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ABSTRACT Two sol-gel techniques were used to create zinc oxide (ZnO) nanoparticles:
nanoparticles ZnO-A were created by carefully adding a homogeneous
solution of sodium hydroxide dropwise into a homogeneous solution of
zinc sulphate, whereas nanoparticles ZnO-B were created by abruptly
adding a homogeneous solution of sodium hydroxide into a homogeneous
solution of zinc sulphate. Heat treatment was used to create powdered
zinc oxide, ZnO-A and ZnO-B nanoparticles, which were then analyzed by
Dynamic Light Scattering (DLS), and demonstrated that how the enhanced
mobility of tiny particles affects the light scattering patterns. The stability
of zinc oxide (ZnO-A) nanoparticles was evaluated using sophisticated
method such as Nanoparticle Tracking Analysis (NTA) and Zeta Potential
studies, which demonstrated its higher stability with a Zeta Potential of
55.98 mV as opposed to ZnO-B nanoparticles having Zeta potential 30.39
mV. The dielectric behavior of the composite (PVC/ZnO-A or PVC/ZnO-
B) reveals unique performance traits, impacted by the nanoparticle
properties, offering information for applications across a range of
technological domains.
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INTRODUCTION

Zinc oxide (ZnO), a naturally occurring substance
with a wide gap of 3.37 eV and an excitation
binding energy of 60 MeV, has been widely used in
a variety of scientific field, including physics,
chemistry, biochemistry, medical science, material
science, solid state electronics etc., primarily
because of its distinctive physical and chemical
characteristics (such as a wide range of radiation
absorption, high chemical stability, high
photostability and high electrochemical coupling
coefficient) [1, 2]. Zinc oxide (ZnO) is an n-type
group II-VI semiconductor, because zinc belongs to
the 2nd group, while oxygen belongs to the 6th
group of the periodic table. It is used as an additive
in a plethora of materials and products like plastics,
ceramics, rubber, cement, pigments, batteries, glass,
adhesives, paints, ointments, lubricants, ferrites,
sealants, and fire retardants. The variations in the
physical and chemical properties of zinc oxide
(ZnO) nanoparticles can be tuned by changing the
morphology using various synthesis routes [3]. In
addition, it has high electron mobility, high thermal
and mechanical stability at room temperature, good
transparency, a broad range of radiation
absorption, strong room temperature luminescence,
and high photostability, that makes zinc oxide
(ZnO) nanoparticles for multitasking material
applications [4, 5]. It is seen as a promising material
in the film of piezoelectric, transparent electronic,
spintronic, photovoltaic, sensing, and
optoelectronic devices. Due to antimicrobial and
antitumor activity, it is used in human medicine as
an astringent and to treat haemorrhoids, eczema,
and excoriation [6]. Because of its large band gap of
3.37 eV, nanoparticles zinc oxide (ZnO-A and ZnO-
B) can be used as a light-emitting diode,
photodetector in sensors and the devices that
produce a surface acoustic wave. However, they
are cytotoxic to highly proliferating cells because
they produce more ROS (reactive oxygen species)
[7, 8]. The Nanoparticle Tracking Measurement
(NTA) measured the size distribution, surface
charge, quantity, and concentration of particles in

liquid suspension by tracking Brownian motion in
real time, whereas Dynamic Light Scattering (DLS)
quantifies the hydrodynamic particle size
distribution and stability [9]. Using an LCR meter,
the capacitance was measured at different
frequencies, and then the dielectric constants of
composites (PVC/ZnO-A and PVC/ZnO-B) with
the variation of temperatures and frequencies were
measured. The endeavor intends to boost electrical
conductivity, which is more beneficial for the
manufacturer of electrical equipment since more
electrons on the surface will contribute to the
creation of electrical conductivity.

