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Abstract
A hybrid nanocomposite of polypyrrole (Ppy)–V2O5 has been fabricated and characterized for better understanding of 
material enabling one to use this for appropriate application as the nanocomposite shows better thermal stability. The char-
acterization has been done using XRD, FT-IR, FESEM, and UV–Vis for their structure, surface morphology, respectively, 
along with TGA and two-probe method used for checking thermal stability, and DC electrical conductance and dielectric 
behavior of the electrical phenomena of sample. The analysis of XRD demonstrates that crystallinity of nanocomposites is 
the same as that of the polymer, even though interaction between conducting Ppy and  V2O5 is present as evident from FT-IR 
spectroscopy. A variation in bandgap, in comparison with Ppy, is observed when  V2O5 is added into it. The microstructural 
study of nanocomposites shows encapsulation of  V2O5 particles in Ppy matrix with changes in morphology with increase in 
doping. Conductance results show that electrical conductivity of Ppy decayed on adding  V2O5. It has also been found that 
addition of  V2O5 in Ppy has noticeable effect on the dielectric properties.

1 Introduction

Organic–inorganic nanocomposites have been identified 
as new class of materials due to their improved properties 
compared to pure bulk conducting polymers or inorganic 
materials [1, 2]. Conducting polymers have drawn interest 
because of their diverse structures, special doping mecha-
nism, excellent environmental stability, good solution pro-
cess ability, and high conductivity [3]. The main attractions 
of conducting polymer composites are their potential appli-
cations in batteries [4], electrochemical display devices [5], 
molecular electronics [6], electrical-magnetic shields, micro-
wave-absorbing materials [7], etc. Furthermore, conducting 
polymers also exhibit a wide range of electrical, optical, and 

magnetic properties. Amongst various such polymers,Ppy 
has high electrical conductivity and substantial air stability, 
and this has been effectively used in the preparation of dif-
ferent nanocomposites [8, 9]. Ppy has attracted pronounced 
attention due to its unique electrical conductivity, optical 
property, redox property, efficient electron donors and good 
transporters of electron, and high mobility of charge carri-
ers [10–14].

On the other hand, vanadium oxide  (V2O5), a transi-
tion metal oxide, has a layered structure and exhibits good 
electrochemical activity. The  V2O5 shows novel charac-
teristics including electrochromism [15]. In rechargeable 
lithium batteries, the charge storage behavior of deposits 
of hydrated  V2O5 is used [16]. The layered structure and 
redox ability of  V2O5 allow the addition of a number of 
foreign species like polymers and which lead to the grounds 
of hybrid materials with a mixed valence of vanadium  (V4+/
V5+) [17]. Organic–inorganic hybrid structures have been 
planned to achieve new materials with better properties due 
to the synergic effects of the monomer [18]. The intercala-
tion of conducted polymers into layered inorganic hosts has 
drawn great attention and is a topic of research interest. To 
improve the electrochemical properties of  V2O5, its hybrid 
with conducted polymers has been studied in recent years 
[19, 20]. According to the importance of organic–inorganic 
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hybrid composite material, it will be worth to understand 
Ppy–V2O5 nanocomposites’ synthesis and characterization 
along with optical and electrical properties.

The aim of this present study is to report a facile oxida-
tive chemical polymerization synthesis and characterization 
of Ppy–V2O5 nanocomposite. The structural and morpho-
logical study of Ppy–V2O5 nanocomposites has been inves-
tigated here. Electrical and optical properties of synthesized 
nanocomposite have also been studied. The present study is 
expected to provide more insight on the optical and electrical 
properties of the Ppy–V2O5 nanocomposite.

