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This research is aimed to prepare PVA with ratios of 0.2, 0.4, and 0.6
wt.% by the casting method and with a thickness of 270+5 ym. The mor-
phological characteristics are examined via FE-SEM and FT-IR, and the
results show that the composites have a homogeneous and granular struc-
ture and that ZnO is well distributed within the polymer. The reason for
the increased movement of charges is the action of a grid of nanomateri-
als inserted into the polymer. FT-IR analysis reveals absorption peaks at
3251.3 cm™ and 2812 cm™ due to the O—H bond, which indicates the
presence of polyvinyl alcohol. The absorbance of the prepared composites
increases with increasing nanomaterials’ concentration, reaching 93% at 6
wt.% . In addition, the energy gap decreases with increasing nanomaterial
concentration to 2.87-2.73 eV, and all optical parameters o, n, &, g,, and
g, increase with increasing nanomaterials’ concentration. For all the sam-
ples, the dielectric constant decreases as the frequency increases and in-
creases with increasing nanomaterials’ concentration within the polymer.
A decrease in the effect of charge polarization is the main factor of the
dielectric loss of the PVA-ZnO nanocomposite; at the same time, increas-
ing the concentration of nanomaterials leads to an increase in the dielec-
tric loss. An increase in the frequency of the electric field and an increase
in the concentration of nanomaterials increase the electrical conductivity.
The humidity sensor shows almost no humidity hysteresis, and its resis-
tance decreases with increasing humidity and zinc-oxide concentration.
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This makes these films useful for electronic applications and light filters,
and they can be also used as ultraviolet detectors and humidity sensors.

e mocaimxenns mae Ha MeTi mpuroryBaHHA moJiBiHimoBoro crnupty (IIBC)
3i cmiBBigmomenuam xomnounenris 0,2, 0,4 Ta 0,6 mac.% MeTOmOM JIUTTS Ta
ToBHIMHOIO y 27015 MmKM. MopdoJsoriuai xapaKTepUCTUKU AOCTiAKEHO 3a
JIOTIOMOT'OI0 eMiciiiHol (aBTOEJIeKTPOHHOI) CKaHYBAJbHOI €JIEKTPOHHOI MiKpo-
CKomil Ta iH(padyepBOHOI CIEKTPOCKOIii Ha ocHOBI Pyp'e-IepeTBOpYy; pe-
3yJAbTAaTHU IMOKAa3aJu, IO KOMOO3UTHA MAIOTh OJHOPIAHY Ta 3ePHUCTY CTPYK-
Typy, a ZnO po6pe posmofineHuii y moaiMmepi. IIpMunHOO IIOCHIEHOTO PYXY
3apsAmiB € Oid ciTKM HaHOMATEPisJaiB, BCTaBJeHUX y IoJimMep. AHajisa ma-
HUX iH(ppauepBOHOI CIEKTpocKomii Ha ocHOBI Pyp'e-mepeTBOpy BUABMIA
miky BOmpaHHA B okoui 3251,3 cm ! i 2812 em !, symoBiexni 38 askom O—H,
110 BKasye Ha HAABHICTH IOJiBiHiNOBOro cnuptry. BOupanHa omepsKaHUX
KOMIO3UTIB 30iJIbINTyeThCca 3i 30iIbIIIEHHAM KOHIIEHTpAIlil HaHOMAaTepisdiiB,
mocaruysmu 93% 3a 6 mac.% . Kpim Toro, saGopoHeHa eHepreTuuHa 30HA
3MEHIIIYEThCA 31 30iabIIIeHHAM KOHIleHTpalii manoMmarepisais go 2,87-2,73
eB, a Bci onTuuHi mapameTrpu o, n, k, €. i g 30iABIIVIOTECA 31 30iJMBIIEHHAM
KOHIleHTpaIii HamomarepianiB. [lyia Bcix 3pas3KiB HAiejleKTpUYHA IIPOHUK-
HiCTb 3MEHIIYETbCA 3i 30iMBIIEHHAM YacTOTU Ta 30iabIryeThcA 3i 30ijb-
IIeHHAM KOHIIeHTpaIlil HaHoOMAaTepisanaiB y mosimMepi. 3MeHIIIeHHS BILJIHUBY
nmonsApusalii 3apsaay € OCHOBHMM UMHHUKOM AieJIEKTPUYHUX BTPAT HAHOKO-
mnoosuty IIBC-ZnO; BomHouac 306iJbINIeHHA KOHIIEHTpaIlil HaHOMAaTepisaiiB
MIPU3BOAUTL 10 30iJbINIeHHA mieJeKTPUYHUX BTpaT. IIiABUINEHHA YacTOTU
€JIEKTPUYHOTO TIOJISI Ta 30iJbIMeHHS KOHIIEHTpAIlii HaHOMATepidaJiB mimBu-
OIYIOTh €JEeKTPONPOBiAHICTE. aTUMK BOJIOTOCTH MaMKe He JHEMOHCTPYE Tic-
Tepes3u BOJOTOCTH, a HMOr0 OIip 3MEHIIYEThCA 3 IIiABUINEHHAM BOJIOTOCTH Ta
KoHIeHTpalii okcuay Iluuky. Ile poOuTh 3asHaueHi ILIIBKM KOPUCHUMU
IJs eJeKTPOHHUX 3aCTOCYBaHb i CBiT/IO(MiJbTPiB, a TaKOXK IX MOXKHA BUKO-
pHCTOBYBaTH AK YJIbBTPadiosIeTOBl JeTeKTOPU Ta JaTUUKU BOJOT'OCTH.

