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Abstract: Polyvinyl alcohol/Polyvinyl pyrrolidone/Zinc oxide (PVA/PVP/ZnO) polymer blend nanocomposites
has been prepared to explore their optical and transport properties. The prepared sample are characterized by X-
ray diffraction, Atomic force microscope, Energy-dispersive X-ray analysis, UV-visible spectroscopy and Fourier
transform infra-red for structural, morphological, elemental and optical properties. The gradual reduction in the
optical band gap energy from 5.30 eV to 2.10 eV is observed when the ZnO content in the PVA/PVP blend matrix
increases. The nanocomposites also exhibit negligible transmittance in the UV region, indicating their potential
for UV-shielding applications. The dielectric constant values of these nanocomposites are found in the range 14-
23 with dielectric loss value of 0.06. The conduction mechanism observed in AC conductivity for all samples is
governed by small polaron tunnelling model (SPTM). These results suggest that PVA/PVP/ZnO nanocomposites
are suitable candidates for use as an insulator in the development of microelectronic device applications.
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1 Introduction

Polymer characteristics can be enhanced by blending two or more polymers and incorporating inorganic nanoparti-
cles (NPs) as fillers, enabling their application in areas such as biomedical, thermal conductor, optoelectronics, and
electrical insulation [} 2]]. Hydrophilic polymer blends, particularly PVA and PVP, are widely explored for fab-
ricating functional polymer nanocomposites due to their miscible nature. This strong miscibility originates from
hydrogen bond formation between the -OH groups of PVA and the C=0 groups of PVP. These functional groups
effectively interact with various nanofillers, resulting in the development of polymer nanocomposites (PNCs) and
complexes with enhanced properties. Such materials are highly desirable for fabricating both current and future
biodegradable optoelectronic, microelectronic, and energy storage devices [3}4]. To optimize the desired thermo-
physical, dielectric, and electrical properties in flexible nanodielectric polymer matrices, ZnO NPs is often used as
filler in the formation of polymer blend nanocomposites (NCs) due to its wide bandgap energy (3.3 eV) and large
exciton binding energy (60 meV) [5]. ZnO has been widely utilised in various applications including luminescent
and lasing devices, transparent conducting electrodes, ultraviolet blockers, photocatalysts, thin-film transistors,
and light-emitting devices [6, [7]. S. H. Zyoud et al. [8] studied on the dielectric and optical parameters of the
PVA/PVP/ZnO blend nanocomposite films with different concentration of ZnO (0-5.5 wt%). The results showed
that these materials are promising potential in electronic devices and nonlinear optics. S. Jambaladinni et al. [9]
investigated the role of ZnO nanofillers (0-15 wt%) on the optical and frequency dependent dielectric and dc con-
ductivity properties of PVA/PVP/ZnO blend polymer, favouring the nanocomposite for potential application in
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electromagnetic-induction (EMI). In the present work, optical, dielectric and AC conductivity characteristics of
PVA/PVP blend based PNC films with higher loading percentages of ZnO (0, 5, 10, 15 and 20 wt%) has been stud-
ied which have been scarcely explored in earlier reports to evaluate their potential in optoelectronic and electronic
device applications.

PVA/PVP/ZnO NCs containing varying concentrations of ZnO nanoparticles were synthesized using a simple
and economical solution casting method. X-ray diffraction (XRD), Atomic force microscope (AFM), Energy
dispersive X-ray analysis (EDX) and UV-visible spectroscopy (UV-Vis) are used to characterize the structural,
morphological, elemental composition and optical behaviour of the nanocomposites. Dielectric response and
AC conductivity of the samples were examined over a temperature range of 303K-393K and frequency range of
100Hz-1MHz.

2 Experimental

2.1 Materials required

Zinc nitrate tetrahydrate (Zn(NOs)s - 4H20), sodium hydroxide (NaOH) procured from MERCK are used as
precursor and precipitating agent respectively. Polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) obtained
from Sigma Aldrich are used as polymer for the preparation of NCs. Distilled water is employed as the solvent
throughout the synthesis procedure.