2  Materials and methods

Pyrrole and ammonium persulphate (APS) have been pur-
chased from Sigma chemicals and used as received. All 
other chemicals are of analytical grade and used without 
further purification. Polymerization of pyrrole monomer 
has carried out in chemical oxidative environment. For the 
preparation of Ppy, 50 ml of 0.2 M aqueous pyrrole added 
drop wise to 50 ml of 0.2 M aqueous solution of APS under 
constant magnetic stirring for 2 h at 5–10 °C. The resulting 
black precipitates so obtained was then filtered and washed 
with copious amount of distilled water followed by etha-
nol until the filtrate became colorless. Ppy so obtained then 
dried by keeping in oven at 70 °C for overnight. Dry pow-
dered sample was then made into pellets using a stainless 
steel die of 1.3 cm diameter in a hydraulic press under a 
pressure of 5 tons.

To prepare Ppy–V2O5 composites, different weight per-
cent, 10, 20, and 40 wt% of  V2O5 were mixed with pyrrole. 
The mixtures are stirred with magnetic stirrers in ice water 
baths for 30 min to get a uniform suspension of the compos-
ite. The work-up procedure is the same as described above. 
The details of sample are given in Table 1.

The FT-IR spectrum has been recorded on a Perkin-
Elmer-Spectrum spectrophotometer in the range of 
500–4500 cm− 1. The samples have been prepared in the 
pellet form using a spectroscopic grade KBr powder. Mor-
phological studies have been carried out with the help of a 
SUPRA S50 field emission scanning electron microscope 
(FESEM). The X-ray diffraction measurements have been 
performed using Bruker-AXS Model X-ray diffractometer. 

Thermogram of the polymer sample has been recorded using 
Mettler-Toledo 851 thermogravimetric analyzer in the pres-
ence of  N2 atmosphere from room temperature to 1000 °C 
at a heating rate of 10 °C/min. UV–Vis spectra have been 
measured in Agilent Carry 60 UV–Vis spectrophotometer. 
Electrical resistance measurements have been carried out by 
the two-probe technique. A Keithley make two-probe setup 
(236) has been used to provide the necessary voltage and 
measure the resulting currents. Two wires have been used 
instead of the two probes, and they are connected to the 
pellet of synthesized materials using silver paint and circled 
stickers with a known surface area. Dielectric properties 
have been investigated by an LCR meter (6500B, WAYNE 
KERR at the frequency of  102–106 Hz at room temperature).

3  Results and discussion

Figure 1 represents the FT-IR spectra of pure Ppy and 
Ppy–V2O5 composite materials as listed in Table 1. The 
peaks attributed to C–H wagging [21] appear at 920 cm− 1. 
The spectrum of bulk Ppy shown in Fig. 1 confirmed the 
formation of Ppy as a result of polymerization.

The band at 1552 cm− 1 and a weak band at 1473 cm− 1 
are assigned to stretching vibration of C=C and C–C, 
respectively, in the pyrrole ring. When FT-IR spectra of 
Ppy composites with varying weight percentages of  V2O5 
were compared with the pure Ppy, it was observed that major 
characteristic peaks of Ppy were present with a slight shift 
in some of the frequencies. The bands at 1187 and 920 cm−1 
indicate the doping state of Ppy, whereas peak at 790 cm−1 
signifies that the pyrrole is being polymerized. The peak 
at 1048 cm−1 can be assigned to the C–H deformation of 
Ppy. There is also a presence of small band at 1700 cm−1 
corresponding to V–O–C stretching mode in each case. 
The peaks observed in the present work match well with 

Table 1  Details of Ppy–V2O5 composites sample

Sample name Doping percentage of  V2O5

Ppy Polypyrrole only
Ppyv1 Polypyrrole + 10 wt% of  V2O5

Ppyv2 Polypyrrole + 20 wt% of  V2O5

Ppyv3 Polypyrrole + 40 wt% of  V2O5
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Fig. 1  FT-IR spectra of Ppy–V2O5 composite
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the ones available in the literature confirming the forma-
tion of Ppy [22]. Significant changes are observed in the 
position and shape of the stretching vibration peaks of the 
Ppy–V2O5 composites framework compared with Ppy [23]. 
Resulting insight suggests that there is a possible formation 
of Ppy–V2O5 composite phase, and for better understanding 
and characterization, XRD study has been carried out in the 
next section.