EXPERIMENTAL

For the preparation of zinc oxide (ZnO)
nanoparticles by the sol-gel method using two
different routes, a homogeneous solution of zinc
sulphate (Chemical Corporation of India) and
another homogeneous solution of sodium
hydroxide (Merck Specialties Private Ltd., India)
were mixed. In the first way, the sodium hydroxide
solution was added dropwise to the zinc sulphate
solution at regular intervals of time with
continuous stirring. The obtained solution was
filtered using whatman filter paper and rinsed with
deionized water to remove all the sulphate ions
[10]. In this way, a residue of produced zinc
hydroxide is put on a glass substrate, and placed in
an oven for alternating warming and chilling. After
warming at 150°C for an hour and cooling for half
an hour five times, a sample of zinc oxide
nanoparticles was obtained as ZnO-A in powder
form. In a similar manner, the second method
involved abruptly adding the prepared sodium
hydroxide solution to the prepared zinc sulphate
solution, but with stirring constantly for 72 hours.
The residue out on a glass substrate was warmed
alternately in an oven and cooled, after being
cleaned and removing the sulphate ions. Zinc oxide
nanoparticles were produced as ZnO-B in powder
form after five cycles of warming and chilling using
a similar procedure [11, 12].
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Flow chart for the synthesis of Zinc Oxide (ZnO) Nanoparticles by Conventional Precipitation

Method:

ZnSo, +2NaOH = Zn (OH), + Na,So,

; Zn (OH);

Warming
_—

Zn0 + H,0 (Vapour)

9.67 gm Zinc Sulphate + 40 cm’ distilled water

= Zinc Sulphate solution

1.61 gm Sodium Hydroxide + 120 cm’ distilled water =

Sodium Hydroxide solution

Zinc Sulphate solution + Sodium Hydroxide solution

Solution - (A)

Dropwise method of mixing

Zinc Hydroxide

Heating and Cooling at 150°C

Zinc Hydroxide Solution - (B)

Zn0O-B (powder)

Heating and Cooling at 150°C

Zinc Hydroxide Solution - (A)

ZnO-A (powder)

Zinc Sulphate solution + Sodium Hydroxide solution

Abruptly blended

Zinc Hydroxide Solution ---

RESULT AND DISCUSSION
Characterization = through  Dynamic  Light
Scattering (DLS):

Dynamic light scattering (DLS), a technique for
measuring particle size, intensity, number
distribution, and volume-mass distribution using
Zetasizer software, reports the particle size and
quantity of aggregation. Brownian motion of
particles in suspension provides the basis for
measuring the size distribution of zinc oxide
nanoparticles using a Dynamic Light Scattering
(DLS) cum Zeta Potential Analyzer (Micromeritics
Instruments Corp., USA) [13]. To measure the
particle size of the nanoparticles, they are dispersed
in a solvent (deionized or Milli-Q water), and a
homogeneous solution is prepared. Particles having
a small size move faster than the larger-sized
particles, and the light scattered by these particles,
as observed in dynamic light scattering, provides
information about the diffusion speed and the
particle size distribution [14]. Larger particles
scatter more light than smaller ones because they
scatter all visible light wavelengths, but smaller

particles can scatter shorter wavelengths more
effectively. Light is scattered more symmetrically
by smaller particles and more forwardly by larger
ones [15].

Particle Size distribution:

The Stokes-Einstein equation for Brownian motion
provides information about the particle size in
terms of temperature, viscosity, and diffusion rate,
which is given by the equation.

X = 3mul
Where T is the temperature, B is the Boltzmann
constant, x is the particle diffusion coefficient, u is
the coefficient of viscosity, and A is the particle’s
hydrodynamic diameter, which is marginally
bigger than the particle’s average diameter [16].

Characterization through Nanoparticle Tracking
Analysis (NTA):

Nanoparticle Tracking Analysis (NTA), which
allows for the simultaneous measurement of
particle size and particle concentration in liquid
suspension, is based on the premise of tracking the
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Brownian motion of individual particles in the
liquid suspension rather than their scattering light,
and it attributes the motion to particle size. By
counting the number of particles in the observed
volume, the NTA software analyzes particle
movement and determines particle size based on
diffusion rate and particle concentration. It can
access lower particle concentration and provide
superior results for polydisperse samples.

