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Abstract. Poly(vinyl chloride)/tungsten oxide (PVC/WO3 ) nanocomposite films were synthesized with different ratio
of WO3 content (0, 0.05, 0.1, 0.2 and 0.3 wt%). The sol–gel method was used to prepare WO3 nanoparticles (NPs). X-ray
diffraction and scanning electron microscope techniques confirmed that the WO3 NPs were successfully dispersed in a PVC
matrix with a single-phase structure. Characteristic absorption bands were observed in infrared spectra for pure PVC and
nanocomposites. The morphology of WO3 was observed using transmission electron microscope. The optical energy band
gaps (E opt ; direct and indirect) were estimated by using Tauc’s formula. It was found that the direct band gap energies
decreased from 5.15 to 4.53 eV and the indirect bands decreased from 4.8 to 4.1 eV as WO3 doping increased, while
the Urbach energy (E u ) increased as WO3 content increased. It was found that the steepness parameter decreased, which
confirms the formation of localized states in the band gap and increasing disorder in PVC polymer samples. The dielectric
constant (ε ) of the PVC/WO3 nanocomposite films decreased as frequency increased. At a low frequency region, the loss
factor (ε ) has a high value and then sharply decreased as frequency increased, reaching a frequency independent region
at high frequency values. The obtained data are very useful for using the investigated samples (PVC/WO3 ) as the cores of
high frequency transformers with very low dielectric loss.
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1. Introduction
At present, researchers investigating polymer composite
films are focusing on developing and adjusting advanced
materials. Polymer nanocomposite films are used in several scientific applications due to their optical, thermal,
mechanical, electrical and magnetic properties. Recently,
significant attention has been paid to the preparation and
properties of polymer nanocomposite films for use as lightsteady colour filters [1], optical sensors and solar cells
[2].
The most significant commercial polymer is poly(vinyl
chloride) (PVC), which has a wide range of uses and
applications. The PVC polymer has enormous commercial
importance, thanks to the availability of its elementary raw
materials and its characteristics. It can be used, for instance,
as a thermoplastic because of properties like chemical resistance, thermal stability, low price, mechanical strength and
low flammability [3]. At present, the PVC polymer is unique
among the world’s important artificial polymers, with more
than 40 million tonnes per year being produced internationally [4].
0123456789().: V,-vol

PVC polymer nanocomposite films doped with transition
metal ions are considered to be suitable materials for experimental and theoretical investigation, due to the increasing
number of potential technological applications. The appropriate doping of polymer composite films enhances the
properties of a polymer, making it suitable for a number of
applications [5], such as stable and momentary data storage
[6]. Modifications to the polymer structure and enhanced characteristics can be acquired by placing appropriate transition
metal ions into a polymer chain.
There has been a considerable number of investigations
on improving the optical and dielectric properties of polymer nanocomposites via reinforcing polymers with transition
metal oxide nanoparticles (NPs) [7–14]. For instance, different NPs doped with PVC polymers like ZnO [15], Cr2 O3 [16],
Pb3 O4 [17], Fe2 O3 [18] and NiO [19] have been used as filler
materials in different polymer matrices to adjust and improve
optical and dielectric properties.
In this study, tungsten oxide (WO3 ) NPs have been used
due to its wide applicability [20]. The synthesis and analysis
of WO3 nanostructures are increasingly being studied. The
nanostructuring of WO3 can enhance the performance of the
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PVC polymer, providing it with unique properties that do not
exist in a pure form. Accordingly, we aim to study the effect of
WO3 NPs on the optical parameters and dielectric properties
of prepared polymer films.

