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Abstract—Polypyrrole (PPy) and its composites with vanadium pentoxide (V,Os;) were synthesized in aqueous
medium by chemical oxidation polymerization using FeCl;-6H,O as an oxidant. The materials were characterized by
Fourier transform infrared (FT-IR) spectroscopy, X-ray diffractometry (XRD), thermogravimetry analyzer (TGA),
scanning electron microscopy (SEM), energy dispersive X-ray (EDX), UV/visible spectroscopic techniques and LCR-
meter. The FT-IR results confirmed the successful synthesis of PPy and PPy/V,0; composites. The XRD study showed
the amorphous and crystalline nature of PPy and PPy/V,0; composites, respectively. The TGA analysis showed slight
increase in the thermal stability of the composites. The SEM data verified the porous nature of PPy and the compos-
ites. The UV/visible spectrometry confirmed the doping of PPy in composites. The electrical properties of the materi-
als displayed their semiconducting nature. The resistance of the samples was found to be dependent on temperature

and the contents of V,0; in the composites.

Keywords: Polypyrrole, V,05, Composite, Polymerization, Analytical Characterization, Electrical Properties

INTRODUCTION

Intrinsically conducting polymers (ICPs) have been widely used
as synthetic metals because they can be the best alternative for
semiconductors and metals in different electronic and electrical
devices while retaining conventional polymeric properties [1]. The
characteristics of these polymers such as high thermal and air sta-
bility, ease of preparation and process scale-up, electrochemical
characteristics, biocompatibility, electrical properties, and revers-
ibility are the basis for their analytical, technological and commer-
cial uses [2]. Due to their greater electrical conductivity; ICPs have
been widely used as basic materials for advanced applications such
as batteries, EMI shields, light emitting diodes, gas separation mem-
branes, electrochromic devices, smart windows, and biochemical
sensors [3-10].

However, ICPs are chemically stable, brittle and infusible mate-
rials which suffer from poor processibilty due to their very stiff
conjugated back bone structures [11-14]. The applications of these
polymers in some other fields are limited because of their poor
mechanical strength [15]. Similarly; in other fields, the higher con-
ductivity of these polymers is not sufficient. For example, using
these polymers as a gas sensor faces the problem of long response/
recovery time, lower sensitivity and poor dynamic response as com-
pared to their composites with metal oxides [16,17]. For these rea-
sons, there is need to synthesize polymer based organic-inorganic
composites in which organic components are ICPs and various
metal oxides as inorganic counterpart. These composite materials
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have greater thermal and chemical stability and ability to retain
charge along with attractive physical and mechanical properties
[18-20]. Boyano et al. [21] prepared PPy/V,05 hybrid composites
with and without pyridine sulfonic acid (PSA) as additive and found
20% increase in the charge storage ability of the material using
PSA when applied as a cathode in lithium ion battery. Kuwabata
et al. [22] synthesized PPy/V,0; composites by chemical polymer-
ization of Py monomer in the presence of V,0s. The materials
showed better charge-discharge capacity as compared to the indi-
vidual components. Sun et al. [23] produced V,0s nanofibers (Nfs)
wrapped with PPy by a two-step method. The work claimed the
groundwork for understanding the synergistic effect and individ-
ual performance of each component of hybrid electrode materi-
als. Rahman et al. [24] compared the AC conductivity of PPy and
PPy/V,0; nanocomposites. The PPy showed greater AC conduc-
tivity than the composites due to smaller d-spacing.

PPy in oxidized form is one of the ICPs which have recently
received greater attention of researchers’ due to their simple prepa-
ration methods and higher conductivity approaching to that of
metals in certain cases [25]. A reasonable amount of PPy having
charge carriers on its back bone can be obtained as black powder
using chemical or electrochemical polymerization methods from
Py in the aqueous or other medium. The charge carriers move
across and along the polymer chain that is responsible for its con-
ducting behavior. The polymeric chain of PPy has conjugated bond
stabilized by incorporated counter anions [26]. The counter ions
are generally the anions of the oxidant. For example, when PPy is
synthesized by chemical oxidation polymerization method using
FeCl, as an oxidant and the chloride ions are incorporated as
counter ions into the polymer matrix [27].