Both DLS and NTA rely on Brownian motion and
light scattering; NTA focuses on particle-by-particle
analysis, whereas DLS is intensity-based and
necessitates high concentrations of particles with
high scattering cross-sections [17]. FTLA (Finite
Track Length Adjustment), ideal for monodisperse
and bimodal mixtures, is a statistical technique
used in NTA to track data in order to increase the
accuracy of size distribution by adjusting for the
influence caused by the short tracking length of
particles, in terms of the number of particles per
milliliter (particles/ml) [18]. The narrower peaks in
nanoparticle tracking analysis (NTA), which
display discrete populations of nanoparticles with
similar hydrodynamic diameters as calculated by
their Brownian motion using the Stokes-Einstein
equation, are the outcome of FTLA (Finite Track
Length Adjustment). The different peaks in FTLA
(Finite Track Length Adjustment) analysis for
polydisperse  particles show  distinct size
populations within the sample’s particle size

distribution.

E7
61

25 — 197

Concentration (particles / ml)

05 — 265

374

In the fluorescence mode of Nanoparticle Tracking
Analysis (NTA), different signals from tagged
nanoparticles are isolated employing filters (long-
pass or bandpass optical) that allow fluorescent
emission to pass through for detection while
blocking the excitation laser wavelength.

The analysis of the sample under scatter mode (no
filter) shows a model distribution at 61 nm with a
fine concentration shown in figures 1 and 2 for
solvent dispersed with (ZnO-A) nanoparticles, and
figures 3 and 4 for solvent dispersed with (ZnO-B)
nanoparticles. In contrast, under fluorescence
mode, the distribution of the labelled population
shows the same when a longer pass filter is
inserted, confirming that the sample is free of
impurities.

In figures 1 and 2, shown, NTA measured the
distribution of particle sizes as well as the absolute
particle concentration between 61 nm and 490 nm.
The sizes of the different particle’s populations are
to be 61 nm, 126 nm, 197 nm, 265 nm, and 374 nm,
which are identified on the graph’s peaks. In
figures 3 and 4, the measurement focuses on
particle sizes ranging from 61 nm to 460 nm and the
peaks 61 nm, 133 nm, 216 nm, and 460 nm are
observed on the nanometer scale.

Capture~20-28-01
871

490

o T T T T
0 100 200 300 400
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T T T T 1
1000

Size (nm)

FTLA Concentration / Size graph for Experiment:

Capture 2025-08-11 20-27-09

Figure 1: (Finite track length adjustment (FTLA) concentration/size image for ZnO-A, nanoparticle

tracking analysis (NTA)) with no Filter
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Figure 2: (Finite track length adjustment (FTLA) concentration/size image for ZnO-A, nanoparticle
tracking analysis (NTA)) with Filter
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Figure 3: (Finite track length adjustment (FTLA) concentration/size image for nanoparticle tracking
analysis (NTA) ZnO-B Nanoparticle) with no Filter
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Figure 4: (Finite track length adjustment (FTLA) concentration/size image for Zno-B nanoparticle
tracking analysis (NTA) Nanoparticle) with Filter

Table 1:

Results

Stats: Merged Data
Mean:

Mode:

SD:

D10:

D50:

D90:

162.2 nm
60.7 nm
103.9 nm
57.9 nm
187.5 nm
263.9 nm

Stats: Mean +/- Standard Error

Mean:

Mode:

SD:

D10:

D50:

D90:
Concentration:

162.2 +/- 0.0 nm

60.7 +/- 0.0 nm

103.9 +/- 0.0 nm

57.9 +/- 0.0 nm

187.5 +/- 0.0 nm

263.9 +/- 0.0 nm

1.44e+009 +/- 0.00e+000 particles/ml
73.3 +/- 0.0 particles/frame

210.4 +/- 0.0 centres/frame

Table 2:

Results

Stats: Merged Data
Mean:

Mode:

SD:

D10:

D50:

D90:

125.1 nm
60.3 nm
65.2 nm
57.3 nm
117.6 nm
208.7 nm

Stats: Mean +/- Standard Error

Mean:

Mode:

SD:

D10:

D50:

D9O0:
Concentration:

125.1 +/- 0.0 nm

60.3 +/- 0.0 nm

65.2 +/- 0.0 nm

57.3 +/- 0.0 nm

117.6 +/- 0.0 nm

208.7 +/- 0.0 nm

4.84e+008 +/- 0.00e+000 particles/ml
24.6 +/- 0.0 particles/frame

49.5 +/- 0.0 centres/frame
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Zeta Potential Measurement:

Zeta potential, a crucial metric that may be used to
assess the relative stability of various nanofluid
types and identify the surface charge of a layer of
nanoparticles, attracts oppositely charged ions.
Upon contact between a solid nanoparticle surface
and an aqueous solution, an interfacial charge layer
is established, resulting in the reorganization of
local free ions inthe solution and generating a
narrow area of non-zero charge at the interface. An
electrical double layer and a thin layer of
counterions to the charged solid surface are created
by the rearrangement of charges at the solid-liquid
interface and balancing counterions in the liquid.
Strong  electrostatic  attraction = makes  the
counterions in the contact layer stationary, while
the counterions outside the compact layer are
mobile. When the cadence is broken, charges
become uncompensated, and the electron neutrality
is lost, which causes the surface to become charged
[19].

In a pure crystalline ionic solid, positive and
negative charges are compensated because of the
electron neutrality inside the lattice. Because of
interaction, two layers are created throughout this
process: the diffuse layer of mobile charges and the
stern layer of stationary charges with regard to the
particle surface and opposing charges. Stern
potential is the difference in potential between the
bulk solution and the outer edge of the stern layer.

EOS Plot / Distribution Graph

The electrostatic potential at the boundary between
the diffuse and compact layers is known as the zeta
potential.

The observed electrophoretic mobility of the probe
particles is used to compute the zeta potential.
Therefore, the speed and direction of the
displacement of particles suspended in an aqueous
ionic media measure the zeta potential, determined
by the Kinetic Capillary Electrophoresis (KCE) [20].
A high absolute Zeta Potential indicates strong
electrostatic repulsion between particles, which
helps to keep them dispersed and prevents
aggregation.

As seen in figures 6 and 8, the Zeta Potentials of the
ZnO-A and ZnO-B samples measured by Zetasizer
are 5598 mV and 30.39 mV, respectively. This
shows that the nanomaterial (ZnO-A) under
evaluation is more stable, has high dispersity,
inhibits aggregation (preventing the particles from
clumping together), and bolsters the electrical
properties of the composite than the nanomaterial
(ZnO-B).

Mobility distribution versus Zeta Potential:

The mobility distribution shows the range of
speeds at which nanoparticles move in an electric
field, while the Zeta Potential is a calculated
number that reflects a nanoparticle’s surface charge
and stability.

SN : 410214

User : Common Group : Repetition : 3/3
Date : 09/08/2025 File Name : AKPZASCZA
Time 1 14:41:58 Sample Information : ZnO-A
SOP Name : SOP(New) Security  : No Security
Version 5.22 / 3.00
EOS Piot
Fraern0)
0 100 0 1w 1% g ke
10 1 ~ 1 = =
axn l
os - l
a0 am A
035 | |
s = I
) !_
10
000 a0 2000 000
2Zeta Potensal (vV)

Figure 5: (Zeta potentials at different locations in a flat surface cell due to the total apparent

electroosmotic flow of the probe particles, obtained during the measurement of the Zeta potential for a

Zno-A Nanoparticles) with Filter
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Mobility Distribution

Frequency (W)
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2000 a0 2000 00
Zata Potental ()

Measurement Results

Zeta Potential : 55.98 (mv) Doppler shift : -34.28 (Hz)
Mobility : 4.365e-004 (cm2/Vs) Base Frequency : 118.2 (H2)
Conductivity : 0.0601 (mS/cm) Conversion Equation : Smoluchowski
Zeta Potential of Cell Diluent Properties
Upper Surface : -15.33 (mV) Diluent Name : WATER
Lower Surface : -175.51 (mv) Temperature . 250 °0)
Cell Condition Refractive Index : 1.3328
Cell Type : Flow Cell Viscosity : 0.8878 (P)
Avg. Electric Field : -16.37 (V/em) Dielectric Constant = 78.3
Avg. Current : -0.05 (mA)

Figure 6: (Data of Zeta potential measurement of Zno-A Nanoparticles) with Filter

EOS Plot / Distribution Graph S/N  : 410214
User : Common Group : Repetition : 3/3
Date : 09/08/2025 File Name : AKPZB
Time 1 19:13:32 Sample Information : ZnO-B
SOP Name : SOP(New) Security  : No Security
Version 5.22 / 3.00
EOS Piot
Frequency(H2)
150 300 50 0 %0 1w 19 00 =0
10 \
on b \ .

