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number of acetate collections in the polymer, have an impact 
on its biochemical properties, solubility, and crystallization 
[3]. It is distinguished from other polymers by good proper-
ties such as lightweight, low-cost, wear resistance, strength, 
high optical quality, and environmentally friendly [4]. Car-
boxymethyl cellulose (CMC), generally used as the sodium 
salt Na-CMC, is one of the most widely used polyelectro-
lyte cellulose derivatives. Na-CMC has vast applications 
in the food, pharmaceutical, personal care/cosmetic, paper, 
optoelectronics, and other industries. CMC, like many other 
water-soluble substances, may be salted out of solution with 
alkali metal salts. However, because of the very hydrophilic 
nature of the polymer, CMC is much more tolerant of many 
types and concentrations of salt than other hydrocolloids 
such as carrageenan, alginates, or pectin, which are highly 
sensitive to particular salts, e.g., calcium. CMC exhibits 
several interesting and useful rheological properties upon 
reaching complete dissolution. CMC is a biodegradable, 

1  Introduction

Polymer-freestanding nanocomposites (PFNCs) are an 
important subject in the development and production of 
materials, particularly polymer nanomaterials [1]. It is well 
recognized that the most significant factors resulting from 
the interaction of filler nanoparticles with polymers are 
PFNCs that improve their properties [2].

Poly (vinyl alcohol) (PVA) has a relatively simple chemi-
cal structure. There are commercial PVA modifiers with 
high grades of hydrolysis. The grades of hydrolysis, or the 
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Pure and PVA-CMC-PEG films decorated with several low amounts of WO3NPs doping were fabricated via the solution 
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cost-effective, water-soluble polymer with semicrystalline 
natures that is non-toxic and capable of producing high-
quality films. CMC shows many advantageous character-
istics, including suspension, filming, binding, emulsificatin, 
water retention, and thickening [5].

Polyethylene glycol (PEG) is a synthetic biodegrad-
able polymer and applied to several applications like food 
industries, biomedical, optoelectronics, sunscreens, sensors, 
shielding, etc. [6].

Transition metal oxides are an important class of semi-
conductors and have been extensively studied. Because of 
their distinctive properties for potential applications such 
as solar cells, electronics, catalysis, optical light, and anti-
bacterial [7]. Among the transition metal oxides, tungsten 
trioxide nanoparticles (WO3NPs) are a p-type semiconduc-
tor and yellow powder material with an energy gap between 
2.5 eV and 3.0 eV and are found in different crystal structure 
phases depending on temperatures. WO3NPs have various 
applications in flexible and transparent electronics, such as 
displays, sensors, and integrated circuits [8, 9].

There are many research papers reporting the impact 
of WO3NPs on the physical performance of the polymer 
matrix [10–13]. By comparing our results with that obtained 
by literatures we found that the present study give superior 
findings.

The PFNCs of polymers and transition metals have a 
great advantage as they hold the ability for simultaneous 
enhancement of the dielectric constant, leading to notable 
boosts in energy storage applications.

To objectively evaluate the novelty of our study, a com-
parative literature scan was carried out to show similar 
research studies concerning the use of PVA-CMC-PEG/
WO3NP PFNC films or comparable methodologies in opto-
electronic and energy storage applications.

This study aims to explore the influences of varying 
WO3NPs wt% on the morphological, structural, optical, DC, 
and AC electrical properties of PVA-CMC-PEG polymeric 
matrix to be suitable for different optoelectronic device and 
energy storage applications.

2  Materials and Methods

2.1  Materials

Highly pure WO3NPs (> 99.8%, 30  nm) were purchased 
from Sigma-Aldrich; PVA (99.8%, 185,000 g/mol) was pur-
chased from Himedia, India; and CMC (99.9%, 700,000 g/
mol) was purchased from Glentham Life Sciences Ltd., 
United Kingdom; PEG (99.7% 6000  g/mol) from Sigma-
Aldrich. Ultra-pure water (UPW) was used as a solvent for 
all experiments.