Figure 2 shows the XRD patterns of Ppy and Ppy–V2O5 
composites which shows that Ppy powder is amorphous in 
nature. All XRD patterns have broad peaks at 2θ = 22°–25° 
indicating diffraction hallows corresponding to amorphous 
phase with no clear indication of crystallinity [24, 25]. This 
broadening of peaks can be ascribed to the scattering of the 
bare Ppy chains at the interplanar spacing. This indicates 
that the intercalated product is present with low crystallin-
ity ascribed to the short-range order [20, 26]. To get more 
details about the synthesized Ppy–V2O5 composites materi-
als, TGA study has been performed in the next section.

The thermal behavior of the as-prepared composite sam-
ples has been studied using TGA in  N2 atmosphere and pre-
sented in Fig. 3. The careful observation of the thermogram 
of Ppyv2 shows a weight loss of 15% up to 200 °C which 
can be attributed to the release of moisture/water adsorbed 
on the sample [27]. The smooth weight loss from 200 to 
500 °C is mainly contributed by the elimination of strongly 
bound water, impurities, and unreacted monomers of com-
posite. While the continuous and rapid weight loss from 
500 °C onwards is due to the degradation and decomposi-
tion of Ppy–V2O5. Thus, the Ppy–V2O5 composite may be 
considered as thermally more stable compared to pure Ppy 
which might be related to the combination of  V2O5 and Ppy. 
The more the amount of  V2O5 present within the composite, 
there may be stronger bond formation with the Ppy which 
does not allow easy degradation and in turn shows greater 
thermal stability. For details, morphological characterization 
using FESEM study was carried out in the following section.

FESEM micrographs of Ppy and Ppy–V2O5 composites 
are shown in Fig. 4a–d. Figure 4b–d suggests possibility 
of encapsulation of  V2O5 in Ppy matrix along with grain 
agglomeration with varying morphology on increasing dop-
ing in samples Ppyv1, Ppyv2, and Ppyv3. Synthesized Ppy 
particles are roughly spherical in shape and in the size range 
of 100–200 nm (Fig. 4a) which decreases with increase in 
doping with consistent agglomeration in all the samples 
(Fig. 4b, c). Successful synthesis of Ppy–V2O5 nanocom-
posites is evident from SEM micrographs in Fig. 4. For 
better understanding of optical phenomenon of synthesized 
nanocomposite materials, we have carried out spectroscopic 
studies.

Figure 5 shows UV–Vis spectra of Ppy along with the 
composites showing absorption peak at 446 nm (2.77 eV) 
as reported in the literature [28]. The absorption spectrum 
exhibits this absorption at ~ 450 nm which is characteris-
tic of π–π* transition of neutral Ppy. The nanocomposites 
of Ppy–V2O5 also have consistent peak at ~ 440 nm (slight 
blue shift in peak observed due to the composite formation) 
mainly of neutral Ppy. Resulting insight suggests that there 
may be structural changes upon increase in dopant percent-
age of  V2O5 in Ppy. The blue shift indicates a decrease in 
the effective conjugation of the Ppy, which may change the 
secondary structure of Ppy. The energy bandgap of the syn-
thesized nanocomposite has been calculated [29] and the 
details presented in supplementary information (SI) (Fig. 
S1). To understand the electrical properties of synthesized 
nanocomposite materials, following study has been carried 
out.

An Ohmic behavior is observed in I–V characteristic plots 
for each composite when measured at room temperature, 
as shown in Fig. 6. The appreciable linear increase in DC 

Fig. 2  XRD patterns of Ppy–V2O5 nanocomposite 0 200 400 600 800
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conductivity may be due to detraction in the mobility of 
electrons owing to highly extended chain conformation to 
increase tunneling probability in all synthesized compos-
ites and is due to the versatile semiconducting nature of 
 V2O5 [30, 31] which is contrary to some previous reported 
work in which dopant material was an insulator [32, 33]. It 

was observed that the electrical resistance increases with 
increase in dopant concentration, and hence, conductivity 
decreases (Fig. S2 in supporting information).