200 > V4

Qs
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2000 a0 -2000 00,0
Zeta Potential (V)

Figure 7: (Zeta potentials at different locations in a flat surface cell due to the total apparent
electroosmotic flow of the probe particles, obtained during the measurement of the Zeta potential for a
Zno-B Nanoparticles)
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Mobility Distribution
Frequency (M)
1% 0 = o 0 0 L 0 0
5
0
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s
° il
-
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Zata Potential (mV)
Measurement Results
Zeta Potential 1 30.39 (mv) Doppler shift : -18.63 (H2)
Mobility 1 2.370e-004 (cm2/Vs) Base Frequency : 1196 (H2)
Conductivity : 0.0561 (mS/cm) Conversion Equation : Smoluchowski
Zeta Potential of Cell Diluent Properties
Upper Surface 1 4154 (mV) Diluent Name : WATER
Lower Surface : -165.57 (mv) Temperature . 25.0 °0)
Cell Condition Refractive Index : 1.3328
Cell Type - : Flow Cell Viscosity : 0.8878 (cP)
Avg. Electric Field : -16.39 (V/cm) Dielectric Constant . 783
Avg. Current : -0.04 (mA)

Figure 8: Zeta potential measurement of Zno-B Nanoparticles

The  particle’s mobility is assessed by
electrophoretic velocity, which is the movement of
a charged particle immersed in liquid under the
influence of an external electric field [21].
Electrophoretic velocity per unit electric field
strength (called particle mobility) is positive when
it progresses towards a lower potential and
negative when it travels towards a higher potential
[22]. The mobility of ZnO-A nanoparticles under
the influence of an electric field is 4.365 X 104, more
than that of ZnO-B nanoparticles, which was
determined to be 2.370 X10*. In materials doped
with these nanoparticles, higher mobility of charge
carriers, such as electrons or holes in ZnO-A
relative to ZnO-B, suggests fewer scattering events
and improved carrier transports. As a result, the
ZnO-A nanoparticle-doped composite will have
higher electrical conductivity than the ZnO-B-
doped composite, as demonstrated by UV-treated
(ZnO-A or ZnO-B) films, because doping with
higher mobility (ZnO-A or ZnO-B) variants
enhances applications such as transparent
conductors or sensors, where mobility increases

greatly, raising conductivity. This idea is applicable
to nanoparticles ZnO-A and ZnO-B, associated
polymer matrix (PVC) in the composites
(PVC/ZnO-A and PVC/ZnO-B). By substantially
improving carrier mobility and reducing oxygen
traps at grain boundaries, UV treatment produces
higher conductivity without sacrificing
transparency [23].

Intensity versus Size graph:

The intensity versus size graph allows for the
visualization of various particle populations within
a polydisperse sample that may be resolved in a
straightforward size distribution graph by plotting
the intensity of light scattered by individual
particles on one axis (intensity axis) against their
measured size on another axis (size axis). As
illustrated in figures 9 and 10, plots in the two
dimensions (number or concentration axis) can
display distinct subpopulations, with larger,
brighter particles appearing higher on the intensity
axis [24].
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Figure 9: (Intensity - size plot of Zno-A Figure 10: (Intensity - size plot of Zno-B
nanoparticles) nanoparticles)

The majority of nanoparticles in figure-10 are
nearly the same size, while some of the
nanoparticles in figure-9 are roughly the same size,
but others are different.

Structural behavior of Polyvinyl Chloride (PVC)
with incorporated ZnO nanoparticle:

When zinc oxide (ZnO-A and ZnO-B) nanoparticles
are deposited in polyvinyl chloride (PVC), they
alter the material’'s hydrophilicity and surface
shape, which reduces the crystallization and
increases amorphous regions, which changes the
material’s electrical and thermal stability. The
material’s performance is impacted by the
structural modifications, which enhance PVC’s
mechanical and thermal resistance as well as its
electrical and optical qualities.

