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Abstract

This study investigates the optical, structural, and dielectric properties of NiO nanoparticles (NPs) incorporated into a
poly(vinyl alcohol)/sodium alginate (PVA/SA) polymer blend. The x-ray diffraction (XRD) pattern confirmed the formation
of face-centered cubic NiO NPs with a crystallite size of around 9.9 nm and lattice strain of 5.6 x 107>, as determined by the
Williamson—Hall method. High-resolution transmission electron microscopy (HRTEM) revealed spherical NiO NPs with
sizes ranging from 5 nm to 12 nm. The embedding of NiO NPs into the matrix structure of PVA/SA was confirmed by peak
shifting and new peaks from the XRD patterns, and the appearance of spherical nanoparticles with size ranging between 5 nm
and 12 nm from HRTEM images. Significant shifting was observed in the Fourier transform infrared (FTIR) spectral bands,
indicating strong interaction between the blend components and NiO. Optical studies showed that doping of PVA/SA with
NiO NPs enhanced the material’s absorption, with a consequent effect on the optical energy band gap, demonstrated by a
red shift in the absorption edge with a decrease from 5.0 eV for pristine PVA/SA to 0.09 eV for the 8 wt.% NiO-doped film.
In addition, dielectric studies showed an increase in conductivity with the addition of NiO NPs, suggesting their suitability
for solid polymer electrolyte applications.
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Introduction

Polymer nanocomposites (PNCs) have become a promi-
nent area of study in the field of materials science, present-
ing remarkable advancements in the physical, chemical,
and electrical characteristics of conventional polymers.
The composites under consideration comprise a polymer
matrix that is combined with nanoparticles or nanofillers.
These nanoparticles or nanofillers encompass a variety of
elements, including carbon-based materials such as gra-
phene and carbon nanotubes, as well as metal oxides such
as titanium dioxide, tungsten trioxide, and zinc oxide.
Integrating these nanoscale fillers into polymers results
in the improvement of multiple characteristics, such as
electrical conductivity, thermal stability, and mechanical
strength, rendering PNCs very well suited for electronic
applications.'™ The field of polymer nanocomposites for
electronic applications is constantly evolving, with con-
tinuous progress focused on improving the distribution of
nanofillers, strengthening the incorporation between filler
and the polymeric matrix to create new nanocomposites
with customized characteristics. With the ongoing devel-
opment of this subject, it is anticipated that PNCs will
have a growing significance in the upcoming era of elec-
tronic devices, providing resolutions to critical issues in
electronics design and manufacturing.*° Polyvinyl alcohol
(PVA) is a synthetic polymer that is soluble in water and
is extensively utilized in diverse applications owing to its
distinctive characteristics.’

PVA is a semicrystalline polymer that exhibits excep-
tional characteristics in film formation, emulsification,
and adhesion. The suitability of this material for vari-
ous applications is attributed to its high tensile strength,
flexibility, and resistance to oil, grease, and solvents.®
Moreover, PVA exhibits biodegradability, non-toxicity,
and biocompatibility, facilitating its extensive application
within the medical and pharmaceutical sectors. Sodium
alginate (SA), a polymer that is both anionic and soluble
in water, is obtained from brown algae through industrial
extraction. The material is nontoxic, economical, capable
of decomposing naturally, and renewable. SA chains have
inherent superhydrophilic and ion-exchange characteris-
tics due to the presence of abundant oxygen-containing
groups such as (-OH) and (-COONa). Additionally, these
chains are susceptible to chemical modifications.” SA
can be employed as a biodegradable and environmentally
friendly material in electrical devices for several appli-
cations. The potential of sodium alginate as a dielectric
material for capacitors and other electronic components
has been investigated owing to its notable characteristics.'°
The biodegradability and environmentally favorable char-
acteristics of this material render it a compelling substitute
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for traditional dielectric materials. Flexible substrates for
flexible electronics, such as wearable devices and bend-
able screens, can be enhanced by using sodium alginate.
The mechanical characteristics of the material, such as its
flexibility and stretchability, render it well suited for many
applications.