2. Experimental
WO3 nano-powder was prepared via the sol–gel method with
the raw material tungsten (VI) nitrate W(NO3 )6 [19]. WO3
was incorporated into PVC at different levels of WO3 content
(0, 0.05, 0.1, 0.2 and 0.3 wt%). These samples were prepared
at 300 K via the solvent casting method. In this study, we
dissolved 2 g of PVC polymer (density 1.4 g ml−1 , Alpha
Chemika, India) in 30 ml of tetrahydrofuran (THF): this was
mixed for 1 h with a magnetic stirrer. After this, numerous
ratios of WO3 NPs were added to the PVC solution, with
incessant stirring for 1 h. Subsequently, we placed the PVC
solutions with different doping ratios into glass Petri dishes,
leaving them to dry in air in order to acquire PVC films. We
used a transmission electron microscope (TEM; JEM 1230,
JEOL) with an accelerating voltage of 40–120 kV, imaging
magnification from 50× to 600,000× and a resolution of
0.36 nm in order to determine the size and morphology of the
WO3 NPs. X-ray diffraction (XRD) was used to characterize
the structure of all the prepared samples: this was carried out
with Shimadzu XRD6000 (Japan). The XRD data were taken
at 300 K by using a Cu-Kα radiation source (λ = 1.5405 Å)
in the range of 2θ (2–80o ) and a 0.05o increment. The surface
structure of the samples was studied with a scanning electron
microscope (SEM) (Quanta 250 FEG). This has a magnification of 30×–300 k× and a resolution of 1.2 nm at 30 kV in
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high vacuum conditions and 3.0 nm at 30 kV in low vacuum
conditions. The infrared spectra was found for all investigated
samples using a Perkin-Elmer 1430 infrared spectrometer
(Germany) at a wavenumber range of 200–4000 cm−1 in a
KBr medium. The optical measurements of the synthesized
PVC/WO3 polymer films were taken with a JASCO UV–Vis–
NIR double-beam spectrophotometer (model V-570).
The behaviour of the dielectric constant was studied at
300 K over an extensive range of frequencies via broadband
dielectric spectroscopy (High Resolution Alpha Analyzer
(Novocontrol GmbH)): this was supported by Quatro temperature controllers providing a temperature stability better
than 0.2 K.

3. Results and discussion
3.1 TEM, XRD and SEM analysis
The morphology and extent of the dispersion of WO3
NPs were observed using transmission electron microscopy
(TEM). A TEM image of WO3 is shown in figure 1a: the
nanoparticle diameters were found to be within the nano range
≈ 30 nm.
The XRD patterns for pure PVC and PVC/WO3 (with WO3
content of 0.1 and 0.3 wt%) are shown in figure 1b. As shown
in the pattern, the amorphous nature of PVC has been confirmed with distinctive broad features at 2θ ∼ 24◦ [21]. The
samples doped with 0.1 and 0.3 wt% WO3 manifested the
hexagonal crystallization phase of WO3 , with lattice parameters of a = 7.298 and c = 3.899 (JCPDS Card no. 33-1387)
[22].

Figure 1. (a) TEM image of WO3 NPs and (b) XRD for pure PVC, PVC/WO3 (with x = 0.1 and 0.3 wt%).
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Figure 2. SEM top-view images of the undoped and WO3 -doped PVC polymer with x = 0, 0.05 and 0.3.

at 835 cm−1 : cis C–H wagging is observed at 617 cm−1 , as
shown in figure 3. The FTIR spectra consist of three regions:
the first is a wide band from 3200 to 3700 cm−1 , the second consists of two sharp peaks at 1401 and 1623 cm−1 and
the third is a comprehensive band in the range of 500 to
1000 cm−1 . The previous peaks are considered fundamental, as reported in [24]. Owing to the adsorption of water
molecules, the ν(O–H) stretching mode’s peak appears at
3446 cm−1 , while the bending δ(H–O–H) vibration mode’s
peak appears at 1623 cm−1 . The FTIR spectra of PVC/WO3
at different concentrations wt% shows the collective spectra
result of both polymers, which is connected with a change in
some peaks’ intensity.
3.3 UV spectroscopic analysis
Figure 3. FTIR absorption spectra of prepared samples (pure PVC
and PVC/WO3 at different concentrations).

SEM of the surface morphology of undoped and
WO3 -doped PVC polymers (x = 0, 0.05 and 0.3) is presented in figure 2. SEM analysis was conducted to examine
the morphology and dispersion of WO3 NPs on the surface of
the PVC film. It is obvious that the WO3 NPs are distributed
homogeneously in the PVC film. An increase in WO3 content leads to high porosity in the polymer films, with some
agglomerations at high concentrations of WO3 .
3.2 FTIR spectroscopic analysis
Fourier transform infrared (FTIR) spectroscopy is a useful
technique for confirming cation distribution in a crystal lattice through their vibrational modes [23]. Figure 3 shows the
FTIR absorption spectra of pure PVC and PVC/WO3 with
different concentrations of WO3 NPs in the region of 400–
4000 cm−1 at room temperature. The characteristic absorption
bands of PVC and WO3 can be recognized and assigned. For
PVC, the C–H stretching mode is detected at 2911 cm−1 ,
CH2 distortion is observed at 1330 cm−1 and C–H rocking is
observed at 1253 cm−1 . At 961 cm−1 , the trans C–H wagging
mode is observed, while the C–Cl stretching mode is observed