2.2  Preparation of Nanocomposite Films

Briefly, 0.9  g of PVA in 30 mL UPW was dissolved for 
1 h using a magnetic stirrer, and then the temperature was 
increased to 50 °C and continued for another period. After 
that, 0.05 g of CMC and 0.05 g of PEG were added to syn-
thesize the PVA-CMC-PEG polymer matrix. The resulting 
solution was poured into a plastic Petri dish and kept in the 
air at RT for 120 h to dry. The same method was followed in 
the preparation of PBNC films based on (2, 4, and 6 wt%) 
of WO3NPs. The ratios of PVA-CMC-PEG and WO3NPs 
were illustrated in Table 1.The thicknesses of the prepared 
films were about 80 ± 3 μm, as measured by the digital Ver-
nier Caliper. The samples were listed as F1, F2, F3, and F4 
respectively.

2.3  Descriptions

The samples’ functional groups were ascertained using Fou-
rier transform infrared spectroscopy (FTIR, Bruker, ver-
tex-70 spectrometer, German) in the wavenumber region 
of 4000 –500  cm–1; the surface morphologies were ana-
lyzed using field emission scanning electron microscopy 
(FESEM, MIRA3 TESCAN); a Shimadzu (UV-1800  A) 
spectrophotometer was used to measure film transmission 
curves in the wavelength range of 200–1100 nm; the dielec-
tric characteristics were studied in the frequency range of 
f = 102 to 5 × 106 Hz by LCR meter (HIOKI 3532-50 LCR 
HI TESTER); the thicknesses of the prepared films were 
measured by the digital Vernier Caliper.

3  Results and Discussion

3.1  FESEM Analysis

The surface morphologies of F1 (reference sample) and their 
nanocomposite films with WO3NPs (F2-F4) were compre-
hensively investigated using FESEM, as shown in Fig. 1. 
It can be observed from Fig. 1-a that the F1 film (control 
sample) has a homogeneous texture, a smooth surface, and 
no cracks. However, the infusing of different amounts (2%, 
4%, and 6%) of WO3NPs into PVA-CMC-PEG (Fig.  1, 
b–d) shows a fine distribution of the WO3NPs within the 
reference sample by forming seamless spider web-like or 

Table 1  The ratios of PVA-CMC-PEG and WO3NPs
Sample ID PVA-CMC-PEG ratio WO3NPs wt%
F1 90% − 5% − 5% 0
F2 2
F3 4
F4 6
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grid-like shapes on the surface of matrix (Figs. b and c) that 
convert to a simple wrinkled-like shape in the F4 sample 
(Fig. 1, d). Remarkably, the surface roughness of the matrix 
surface was raised by increasing the amount of WO3NPs.

3.2  FTIR Investigation

The FTIR spectra of the PVA-CMC-PEG polymeric blend 
and their PFNCs with different weights of WO3NPs are 
conclusively shown in Fig. 2. The basic composition struc-
ture of PVA polymer is (C2H4O)n [10], and that of CMC 
and PEG polymer are [C6H10O5]n [11]. The broad peak 
observed at approximately 3282.48  cm− 1 is hydroxyl-OH 
group stretching vibration, and the peak that occurs at 
2891.50 cm–1 indicates a methyl C-H3 asymmetrical band 
of stretching [12]. The peak observed at 1728.08 cm–1 can 
be ascribed to the carbonyl group C = O stretching bond 
[13]. Meanwhile, the functional groups at 1342.38  cm− 1, 
1240.53  cm− 1, and 1111.71  cm–1 can be attributed to the 
amide group and OH group bending vibrations of the 
PFNCs and to the presence of C-O stretching vibrations of 
PVA, CMC, and PEG, respectively [14, 15]. Moreover, the 
C-C stretching vibrational mode of the PVA molecules is 
shown by the absorption peak that appears at 955.06 cm− 1, 
and the peak at 841.69  cm− 1 corresponding to peroxide 

C-O-O– stretching [16, 17]. FTIR results indicate that there 
is no shift of the functional groups, which indicates that the 
hydrogen bonds were formed through the physical interac-
tion between the absorption bands of the polymer matrix 
and their PBNC films.