However, like other ICPs, PPy also faces the same limitations as
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mentioned above. To get rid of those limitations and to improve
its properties, there is need to prepare its composite with various
inorganic materials such as metal oxides. V,0O; is a semiconduct-
ing transition metal oxide with band gap around 2.0eV [28]. Its
unique layered structure makes it an important material for vari-
ous applications such as catalyst, lithium ions batteries, electronic
devices and supercapacitors [29]. Keeping in view the important
characteristics of PPy, V,05 and polymer-metal oxide based com-
posites, the present work was under taken. In this study, PPy and
its composites with V,05 were prepared by a chemical oxidation
polymerization method reported for the preparation of PPy/ZnO,
composites [30]. However, we used smaller concentrations of the
reactants to get composites having a thin deposited layer of PPy
over V,0; particles where both of the components of the compos-
ites will have significant contribution in directing their properties.
All the samples were characterized and their electrical properties
were determined for possible applications in electronic devices.

MATERIALS AND METHODS

1. Materials

Analytical grade chemicals were used. The Py; the oxidant (FeCl;-
6H,0), acetone, ethanol and V,O; were purchased from Merck
(Germany). The Py after distillation under reduced pressure was
kept in dark till further use. The solutions were prepared in deion-
ized double distilled water (DDDW) (UVE ELGA Milli-Q Water
System, UK).
2. Synthesis of PPy

PPy was obtained by chemical oxidation polymerization of Py.
Briefly, 1 M aqueous solution of Py was added slowly into the
aqueous FeCl;-6H,O solution (0.1 M) with continuous magnetic
bar stirring and nitrogen flow for 2 h at 8 °C. A black color precip-
itate obtained as a result of the polymerization of Py was filtered
under vacuum followed by washing with sufficient volume of
DDDW, ethanol, acetone. The product so obtained was desiccated
at 40 °C for 4 h and then stored in a desiccator.
3. Synthesis of PPy/V,0; Composites

The V,05 (0.2 g) was dispersed in 0.1 M aqueous FeCl,-6H,0
solution and sonicated for 30 min. Then 1 M solution of Py was
added slowly to the above mixture under swirling condition. The
mixture was stirred for 2 h to obtain PPy/V,0s composite and was
termed as PPy/2%V,0;. The other composites (PPy/5%V,0Os, PPy/
8%V,0;, and PPy/10%V,0Os) were also prepared under the same con-
ditions; however, the amount of V,0O; was increased, i.e., 0.5, 0.8 and
1 g, respectively. A schematic diagram of the experimental setup for
the preparation of PPy and PPy/V,O; composites is shown in Fig. 1.
4. Characterizations

The samples were characterized using various techniques includ-
ing Fourier transform infra-red (FI-IR) spectroscopy, X-ray dif-
fraction (XRD) spectroscopy, thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), energy dispersive X-ray (EDX)
spectroscopy and LCR-meter. For FT-IR data, an appropriate quan-
tity of the samples was mixed with KBr (IR grade), and small quanti-
ties of the samples were transferred to a sample cup of the diffuse
reflectance accessory (DRS-8000 A) for scanning purpose. FT-IR
spectral analyses were performed by FT-IR spectrometer (FT-IR-
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Fig. 1. Schematic presentation of the experimental setup for the
synthesis of PPy and PPy/V,0; composites.

8400, Shimadzu, Japan) with wavenumber varying from 400 to
4,000 cm™". The powder XRD analyses of the samples involved a
JEOL JDX-9C-XRD (Japan) spectrometer with Cu K, radiations.
The scanning range of each sample was 26 of 10 to 80° with scan
speed of 0.1°/sec and step angle of 0.05°, while the tube voltage and
current were 40kV and 30 mA, respectively. The TGA study of
the samples was performed by a PerkinElmer Diamond TG/DTA
(USA). For TGA analyses, the samples were placed in an alumina
ceramic pan and held for one min at 25 °C, and then the tempera-
ture was raised to 700 °C at the heating rate of 10 °C/min under
the nitrogen flow of 40 mL/min. For SEM and EDX analyses, a
JEOL JSM-5910 (Japan) EDX spectrometer with coupled scanning
electron microscope EDX was used. The samples were stuck with
carbon conducting tape on sample stub and sputtered with gold in
fine coater (SPI-module) for 30s. The stubs bearing samples were
inserted in the sample chamber of the instrument. The machine
was evacuated and morphology of the samples was investigated.
The SEM images were obtained at accelerating voltage of 10kV,
while the distance of the sample from the tip of electron gun was
10 mm and EDX spectrum was recorded using 10 keV. UV/visi-
ble spectra were recorded using Lambda 650 PerkinElmer (USA)
double beam UV /visible spectrophotometer.
5. Electrical Properties