Figure 4a displays the ultraviolet (UV)–visible spectroscopy
at a wavelength range of 190–1100 nm at room temperature
for the PVC/WO3 samples (x = 0, 0.05, 0.1, 0.2 and 0.3).
The absorption of the polymer films increased as the WO3
NPs concentration increased, as observed in figure 4a. The
fact that the absorption band stretches from 258 to 298 nm
is due to π –π * electronic transition [25–27]. The increase
in absorbance at wavelengths below 258 nm is recognized
with the C–Cl bond [28]. Figure 4b shows the transmission of
PVC/WO3 in the visible light range. The transmission of pure
PVC is about 90%: we found that transmittance decreases as
the WO3 NPO concentration increases.
The Davis–Mott model has been used in order to calculate
the direct and indirect energy gaps for all samples as follows
[29,30]:
(αhν)n = A(hν − E g ),

(1)

where A is a constant, E g is the material’s band gap energy,
α the absorption coefficient, hν the incident spectrum energy
and n = 2 for direct and 1/2 for indirect band gaps. The direct
band gap energies for the PVC/WO3 films were calculated
by using n = 2 and plots of (αhν)2 vs. hν, as shown in
figure 5a. The results indicate that the computed direct band
gap energies of the PVC/WO3 films decreased from 5.15 to
4.53 eV as the WO3 NPs ratio increased.
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Moreover, the indirect band gap energies have been
computed from equation (1) using n = 1/2, as shown in
figure 5b. The results reveal that the energies decreased from
4.8 to 4.1 eV as WO3 NPs content increased.
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The dependence of E g values for direct and indirect
transitions on WO3 content is shown in figure 6. It is observed
that the E g values decrease with increases in the WO3 NPs
doping content: this could be associated with the formation of
localized states inside the band gap and decreases in the values
of the optical band gap below those of the pure PVC band gap.
In addition, the decrease in band gap energies as WO3 NPs
concentration increases may be attributed to tungsten defects
within the bands: these affect incident photon absorption [20].
The width of the band tails of the PVC films doped with
WO3 NPs can be described using the Urbach energy (E u ).
This is calculated using equation (2) [31]:
ln(α) = ln(α0 ) +

hν
,
Eν

(2)

where α is the absorption coefficient, α0 is constant and E u is
the Urbach energy. Plotting ln(α) against hv and calculating
the inverse of the slope for the curves (figure 7) gives the E u
values. As WO3 NPs content increases, the Urbach energy
also increases, which is shown in table 1. This result is connected with the formation of localized states in the band gap,
increased disorder in the polymer samples and the formation
of imperfections [17,19].
The steepness parameter, which describes electron–phonon
interactions, causes the absorption edge to broaden for the
PVC/WO3 polymer composites. It is calculated in the following manner [32]:
S=

Figure 4. (a) UV absorbance of the PVC/WO3 films and (b) the
transmittance spectra of these samples.

kβ T
,
Eu

(3)

where kβ is the Boltzmann constant and T the temperature in
Kelvin.
The steepness parameter values (listed in table 1) decrease
with an increase/decrease in WO3 NPs content. This result

Figure 5. (a) The dependence of (αhν)2 on photon energy (hν) for the PVC/WO3 films and (b) the dependence of (αhν)1/2 on photon
energy (hν) for the PVC/WO3 films.
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[33,34]:

n=

Figure 6. The dependence of E g values for direct and indirect transitions on WO3 NPs content.

Figure 7. Variation of ln(α) vs. (hν) for the PVC/WO3 samples.

confirms the formation of localized states in the band gap and
increasing disorder in the polymer samples.
The refractive index was calculated using equation (4)

1+ R
1− R




+

4R
− k2
(1 − R)2

1/2
.