3.3  The Optical Properties

The UV-visible absorbance spectra (A) of the PVA-CMC-
PEG blend polymer and their PFNCs with different loadings 
of WO3NPs are shown in Fig. 3. It is evident that in the VIS 
and NIR, the absorbance curves show a tendency towards 
saturation, and an enhancement in its absorbance values is 
noted from 33 to 98% for the F4 sample compared to the F1 
reference sample in the UV region. The UV spectra’s high-
intensity absorption edge was at about 240 nm for the F1 
control sample. The noticeable variance in this absorption 
edge height among F2, F3, and F4 specimens is attributed 
to the disorder reasoned by WO3NPs filled the blend matrix 
[18]. This result occurs due to the ability of electrons to 
absorb electromagnetic energy (EM) interacting with atoms 
and move to higher energy levels [19].

The Swanepoel relationship (Eq. 1) was used to compute 
the absorption coefficient α [20]:

Fig. 1  FESEM microstructure 
images of a- F1, b- F2, c- F3, and 
d- F4 samples
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104 cm− 1, which refers to the appearance of indirect elec-
tronic transitions as shown in Fig. 4.

Using the thickness-dependent Tauc’s relation (Eq.  2), 
the optical energy gap of the produced films was computed 
from the absorbance data [20].

(α hυ )m = B(hυ − Eg
opt ± Eph)� (2)

α = 2.303

(
A
t

)
� (1)

Where t is the thickness of the film, α values can be used to 
distinguish between direct and indirect types of electronic 
transitions. If α > 104 cm− 1, electrons should be transferred 
directly, while if α < 104 cm− 1, they should be transmitted 
indirectly. In the current work, the α values were lower than 

Fig. 4  Absorption coefficient spectra of blended polymer and its 
PFNCs

 

Fig. 3  UV-visible absorbance spectra of blended polymer and its 
PFNCs

 

Fig. 2  FTIR spectra of a- F1, b- 
F2, c- F3, and d- F4 samples
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could be attributed to the formation of connected networks 
in the polymeric matrix. On the other hand, as we know, 
the current nano-fillers are semiconductor materials, and 
mixing them with PVA-CMC-PEG may lead to the forma-
tion of sub-energy levels inside the band gap, which act as 

Where B is the parameter for band tailing, and m defines 
the type of optical transition for the materials under investi-
gation (m = 1/2 for allowed indirect transitions and m = 1/3 
for forbidden indirect transitions). The values obtained from 
the plot of (αhν)1/2 and (αhν)1/3 against photon energy (hν) 
shown in Figs. 5 and 6 were included in Table 2.

The indirect for allowed and forbidden electronic transi-
tions of the F1 sample and their PBNC films with several 
amounts of WO3NPs was calculated by projecting the linear 
portion of the curve to the photon energy axis. It can be 
observed that both allowed and forbidden indirect decreased 
from 4.35 to 3.60 eV and from 4.20 to 3.25 eV, respectively, 
with the decoration of WO3NPs. The change in the crystal-
linity of the films and oxygen ion vacancies may cause a 
reduction in the optical energy gap; these positively charged 
vacancies may capture some free electrons and act as donor 
centers, leading to a reduction in the optical energy gap. 
From another point of view, the formation of imperfections 
and disarrays in the materials, which are close to the con-
duction band, may explain why the optical energy gap has 
reduced [21, 22].