When nanoparticles (ZnO-A and ZnO-B) are added
to pure PVC, they greatly increase the
hydrophilicity of PVC membranes by reducing the
contact angle [25]. Additionally, they also produce
larger surface pore diameters, higher porosity, and
greater surface pore density, which improve PVC's
heat resistance by preventing or delaying the
breakdown of the polymer backbone.

Due to intermolecular interaction and charge
transfer between zinc oxide (ZnO-A and ZnO-B)
nanoparticles and Polymer polyvinylchloride
(PVC) chains, the PVC matrix has now become
more amorphous areas, a rougher, more porous
surface  morphology  with  different pore
architectures, and higher glass transition
temperature and heat stability [26, 27]. When the

nanoparticles agglomerate at higher concentrations,
the surface may become more brittle and rougher.
The zinc oxide (ZnO-A and ZnO-B) nanoparticles
and the polymer polyvinylchloride (PVC) generate
a charge transfer complex that reduces the optical
band gap of the nanocomposite [28].

Agglomeration of nanoparticles in PVC weakens
the composite overall and produces poor
mechanical and thermal properties by producing
larger clusters that reduce the effective surface area
and volume fraction of the nanoparticles. When
nanoparticle clusters are present, the composite’s
thermal expansion coefficient may increase, making
it more prone to expansion under heat.
Nanoparticles function effectively, when they are
widely dispersed and have a large surface area for

interacting ~ with  the polymer  matrix.
Agglomeration reduces the specific surface area,
and this reduced surface area limits the

enhancement of the interfacial properties of the
nanocomposite [29, 30].

Variation in the PVC/ZnO composite’s dielectric
constant as a function of temperature and
frequency:

The dielectric constant, defined as the ratio of the
capacitance with the material to that without the
material, is a measure of the material’s ability to
retain electrical energy when an electric field is
applied.

Dielectric Constant, €,= -
o

where C is the capacitance with the material and C,
that of without material.
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Sample - A, Virgin PVC, Thickness- 0.0195 cm
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Figure 11: Temperature and frequency variations in
the dielectric constant of the virgin sample of
thickness 0.0195 cm.

Sample - B, PVC (doped ZnO-A) Composite,

Concentration (0.00653 gm/cm3), Thickness- 0.0175 ¢
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Figure 12: Temperature and frequency variations
in the dielectric constant of the Composite doped
with nanoparticles (PVC/ZnO-A) of thickness -

The composite (PVC/ZnO-A) doped with ZnO-A
nanoparticles, as seen in figures 11, 12, 13, and 14,
exhibits a gradual increase in dielectric constant
when temperature is increased from 303K to 373K,
due to increased thermal agitation of dipoles and
charge carriers, intensifying polarization effects
such as orientational and space charge distribution,
which illustrate how the dielectric constant varies
with temperature at constant frequency. The
increased  dipole mobility and interfacial
polarization at high temperatures enable alignment
with the electric field before relaxation time, which
is the main factor responsible for the continuous
rise. As a result, when torque is applied, dipoles
gain rotational mobility to align with an electric
field, minimizing the system’s potential energy and
increasing dielectric constant. The composite doped
with ZnO-B nanoparticles, as shown in figures 15
and 16, first experiences a loss in dielectric constant
between 303K and 313K because of rapid increase
in heat agitation that causes a decrease in dipole
alignment and randomize the dipole alignment.
The dipole’s inability to swiftly adjust to changes in
the field causes the dielectric constant to drop.
When molecular alignment is impeded at low
temperature (between 303K to 313K), the dielectric

0.0175 cm

constant usually drops because of the decreased
thermal energy, which limits orientational
polarization by assisting dipoles in orienting with
an applied electric field.

