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Abstract

In this work, using the spin coating method to create polyvinylidene
fluoride (PVDF)/polyethylene oxide (PEO) thin films, the effects of nano-tungsten
oxide (WO,) doping were investigated. The novelty of this research lies in its
investigation of varying weight concentrations of WO, nanoparticles (NPs) within
the composite films. Comprehensive characterization techniques were employed,
including structural analysis via X-ray diffraction (XRD), which revealed a clear
and prominent peak in the XRD of the PVDF/PEO films, and the films'
polycrystalline nature with tetragonal structures. The grain size was noted to
increase with higher WO, NPs doping. Field emission scanning electron
microscopy (FE-SEM) showed hexagonal-like a-phase PVDF crystals and uniform
distribution of WO, NPs. Furthermore, Fourier-transform infrared spectroscopy
(FTIR) confirmed the characteristics of PVDF/PEO and identified specific doping
compounds, confirming successful incorporation. The optical transmittance spectra
unveiled the films' optical band gap energy, optical transition types, and absorption
characteristics, where novelty emerged as the band gap energy significantly
increased from 3.0 eV to 3.64 eV with an increased WO, NPs weight doping
percentage, signifying profound electronic structure modifications and potential
applications in optoelectronics and sensors.
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1. Introduction

Polymers are cross-linked monomers or small molecules arranged into repeating
basic units. The formation of these entities leads to various products, each with distinct
characteristics [1-3]. Extensive research is being conducted on polymer thin films,
focusing mainly on their applications in various fields, including sensors,
microelectronics, energy technologies, optics, medicine, and biotechnology [4-8].
Polyvinylidene fluoride (PVDF) is a polymer with unique properties, such as
electroactivity, piezoelectricity, and biocompatibility. Due to its inherent properties, this
material has promising potential for various applications, including sensors, actuators,
energy harvesting devices, battery separators, and filtration membranes [9-14].
Polyethylene oxide (PEO), is a polyether with elastic properties, is devoid of toxicity,
and is water soluble. It has been used in many sectors, such as cosmetics, food
processing, and medicinal preparations. PEO has garnered significant scientific interest
in its use as a polymer electrolyte. It functions as a reliable solvent for salts, particularly
lithium salts, facilitating the movement of ions in the solid state. Solid polymer
electrolytes based on PEO have several benefits compared to liquid organic electrolytes.
These advantages include simplified production, consistent electrochemical properties,
and exceptional mechanical [15-17].

Incorporating chemicals into polymers has many possible uses [18].
Comprehensive investigations dedicated to exploring the capacity of doped polymer
nanocomposites to attain a homogeneous dispersion or widespread incorporation of
inorganic constituents within the polymer matrix were reported by many studies [19-
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21]. Incorporating inorganic nanocomposites scattered throughout the polymer matrix
has numerous electronic applications, such as catalysis, organic batteries, electronics,
and optoelectronics [22, 23]. Tungsten oxide (WQOs3) is an n-type semiconductor with a
reported band gap within the approximate range of 2.6 to 2.8 eV [24, 25]. The intrinsic
conductivity of the material is a consequence of its non-stoichiometric composition,
which creates a donor level due to the presence of oxygen vacancy defects within the
lattice structure [26]. The tungsten compound exhibits several forms due to its ability to
exist in different oxidation states, including 2, 3, 4, 5, and 6. Two common types of
tungsten oxides are tungsten (V1) oxide (WO3), which exhibits a lemon yellow colour,
and tungsten (IV) oxide (WO,), which displays a brown and blue appearance [27]. The
vast range of uses for tungsten oxides may be attributed to their favourable electrical
characteristics. These qualities render them appropriate for electrochromic devices,
photochromic materials, photocatalysts, and gas sensors [28, 29].

This work examines the effect of doping different WO, weight ratios on the
morphological, optical, and structural properties of PVDF/PEO films. The investigation
included the use of characterization methods, namely X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), and ultraviolet-visible spectrometry (UV-vis).