The complex dielectric function (ε) is a measure of a 
material’s ability to reduce the speed of light within it based 
on its energy storage. The real part represents the material’s 
capacity to reduce light speed, while the imaginary part 
illustrates how materials absorb energy from the electric 
field due to dipole motion. These values can be calculated 
using Eqs. 3 and 4 [23]:

ε r = n2 − k2◦ � (3)

ε i = 2nk◦ � (4)

where ε r
, ε i

, n, and k◦  are the dielectric constants, dielec-
tric loss, the refractive index, and the extinction coefficient, 
respectively. The variation of the dielectric constant as a 
function of wavelength is seen in Figs. 7 and 8. From the 
findings, the F1 sample dielectric constant increases for both 
the real and imaginary components at shorter wavelengths. 
The real and imaginary values of the PBNC films show a 
noticeable higher value in comparison with F1 polymeric 
blend sample at all wavelengths. The enhancement of the 
dielectric constant is influenced by the interfacial polariza-
tion between the WO3NPs filler and matrix [24–27].

3.4  D.C Electrical Properties

The behavior of the electrical conductivity of the direct cur-
rent (σdc) in the various temperature (T) ranges from 30 °C 
to 90 °C for the F1 polymer blend sample and their PBNC 
films was studied, as illustrated in Fig. 9. The increase in 
σdc after the incorporation of WO3NPs at all temperatures 

Table 2  Eopt
g indirvalues for the allowed and forbidden indirect transi-

tion of blended polymer and its PFNCs
Sample ID Eopt

g indir  allowed Eopt
g indir  forbidden

F1 4.35 4.20
F2 4.25 4.00
F3 4.00 3.80
F4 3.60 3.25

Fig. 6  VariationEopt
g indir  for forbidden transition of blended polymer 

and its PFNCs

 

Fig. 5  VariationEopt
g indir  for allowed transition of blended polymer 

and its PFNCs
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traps for charge carriers that move by hopping among these 
levels, resulting in an increase in σdc [28]. The maximum 
σdc values that appear at 90 oC are 1.93 × 10− 8, 3.51 × 10− 7, 
8.33 × 10− 7, and 1.14 × 10− 5 Ω.cm− 1 for F1, F2, F3, and 
F4 samples, respectively. Similar behavior was reported by 
[29].

Figure 10 shows the variation of lnσ versus 103/T mea-
sured at temperature range between 303 K and 363 K for 
polymeric blend and its PFNCs. To calculate the activation 
energy (Eac), Arrhenius equation was used [30]:

σ = σ o exp(−Eac/KBT)� (5)

where σo is the conductivity at RT, Eac is the activation 
energy, KB is Boltzmann constant, and T is temperature.

The calculated results of Eac values range from 2.2580 eV 
to 1.4007 eV, as displayed in Table 3. The high value of Eac 
for the F1 polymeric blend is attributed to the existence of 
free ions in the polymers, which move by the hopping pro-
cess. The decrease in Eac is related to an increase in local 
energy levels in the energy gap, which act as traps for charge 
carriers and play an important role in charge transport [31].

3.5  AC Electrical Properties

Dielectric constant (ε′), dielectric loss (ε”), and AC electri-
cal conductivity (𝜎AC) for polymer blend and their nano-
composites with WO3NPs films were studied at RT over the 

Table 3  The experimental results of the Eac values
Sample Eac (eV)
F1 2.2580
F2 1.8863
F3 1.5215
F4 1.4007

Fig. 10  ln σ  versus 103/T of blended polymer and its PFNCs

 

Fig. 9  The dependence of conductivity (σdc) of blended polymer on 
temperature and nano-fillers concentration

 

Fig. 8  Imaginary part of dielectric constant spectra of blended polymer 
and its PFNCs

 

Fig. 7  Real part of dielectric constant spectra of blended polymer and 
its PFNCs
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frequency range 102 -5 × 106 Hz, and computed using the 
following formulas [32, 33]:

ε′ = CP/C◦ � (6)

ε′′ = ε′D� (7)

σA.C = ω ε′′ε0� (8)

The Cₒ is usually used to denote a vacuum capacitor, whereas 
the term Cp is generally used to describe capacitance. The 
variable “displacement” (D) is utilized in this context, and 
ω represents the angular frequency.

