescan, MIRA3 LM FESEM device coupled Bruker Equinox 55 single beam spectrometer in
with EDX. FT-IR spectra of the prepared CPMO the wavenumber range from 4000 cm™ to 400
hybrid nanocomposites were recorded using a cm™. Their XRD patterns were recorded using
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Fig. 1. FESEM images of A) T3V7, B) T4V6, C) T5V5, D) T6V4 and E) T7V3, and related EDX patterns. *CKa; T NKa; ¥ OKa; § VLo
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an Asenware AW-DX300 diffractometer device
equipped with Cu Ka radiation (A = 1.54184 A®) in
the 26 range from 20° to 80°.

The electrical properties of the prepared
CPMO hybrid nanocomposites were evaluated
through two methods; 1) directly measuring their
resistance using a digital multimeter (3200 Hioki
HiTester), and 2) comparing their parameters
using electrochemical impedance spectroscopy
(EIS). EIS experiments were carried out using a
Zive SP2 potentiostat/galvanostat connected to a
three-electrode system including various CPMO
hybrid nanocomposites as the working electrode,
an Ag/AgCl electrode (Metrohm) as the reference
electrode and a Pt electrode (Metrohm) as the
counter electrode. A solution containing Fe(CN)63‘/
Fe(CN).* 10 mmol.L™* and KCl 0.1 mol.L™* was used
as the electrolyte. EIS data are recorded in the
frequency range from 100 kHz to 0.100 Hz with an
AC amplitude of 10 mVs™.

The photocatalytic activity of the synthesized
CPMO hybrid nanocomposite was evaluated
through study of photodegradation of methylene
blue under UV irradiation using a 400 W Halogen
lamp at a distance of 10 cm from the sample.

The sample including 10 mg of the prepared
CPMO hybrid nanocomposites was suspended
into 50 mL methylene blue solution (10 ppm)
and sonicated for 30 min. The suspension was
stirred in dark for 30 min to achieve adsorption—
desorption equilibrium of methylene blue. 2 mL
of the mixture was centrifuged and the remaining
methylene blue was analyzed using an Optizen 322
Double beam UV/Vis spectrophotometer at 666
nm. The solution was taken in dark for 20 min and
transferred under the Halogen lamp to complete
the procedures by analyzing their UV-Vis spectra
at fixed intervals. The photocatalytic degradation
efficiency and degradation rate constant (k) were
calculated using the following equations:

e

d

430

3431

Transmittance (a.u.)
Q

3430 ( 3432

842
50

02
5

841
552

% Degradation = % (1)
0
InC, = —kt + InC, (3)
400-800

©0

N oC
o

-

N o
N
o Ty
et

<t
N
o
-—

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm)

Fig. 2. FT-IR spectra of the synthesized nanocomposites with different amounts of titanium dioxide
and vanadium pentoxide: a) T3V7, b) T4V6, c) T5V5, d) T6V4 and e) T7V3.
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Where C, and C are the concentration of
methylene blue before irradiation and after various
irradiation times (t), respectively. Therefore,
plotting In C, against time obtains a straight line
graph with slope of —k and intercept of In C_ [15].

RESULTS AND DISCUSSION
FESEM and EDX

FESEM images and EDX patterns of the
synthesized CPMO hybrid nanocomposites are
indicated in Fig. 1. As seen, the cubic-shaped
V,0, nanoparticles and the spherical-shaped TiO,
nanoparticles are well distributed in PPy matrix.
Fig. 1A shows a large percentage of V7T3 CPMO
hybrid nanocomposite including the cubic-shaped
V,0, nanoparticles and its lower percentage is the
spherical-shaped TiO, nanoparticles. The number
of cubic-shape nanoparticles decreases and the
number of spherical-shape nanoparticles increases
with increasing the percentage of titanium oxide
from sample V7T3 to sample V3T7. EDX patterns
of the samples (Fig. 1 a-e) confirm successful
synthesis of various samples of CPMO hybrid
nanocomposites. Comparing the EDX patterns of
different CPMO hybrid nanocomposites shows

that the intensity of the peaks related to vanadium
oxide (§: VLa; ||: VKa and #: VKB) is decreased
with the decrease of its amount from sample V7T3
to sample V3T7. Conversely, the intensity of the
peaks related to titanium oxide (q: TiKa and **:
TiKB) is increased with the increase of its amount
from sample V7T3 to sample V3T7.