The electrical properties of the materials were determined using
an LCR-meter (GW INSTEK LCR-817, Taiwan) at applied voltage
of 1V and frequency of 1 kHz. For this purpose, interdigitated elec-
trodes of copper were locally prepared on a printed circuit board
having a gap of ~93 um between the fingers. A known amount
(0.05 g) of each sample was dispersed in acetone (1 mL) by sonica-
tion for 30 min at room temperature. The samples were then de-
posited on the electrode by drop-casting method by dropping 0.5
mL of the suspension onto the surface of the electrode. The coated
electrode was placed in an oven at 40 °C for 30 min to remove the
acetone. The sample-coated electrode was attached to the LCR-
meter through crocodiles and subjected to the study of electrical
properties. The effect of V,O; contentin the composites and tem-
perature (20-70 °C) on the electrical properties of samples was also
investigated.
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Fig. 2. FT-IR spectra of (a) PPy (b) V,0; and (c) PPy/2%V,0;.

RESULTS AND DISCUSSION

1. FT-IR Spectroscopic Analysis

To illustrate the successful synthesis of PPy and co-existence of
PPy and V,0;, an FT-IR study of the samples was carried out. FI-
IR spectra of PPy, V,0; and PPy/2%V,0O; are shown in Fig. 2.
The synthesis of PPy was established from FT-IR study (Fig. 2(a)).
The band at around 1,554 cm™" is allocated to stretching vibration
of C=C in the pyrrole ring [31]. The absorption band at 1,328 cm™"
is related to C-H in plane deformation modes [32]. The character-
istic absorption bands at 1,201 and 1,053 cm™" are, respectively, due
to the stretching vibrations of C-N and C-H of PPy [33]. The peak
at 925 cm " is due to the =CH out of plane vibration [34]. Fig. 2(b)
shows the FT-IR spectrum of V,0s with absorption bands at
1,022, 842 and 540 cm™'. The band at 1,022 cm™ is due to V=0
stretching, and likewise, bands at 842 and 540 cm™" are assigned to
V-O-V deformation modes. Similarly, the FT-IR spectrum of PPy/
2%V,05 composite shows the characteristic peaks of both the com-
ponents: PPy and V,Os (Fig. 2(c)). However, the characteristic
vibration peaks of V-O-V at 842 and 540 cm™" are slightly shifted
to 825 and 557 cm ™', respectively. This shifting may due to some
sensitive physical contact between V,0s and PPy [35]. The ob-
served FT-IR results are in good line with the reported results [36].
2. XRD Pattern

XRD patterns of PPy, V,05 and PPy/2%V,0O; are shown in Fig.
3(a)-(c). A characteristic peak (Fig. 3(a)) at 26 from 20 to 30° indi-
cates the amorphous nature of PPy [37] is due to the scattering
from the PPy chains at the interplanar spacing [38].

The V,0; is of crystalline nature (Fig. 3(b)), having ICCD PDF-
4 Card # 04-008-4555. The characteristic peaks of V,0; are found
at 20=15.3", 20.2°, 26.1°, 30.9°, 32.3°, 34.2°, 37.2° and 51.1° which
are allocated to (200), (001), (110), (301), (011), (310), (401) and
(020) lattice planes, respectively. In the XRD spectrum of PPy/
2%V,0; (Fig. 3(c)), V,0; still reserves good crystallinity and the
position of diffraction peaks has no apparent shift.