Key words: PVA-ZnO nanocomposites, a.c. electrical properties, morpho-
logical properties, zinc oxide, humidity sensor.

KaiouoBi ciioBa: HaHOKOMIIOBUTU NOJiBiHiIOBUIT cnupT—Zn0, eleKTpuYHi
BJIACTUBOCTI Ha 3MiHHOMY cTpyMi, mMopdoJsoriuni BiaacTuBocTi, okcuz Ilun-
Ky, AJaTYUK BOJOT'OCTH.

(Received 5 August, 2024 )

1. INTRODUCTION

Composite materials are composed of two or more phases that are
different from one another both chemically and physically [1].
These amazing materials, sometimes referred to as nanocomposites,
are an integral part of contemporary materials due to their many
advantages, which include low weight, resistance to corrosion, high
fatigue strength, and simple assembly [2]. When creating compos-
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ites, reinforcing material is often added in a continuous phase
called the matrix or binder [3]. Strengthening and enhancing over-
all properties are frequently achieved by incorporating dispersed
phases into the matrix, which may be an engineered material such as
a metal, polymer, or ceramic [4].

Nanocomposites do not differ from traditional materials in terms
of the filling and matrix, but traditionally, they use, for example,
glass or carbon fibres [5], while nanocomposites use a filling made
of nanomaterial such as gold, silver, and silicon [2]. The composite
depends upon three factors: the matrix, the reinforcement, and the
adherence of the matrix to the reinforcement [6], compatibility and
the ability to dissolve in water. In addition, hydrogels can be
formed by physical and chemical methods [7]. Polyvinyl alcohol
(PVA) has features that have made it the focus of researchers’ at-
tention due to its strong storage and insulating ability and its opti-
cal and electrical properties depending on the activator [8, 9]. PVA,
with the formula (C,H,0),, is frequently used in various contexts,
with semiconductors being one of the most prevalent [10]. The
semiconductor zinc oxide (ZnO) has a large exciton binding energy
of 60 meV at ambient temperature and relatively wide band-gap en-
ergy of 3.37 eV [11].

For use in medicine and the environment, ZnO is also biocom-
patible, biodegradable, and biosafe [11, 12]. The energy gap of ZnO is
wide, making it one of the most promising semiconductor materials
for optical applications in the ultraviolet spectral range [13]. The
process of doping polymers and forming a matrix is beneficial for
the formation of nanocomposites, and as a result, the structural and
other physical properties increase [14], the fabrication of polymer-
based nanocomposites for investment in electronic and optical appli-
cations and solar cells [15, 16]. This work investigated the morpho-
logical, electrical, and optical properties of PVA-ZnO nanocompo-
sites via FE-SEM, optical microscopy, and FT-IR spectroscopy.
This research aims to create PVA-ZnO nanocomposites and analyze
their electrical and optical properties, as well as some structural
aspects, with the intention of employing them as humidity sensors.