FT-IR

The successful synthesis of various CPMO hybrid
nanocomposites was evaluated by measuring their
FT-IR spectra. Figs. 2a-e indicate the FT-IR spectra
of the synthesized nanocomposites with different
amounts of titanium dioxide and vanadium
pentoxide. FT-IR spectrum of T3V7 sample (Fig.
2a) indicates a broad peak appeared at 3430 cm™
related to stretching vibration of N-H bonds of PPy
and two peaks appeared at 1558 and 1209 cm™
attributed to C=C and C-N bonds in the structure
of PPy. The peak observed at about 400-800 cm™
is related to Ti—O-Ti bonds in TiO, structure. The
existence of V205 in T3V7 sample is confirmed
through observing a peak related to V=0 bonds at
1024 cm™ and two peaks related to V-O-V bonds
at 841 and 552 cm™.
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Fig. 3. XRD patterns of the synthesized nanocomposites with different amounts of titanium dioxide
and vanadium pentoxide: a) T3V7, b) T4V6, c) T5V5, d) T6V4 and e) T7V3
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FT-IR spectra of other samples show similar
peaks with a little change in the height of the
peaks which is related to percent of TiO, and V,0,
in their composition. For instance, the height of
the broad peak at 400-800 cm™ related to Ti—-O—Ti
bonds in T7V3 sample is increased compared to
that of T3V7 sample due to increasing percent of
TiO, component. Also, a decrease in the percent
of V,0, in T7V3 sample led to a reduction in the
height of the peaks related to V=0 and V-0-V
bonds.

XRD

XRD patterns of the synthesized CPMO hybrid
nanocomposites are indicated in Fig. 3. The
appeared peaks at 20 = 25.3°, 37.7, 48, 53.8,
55.2°, 62.8’, 68.6", 70.2".and 75.1" related to (101),
(004), (200), (105), (211), (204), (116), (220) and
(215) reflections confirm the existence of TiO,
NPs in the synthesized nanocomposites [16, 17].
Also, the existence of V,0, NPs in the synthesized
nanocomposites resulted in the appearance of the
peaks at 26 = 15.1°, 20.3,, 26.1,, 31, 32.4,, 34.2
and 51.2° related to (200), (001), (110), (301),
(011), (310) and (020) reflections, respectively
[18, 19]. As seen, the peaks related to reflections
of V,O, NPs in T3V7 sample appeared with higher
height against that of in T7V3 sample. Conversely,
the peaks related to reflections of TiO, NPs have
lower heights in T3V7 sample in comparison with
T7V3 sample.

Electrical Properties
The electrical properties of various CPMO hybrid

nanocomposites were investigated by extracting
electrical parameters such as charge transfer
resistance (R_) from EIS results as well as direct
measuring of their resistance. EIS is a valuable
technique thatis widely applied in various research
fields. This technique is based on applying a small
perturbation of the potential or the current using
an alternating small magnitude signal which leads
to measuring impedance and phase shift data [20,
21]. For this purpose, EIS experiments were carried
out using different CPMO hybrid nanocomposites.
Fig. 4A displays the Nyquist plot of the synthesized
CPMO hybrid nanocomposites in a solution
containing Fe(CN)*/Fe(CN),* 10 mmol.L™* and
KCI 0.1 mol.L™. The Nyquist plots of samples V6T4
and VA4T6 include a semicircle which represents
the solution resistance at high frequencies and
charge transfer resistance (diameter of semicircle
in Z_ axis). In the Nyquist plots of samples V7T3,
V5T5 and V3T7, a Warburg impedance is observed
at low frequencies following the semicircle at
high frequencies. This impedance expresses the
difficulty of mass transport of the redox species to
the electrode surface considering a semi-infinite
linear diffusion [22]. Amodified Randles equivalent
circuit model was used as the equivalent circuit for
fitting the EIS data. The curve of R, changes using
various CPMO hybrid nanocomposites is displayed
in Fig. 4B (red curve). According to obtained data,
Sample V5T5 indicated a low value of charge
transfer resistance (5.12 kQ) compared to other
CPMO hybrid nanocomposites. Samples V7T3 with
R,=27.1kQand V3T7 with R, = 31.8 kQ have low
conductivity against other samples.
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Fig. 4. A) The nyquist plots of the syntheized hybrid nanocomposites in a solution containing Fe(CN)_*/Fe(CN) * 10 mmol.L™* and KCI

0.1 mol.L™*: a) T3V7, b) T4V6, c) T5V5, d) T6V4 and e) T7V3; B) The curves of Rct changes extracted from nyquist plots (red curve) and
resistance changes (blue curve) for various hybrid nanocomposites
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The changes of resistance (direct measuring)
for different nanocomposites are indicated in Fig.
4B (blue curve). As predicted based on the EIS
results, the lowest value of resistance was 78.1
Q.square™ related to V5T5 nanocomposite. The
resistance decreases with decreasing amounts of
vanadium oxide in the structure of the synthesized
nanocomposites from V7T3 sample to V5T3
sample. The value of resistance increases with
increasing the percentage of titanium oxide in the
content of nanocomposites from V5T5 sample to
V7T3 sample.

According to the obtained results, the sample
V5T5 indicated a relatively good conductivity. The
shape of Nyquist plot related to sample V5T5 is
distinct from other CPMO hybrid nanocomposites.
As seen, at a low frequency, the imaginary part of
the impedance is sharply increased indicating the
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capacitive behavior of this hybrid nanocomposite.
Therefore, it can be utilized as the substrate in the
design and fabrication of energy storage devices
such as supercapacitors, solar cells and batteries.
Modification of its surface using a suitable material
can improve its properties such as conductivity
and photocatalytic activity.