To find any possible change in the crystallite size of the com-
posites, the average crystallite size of V,O, and the composites was
calculated using Debye-Scherrer equation as given below [39,40].
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Fig. 3. XRD patterns of (a) PPy (b) V,O; (c) PPy/2%V,0:.
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where L is the average crystallite size, k is the shape factor of value
0.89; @is the angle of diffraction at the maximum intensity, /3 is
the full width at half maximum of diffraction of angle. The aver-
age crystallite size of V,O; was found to be 16.8 nm. Similarly, the
average crystallite sizes of the prepared composites are almost the
same. It shows that PPy does not alter the crystallinity of V,Os, and
thus no chemical interface of PPy with V,0s is observed. Thus,
the XRD and FT-IR results are in line with each other. The ap-
pearance of all the peaks of V,0, in XRD image of the composite
confirms the formation of a thin layer of PPy around V,0O; parti-
cles. The formation of a thin layer is also one of the purposes of
this study, because in such a situation both of the components,
PPy and V,0;, can play their role significantly during their appli-
cations in electrical devices [41].
3.TGA

The thermal behavior of the samples is shown in Fig. 4(a)-(f).
As is clear from the curve, V,0; is stable and shows no weight loss
in the studied temperature range, while the rest of the samples dis-
play thermal degradation. In case of PPy (Fig. 4(a)), the initial
weight loss around 110°C is due to the loss of moisture in the
sample [42]. The decomposition from 250-440°C is due to the
loss of H, C and N moieties of PPy [18]. The total weight loss due
to PPy decomposition is ~72%, while the remaining weight (16%)
after PPy degradation is due to carbon residue [30]. The greater
thermal stability of PPy, even at higher temperature, is due the
greater extent of 7-electrons over the heterocyclic ring. The ther-
mal stability of the composites slightly rises with V,0; loading,
which is due to the barrier effect of V,0O5 and lesser movement of
polymeric chains when bound on to the particles of V,O;. Simi-
larly, with the increase of V,05 content, the water of hydration in
the composites has reduced [43]. The TGA curves show that the
remaining weight percent of the composites increases from PPy/
2%V,0; to PPy/10%V,0s, which is due to the increase in the con-
tent of V,Os. The approximate weight percent of V,0O; in the com-
posites was calculated from the TGA results of the composites.
From TGA data, after excluding the weight percent of PPy rem-
nants, the weight percent of V,0O; in the composites was found to
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Fig. 5. EDX spectrum of PPy/2%V,0;.

be around 61, 73, 77 and 78% for PPy/2%V,0s, PPy/5%V,0s,
PPy/8%V,0;s and PPy/10%V,0s, respectively. The EDX spectrum
of PPy/2%V,0; is shown in Fig. 5. From the EDX spectral analy-
sis, the atomic percentages of V;, O, C, N and Cl in the composite
(PPy/2%V,0;) are 12.44, 32.92, 50.45, 1.84 and 2.35%, respectively.
Thus, the molar ratio of C, N, ClI and V,0O5 was 50.45:1.84:
2.35:6.22, respectively. These results show that the actual amount
of V,0; in the composite is greater than the added amount. Simi-
larly, the actual amount of V,0O; in other composites is also found
greater than the added amount. As mentioned, we were interested
in the composites with a thin layer of PPy on around V,O; parti-
cles. Therefore, we used smaller concentration of the reactants (Py
and FeCl;-6H,0) at the start, which resulted in a relatively smaller
yield of PPy. Thus, this difference between the added amount of
V,0; and the actual amount in the composites is according to our
expectations.

To further verify the effect of V,05 contents on the thermal sta-
bility of the composites, the activation energy of the decomposi-
tion of PPy and PP/V,0; composites was determined by using a
well-known integral Broido method [44,45].
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lnln(Y ==\®)T +constant

where Y=w,~wy/w,—w; and is the fraction of the sample not yet
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Fig. 6. Activation energy plot of (a) PPy (b) PPy/2%V,0; (c) PPy/
5%V,0; (d) PPy/8%V,0; (¢) PPy/10% V.0,

Table 1. Activation energy of PPy and PPy/V,0; composites

Sample Activation energy (kJ/mol)
PPy 56.3
PPy/2%V,0, 69.8
PPy/5%V,0, 744
PPy/8%V,0, 75.6
PPy/10%V,0, 76.5

decomposed, w; is the weight at any time t, w; is the final weight
and w, is the initial weight. The plots for the calculation of activa-
tion energy by this method are shown in Fig. 6. The slope of the
plot of InIn(1/Y) vs 1/T is related to the activation energy. The val-
ues of the activation energy of the samples were determined and
presented in Table 1. The activation energy increases from PPy to
PPy/10%V,05 and hence the thermal stability. These results also
suggest some possible interactions between PPy backbone and
V,0O; particles, which is consistent with FT-IR results.
4. SEM Analysis