2. COMPUTATIONAL DETAILS

This section concentrates on the procedural aspects of employing
the casting process to produce and examine PVA-ZnO. 25 ml of dis-
tilled water was used to dissolve 1 g of PVA, and after the polymer
was completely dissolved, a percentage of 0, 2, 4 and 6 wt.% ZnO
were added. Then, the nanomaterial was dispersed with an ultra-
sonic device. After that, the mixture was poured into dishes to a
thickness of 270+ 5 pm. After one week, these films were measured.
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Zinc oxide (Zn0): Zhengzhou Dongyao Nano Materials Co., Ltd.,
is a Chinese company, from which this powder was obtained. Its
features include a high purity of 99.99%, a white colour, a density
of 5.606 g/cm?, and a nanoparticle size of 50 nm.

The molecular weight of the utilized polyvinyl alcohol (PVA)
ranged from 26.200 to 30.400 g/mol. China’s Shanghai Kaidu In-
dustrial Development Co., Ltd. is the manufacturer of PVA.

The optical properties of the films, such as the absorbance (A),
absorbance coefficient (a), real dielectric constant (g,), imaginary
dielectric constant (g;), refractive index (n), extinction coefficient
(k) and band gab (E,), were evaluated via several measurements.
These measurements were conducted using a spectrophotometer
equipped with two laser beams Shimadzu, UV-1800 A0, Japan
across the spectrum range of 200 nm to 1100 nm. The structural
characteristics of the PVA-ZnO films were investigated by Fourier
transform infrared (FT-IR) spectroscopy in the range of 500-4000
cm ' and FE-SEM, and the results were analyzed. Additionally, the
electrical properties of the a.c. films were examined and analyzed.

Understanding a material's optical constants in great detail
across a broad range of wavelengths is necessary for its use in opti-
cal applications and the creation of reflective coatings [17]. The op-
tical characteristics of all materials may be correlated with their
electrical, electronic band, and atomic structures [18]. The Beer—
Lambert equation is the equation, by which the optical absorption
coefficient can be described [19]:

o 2.3?3A . )

The logarithmic relationship between the incident intensity I, and
the reflected I, is known as the absorbance A [20]:

A=-logT = log(;—OJ. (2)

A

Optical constants of the optical properties of films, such as the
complex dielectric constant (with parts ¢,, g;), extinction coefficient
(k), and index of refraction (n), can be described as follow [21]:

ar
k=—, 3
ym 3)
1
n:ﬂ. (4)
1_R1/20

Through these two equations, complex dielectric constants can be
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calculated as follow [22]:
g, =n’— k2, (5)
g; = 2nk. (6)

The optical energy gap can be determined from that region as
shown in the following relationship [23]:

ahv =B(hv-E,) . (7
The presence of free ions in the polymer increases its electrical
conductivity:
1 L
c,=—= .
P, R4,

Using the Debye equation, the dielectric constant can be calculated:

()

e=¢'—ig", 9)

where ¢” represents the dielectric loss [24].

3. RESULTS AND DISCUSSION
3.1. Optical Properties

Figure 1 shows the absorption for samples with a thickness of
27015 pum. The absorption in the ultraviolet region is high and be-
gins to decrease at a wavelength of 400 nm. Additionally, with in-
creasing concentrations of the ZnO nanomaterial, the absorption de-
creases even with increasing wavelength, and the absorbance
reaches 93% at 6 wt.% [25]. The absorption coefficient can be cal-
culated from Eq. (1). Figure 2 shows that with increasing energy,
the absorption coefficient increases, and the type of electronic tran-
sitions can be determined. This increase is due to an increase in the
concentration of ZnO, which leads to electronic crossing between
the partial orbitals with the help of phonons, and the electronic
momentum is preserved [8, 26]. It is possible to draw a tangent
slope for all the films, which shows the energy gap versus the pho-
ton energy. The results also showed that by increasing the concen-
tration of nanomaterials ZnO, the energy gap decreases, which ex-
plains the narrowing of the crossing region from the valence band
to the conduction band and the increase in the movement of elec-
trons [27].

Figure 3 shows that the energy gap decreased as 2.87, 2.83, 2.79,
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Fig. 1. Absorbance versus wavelength for the PVA-ZnO nanocomposites.
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Fig. 2. The photon energy (hv) and absorption coefficient (a) for ZnO at
various concentrations in PVA.

and 2.73 eV; the reason for this decrease is the creation of local
bands due to the increase in the amount of the nanomaterial ZnO in
the polymer.