Low DC conductivity of pure Ppy is due to the random 
orientation of its particles, poor link among the polymer 
chains through the grain boundaries and compactness. 

Fig. 4  FESEM micrographs of Ppy–V2O5 nanocomposite

300 400 500 600 700

0.2

0.4

0.6

Ppy

Ppyv1

Ppyv2

A
bs

or
ba

nc
e

Wavelength (nm)

Ppyv3

Fig. 5  UV–Vis spectra of Ppy–V2O5 nanocomposite
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Electrical conductivity of Ppy is 144.07 S cm−1, while in 
Ppyv1, Ppyv2, and Ppyv3 nanocomposite, electrical con-
ductivity is 133.47, 46.54, and 37.91 S cm−1 respectively. 
Results show that electrical conductivity of Ppy decayed on 
adding  V2O5. In case of Ppy–Fe2O3 composite [34], it has 
been observed that the Ppy conductivity initially increases 
from 6.00 to 34.00 S cm−1 and then reduced to 9.92 S cm−1. 
Whereas in case of Ppy–ZnO composite [35], it has been 
describes that increase of conductivity from 6 to 18.52 
S cm−1 with the increase in ZnO content at Ppy. In general, 
the conductivity of composite depends on the characteristics 
of the composite like shape, particle size, surface area, crys-
tallinity, and morphology. The decrease of conductivity of 
Ppy–V2O5 nanocomposites may be ascribed to the behavior 
of  V2O5 in the nanocomposites or may be due to increasing 
amount of  V2O5, the possibility of bond formation between 
Ppy on the surface of  V2O5 is increased, and the relative con-
tents of the conducting Ppy decreased [36]. From the SEM, 
it is observed that agglomeration and decrease in size of 
particles occur with increasing addition of  V2O5. Therefore, 
decrease in conductivity may be due to the agglomeration 
of nanocomposite which leads to obstacle in the movement 
of charge through the composite which, in turn, lower con-
ductivity in the presence of higher dopant.

Dependence of dielectric constant as a function of fre-
quency ranging from  102 to  106 Hz at room temperature 
for the pure Ppy and its composites is plotted in Fig. 7. It 
is observed that the values of dielectric constant decrease 
with increasing amount of  V2O5 at increasing frequency 
from  102 to  106 Hz. The decrease of dielectric constant with 
increasing frequency is an expected behavior in most dielec-
tric materials, but the difference between the values at low 

and high frequencies is significant in the case of conductive 
polymers [37, 38].

The high values of dielectric constant at low frequen-
cies are due to interfacial polarization, i.e., the building 
up of bound charges at interfaces within the bulk samples. 
Dielectric constant decreases as the frequency is increas-
ing and this remains nearly unaltered after the frequency of 
 105 Hz. The decrease in dielectric constant with increasing 
frequency may arise either from the lag of dipole oscilla-
tions behind those of the applied AC electrical field at high 
frequencies or due to the need of more thermal energy to dis-
turb the ordered dipoles at higher frequencies of the applied 
field. The dielectric constant for the composites reduced 
with higher content of  V2O5 (10, 20, and 40%) which implies 
that increase in dopant content, there is a decrease of the 
dielectric constant.

4  Conclusion

In summary, the study of Ppy–V2O5 nanocomposites, with 
spherical shape and granular morphology, shows that crys-
tallinity is mainly dominated by Ppy. A slight variation in 
the bandgap is observed in the composite in comparison 
with the Ppy. The Ppy–V2O5 nanocomposites show better 
thermal stability as compared to Ppy. The conductivity of 
nanocomposites is lesser that that of Ppy due to the effect of 
 V2O5, an insulating material. It is also found that the dielec-
tric constant of the nanocomposites decreased with increas-
ing frequency for a given doping concentration and the same 
also decreases with increasing dopant content for a given 
frequency. The present results established that by embed-
ding  V2O5 in Ppy polymer matrix, the optical and electrical 
properties of the nanocomposites can be tuned.
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