2. Experimental Work

For this work, polymer powders were purchased from Sigma-Aldrich and Merck
KGaA, Darmstadt, Germany. Polyethylene Oxide (PEO, with a density range of 1.11—
1.2 kg/liter) and Poly Vinylidene Fluoride (PVDF, with an average molecular weight of
534,000) were mixed, such that PVDF comprised 75% (0.75 g) of the total weight and
PEO 25% (0.25 g). The polymer mixture was dissolved in 20 ml of a 99.98% pure
Dimethylformamide (DMF) solvent to obtain a homogenous solution. The solution was
agitated continuously at 65°C for around one hour. Tungsten oxide (WO;) nanoparticles
(obtained from Sky Spring Nanomaterials, Inc.) were used for doping at 5, 10, 15, and
20% doping percentages. WO, NPs were dissolved in 20 ml of DMF and added to the
PVDF/PEO solution. This solution was continuously stirred for 4 hrs at 65°C until
homogeneity was reached. The spin coating technology was then used to create
nanocomposite films. The solution was deposited onto 2.5 x 2.5 cm glass substrates
using a ToosNano Spin Coater (SPC-TN-556).

The final films were examined for crystal structure with an X-ray diffractmeter
(XRD) (Panalytical X' Pert Pro). A field-emission scanning electron microscope (FE-
SEM) (JSM-7600 F, made by JEOL Ltd., Japan) was used to analyze the thin films'
microstructure. Before analysis, the films were coated with a layer of gold. The
functional groups and bonds present in the samples were examined with a Fourier-
transform infrared (FTIR) spectrometer (Shimadzu FTIR-1800). The optical energy gap
of each produced sample was measured during optical inspections. At room
temperature, the optical transmittance and absorption spectra of the PVDF/PEO/WO,
nanocomposite thin films were measured with a UV-visible spectrophotometer
(Shimadzu UV-visible UV160A).

3. Results and Discussion
3.1. X-Ray Diffraction Analysis

XRD analysis was employed to investigate the crystal structure of pristine PVDF/
PEO thin films with a weight ratio of 75/25, and PVDF/PEO doped with WO, at
different doping percentages. The XRD patterns of PVDF/PEO and PVDF/PEO/WO,
thin films are depicted in Fig. 1. The diffraction patterns exhibited several peaks,
indicating that the produced films possessed a polycrystalline structure. A clear and
prominent peak was seen in the XRD pattern of the PVDF/PEO thin film at 26 angles of
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20.237° and 16.7°, corresponding to the crystallographic planes (110) and (020),
respectively. Following doping, a noticeable displacement of the peak's position
towards higher values of 20 was noted. Also, new peaks at the angles 25.8°, 36.9°,
37.5°, 52.9°, 53.6°, and 59.8°, were noted. These peaks correspond to the
crystallographic planes (110), (200), (101), (220), (111), and (310), respectively.

Furthermore, it was seen that the intensity of these newly emerged peaks
increased in correspondence with the doping ratios of WO, providing evidence in favor
of improving the crystal structure [30, 31]. The amount of crystallinity attained may be
inferred by the degree of sharpness displayed by the peaks. The average crystal size (D)
was determined using Scherer's formula [32]:

kA

b= BcosB 1)

where: D is crystallite size, k (=0.94) is shape factor, A (=0.154 nm) is the wavelength
of radiation, B is the full width half maximum and 0 is the position of the peak The
average crystal size of the PVDF/PEO composite material was found to be 14.3 nm. As
the doping concentration of PVDF/PEOQ increased from 5% to 20%, the average crystal
size increased from 14.75 nm to 18.46 nm. Additionally, an enhancement in the
structural characteristics of the generated films was noted in response to the increase in
the average crystal size [33]. Table 1 displays the XRD peaks intensities and the
crystallite size of all samples.
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Figure 1: XRD patterns of PVYDF/PEO and PVDF/PEO/WO, thin films at various doping
concentrations (5, 10, 15, and 20%).
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Table 1: XRD peak intensities of all samples.

Sample | 20 (Deg.) | FWHM (Deg.) | dnq Exp.(A) | D (nm) | hkl | Phase
17.9302 0.7107 4.9431 11.3 | (020) | PVDF

19.1646 0.4863 4.6274 16.6 | (120) | PEO
PVDF/ PEO 20.0998 0.4863 4.4142 16.6 | (110) | PVDF
23.4663 0.6359 3.7880 12.8 | (112) | PEO

