Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2024 IM® (IacturyT Metasodisuxu
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kypaiomosa HAH Vkpainn)
2024, 1. 22, Ne 4, cc. 893-902 HazapykosaHo B YKpaiHi.
https://doi.org/10.15407/nnn.22.04.893

PACS numbers: 72.80.Tm, 77.84.Lf, 78.20.Ci, 78.67.Sc, 81.07.Pr, 82.35.Np, 85.35.-p

Preparation and Dielectric Properties of Polymer Nanocomposites
for Dielectric Applications

Majeed Ali Habeeb', Rehab Shather Abdul Hamza®, and Idrees Oreibi?

1College of Education for Pure Sciences,
Department of Physics,

University of Babylon,

Hillah, Iraq
2Directorate of Education Babylon,
Ministry of Education,

Babylon, Iraq

The nanocomposites consisting of polyvinyl alcohol (PVA), zirconium di-
oxide (Zr0O,) and copper oxide (CuO) nanoparticles are synthesized using
the solution cast method. The samples including PVA (acting as the or-
ganic host matrix) together with varying quantities of nanoparticles of
zirconium dioxide (ZrO,) and copper oxide (CuO) ranging from O to 6
wt.% . The present work examines the electrical characteristics of PVA-
Zr0,—CuO nanocomposites. The investigation is focused on the electrical
properties of nanocomposites within the frequency range from 100 Hz to
5.10° Hz, while maintaining ambient temperature conditions. The experi-
mental results demonstrate that the dielectric constant and dielectric loss
of the PVA-Zr0O,—CuO nanocomposites are decreased with increasing fre-
quency of the applied electric field. The electrical conductivity of alternat-
ing current (A.C.) positively correlates with the current frequency. The
contents of the PVA-ZrO,—CuO nanocomposites positively correlate with
pure PVA dielectric constant, dielectric loss, and A.C. electrical conduc-
tivity. The decisive results suggest that the nanostructures composed of
PVA-ZrO,—CuO possess promising prospects for utilization in a wide
range of electrical and electronic nanodevices.

HanoxommoauTtu, IO CKJamaioTbess 3 mosiBinimoBoro cmupty (IIBC), mamo-
vyacTuHOK miokcuzny Ilupkoniio (ZrO,) it okcupzy Kympymy (CuO), cunTeso-
BaHO METOAOM JHUTTA posumHy. 3pasku mictuaum IIBC, axkuit giae gk opra-
HiYHA MaTPUIA-TOCIOJADP, PA30M i3 PI3HUMU KiJIBKOCTAMU HAHOYACTHUHOK
Zr0, i CuO y mexax Bixm 0 mo 6 mac.%. ¥ maniit poGOTi moCITig:KeHO eleKT-
puuHi xapaxTtepuctuku HaHOKOMIO3uTiB IIBC-ZrO,—CuO. HocaimxeHHA
30CepeKeH0 Ha eJeKTPUUYHUX BJIACTHUBOCTAX HAHOKOMIIO3WTIB y misdImasoHi
gacroT Bix 100 I'm mo 5-10° I'm 3 moTpuMaHHAM TeMIepaTypHMX YMOB Ha-
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BKOJIMIITHBOT'O cepenoBUIlla. Pe3yIbTatu eKCcIepuMeHTy IOKAa3yIoTh, II0 Aie-
JIEKTPUYHA NPOHUKHICTH 1 aAieneKTpmuHi BTpaTu HaHOKOMHIO3uTiB IIBC-
Zr0,—CuO 3MeHIIyIOTHCA 3i 30iJBINTEHHAM YaCTOTH MPUKJIALEHOTO eJIEeKTPHU-
YHOTO moJisd. EjleKTponpoBiauicTs 3mirnHOTO cTpy™My (A.C.) TO3BUTUBHO KOpe-
Jr0e 3 yacToTow ctpymy. Bmict Hamokommosutie IIBC-Zr0O,—CuO mosuTtus-
HO KOpEeJIIoE 3 MieJeKTPUUYHOIO ITPOHUKHICTIO, AieJeKTPUUYHMMU BTpaTaMH U
eJIEKTPONPOBiAHicTIO 3MiHHOTO cTpymy aaa umctoro IIBC. BupimanwsHi pe-
3yJILTATH CBiUaTh PO Te, III0 HAHOCTPYKTYPU, AKi cKiagarorbca 3 IIBC—
Zr0,—CuO, maiors 6araToobiIAui mepcueKTUBU AJA BUKOPUCTAHHS B IIIH-
POKOMY [ifiTa30Hi eJIEKTPUYHUX i eJIeKTPOHHUX HAHOIPUCTPOIB.