(4)

The calculated refractive index of the PVC polymers
doped with WO3 NPs increased at the wavelength range of
350–900 nm, as shown in figure 8. The values of the refractive index at λ = 500 nm are listed in table 1: it was found
that the refractive index values increased as WO3 NPs content
increased.
The energy dispersion parameter for the refractive index is
estimated using the Wemple and DiDomenico (WDD) singleoscillator model [35]:


Eo
1
−1
(hν)2 ,
−
(5)
(n 2 − 1) =
Ed
Eo Ed
where E o is the single-oscillator energy (average of energy
gap) and E d the dispersion energy parameter, which measures
the interband optical transition strength. Plotting (n 2 − 1)−1
vs. (hν)2 provides straight lines that intercept the y-axis at
E o /E d , giving a slope equal to (−1/E o E d ), as shown in
figure 9. The calculated values of E o and E d are presented
in table 1: the values of E o decrease as the WO3 concentration increases in the PVC polymer (i.e., it has the same
behaviour as the optical energy gap). The value of E d has an
inverse performance, which means that it improves as WO3
concentration increases in the polymer samples.
The dispersion refractive index (n 0 ) at zero energy photon
(static refractive index) is calculated using equation (6) [36]:


Ed
.
(6)
n 20 = 1 +
E0
The computed values of n 0 are shown in table 1: it increases
as the WO3 NPs concentration increases. The calculated
refractive index values for the doped PVC polymer are considered high; consequently, the WO3 -doped polymers can be
used to improve the performance of photovoltaic and optical devices such as solar cells and wave guide-based optical
circuits.

Table 1. Values of direct and indirect energy gaps (E g ), refractive index (n), Urbach energy (E u ), steepness parameter (S), single-oscillator
energy (E o ), dispersion energy parameter (E d ), the dispersion refractive index (n 0 ) at zero energy photon (static refractive index), average
oscillator wavelength (λ0 ) and average oscillator strength (S0 ).
E g (eV)
Sample
x
x
x
x
x

=0
= 0.05
= 0.1
= 0.2
= 0.3

Direct

Indirect

n (λ = 500 nm)

E u (eV)

S

E d (eV)

E 0 (eV)

n0

λ0 (nm)

S0 (nm−2 )

5.15
5.03
4.99
4.80
4.53

4.80
4.75
4.59
4.33
4.10

1.35
1.79
2.31
2.75
2.99

0.18
0.24
0.31
0.41
0.52

0.14
0.11
0.08
0.06
0.04

8.70
10.24
11.34
12.56
13.85

7.40
5.58
3.17
2.35
2.01

1.47
1.69
2.14
2.52
2.81

183
147
139
133
129

3.4 × 10−4
8.5 × 10−4
18 × 10−4
30 × 10−4
41 × 10−4
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Figure 10. Variation of (n 2 − 1)−1 vs. (λ)−2 for the PVC/WO3
samples.

contrast, the values of the oscillator strength (S0 ) parameter
increased as the WO3 NPs wt% increased.
Both the optical conductivity (σoptical ) and the electrical
conductivity (σelectrical ) can be calculated using equations (9
and 10), respectively:
σoptical = α(ν)cn/4π
σelectrical = 2λσoptical /α(ν),

Figure 9. Variation of (n 2 − 1)−1 vs. (hν)2 for the PVC/WO3
samples.

Using the Moss model [37], we extracted the average
oscillator wavelength (λ0 ) values for the samples by plotting
(n 2 − 1)−1 vs. λ−2 , as shown in figure 10. The λ0 value at
minimum reflectance is given by the following equation (7):
(n 20 − 1)
=1−
(n 2 − 1)



λ0
λ

2
.