This nanocomposite can be used as a humidity sensor. These
nanocomposites are also used in optical applications [27, 28].

An increase in the concentration of nanomaterials ZnO increased
the extinction coefficient, as shown in Fig. 4; since this nanocompo-
site contains polyvinyl alcohol, the unsaturated carbonyl group at-
tached to ethylene will show a peak in all samples close to 400 nm
[8, 19, 21, 29]. Because of the link between them, the extinction-
coefficient curve behaviour of the nanocomposites is comparable to
the absorption coefficient (see Eq. (3)) [16]. Furthermore, a sharp
increase in the extinction coefficient occurred at the absorption
edge. These results could be ascribed to both increased absorbance
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Fig. 3. Optical energy gap for (ahv)/? versus the photon energy (hv) for
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Fig. 4. Extinction coefficient versus wavelength for the PVA-ZnO nano-
composites.

because of the transmission phase and increased scattering due to
the increase; this finding matches the morphological characteristics
of the FE—SEM images [30, 31].

Figure 5 shows that when the concentration of nanomaterials
(ZnO) increases, so does the refractive index. The optical energy gap
and reflectivity of the films are responsible. The packing density
and orientation are related to variations in the n value [32].

The amount, by which a substance slows the speed of light, is
proportional to its real component. The imaginary fraction, g,
shows how a dielectric absorbs energy from an electric field through
dipole motion. As a result of kZ being less than n? according to
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Fig. 6. Real dielectric properties versus wavelength for the PVA-ZnO
nanocomposites.

Eq. (5), the behaviour of ¢, in Fig. 6 is comparable to the refractive
index performance. However, g, depends mostly on the value of the
extinction coefficient (k,) according to Eq. (6) [33].

3.2. A.C. Electrical Conductivity

Using Eq. (9), the dielectric constant (¢') of the PVA—-ZnO nanocom-
posites was determined.

Figure 8 shows the dielectric constant of the PVA-ZnO nanocom-
posites as a function of the frequency. The dielectric constant de-
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Fig. 8. Dielectric constant versus frequency at standard room temperature
for the PVA-Zn0O nanocomposites.

creases with increasing frequency in all the samples. This phenome-
non can be attributed to the dipoles in the nanocomposites turning
in the direction of the applied electric field and the reduction of
space charges or interfacial polarization to overall polarization [34].

Figure 9 illustrates how the dielectric constant of the PVA-ZnO
nanocomposites varies with the number of nanoparticles present at
f=100 Hz. This indicates that the dielectric constant of the PVA-
Zn0O nanocomposites increases as the amount of ZnO nanoparticles
increases. It is noted that all nanocomposite samples increase with
increasing nanoparticle loading. Interfacial polarization within the
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Fig. 9. Impact of ZnO-nanoparticles’ content on the dielectric constant of
PVA-ZnO nanocomposites at 100 Hz.

nanocomposites in an applied field with an alternating electric field
and an increase in charge carriers could be used to characterize
these processes [35]. This indicates that the produced nanocompo-
sites have low or low energy loss, making them appropriate for use
in pressure sensors and nanoelectronics applications.

The dielectric loss (&) was calculated from Eq. (9).

Figure 10 shows the dielectric loss for the PVA-ZnO nanocompo-
sites as a function of frequency. As the frequency increases, the di-
electric loss of the PVA-ZnO nanocomposites decreases, which is
caused by a decrease in the influence of space charge polarization.
The dielectric loss is highest at low frequencies and decreases as the
frequency increases. This is because the electric dipoles have ade-
quate time to align with the electric field before changing direction
[36].

The effect of ZnO concentration on the dielectric loss of PVA
polymer at f=100 Hz is shown in Fig. 11. An increase in the num-
ber of nanoparticles causes a rise in the dielectric loss, which is ex-
plained by an increase in the number of charge carriers [37]. Clus-
ters are formed when the number of nanoparticles in the nanocom-
posites is minimal, but when the concentration is high, up to 6
wt.% , they combine to form networks. The dielectric loss of the
nanocomposites increases as the amount of ZnO NPs increases, as
illustrated in the figures. As the amount of ZnO NPs in the poly-
mer (PVA) increases, so does its dielectric loss, which is explained
by the increase in charge carriers for the nanocomposites [38].