SEM images of the samples show complete encapsulation of
V,0; in PPy matrix (Fig. 7). The morphology of PPy is hemispher-
ical with globular shaped particles. The average grain size of PPy is
~0.5 um (Fig. 7(a)). By adding V,O; (2 wt%), the compactness of
the PPy/2%V,0; has greatly increased as compared to PPy (Fig.
7(b)). The particles of PPy/2%V,0O; are well-interlinked. Due to

Korean J. Chem. Eng.(Vol. 35, No. 1)
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Fig. 7. SEM images of (a) PPy (b) PPy/2%V,0; (c) PPy/5%V,0;, (d) PPy/8%V,O;, (¢) PPy/10%V,0, and (f) V,O;.

the encapsulation of V,0;s particles, the porosity of PPy has been
enhanced in the composite. However, further increase in V,0s
content results in the segregation of the composites particles (Fig.
7(c)-(e)). This may be due to the relatively increased proportion of
V,0; as these particles are of dispersed nature (Fig. 7(f)). The PPy
coating can be clearly seen around the V,0O; particles, as Py is
polymerized around the particles of V,0O;. Since the composites
are obtained by mixing solid V,0; with Py, the morphology of all
the composites is almost the same, i.e., rod shaped. The preserva-
tion of the core particles morphology in the composites is because
of the formation of a PPy thin layer around V,0O; particles, which
is in line with XRD results. Similar maintenance of surface mor-
phology of the core particles in the composites was also reported
for the chitosan conjugated magnetic nanoparticles [46].
5. Effect of V,0; Content on the Electrical Properties of PPy
Composites

The electrical properties in the form of resistance of PPy and
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PPy/V,0;5 composites were studied at room temperature, as de-
picted in Fig. 8. Initially, the resistance decreases significantly from
PPy to PPy/2%V,0; and then slightly increases from PPy/5%V,0Os
to PPy/10%V,0s. The higher resistance of PPy is due to the porous
nature of its particles and weak linkage among the polymeric par-
ticles through the grain boundaries [30], which restricts the move-
ment of charge carriers. In the present study, higher resistance
values of PPy were obtained as compared to the reported litera-
ture [47]. The conductivity of PPy depends on several other fac-
tors, such as the nature of the solvent, concentration of the oxidant,
polymerization type, time and temperature [48,49]. Among these
parameters, the nature of the solvent, concentration of the oxidant
and polymerization temperature play key role in reducing the resis-
tance of PPy. Rodriquez et al. [50] reported the yield of PPy films
with higher conductivity (lower resistance) in aqueous medium at
lower temperature (0-5°C). Similarly, the optimum oxidant/mono-
mer ratio for the synthesis of PPy of lower resistance by chemical
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polymerization using FeCl; as an oxidant is reported to be 2.2-2.3
[51]. In the present study, we used relatively higher polymeriza-
tion temperature (8 °C) and lower concentration of the oxidant
(0.1 M). These experimental conditions may have also increased
the resistance of the resultant PPy. By adding V,Os particles, con-
jugation and connection through the grain boundaries of the poly-
mer chain increases to facilitate the charge carrier's motion [52],
which results in the decrease of electrical resistance. Therefore,
PPy/2%V,0; shows the smallest electrical resistance among all the
samples. It means that adding V,0s particles of this level (2%)
expedites the movement of charge carriers through the polymeric
chains and provides good physiochemical connections between
PPy and V,O; particles. However, increasing V,0; content beyond
2%, the resistance slightly increased (PPy/5%V,0s to PPy/10%V,Os).
This may be due to the accumulation of charge carriers [53] owing
to the increase in the segregation of the samples particles. This can
be explained by the fact that on one hand, V,O; particles hamper
the transport of charge carriers among different conjugated chains
of PPy, and on the other hand, the existence of an interface between
PPy and V,0; particles results in the decrease of conjugation lengths
in PPy chains. The decrease in the resistance of the composites, as
compared to PPy, suggests the increase in the mobility of charge
carriers in the composites. The variation of samples resistance with
their compactness is in good line with the SEM results. To find the
effect of V,0; particles on the doping of PPy, UV /visible spectra of
PPy and PPy/V,0, composites dispersed in ethanol were recorded
from 200 to 800 nm (Fig. 9). The spectrum of PPy exhibits a dis-
tinct absorption peak at 279 nm, which is attributed to 7to 7" of
transition of the benzenoid ring. All the synthesized composites
also show the absorption peak with a shift to 289 nm, which may
be due to the successful interaction of metal oxide particles with
the polymer chains [54]. The similarity in the absorption peaks of
the composites suggests that after adding 2 wt% of V,0O;, there is
no effect of V,05 content on the 4, of the composites. This indi-
cates that 2wt% of V,0; is sufficient for the synthesis of a PPy/
V,0; composite of optimized properties in the present case. The