19.1445 0.5162 4.6322 15,6 | (120) | PEO
20.1770 1.1062 4.3975 7.3 (110) | PVDF

0.05 WO, 23.3481 0.9218 3.8069 8.8 (112) | PEO
25.6711 0.3319 3.4674 245 | (110) | WO,

36.8805 0.5531 2.4352 15.1 | (200) | WO,

52.8466 0.5162 1.7310 17.2 | (220) | WO,

19.1814 0.4056 4.6234 199 | (120) | PEO
20.5088 0.9956 4.3271 8.1 (110) | PVDF

23.4587 0.5531 3.7892 147 | (112) | PEO

25.8555 0.2581 3.4431 31.6 | (110) | WO,

0.10 WO, 36.9912 0.5900 2.4282 14.2 | (200) | WO,
37.5811 0.2581 2.3914 325 | (101) | WO,

52.9941 0.4056 1.7265 21.9 | (220) | WO,

53.6578 05162 1.7067 17.2 | (111) | wWo,

59.8156 0.6268 1.5449 146 | (310) | WO,

19.2183 0.4056 4.6146 19.9 | (120) | PEO
20.2507 0.9587 4.3816 8.4 | (110) | PVDF

23.4956 0.7006 3.7833 116 | (112) | PEO

25.7817 0.2582 3.4528 31.6 | (110) | WO,

0.15 WO, 36.8437 0.5900 2.4376 14.2 | (200) | WO,
37.4336 0.3688 2.4005 227 | (101) | WO,

52.9572 0.4056 1.7277 21.9 | (220) | WO,

53.7316 0.4425 1.7046 20.1 (111) | WO,

59.7419 0.5162 1.5466 17.7 | (310) | WO,

19.1814 0.4056 4.6234 19.9 | (120) | PEO
20.1770 0.5531 4.3975 146 | (110) | PVDF

23.4587 0.7006 3.7892 116 | (112) | PEO

25.7448 0.3318 3.4577 24.6 (110) | WO,

0.20 WO, 36.9174 0.5531 2.4329 15.1 | (200) | WO,
37.5811 0.4425 2.3914 19.0 (101) | WO,

52.9572 0.3318 1.7277 26.7 | (220) | WO,

53.8422 0.4425 1.7013 20.1 (111) | WO,

59.8156 0.6269 1.5449 146 | (310) | WO,
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3.2. Surface Morphology

The investigation was conducted with a FE-SEM at various scales and magnification
levels. Fig. 2 illustrates the FE-SEM micrographs of PVDF/PEQ; it shows the existence
of hexagonal-like a-phase PVDF crystals, which have a fibrous structure resembling
miniature fibers [33, 34]. The viscosity of PEO is noteworthy. The microscopic photos
presented in Figs. 2-6 depict the pure PVDF/PEO sample as well as samples of different
WO, nanoparticles doping concentration (5, 10, 15, and 20%). The figures illustrate the
effects of including WO, nanoparticles in the PVDF/PMMA composite. It shows the
existence of many spherical nanoparticles, the formation of a rough surface, and
increased porosity, which increased hydrophilicity. These images provide evidence of a
direct relationship between the doping percentages of WO, nanoparticles and the
observed enlargement in pore size. Based on the findings in Figs 5 and 6, a direct
correlation is observed between the proportion of tungsten oxide in the substance and
the concurrent rise in porosity.
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Figure 3: FE-SEM micrographs of 5% (a, b, ¢ and d) PVDF/PEO/ WO,.
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Figure 4: FE-SEMmicrographs of 10 %(a, b, ¢c and d) PVDF/PEO/ WO2.
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Figure 5: FE-SEM micrographs of 15 %(a, b, ¢ and d) PVDF/PEO/ WO2.
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Figure 6: FE-SEM micrographs of 20 %(a, b, ¢ and d) PVDF/PEO/ W02.3.3.

3.3. EDX Analysis

Energy dispersive X-ray (EDX) analysis was used to ascertain the chemical
composition of PVDF/PEO and PVDF/PEO/WO, nanocomposites with different WO,
nanoparticles doping percentages (5, 10, 15, and 20%, as shown in Fig. 7. The EDX
spectra of PVDF/PEO/WO, revealed the existence of WO, nanoparticles inside the
PVDF/PEO composite. The concentration levels obtained from the study exhibited a
percentage of error, indicating deviations from the expected values, both in terms of
decline and rise. These deviations were considered less than desirable. The study
indicated that the spectra mentioned above are composed of tungsten (W) and oxide (O)
produced from the WO, structure, together with carbon and oxide emerging from the
PVDF/PEO structure [35].