At higher temperatures (313K - 323K or 333K -
343K), dipole dominance increases, and hence, the
dielectric constant rises until the transition point.
Thus, at all frequencies, a material’s dielectric
response is actively influenced by electronic,
atomic, orientational (dipolar), and interfacial
(space-charge) polarizations. The increased thermal
energy in this temperature range causes PVC
polymer chain dipoles to be more mobile, which
enhances polarization and improves alignment
with the applied electric field. ZnO-B nanoparticles
in a composite (PVC/ZnO-B) raise the dielectric
constant by interfacial polarization at the polymer-
filler interfaces, where charge accumulation rises.
The dielectric constant of the composite
(PVC/ZnO-B) significantly decreases between 323K
and 333K or 343K and 353K due to increased
thermal agitation that disrupts the dipole
alignment and interfacial polarization at the
PVC/ZnO-B interface.
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Dielectric Constant

Sample - C, PVC ( doped ZnO-A) Composite,
fipncentration(0.01313 gm/cm3), Thickness- 0.030 cm
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Figure 13: Temperature and frequency variations in
the dielectric constant of the Composite doped with
nanoparticles (PVC/ZnO-A) of thickness - 0.01313 cm.

Dielectric Constant

Sample - F, PVC (doped ZnO-B) Composite,
Concentration (0.00333 gm/cm?), Thickness- 0.0302cm
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Figure 15: Temperature and frequency variations in
the dielectric constant of the Composite doped with
nanoparticles (PVC/ZnO-B) of thickness - 0.0302 cm.

Dielectric Constant
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Sample - D, PVC ( doped Zn0O-A) Composite, Concentration
(0.03265 gm/cm3), Thickness- 0.019 cm
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Figure 14: Temperature and frequency variations in
the dielectric constant of the Composite doped with
nanoparticles (PVC/ZnO-A) of thickness - 0.019 cm.

Dielectric Constant

Sample - G, PVC (doped ZnO-B) Composite, Concentration
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Figure 16: Temperature and frequency variations in
the dielectric constant of the Composite doped with
nanoparticles (PVC/ZnO-B) of thickness - 0.0235 cm.
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Sample - H, PVC (doped ZnO-B) Composite, Concentration
(0.00222 gm/cm3), Thickness- 0.0241cm

Sample - |, PVC (doped ZnO-B) Composite, Concentration
(0.0227 gm/cm?3), Thickness- 0.0254cm
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Figure 17: Temperature and frequency variations in Figure 18: Temperature and frequency variations in
the dielectric constant of the Composite doped with the dielectric constant of the Composite doped with
nanoparticles (PVC/ZnO-B) of thickness - 0.0241 cm. nanoparticles (PVC/ZnO-B) of thickness - 0.0254 cm.

Beyond a certain frequency, resonance in ionic or
electronic polarization causes the dielectric constant
to drastically decrease when the dipoles are unable
to keep up with the applied field. Space charge and
interfacial effects dominate at lower temperatures
and lead to high dielectric values; however, as the
temperature increases, thermal agitation reduces
their effectiveness, causing a sharp decrease [31, 32,
33, 34]. The increased kinetic energy from rising
temperatures causes dipoles to oscillate erratically
and misalign with the applied electric field,
reducing total polarization and, dielectric constant
when spontaneous polarization collapses. This
impact is more noticeable in materials that depend
on orientational polarization, when field-induced
ordering is overpowered by thermal motion.
Because of increased orientational or dipolar
polarization, the dielectric constant shows a “bump
up” when temperatures rise at constant frequency
[35, 36, 37, 38] within the temperature range of
343K and 353K. As the temperature rises from 353K
to 373K, shown in figures 15 and 16, the dielectric
constant stays constant because electronic
polarization predominates, which is essentially
temperature independent. At higher temperatures,
contributions from other polarization mechanisms,
such as orientational or space charge, decrease or
saturate. Thermal agitation limits dipole alignment

and interfacial polarization effects at high
temperatures above 353K, resulting in a steady
dielectric constant that is mostly controlled by
electronic polarization and does not change much
with temperature.