Key words: PVA, ZrO,-CuO nanoparticles, nanocomposites, electrical
properties, nanodevices.

Karouori ciora: mosiBininoBuit cnupr, Hanoyactuku ZrQ,—CuO, HaHOKO-
MIIO3UTH, €JIEKTPUYHI BJIaCTUBOCTi, HAHOIPUCTPOI.
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1. INTRODUCTION

Materials science and technological revolution are underway, and at
their centre are polymers. The science of polymers and technology
has progressed highly over the last few decades [1, 2]. Polymers
with corrosion resistance, low weight, and strong hardness make
various products, including homemade plastics, automobile internal
and external components, biomedical equipment, and satellite appli-
cations [3, 4]. A polymer blend refers to the amalgamation of two
or more polymers, forming a novel material exhibiting distinct
physical characteristics. Polymer mixtures, known as heat mixes,
are a specific category within the broader classification of polymer
mixtures. The phenomenon of heat mixing and the behaviour of
thermoplastic heat mixtures have been extensively investigated in
scientific research [5, 6].

Polyvinyl alcohol (PVA) has emerged as a favourable host matrix for
arange of metal oxide nanofillers due to its biodegradability, ability to
form films, ease of processing, lack of toxicity, optical transparency,
minimal light scattering with a low refractive index, and impressive
mechanical properties [7, 8]. PVA is a water-soluble synthetic polymer
that comes as a granular powder that is odourless, translucent, taste-
less, and white or cream in colour. Since PV A is water-soluble, it can be
used to make hydroxyl organic ingredients. The PVA biological degra-
dation and biocompatibility are two of its most notable characteristics.
PVA has a high tensile strength and longevity and a high oxygen and
scent buffer. Visual light transmission is excellent. It also has excel-
lent shape, mixing, and adhesion characteristics [9, 10]. PVA is com-
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monly subjected to annealing processes involving several low-
molecular-weight chemicals, typically exhibiting polar functional
groups. The groups above establish hydrogen bonds with the hydroxyl
groups of the PVA chain, irrespective of the presence or absence of wa-
ter. As a result, direct hydrogen bonding is reduced among the more
considerable PVA molecules [11, 12].

The scientific community has shown considerable interest in wide-
bandgap metal-oxide nanoparticles owing to their versatile applica-
tions. Zirconium dioxide (ZrQO,) possesses remarkable chemical and
physical attributes, which render it suitable for various applications.
These include but are not limited to fuel cells, catalysts, optoelectron-
ics, gas sensors, and materials resistant to corrosion [13, 14]. ZrO, has
a band gap of over 5 eV, making it a significant luminous material
characterized by favourable optical transparency. Moreover, its con-
siderable surface area and abundant oxygen vacancies establish it as a
promising contender for photocatalytic purposes. The substance is
characterized by three distinct crystal phases: tetragonal, monoclinic,
and cubic. The presence of these polymorphs is contingent upon factors
such as the synthesis procedure, particle dimensions, calcination tem-
perature, and the occurrence of flaws [15, 16].