To measure the a.c. electrical conductivity of the nanocomposites,
Eq. (8) was used. Nanoparticles produce a route network inside the
nanocomposite at high concentrations of nanoparticles 6 wt.% for
the PVA polymer.
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Fig. 11. Effect of ZnO NPs on the dielectric loss of the PVA-ZnO nano-
composites at 100 Hz.

Figure 12 displays the fluctuation in the electrical conductivity
of the PVA-ZnO nanocomposites with frequency. As demonstrated
in the figures, the electrical conductivity increases as the electric
field frequency increases for all the prepared nanocomposites. This
behaviour is caused by the hopping process, which moves charge
carriers, and space charge polarization, which occurs at low fre-
quencies. For PVA-Zn0O nanocomposites, the electrical conductivity
increases with increasing frequency due to the enhanced mobility of
charge carriers in the high-frequency region [39]. Figure 13 shows
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Fig. 13. Effect of ZnO-NPs’ filling on the electrical conductivity of nano-
composites at 100 Hz.

how ZnO nanoparticles affect the electrical conductivity of the PVA
polymer at 100 Hz. According to the figures, as the concentration
of ZnO nanoparticles increased. Because of the composition of the
dopant nanoparticles, which gradually reduce the resistance of the
nanocomposites and increase the electrical conductivity, the in-
crease in electrical conductivity with increasing ZnO nanoparticle
content is attributed to an increase in the number of charge carri-
ers. This finding aligns with the findings of previous studies [40,
41].

Figure 14 shows the measured values of the humidity sensor. The
humidity and temperature were maintained at room temperature.
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Fig. 15. FT-IR spectrum of the PVA-ZnO nanocomposites.

According to the experimental findings, the humidity sensor exhib-
ited nearly no humidity hysteresis, and its resistance decreased as
humidity increased [42]. An increase in the zinc-oxide concentration
decreased the resistance level with increasing humidity [43].

3.3. Morphological Properties

The purpose of the FE-SEM examination was to clarify the density
and distribution of the nanoparticles in the manufactured polymeric
film, as the images showed a homogeneous distribution of ZnO
within the polymer. The image also showed that the ZnO nanoparti-
cles appeared to have been coated with the polymeric material (PVA),
as shown in Fig. 15 [8]. Increasing the number of ZnO molecules rep-
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Fig. 16. FE-SEM images of (a) PVA, (b)) PVA/0.2 wt.% ZnO, and (c)
PVA/0.6 wt.% ZnO.

resented in a network in the polymer matrix increases the conduc-
tivity due to its ability to accelerate electron motion, which is the
main reason for the reduction in the E, [44].

Other nanomaterials, such as graphene, can be used [45—46].

Figure 16 shows the FT-IR spectrum of the PVA/ZnO nanocom-
posites; the O—H bond is responsible for the absorption peak ob-
served at 3251.83 cm™ and 2812 cm™, which indicates the presence
of PVA and indicates its identity; these two peaks are attributed to
the PVA polymer, which is an aliphatic compound. It traps water
from the air, which is typical in humidity sensor applications [8].
The vibration peaks that appeared at 1625.03 cm™ and 1154 cm™
indicate weak Zn—0O and ZnO, bonds. When ZnO nanomaterials were
added to the polymer at various concentrations, some changes were
observed in the vibration peaks, and no peak creep was observed.
This means that the reaction is physical [7, 8].

4. CONCLUSION

The results showed that the prepared films are homogeneous, and
the diffusion of the nanomaterial within the polymer is good,
which, in turn, enables the electrons to move more freely. FTIR
analyses revealed the highest absorption at 38251.8 cm™ and
2812 cm™ due to the O—H bond, which indicates the presence of
PVA. It traps water from the air, which is typical in humidity sen-
sor applications. Additionally, in the UV region, as the number of
nanomaterials increases, the energy gap decreases to between 2.87
eV and 2.73 eV, and all the optical constants increase with increas-
ing nanomaterial concentration. Therefore, they can be used as de-
tectors in the UV region. As the frequency and concentration of
nanomaterials increase, the dielectric constant, dielectric loss, and
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AC electrical conductivity increase.
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