Absorbance (a.u.)

(b)
(a)

ijk :
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Fig. 9. UV/visible spectra of (a) PPy (b) PPy/2%V,0; (c) PPy/5%V,0;
(d) PPy/8%V,0; and (e) PPy/10%V,0,

band gap energy of PPy and PPy/V,05 composites is calculated by
using the following equation [55]:

E;=hc/A

where E, is the band gap energy, h is Plancks constant, C is the
speed of light and A is the cut-off wavelength, which is 290 nm for
PPy and 351 nm for the composites. The band gap energy values
for PPy and PPy/V,0; composites were found to be 3.89 and 3.22
eV, respectively. The smaller band gap energy value of the com-
posites indicates the relatively higher doping of PPy in the com-
posites as compared to the pure PPy. The difference in the band
gap energy values of PPy and the composites is not as much as the
resistance differences (Fig. 8). Thus, it is suggested that both the
compactness of the sample as well as the doping of PPy in the
composites plays a key role in the decrease of composites resis-
tance. The effect of sample compactness is also clear from the fact
that though the band gap energy of the rest of the composites is
similar to PPy/2%V,0s, however, their resistance increases slightly,
which may be due to the decrease in their compactness.
6. Effect of Temperature on the Electrical Resistance of the
Samples

To study the effect of temperature on the resistance of the sam-
ples, the electrode bearing the sample was placed in a specially
designed chamber inside the furnace. The temperature was varied
from 20 to 70 °C. The dependence of resistance on temperature is
shown in Fig. 10. As the figures show; the resistance of all the sam-
ples decreases and hence conductivity increases with the rise in
temperature. Thus, the thermal activated behavior of the samples
is confirmed. In case of PPy, the decrease in resistance with tem-
perature is due to the increase in charge transfer efficiency [56,57].
It is also suggested that with the rise in temperature, the lattice
vibration in PPy increases, which results in chain stretching. The
stretching of the chains results in an effective charge spreading all
over the chain and improvement in arrangement of polymer
chains with capacity for longer conjugation length. This results in
the intra- and interchain hopping of charge carriers, which in turn
lowers the resistance [53]. Also, with heating there will be molecu-
lar rearrangement in PPy, which makes the molecules more favor-
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Fig. 10. Effect of temperature on the resistance of PPy and its V,05
composites.

able for the charge carrier’s moment [58]. Similarly, for the com-
posites contain semiconducting V,0Os, and there is physical inter-
action between PPy and V,0; particles, therefore, the resistance of
the composites decreases with temperature. The effect of tempera-
ture on resistance of the samples reveals their semiconducting
nature [59].

CONCLUSIONS

A simple route was followed for the synthesis of PPy and PPy/
V,0; composites in aqueous medium at room temperature using
chemical oxidation polymerization. The structure, thermal stabil-
ity, surface morphology and electrical properties of the samples
were investigated. The composites showed substantial improve-
ment in their electrical characteristics. The FT-IR report confirmed
a sort of sensitive physical interaction of PPy with V,0; in the
resultant composites. From the XRD study, PPy is amorphous and
its V,05 composites are crystalline. The V,0; loading of 2% was
found to be the optimized value for the preparation of PPy/V,0s
with good compactness and smallest resistance. The resistance
decreases from PPy to PPy/2%V,0; and then increases due to the
segregation of samples particles and doping of PPy. Due to the
easy synthetic protocol and good electrical properties of the mate-
rials presented herein, it would of great interest if further research

January, 2018

is carried out to investigate the applications of these materials as
gas sensor, which is our next goal.
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