Metal-oxide nanoparticles, such as copper oxide (CuO), have gar-
nered significant interest primarily due to their antibacterial and
biocidal characteristics, rendering them potentially valuable in nu-
merous biomedical applications [17, 18]. CuO is categorized as a
semi-conductor metal owing to its unique optical, electrical, and
magnetic properties. This material has many uses in creating super-
capacitors, sensors, magnetic storage media, near-infrared filters,
catalysis, and semiconductors [19, 20]. Copper oxide nanoparticles
(CuO NPs) have been employed to enhance polymer films derived
from petroleum-based or bio-based sources; this is due to the nota-
ble attributes of CuO NPs, including their substantial surface-to-
volume ratio, relatively low toxicity, thermal stability, and capacity
to reinforce the mechanical properties of polymers [21, 22].

2. MATERIALS AND METHODS

Nanocomposite films were fabricated using the casting technique,
incorporating PVA, ZrO, and CuO nanoparticles. The experimental
procedure entailed dissolving pure PVA in 40 ml of distilled water
over 45 minutes. During this process, a magnetic stirrer facilitated
stirring at 50°C, promoting a more uniform and homogeneous solu-
tion. The polymer underwent the incorporation of the ZrO, and CuO
nanoparticles at different weight percentages: 0%, 2%, 4%, and
6% . Following four days of air-drying the solution at ambient con-
ditions, the outcome observed was the practical synthesis of poly-
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mer nanocomposites. The nanocomposites (NCs) consisting of PVA—
Zr0,—CuO were obtained from the Petri dish and utilized for meas-
urement. The dielectric properties of nanocomposites were assessed
using an LCR metre of the HIOKI 3532-50 LCR HI TESTER type
across a frequency range spanning from 100 Hz to 5 MHz.

In order to determine the dielectric constant (¢'), one may employ
the following formula [23]:

' =C,/Cy, (1)

where C, signifies capacitance, while C, denotes a vacuum capacitor.
Dielectric loss (¢") is given by [24]:

¢"=¢D, (2)

where D is the dispersion factor.
The A.C. electrical conductivity is calculated as follows [25, 26]:

Oa.c. = 0EE", 3

where o is the angular frequency.

3. RESULTS AND DISCUSSION

Figure 1 depicts the frequency-dependent changes in the dielectric
constant of nanocomposites composed of PVA, ZrO,, and CuO, de-
noted as PVA-Zr0O,—CuO nanocomposites. The findings indicate that
the dielectric constant decreases as the applied electrical-field fre-
quency (F) increases across all samples. At lower frequencies, the
insulating materials’ dipoles, formed as a response to the applica-
tion of alternating current, demonstrate a propensity to orient
themselves in alignment with the direction of the applied electric
field. This alignment causes a charge build-up, resulting in height-
ened polarisation and an elevated dielectric constant [27, 28].

At high frequencies, the dipoles cannot keep up with the direc-
tion of movement of the applied electric field due to the shorter
time available for the dipoles to align, which leads to a decrease in
polarization and, thus, a decrease in the dielectric constant value.
This feature can be used in many applications, such as communica-
tion antennas and microwave components [29, 30].

Figure 2 illustrates the frequency-dependent dielectric loss of
nanocomposites composed of PVA, ZrO,, and CuO. According to the
data presented in the graph, it can be observed that an increase in
frequency is associated with a decrease in dielectric loss.

The phenomena under consideration are attributed to mobile
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Fig. 1. Behaviour of &' with frequency of PVA-ZrO,—CuO NCs.
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Fig. 2. Behaviour of &¢” with frequency of PVA-Zr0O,-CuO NCs.

charges inside the polymer backbone. The occurrence results from
reducing the contribution of space charge polarisation with increas-
ing frequency [31, 32]. The dielectric loss for PVA-ZrO,—CuO nano-
composites exhibits an increase due to an elevated quantity of elec-
trons, particularly at moderate frequencies, but diminishes as the
frequency is elevated [33, 34].

Figures 3 and 4 depict the relationship between the concentra-
tions of NPs and the dielectric constant as well as the dielectric
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Fig. 3. Influence of ZrO,—CuO NPs’ contents on the &' of PVA-ZrO,—-CuO
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Fig. 4. Influence of ZrO,—CuO NPs’ contents on the &” of PVA-Zr0O,—CuO

NCs at 100 Hz.

loss, respectively, for NCs consisting of PVA, ZrO,, and CuO.