2.2 Preparation of PVA/PVP/ZnO nanocomposites (PPZ NCs)

ZnO nanoparticles used in this work were synthesized as reported in our previous study [[10]. PVA/PVP/ZnO NCs
with different ZnO nanoparticle loadings were obtained through solution casting method. In a typical process,
3g of PVA and 3g of PVP were dissolved in 100ml of distilled water under continuously stirring until clear
solution were obtained. The two polymer solutions were then combined and stirred for 2hr to form a homogenous
blend. This mixture was divided into five equal portions, after which ZnO nanoparticles were incorporated at
concentrations 0, 5, 10, 15 and 20 wt% respectively. Each suspension was ultrasonicated for lhr and further
stirred for 24hr to obtain an even dispersion of nanoparticles within the polymer blend matrix. The resulting
solutions were placed in Petri dish and dried at 50°C for 5 hr in an oven. The PVA/PVP/ZnO NCs were labelled
as PPZ0, PPZ5, PPZ10, PPZ15, and PPZ20 representing the pure PVA/PVP blend and nanocomposites with 5,
10, 15 and 20 wt% of ZnO NPs content respectively. The films showed an average thickness of approximately
45pm =+ 1pm. Fig. [T)depicts the schematic representation of the fabrication procedure.

PVP solution l

T ) Stirred until complete T D) Stirred for Dried at 50°C for
) dissolution 5) 24 hrs

- -

Casted onto petridish
PVA/PVP blend polymer " PVA/PVP/ZnO NCs film

Figure 1: Schematic representation for the preparation of PVA/PVP/ZnO nanocomposites.

3 Characterization

The crystalline structure of the synthesized nanocomposites was analyzed using Phillip’s PANanalytical
X’ Pert PRO diffractometer equipped with a Cu target (A=1.5405A) operating over a 26 range of 10° —80°. Sur-
face morphology was characterized by atomic force microscope (AFM). Elemental composition was determined

Published by the Physics Academy of the North East 23



©)

PANE
P. J. Phys. 02 (01), 022 (April 2026) PANE Journal of Physics

700

(a) ZnO S (b)
600 i

| {
|

~ . PPZ20

S PPZ15

PPZ10

Intensity (a.u)

Intensity (a.u)

20 30 40 50 60 70 80 qp 20 30 40 50 60 70 80
20 (degree)
20 (degree)

Figure 2: XRD spectra for (a) ZnO NPs and (b) PPZ nanocomposites

using energy dispersive X-ray analysis (EDX) with an Apollo SDD detector attached to a SEM FEI QUANTA
250. Optical absorption measurement was carried out using UV-visible spectrophotometer (PerkinElmer
Lambda 365). Fourier transform infra-red (FTIR) spectroscopy analysis was carried out on PerkinElmer Spec-
trum Two spectrometer over 400cm~! — 4000cm~! while the dielectric response and AC conductivity of the
samples were studied from 303K-393K and 100Hz-1MHz using Agilent 4284A LCR meter.

4 Results and discussion

4.1 X-ray diffraction (XRD) study

Fig. 2[(a) and (b) shows the XRD spectra for ZnO NPs and PPZ NCs with various concentration of ZnO nanoparti-
cles. Crystallite size of ZnO NPs calculated using the Scherrer formula was 20 nm [[L1]. In PVA/PVP blend NCs,
the presence of two broad and intense peaks observed at angles 26 = 19.57° and 40.43° is attributed to the pres-
ence of PVA molecules [12] while the PVP exhibits two diffused halos peaks at angles 26 = 12.87° and 21.80°
confirming its amorphous structure [13]]. Upon incorporation of ZnO nanoparticles into the polymer blend matrix,
characteristics ZnO diffraction peaks appear together with those of PVA and PVP. The enhancement of ZnO peak
intensities as the filler concentration rises indicates the successful formation of PVA/PVP/ZnO nanocomposites.

4.2 Atomic force microscope (AFM) analysis

Fig. [3]shows the 2D and 3D AFM surface topographical images of PPZ NCs. The corresponding surface roughness
values of the nanocomposites expressed as arithmetic mean roughness Ra and the root mean square roughness
Rrms determine through AFM analysis using Gwyddion software are summarised in Table [I] It is observed
from the Table [T} that the surface roughness of the PPZ0 increases with the increase in concentration of ZnO
nanoparticles. This rise in surface roughness serves as evidence that ZnO has been effectively incorporated into
PPZ0 but also confirms the presence of some agglomeration among the dispersed nanofillers in the blend matrix.

Table 1: Surface topography values for the PVA/PVP/ZnO NCs films

Samples | R, (nm) | R,s (nm)
PPZ0 1.51 2.01
PPZ5 2.83 3.98

PPZ15 3.99 5.35
PPZ20 4.81 6.14

4.3 Energy dispersive X-ray (EDX) analysis

The EDX spectra for PPZ NCs are presented in Fig. (a-e). The PPZ0 sample present only carbon (C) and oxygen
(O) as the constituent element whereas PPZ NCs observed the presence of Zn in addition to carbon and oxygen
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Figure 3: 2D (left side) and 3D (right side) AFM images for PPZ NCs: (a) PPZ0, (b) PPZ5, (c) PPZ15, (d) PPZ20

confirming the successful incorporation of ZnO into the polymer blend matrix. The appearance of two peaks
corresponding to Zn in the EDX spectrum arises from the characteristic X-ray emission lines of zinc. The peak
observed around 1.02 keV corresponds to the Lo emission lines of Zn, while the peaks observed approximately
at 8.63 keV are associated with the K o emission lines of Zn.