Photocatalytic Activity

Semiconductor materials can provide photo-
generated holes with high oxidizing power due
to their wide band gap energy. Photocatalytic
activity of the nanocomposites prepared using
titanium oxide and vanadium oxide was evaluated
through a study of the degradation efficiency of
methylene blue under exposure to UV-visible
light. Sample V5T5 as the optimum CPMO hybrid
nanocomposite was selected as the sample for
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Fig. 5. A) UV-visible absorbance spectra of methylene blue photodegradation in presence of the synthesized hybrid nanocomposite
after UV irradiation in different times of a) 0, b) 20, c) 40, d) 60, e) 80, f) 100 and g) 120 min; B) Degradation efficiency of methylene
blue by hybrid nanocomposite; C) The curves of In Ct (red curve) and In Ct/CO (blue curve) in in different UV irradiation times
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TiO, + hv - TiO,(ecg + hip)

V,05 + hv —» V,0:(ecg + hig)

(4)

TiO,(egg) + V,05(egg) + 20, — 205 + TiO, + V,05 (6)

TiO, (hip) + V,05(h{p) + 2H,0 - 20H" + 2H* + TiO, + V,0¢ (7)

05 + 2H* - 20H’

(8)

TiO, (h{p) + V,05(h{g) + 05 + OH" + Methylene Blue (9)

Methylene Blue* — Degradation

investigation of photocatalytic activity. Fig. 5A
indicates the absorbance spectra of methylene
blue photodegradation in the presence of
synthesized CPMO hybrid nanocomposite. As
seen, the intensity of the absorbance peaks
decreases with increasing time of exposure to
UV-visible light. The photocatalytic degradation
efficiency of methylene blue was investigated
by extracting absorbance peak intensity of
methylene blue at A = 666 nm after UV irradiation
in different times and in comparison with the initial
absorbance. Fig. 5B displays the photocatalytic
degradation of methylene blue using CPMO
hybrid nanocomposite. The results indicated the
photocatalytic degradation of methylene blue
in the presence of CPMO hybrid nanocomposite
reached to 87.3 % after 120 min. The curves of
In C, versus time (red curve ) and In C /C, versus
time (blue curve) in Fig. 5C indicate a degradation
rate constant of 16.1x1073 min™* for photocatalytic
degradation of methylene blue using CPMO hybrid
nanocomposite. The relatively good photocatalytic
performance of the CPMO hybrid nanocomposite
can be attributed to high band gap energy of
titanium oxide and vanadium oxide and their
ability to strong absorption of UV irradiation.

The proposed mechanism of photodegradation
of methylene blue in the presence of CPMO hybrid
nanocomposite is indicated in Egs. 4-10.

The photocatalytic degradation of methylene
blue is initiated by the formation of electron-hole
pairs on the surface of the catalyst. Excitation

606

(10)

of TiO, and V,0, contents of the CPMO hybrid
nanocomposites by the irradiation of UV light
leads to absorption of energy by the electrons in
the valence bands (VB) of vanadium and titanium
oxides, jumping to the conduction bands (CB), and
creating the holes in the valence band. Interaction
of the obtained holes in the valance band with H,0
or OH™ leads to obtaining hydroxyl radicals (OH®)
and interaction of OH* and O, in the presence
of h* results in photodegradation of methylene
blue [23-25]. It seems that the mutual synergic
effect of vanadium and titanium oxides enhances
photocatalytic activity of the prepared CPMO
hybrid nanocomposites.

CONCLUSION

The aim of this work is the fabrication of a
high-performance CPMO hybrid nanocomposite
using polypyrrole and metal oxides. Vanadium
and titanium oxide were added in the
polymerization procedure of pyrrole to enhance
its characterizations. Several CPMO hybrid
nanocomposites ~ were  synthesized  using
various percentages of vanadium and titanium
oxides. Successful preparation of CPMO hybrid
nanocomposites was confirmed using FESEM
images, EDX, FTIR, and XRD analysis indicating a
polypyrrole matrix containing distributed cubic-
shape vanadium oxide and spherical-shape
titanium oxide. Relatively good electrical properties
(R,=5.12kQand R=78.1Q.square™) and a good
photocatalytic activity with a degradation rate
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constant of 16.1x107® min™ and efficiency of 87.3
% and after 120 min were the important results
of the present work. Also, the synthesized CPMO
hybrid nanocomposite showed. The synergetic
effects of vanadium oxide and titanium oxide in
the synthesized nanocomposites improved their
functional features. The prepared CPMO hybrid
nanocomposites can be selected as the substrate
in preparation of optical sensors, electrochemical
sensors, and energy storage devices such as
supercapacitors, solar cells, and batteries.
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