These figures illustrate the relationship between the concentra-
tions of ZrO,—CuO NPs and the corresponding increases in the val-
ues of ¢ and &". This observed trend can be attributed to interfacial
polarisation within the NCs under an applied electric field [35, 36].
This polarisation increases the number of charge carriers, resulting
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Fig. 5. Difference of conductivity for PVA-ZrO,—CuO NCs with frequency F.

in higher values of the dielectric constant and dielectric loss. This
behaviour aligns with the findings of other researchers [37, 38].

Figure 5 illustrates the relationship between A.C. electrical con-
ductivity and frequency (F) for PVA-ZrO,—CuO nanocomposites,
specifically in terms of the A.C. electrical conductivity perfor-
mance. The provided graph depicts a clear positive correlation be-
tween the A.C. electrical conductivity and the electric field fre-
quency in all nanocomposite samples. The observed phenomena can
be attributed to the migration of ions inside the clusters and the
mobility of charge carriers [39, 40]. A higher charge concentration
is observed at the interface between the electrode and the electro-
lyte at lower frequencies. As a result, there is a reduction in the
mobility of ions, leading to a corresponding decline in electrical
conductivity [41].

Figure 6 shows vibration of electrical conductivity with concen-
tration of nanoparticles. The electrical conductivity demonstrates
an upward trend with increased concentration of ZrO,—CuO nano-
particles. The rise in electric charge can be attributed to the crea-
tion of saturated nanoparticles [42, 43]. Table shows values of €', &”
and o, . for PVA-ZrO,—CuO nanocomposites at 100 Hz.

4. CONCLUSION

The current study involves the fabrication of nanostructured films
consisting of a composite material composed of polyvinyl alcohol



900 Majeed Ali HABEEB, Rehab Shather ABDUL HAMZA, and Idrees OREIBI

2.8-1071

261071

24101 F

2210

2.0-10

1.8-10°4

A.C. electrical conductivity, S/em

0.00 0.02 0.04 0.06

Con. of Zr0,-CuO nanoparticles, wt.%

Fig. 6. Difference of electrical conductivity for PVA-ZrO,-CuO NCs with
of ZrO,—CuO NPs’ contents.

TABLE. Values of ¢', ¢" and o, for PVA-Zr0O,—CuO NCs at 100 Hz.

Contents of ZrO,—CuO nanoparticles, Wt.%| €' g" | Gac, S/cm
0 0.79 0.29 1.62:10™!
2 0.86 0.34 1.92.10™
4 0.93 0.38 2.14.10™"
6 1.04 0.53 2.95-107"

(PVA), zirconium dioxide (Zr0O,), and copper oxide (CuO). These
films were fabricated using the solution casting technique. The in-
vestigation focused on the electrical characteristics of nanostruc-
tures composed of PVA-Zr0O,—CuO. The investigation of the dielec-
tric characteristics of nanocomposites consisting of PVA—-Zr0O,—CuO
revealed that the inclusion of ZrO,—CuO nanoparticles led to an in-
crease in the dielectric constant, dielectric loss, and A.C. electrical
conductivity of the pristine PVA material. This enhancement was
directly proportional to the concentration of ZrO,—CuO nanoparti-
cles in the nanocomposites.

Moreover, there was an increase in the dielectric constant from
0.79 to 1.04, as well as an increase in the dielectric loss from 0.29
to 0.53. As the electrical signal frequency escalates, a concomitant
reduction in the dielectric constant and dielectric loss is observed,
whilst the alternating current (A.C.) electrical conductivity exhibits
an augmentation. The dielectric properties of the PVA—-Zr0O,—CuO
nanostructures demonstrate potential for utilization in various flex-
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ible-nanoelectronics applications due to their cost-effectiveness,
high energy-storage capacity, and minimal energy dissipation.
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