3.4. FT-IR Spectroscopy

FT-IR spectroscopy is an essential technique for identifying chemical bond
functional groups, owing to its utilization of the unique infrared radiation absorption
shown by these groups in their vibrational modes [36]. Fig. 8 displays the FTIR spectra
of PVDF/PEO and PVDF/PEO/WO, nanocomposite thin films with different doping
percentages (5, 10, 15, and 20%) at 960 and 842 cm™ wavenumbers. The samples bands
include the spectral range of the nanocomposites (PVDF/PEO)/WO, and
(PVDF/PEO)/PEOQ. According to the data shown in Fig. 4, it can be seen that PVDF
exhibits three different polymorphic phases, each with a distinctive arrangement of
spectral bands. The existence of WO, nanoparticles in the PVDF/PEO/WO,
nanocomposite spectra is verified by detecting a spectral band at 601 cm™, indicative of
the W-O stretching vibration, which is absent in the spectra of PVDF/PEO [37]. In both
the PVDF/PEO and PVDF/PEO/WO; nanocomposites, the crystalline a-phase of PVDF
is identified by a specific band within the (840-879) cm™ range, while a band represents
the crystalline B-phase at around 879.2 cm™ [37-40].
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Figure 7: EDX spectra of a PVDF/ PEO and PVDF/PEO/ WO, at different doping
percentages (5, 10, 15 and 20 %).
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Figure 8: FTIR analysis of PVDF/PEO and (PVDF/PEQ)/WO, nanocomposite thin films at
ambient conditions.
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Furthermore, the distinctive characteristic of PEO is the peak at 1650.54 cm™,
which may be attributed to the carbonyl group (C-O). An additional band seen at 1186
cm™ suggests the occurrence of a stretching vibration related to surface hydroxyl groups
or adsorbed water. This phenomenon is likely attributed to the re-adsorption of water
from the ambient environment. The observed bands at 1436.14 cm™ and 1290.16 cm™,
which align with the tungsten-hydroxyl (W-OH) vibrations, are ascribed to the presence
of hydroxyl groups (C-H) [41].

3.5. Optical Properties

Fig. 9 displays the UV absorbance spectra of thin films of PVDF/PEO and
PVDF/PEO/WO, nanocomposites of different doping percentages of WO, NPs (5, 10,
15, and 20wt. %). The optical characteristics of PVDF/PEO and PVDF/PEO/WO,
nanocomposite thin films were evaluated using UV-visible spectroscopy throughout
200-1100 nm wavelength range under average temperature conditions. As can be
observed from the figure, the absorbance spectra experience a downward trend with the
increase of the WO, NPs doping percentage. The absorbance spectrum of the
PVDF/PEO thin film revealed that the visible region exhibited a significant absorption
level, as previously mentioned. However, the absorbance values decreased when 5%
and 10% by weight of WO, NPs were added to the PVDF/PEO group, the absorbance
decreased further with the increase of WO, NPs ratio. There is a possibility that the
light scattering is reduced due to the diffusion of WO, molecules through the polymer
chains, which also has the potential to lower the density and the molecular weight.
Doping the material with WO, NPs of varied weight ratios reduced surface roughness,
which might be explained by the above finding [42, 43]. In addition, the absorbance of
the PVDF/PEO/WO; nanocomposite thin films showed a considerable rise in the UV
region. The electronic transitions inside the band gap may explain this phenomenon.
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Figure 9: UV-Vis spectra of PVYDF/PEO and (PVDF/PEO)/WO, of different doping
percentages (5, 10, 15 and 20 %).

The Tauc equation was used to determine the optical energy gap (Eg) values for
PVDF/PEO and PVDF/PEO/WO, nanocomposite thin films. Eqg. (2) demonstrates how
this equation may be used to compute E4 by looking at the area of high absorption that
is located near the films' absorption edge [44, 45]:

ahv = B(hv — Eg)’ 2)