The dielectric constant, dielectric loss, and AC electrical 
conductivity for the F1 polymer blend and their PBNC films 
with different loading ratios of WO3NPs were systemically 
studied at RT over the frequency range of 102 − 5 × 106 
Hz. Figure 11 shows the dependence of the dielectric con-
stant on frequency. Decreasing the dielectric constant with 
increasing frequency may be attributed to the tendencies 
of the dipole in the samples for orienting themselves in 
the directions of the applied electrical field and decreasing 
space charge polarization [32, 33]. The maximum dielectric 
constants at 100 Hz are 0.518, 6.333, 10.320, and 39.346 for 
the F1, F2, F3, and F4 samples, respectively. These values 
also revealed the ability of these films to store energy from 
the applied electric field.

The dielectric loss measures the lost electrical energy in 
the sample from the applied field, which is transformed into 
thermal energy in the sample. The dependence of dielectric 
loss on electric field frequency and WO3NPs dopant at RT is 
shown in Fig. 12. The maximum dielectric losses are 0.632, 
14.567, 30.961, and 173.124 for the F1 polymer blend and 
its PFNCs with different weights of WO3NPs, respectively. 
The decrease in dielectric loss values with increasing fre-
quency of applied electric field is attributed to a decrease in 
the space charge polarization contribution [34].

The dependence of AC electrical conductivity on fre-
quency at RT is shown in Fig.  13. The AC conductivity 
increases considerably with the increase in frequency for all 
samples, which is attributed to the space charge polarization 
along the frequency used and to the motion of charge carri-
ers by the hopping process. Also, the conductivity increases 
with the increasing weight of WO3NPs. This behavior is due 
to the effect of the space charge as a result of the increase 
in charge carriers due to the regular distribution in the poly-
meric matrix. Then, if electrical polarization had the highest 
effect in one specimen, it would also have the most effect 
in all other specimens. Considering this, electrical con-
ductivity and polarization are given a high value for the 
dielectric constant. The F4 specimen gave the highest elec-
trical enhancement, and therefore this sample is extremely 

Fig. 13  The dependence of AC electrical conductivity on frequency 
and dopant amounts

 

Fig. 12  The dependence of dielectric loss on frequency and dopant 
amounts

 

Fig. 11  The dependence of dielectric constant of the prepared films on 
frequency and dopant amounts
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4  Conclusions

Novel PVA-CMC-PEG/WO3NPs nanocomposite films, 
based on PVA-CMC-PEG as a matrix material and WO3NPs 
as a dopant material, were successfully created using the 
solution casting procedure. The FTIR confirmed that there 
is no change in the chemical structures between the polymer 
blend and the additives. FESEM microstructures illustrate 
that the matrix sample, F1, has a homogeneous texture, a 
smooth surface, and no cracks, and the embedding WO3NPs 
were finely distributed as grids and wrinkled-like shapes 
on the surface of the matrix. The optical results of nano-
composite film revealed an immense enhancement from 
33 to 98% in its absorbance compared to matrix in the UV 
region. The allowed and forbidden indirect band gaps of 
blend polymers dropped upon infusing WO3NPs. The DC 
electrical conductivity of the polymeric system increased 
after the addition of WO3NPs at all temperatures, and the 
measurements indicated that all films have a single activa-
tion energy, whose values decrease as a function of increas-
ing temperature. The AC electrical properties showed that 
the dielectric constant and dielectric loss for all samples 
decreased with the increase in electric field frequency, but 
the AC conductivity of the nanocomposites increased with 
the loading of WO3NPs. The effect of WO3NPs on the AC 
conductivity and dielectric constants was studied, where the 
dielectric constant of the nanocomposite films was higher 
than that of the host matrix with a reduced dielectric loss. 
Ultimately, the developed ternary nanocomposite films can 
find potential applications in the optoelectronic and energy 
storage fields.
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