4.4 UV-visible absorbance spectra

Fig. 5| presented the UV-Vis absorbance spectra for PPZ nanocomposites. The PPZ NCs showed the absorption
within the wavelength range of 225-454 nm. With increasing ZnO NPs content in the PVA/PVP blend matrix,
an absorption peaks shift toward longer wavelength with varying absorption intensities. In the UV region of the
PPZ NCs, there is noticeable light scattering which might be attributed to the increased surface roughness as also
evident from the AFM images.

The optical band gap energy is determined using the Tauc’s equation (1) from the absorbance spectra

(ahv)" = B(hv — Ey) (1)

where « denotes the absorption co-efficient, hv represents the photon energy, E, correspond to the band gap
energy, [ is the proportionality constant. The exponent n is determined by the nature of the electronic transition
with a value of % for direct allowed transition and 2 for indirect allowed transition.

The optical band gap energy for direct allowed transition for each sample determined by extrapolating the
linear portion of the (ahv)? versus (hv) curve to its interaction with the photon energy axis as shown in Fig.
6| From the Tauc’s plot, the direct band gap energy for PPZ0, PPZ5, PPZ10, PPZ15 and PPZ20 are 5.30eV,
2.66eV, 2.39¢V, 2.19¢V and 2.10eV respectively. The introduction of ZnO nanoparticles into the PVA/PVP matrix
induces a decrease in band gap energy. This reduction is attributed to the formation of structural defects in the
polymer blend matrix caused by the presence of ZnO [T3]. The structural defect produces localized state
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Figure 4: EDX spectra for PPZ NCs: (a) PPZ0, (b) PPZS5, (c) PPZ10, (d) PPZ15, (e) PPZ20
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Figure 5: UV-visible absorbance spectra for PPZ nanocomposites: (a) PPZ0, (b) PPZ5, (c) PPZ10, (d) PPZ15 and
(e) PPZ20

between highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the polymers. As the concentration of ZnO rises within the polymer blend matrix, the number of localized states
also increases. These localized states create opportunities for electrons to transition from the valence band to these
localized states, or from the localized states to the conduction band, all at energy levels lower than the material’s
band gap energy. This interplay gives rise to the absorption or emission of photons with energies lower than the
band gap energy, effectively causing a reduction in the material’s optical band gap [16, [17].

4.5 UV-visible transmittance spectra

Fig. [/]illustrates the UV-visible transmittance spectra of PPZ NCs recorded over the wavelength range of 200
nm-1100nm. As the loading of ZnO nanoparticles within the PVA/PVP blend increases, a gradual decline in trans-
mittance is observed in the visible region, while the ultraviolet region exhibits nearly complete absorption. The
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Figure 6: Tauc’s plot of [(ahv)? vs. (hv)] for PPZ NCs: (a) PPZ0 and (b) PPZ5, PPZ10, PPZ15, PPZ20 NCs.

negligible UV transmittance can be explained by the strong absorption of short-wavelength radiation by electrons
in the outer energy levels of ZnO nanoparticles, which become excited to higher energy states and consequently
prevent a portion of the incident radiation from passing through the material. Conversely, the pure PVA/PVP
polymer blend contains no free charge carriers or intermediate energy states between the HOMO and LUMO
levels, and therefore requires photons of higher energy for electronic excitation, resulting in higher transparency.
These results demonstrate that the synthesized PPZ NCs possess strong UV-shielding characteristics, making them
suitable for UV-protective applications [[15}[18].
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Figure 7: UV-visible transmittance spectra for PPZ nanocomposites: (a) PPZ0, (b) PPZ5, (c) PPZ10, (d) PPZ15,
(e) PPZ20