(7)

Additionally, with the calculated λ0 we can investigate the
average oscillator strength (S0 ) using equation (8):
S0 =

(n 20 − 1)
.
λ20

(8)

The calculated λ0 and S0 values are shown in table 1. It is
clear that the average oscillator wavelength (λ0 ) decreased; in

(9)
(10)

where c is a constant, α(ν) the absorption coefficient and n the
refractive index. The calculated optical and electrical conductivity as functions of (hν) for the studied samples are shown
in figure 11a and b. The results show that both calculated optical and electrical conductivity increase with WO3 NPs wt%
in the PVC polymer samples. The high absorbance of PVC
polymers doped with WO3 NPs is the reason for increase in
the calculated values of optical conductivity and electrical
conductivity.
3.4 Dielectric behaviour
The dielectric parameters were investigated for all studied
samples at room temperature and over a wide frequency range
using broadband dielectric spectroscopy (BDS). The real part
of dielectric permittivity (ε ), which is related to permittivity, is shown in figure 12. It is clear that the decrease in ε
with increasing frequency can be attributed to the fact that
the electric dipoles cannot respond to a high frequency external electric field, which consequently leads to a decline in
the number of diploes that can be oriented in the direction
of the electric field. This mechanism results in a decrease in
polarization and dielectric permittivity (ε ) [38]. The presence of WO3 decreases the conductivity of the PVC/WO3
composite samples because of its insulating character. As
is well known, the dielectric mechanism is followed by the
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Figure 11. (a) The calculated σoptical and (b) σelectrical as a function
of (hν) for the PVC/WO3 samples.

Figure 13. (a) Dielectric loss vs. frequency and (b) AC conductivity vs. frequency for the PVC/WO3 samples.

Figure 12. Dielectric permittivity (ε ) for the PVC/WO3 samples.

conduction mechanism, so the dielectric permittivity (ε ) and
conductivity decrease as WO3 content increases [39].
The behaviour of the loss factor vs. frequency at room temperature for all the studied samples is shown in figure 13a.
This shows that in a low frequency region, ε has a high
value: it then sharply decreases as frequency increases, reaching a frequency independent region at high frequency values.
For these samples, the frequency independent region begins

from 10 to 106 Hz, which makes the samples very useful
as the cores of high frequency transformers with very low
dielectric loss [40]. As shown in figure 13a and b, a sample
with low conductivity has higher dielectric loss: there is an
inverse relationship between conductivity and dielectric loss
due to the leakage effect [41].
The values of both the static and high frequency dielectric constants (εs , ε∞ ) can be calculated from the Cole–Cole
curves of the PVC/WO3 composites, which are characterized
by a semicircle signifying individual relaxation phenomenon.
Values of εs and ε∞ are given in table 2: these were investigated by fitting the curves in figure 14. The decrease of εs and
ε∞ with increasing WO3 content is confirmed by the decrease
of ε .

4. Conclusion
Composite samples of PVC/WO3 films were successfully
synthesized via the solution casting method at room temperature. TEM confirmed that the WO3 was in the nano range.
The XRD patterns showed the amorphous nature of PVC and
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Table 2. Values of static and high frequency dielectric
constants (εs , ε∞ ).
Sample
x
x
x
x
x

=0
= 0.05
= 0.1
= 0.2
= 0.3

εs

ε∞

2.94
2.79
2.56
2.15
1.68

3.27
3.15
2.84
2.51
2.13

its characteristic broad features at 2θ ∼ 24◦ . For x = 0.1 and
0.3 wt%, the hexagonal crystallization phase of WO3 manifested. The FTIR spectra of PVC/WO3 with different
concentrations of wt% WO3 showed that both polymers
are associated with a change in some peaks’ intensity. It
was seen that the polymer films’ absorptivity increased
as WO3 content increased. The absorption band from 257

(2020) 43:149

to 297 nm was appointed for π –π * electronic
transition. It is obvious that the transmission of pure PVC was
∼90% and decreased as the WO3 concentration increased.
The optical energy band gaps (E opt ) (direct and indirect)
were estimated using Tauc’s formula: it was found that
the direct band gap energies decreased from 5.15 to
4.53 eV and the indirect band gap energies decreased
from 4.8 to 4.1 eV as the WO3 doping increased. The
Urbach energy (E u ) increased as WO3 content increased.
The average oscillator wavelength (λ0 ) decreased, while,
in contrast, the oscillator strength (S0 ) parameter values
increased as WO3 increased. Both optical and electrical
conductivities increased as WO3 NPs wt% increased. The
results of the dielectric measurements showed that the values of dielectric permittivity (ε ) decreased as frequency
increased: this can be attributed to the decrease in polarization. In addition, both εs and ε∞ decreased as WO3 content
increased.

Figure 14. Cole–Cole plots for the PVC/WO3 polymer nanocomposites.
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