90



Iraqi Journal of Physics, 2024 Aseel N. Bardan and Lamia K. Abbas

The calculation of the optical absorption coefficient (o) encompasses several
variables, such as Eg, incident photon energy (hv) measured in electron volts (eV),
material structure (B), and the index (r) that characterizes the optical absorption process,
as delineated by eq. 2 [46, 47]. This relationship exhibits a linear dependence,
suggesting the presence of permissible direct transitions. Consequently, the
extrapolation of the relationship of (ahv)? against the Tauc plot for pure PVDF/PEO.
The dissimilarity of (ahv)? as a function of (hv) is depicted in (hv) at a= 0 is employed
to ascertain the value of Eg, as illustrated in Fig. 10, which presents the plot for thin
films of PVDF/PEO/WO, nanocomposites with varying weight doping concentration
(5, 10, 15, and 20 wt.% of WO, NPs) shown in Fig. 10. It has been determined that the
optical energy gap of PVDF/PEO is 3.0 eV. The values of the optical energy gap of
PVDF/PEO/WQO2 of WO, NPs doping ratios (5, 10, 15, and 20 wt.%) were 3.086, 3.22,
3.44, and 3.64 eV, respectively. As the weight ratio of WO, NPs rises, an increase in the
PVDF/composite films' optical energy gap may be seen. Previous studies have shown
that the interaction between WO, nanoparticles and the polymer matrix may result in
flaws in the structure and macrostrains connected to higher PVDF/PMMA's optical
energy gap values [48]. The increase in the band gap's density of localized states is
partly caused by disordered defects and by stresses of a very minor magnitude [49]. The
energy gap increased with the increase of doping due to the extended localization
arising from the poor crystallinity [50].
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Figure 10: Tauc's plot for thin films made of pure PVDF/PEO and PVDF/PEO/WO, NPs
nanocomposites with varying weight ratios (5,10, 15 and 20%) of WO, NPs.

3.6. Hall Effect Measurements

Hall measurements were employed to investigate how altering the weight doping
concentration of WO, NPs influenced both the charge carrier concentration (ny) and the
mobility of charge carriers (uy) within the PVDF/PEO films. According to the results,
there was a correlation between the amount of doping and the decrease in resistance.
These data align with prior research by Basappa et al. [51], which showed that
resistivity decreased as tungsten oxide concentration increased until the rising
concentration reached its maximum value. More charge carriers are created when a
greater doping level is present in the material. This is because there is an increased
supply of atoms and a decreased number of scattering centers. In addition, the presence
of oxygen vacancies boosts conductivity, which, in turn, leads to enhanced conductivity
(i.e., lower resistance) when the fraction of oxygen vacancies in a material increase.
Additional information on the produced films is included in Table 2, including the
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carrier concentration, mobility, and sample conductivity values. The result obtained
with a percentage doping of 15% was the most advantageous because it had the
maximum electrical conductivity. The table illustrates relatively how increasing the
fraction of tungsten oxide up to 20% that has been deposited can result in improved
sample mobility. Improvements in charge carrier mobility (uy) might be the
consequence of raising the ny. This means that charge carriers can move more freely
inside the material [52].

Table 2: Carrier concentration, mobility, and conductivity of prepared films.

Sample Code | nx10 (cm®) | py(cm?/v.sec) | orr (Q.cm™) | Type
PVDF/ PEO 1.92E+17 5.16E+01 1.59E+00 P
0.05 WO, 3.02E+17 2.44E+02 1.18E+01 P
0.10 WO, -2.33E+17 3.38E+01 1.26E+00 N
0.15 WO, -71.74E+17 1.78E+01 2.21E+00 N
0.20 WO, -1.01E+17 1.05E+02 1.70E+00 N

4. Conclusions

This study successfully employed the spin coating technique to fabricate hybrid
PVDF/PEO/WQO;, nanocomposite thin films. X-ray diffraction (XRD) analysis
confirmed that the resultant films possessed a polycrystalline structure, a crucial
structural feature in materials science. Field emission scanning electron microscopy
(FE-SEM) images visually validated the films' microstructure, revealing the presence of
hexagonal-like-phase PVDF crystals. Fourier-transform infrared spectroscopy (FTIR)
confirmed the characteristics of PVDF/PEO and identified specific doping compounds,
confirming successful incorporation. In contrast, PVDF crystals exhibited a fibrous
texture akin to tiny fibers. Energy-dispersive X-ray spectroscopy (EDX) analysis
offered proof of the successful incorporation of tungsten oxide into the composite
matrix. The optical properties supported the tungsten oxide doping-induced
augmentation of the optical band gap energy, highlighting the potential uses of these
nanocomposite films in sophisticated optoelectronic devices and sensors.
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