4.6 Fourier transform infra-red analysis

Fig. [8 shows the FTIR spectra for PPZ nanocomposites. A broad and intense absorption band appeared in all
samples in the range of 3000 cm~1-3600 cm~! is attributed to the stretching vibration of hydroxyl group (-OH)
and slight shifted towards the higher wavenumber with the increasing ZnO nanoparticles content. A band at 2941
cm™~! corresponds to the -CH stretching vibration of PVA and PVP. The C=0 stretching mode is ascribed at 1658
cm™~!. The combination band of (CH+CC) group is identified at 1245 cm~!. The band at 1283 cm ™! is attributed
to C-N bending vibration. The stretching mode of C-C group are seen at 917cm~! and 852cm™'. The band at
570cm~! is assigned to N-C=0 bending vibration. The band at 1080cm - arises from the stretching vibration of
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Figure 8: FTIR spectra for PPZ nanocomposites: (a) PPZO0, (b): PPZ5, (c) PPZ10, (d) PPZ15, (e):PPZ20

C-O groups of PVA and a strong band at 1658cm ™! is attributed to the C=0 stretching vibration of PVP. All the
characteristic absorption band observed in the nanocomposites are agrees well with the previous reports [19-21].
As the concentration of ZnO nanoparticles increase, the intensities of some bands are decreased, becomes wider
as well as slightly shifted to longer wavelength. This indicates the strong interfacial interaction between the ZnO
and miscible chain structure of PVA/PVP.

5 Dielectric properties

5.1 Dielectric constant

For each sample the dielectric constant is evaluated using the expression, € = % , where C' denotes the capac-

itance, d signifies film thickness, A represent film area, €, is the permittivity of free space. Fig. [9] depicts the
dependence of dielectric constant on frequency at various temperature and variation of dielectric constant with
temperature at fixed frequency (inset) for PPZ NCs. The dielectric permittivity of all samples exhibits high val-
ues in the low frequency region and gradually declines as the frequency increases. The low frequency response is
predominantly controlled by the interfacial polarization commonly referred to as Maxwell-Wagner-Sillars (MWS)
mechanism, which is the characteristic feature of polymer-based nanocomposite. In the present samples, semi-
conducting fillers dispersed within the PVA/PVP polymer blend promotes the charge build up at the filler-polymer
interfaces. Variations in charge distribution across these interfaces lead to the formation of large number of
micro-capacitors like regions throughout the material which effectively behave as dipoles [[10, 22, 23]. At low
frequencies, these dipoles can easily orient in response to the applied electric field, resulting in strong polarization
and high dielectric permittivity. With increasing frequency, dipole orientation becomes progressively hindered,
leading to a decrease in the dielectric constant.

In addition, it can be observed that the dielectric constant of all samples rises with the increasing temperature
at a given frequency. At lower temperature, the polymer films exhibit smaller dielectric constant values because
limited thermal energy restricts dipole motion, rendering the dipoles associated with the micro-capacitive regions
and the polar PVA/PVP matrix relatively immobile and less responsive to the applied electric field. As the tem-
perature increases, the flexibility of polymer chain, polar functional groups and dipolar species within the system
improves. This increased molecular mobility shortens the relaxation time of both polymer segments and dipoles,
allowing them to respond more readily to variations in the external electric field. As a result, an enhancement in
dielectric constant is observed [15] 24| 25]]. Fig. [O(f) shows the variation of dielectric constant with frequency for
different concentration of ZnO nanoparticles at 393K. From the graph, it is observed that the dielectric constant
value of PPZ0, PPZ5, PPZ10, PPZ15 and PPZ20 does not vary much with values of 14, 15, 13, 16 and 23 respec-
tively. Such PPZ NCs which has lower dielectric constant value suggests their suitability for use as an insulator in
the fabrication of micro electronic device applications.
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Figure 9: Frequency variation of dielectric constant at different temperatures and temperature-dependent dielectric
constant (inset) at a fixed frequency for PPZ nanocomposites: (a) PPZO0, (b) PPZ5, (c)PPZ10, (d) PPZ15, (e) PPZ20
and (f) frequency-dependent dielectric behaviour for different PPZ NC loadings.

5.2 Dielectric loss

Fig. [[0[a-e) illustrate the frequency-dependent dielectric loss of PPZ nanocomposites measured at different tem-
perature, along with the temperature variation of dielectric loss at a chosen frequency shown in inset graph. The
samples exhibit relatively high dielectric loss in the low-frequency region, which is mainly attributed to interfacial
polarization effect. As the frequency increases, the dipoles are unable to keep pace with the rapid oscillations
of the applied electric field, leading to a gradual reduction in the dielectric loss. The inset plot further reveals
that dielectric loss increases with the increasing temperature. This behaviour can be explained by the forma-
tion of additional free volume within the polymer blend matrix at elevated temperature, which facilitates dipolar
reorientation and thereby enhances dielectric loss [26H29]. Moreover, the dielectric loss values decrease from
approximately 0.9 at low frequencies to about 0.06 at frequencies above 100 kHz for all samples, as shown in Fig.
[IO(f). The observed low dielectric loss at higher frequencies indicates that these nanocomposites are promising
candidates for low-loss dielectric applications.