As shown in figure -17, when the temperature rises
from 303K to 313K, dipole alignment under the
electric field is disrupted due to increased thermal
agitation. This lowers the dielectric constant by
reducing interfacial or space charge polarization.
The dielectric constant rises as a result of additional
heating to 323K, which either strengthens intrinsic
dipolar polarization or triggers other processes like
electronic or orientational contributions. When
different types of polarization complete polar
material (like PVC) exhibit this behavior. This rise
indicates structural alterations or decreased dipole
cancellation from bond length expansions and
rotations, whereas the initial drop is caused by
dominant thermal disruption of dipoles. The initial
thermal disruption effect is overcome by a greater
contribution from space charge or interfacial
polarization at higher temperatures, which
accounts for the modest increase to 373K.

In the temperature (303K-313K) in figure 18, the
increased thermal energy reduces orientation
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polarization and lowers the dielectric constant by
upsetting dipole alignment in the electric field. At
these mild temperatures, thermal agitation
predominates over other effects by randomizing
dipole orientations. Plateau polarization finds an
equilibrium  where any new conductivity
contributions are countered by thermal disorder,
maintaining a steady dielectric constant at elevated
temperatures of 313K to 343K.

Due to a small net shift in polarization mechanismes,
the dielectric constant in the PVC/ZnO-B
composite stabilizes at intermediate temperatures.
Enhanced thermal activation causes a little increase
in the dielectric constant between temperatures
(343K and 373K) by increasing charge carrier
mobility and interfacial or space charge
polarization. At higher temperatures, this takes
precedence over dipole randomization in the
composite (PVC/ZnO-B). During these times,
PVC/ZnO-B exhibits notable increase in the
dielectric constant, which are probably caused by
phase transitions, enhanced interfacial polarization,
or nanoparticle agglomeration triggered at higher
temperatures. PVC/ZnO-A, on the other hand,
exhibits continuous increase, indicating a more
uniform ZnO-A dispersion that permits constant
dipole alignment and increasing conductivity with
temperature. These characteristics are suitable for
flexible electronics, temperature stable capacitors,
and sensors, where controlled permittivity
variations improve performance under thermal
stress.

CONCLUSION

The Zeta Potential of the ZnO-A and ZnO-B
samples tested by Zetasizer was found to be 55.98
mV and 30.39 mV, respectively, indicating that
ZnO-A is more stable than ZnO-B, which
strengthens the composite's electrical
characteristics. Because ZnO-A is more stable than
ZnO-B, the dielectric constant of the composite
(PVC/ZnO-A) formed by nanoparticles (ZnO-A)
increases continuously with temperature, whereas
the dielectric constant of the composite (PVC/ZnO-
B) formed by nanoparticles (ZnO-B) varies
irregularly with temperature, indicating that
composite PVC/ZnO-A is more useful than
composite PVC/ZnO-B. The congruent peaks in
size distribution graphs from unfiltered (scatter
mode, depicted in figures 1 and 3) and filtered

(fluorescence mode with optical filter, illustrated in
figures 2 and 4), the Nanoparticle Tracking
Analysis (NTA) measurements suggests that the
synthesized  nanoparticles are devoid of
contaminants or impurities. From 313K to 323K and
333K to 343K, the dielectric constant of Composite
PVC/ZnO-B increases more substantially, whereas
that of Composite PVC/ZnO-A increases
continuously. In certain ranges (313-323 K and 333
- 343 K), the dielectric behavior of PVC/ZnO
composites exhibits clear temperature-dependent
patterns. These trends are probably related to
variations in ZnO nanoparticle types (A and B),
such as size, shape, or dispersion quality. This can
be used for specialized electronic applications. The
significant dielectric constant jumps are seen in
PVC/ZnO-B during those periods, which may be
caused phase transitions, increased interfacial
polarization, or the activation of nanoparticle
agglomeration at higher temperatures. PVC/ZnO-
A exhibits constant increases, indicating a more
homogeneous ZnO-A dispersion that permits
consistent dipole alignment and a rise in
conductivity with heat. These characteristics are
appropriate for temperature stable capacitors,
sensors, or flexible electronics where performance
under thermal stress is enhanced by controlled
permittivity change (working range 313 - 343K).
Thus ZnO-A provides dependable insulation,
whereas PVC/ZnO-B may enable switchable
electronics. Long term stability and optical
agglomeration control may be the subject of future
research.
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