5.3 AC Conductivity

The AC conductivity for each sample is evaluated using Eq. (2) by utilizing the dielectric constant and dielectric
loss data derived from dielectric measurements over the temperature range of 303K-393 K and the frequency range
of 100Hz -1MHz to further understand the electrical conduction mechanism.

Oac = 2m feeg tan § 2)

Here, f represents the frequency of the applied electric field, ¢y denotes the permittivity of free space, € corre-
sponds to the dielectric constant, and tan ¢ refers to the dielectric loss tangent.

Fig. [TIfa-e) displays AC conductivity varies with frequency for all samples at specific temperature. It is
observed from the graph that the AC conductivity for all the samples shows a linear behaviour upto a frequency
of 10kHz and then increased non-linearly at higher frequency. The linear response in the low frequency region
indicates that charge transport is dominated by the localized motion of charge carrier associated with interfacial
polarization arising from Maxwell-Wagner-Sillars effect. Whereas the non-linear dispersion at higher frequency
over the frequency range 10kHz to 1MHz is attributed to the motion of localized charge carrier over the shorter
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Figure 10: Frequency variation of dielectric loss at various temperature and temperature dependent dielectric loss

at a fixed frequency for PPZ nanocomposites: (a) PPZ0, (b) PPZ5, (c) PPZ10, (d) PPZ15, (e) PPZ20 and (f)
Frequency dependent dielectric loss for PPZ NCs.

path. The AC conductivity values for all samples at 100Hz for 313K are around 10~?(S/m) and at 393K are around
10~7(S/m). The values of AC conductivity increase with the increase in frequency and found to be 10~°(S/m) at
1MHz. Such low conductivity value indicates that these NCs are promising materials for use as flexible dielectric
substrates and insulating layers in biodegradable electronic devices. The conductivity data is evaluated using the
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Jonscher’s power law relation expressed as, o(f) = o¢+ Af™. In this relation o ( f) denotes the total conductivity,
oy represents the dc component of the conductivity, A is the constant related to the strength of the polarizability
and n is the frequency exponent that describes the extent of interaction between charge carriers and the lattice.
Several theoretical models have been proposed to describe charge transport based on the behavior of n, including
the Quantum Mechanical Tunnelling (QMT) model, where n depends on frequency but remains independent of
temperature; the Correlated Barrier Hopping (CBH) model, in which n decreases with increasing temperature; the
Small Polaron Tunnelling (SPT) model, where n increases with temperature; and the Large Polaron Quantum
Mechanical Tunnelling (LPQMT) model, in which n initially decreases to a minimum and then increases as
temperature rises. As shown in Fig. [II|f), the value of n increases with temperature, indicating that charge
transport in PPZ NCs follows the small polaron tunnelling mechanism [30].

6 Conclusion

PVA/PVP/ZnO nanocomposites containing different ZnO loadings (0, 5, 10, 15, and 20wt%) were synthesized
using the solution casting technique. The formation of polymer nanocomposites and the purity of the samples
were confirmed through XRD and EDX analyses. AFM images indicate that incorporating ZnO nanoparticles
leads to an increase in surface roughness. The band gap energy of the nanocomposites decreases with the in-
creasing concentration of ZnO from 5.30eV to 2.10eV. UV-visible transmittance studies revealed a decrease in
transmittance with increasing ZnO concentration, effectively blocking UV radiation, rendering them suitable for
UV-shielding applications. FTIR results demonstrate physical interactions between ZnO nanoparticles and the
hydroxyl groups of PVA as well as the carbonyl groups of PVP. The dielectric constant values at 393K for PPZO0,
PPZ5, PPZ10, PPZ15, and PPZ20 are 14, 15, 13, 16, and 23 respectively. The value of dielectric loss for all sam-
ples at lower frequency is of the order of around 0.9 which reduces to 0.06 at higher frequency (above 100 kHz).
The values of AC conductivity increase with the increase in frequency and found to be 1072(S/m) at IMHz. The
frequency-dependent conductivity behaviour follows Jonscher’s power law, and the dominant conduction process
is attributed to the small polaron tunnelling model. The combination of low dielectric constant, low dielectric
loss, and AC conductivity suggests that these nanocomposites are promising candidates as flexible nanodielectric
substrates and insulating materials for microelectronic device fabrication.
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