Conductive composites can be formed by combining
sodium alginate with conductive fillers such as carbon nano-
tubes or metallic particles. These composite materials have
diverse uses in the field of electronics, including but not
limited to electromagnetic shielding, antistatic coatings, and
conductive inks for printed circuits.!!

The potential of sodium alginate as an electrolyte
material in electrochemical devices, such as batteries and
supercapacitors, has been investigated. The prospective
suitability of this material for these applications originates
from its ionic conductivity and compatibility with a wide
range of electrolyte systems.'? Electrolytes based on PVA
and SA have been investigated for use in electrochemi-
cal devices, including supercapacitors and batteries. Ionic
liquids or other conductive fillers can be added to these
materials to increase their ionic conductivity. Nickel oxide
(NiO) has exceptional features and qualities, rendering it
a highly promising material for a wide range of electri-
cal device applications. NiO is a p-type semiconductor
that has a broad energy band gap ranging from 3.6 eV to
4.0 eV, which makes it well suited for use in optoelec-
tronic and electrical devices. The field of electronics has
shown considerable interest in the features of this mate-
rial, including its great chemical stability, low cost, and
environmental friendliness. The potential of NiO as a
contender for transition metal oxides (TCOs) in a range
of optoelectronic devices has been investigated.'*'* The
material’s promise for various applications stems from its
high transmittance in the visible range and moderate elec-
trical conductivity. NiO has electrochromic characteristics,
indicating its ability to undergo reversible alterations in its
optical properties when subjected to an electrical potential.
The aforementioned attribute has resulted in its application
in electrochromic appliances, including intelligent win-
dows, displays, and energy-efficient construction materi-
als.!>!'¢ The high specific capacitance, excellent electrical
conductivity, and electrochemical stability of NiO have
demonstrated its promise as an electrode material for
supercapacitors.!” PVA and SA are typically regarded as
compatible and capable of forming a homogeneous mix-
ture at different ratios. The combination of PVA and SA
yields materials that possess the advantages of both poly-
mers, including the robust mechanical strength of PVA
and the biocompatibility and biodegradability of SA.!%:!
The optical characteristics of PVA and SA blends can be
adjusted by the inclusion of nanoparticles (NPs), rendering
them appropriate for optoelectronic applications. Khalil
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et al.”” reported that the addition of TiO, NPs to PVA/SA
improved the optical characteristics of the blend, rendering
it valuable for implementation in sensors and solar cells,
with a direct band gap of 5.5 eV. Ibrahim et al.?! added
TiO, to PVA/SA for use in wound dressing. Eghbalifam
et al.'® prepared Ag NPs by gamma irradiation to PVA/
SA for antibacterial application. Wang et al.!” added Ag
NPs to PVA/SA for antibacterial application. Abdelghany
et al.?* added Se NPs to PVA/SA for antibacterial applica-
tion. NiO nanoparticles are more cost-effective and readily
accessible than other metal oxide nanoparticles, making
them a cost-efficient option for a wide range of applica-
tions.”* NiO nanoparticles are nontoxic and biocompatible,
distinguishing them from other metal oxide nanoparticles
for use in biomedical applications.?* The reactivity and
interaction of NiO nanoparticles with other structural
materials are enhanced based on the changes in the vol-
ume-to-surface ratio and the embedding of host materi-
als with quantum size effects. This feature is essential for
applications in catalysis, sensing, and energy storage.”’

Despite the exceptional properties of NiO, to date no
studies have explored the effect of NiO on PVA/SA. Thus,
the present work deals with the preparation of a blend
of PVA/SA (50/50 wt.%) after adding NiO with differ-
ent weight percentages (2, 4, 6, 8 wt.% NiO). The results
confirmed that the addition of NiO NPs led to a greater
decrease in the band gap than other materials incorporated
with this blend (2.82 eV). This outcome demonstrates
that the growth of NiO nanoparticles leads to the forma-
tion of conductive routes in the polymer matrix, which
in turn promotes electron hopping and improves interac-
tions between carriers. This leads to a displacement of the
bands, either valence or conduction, resulting in a decrease
in the energy difference between them and an increase in
the ability of the PVA/SA blend to conduct electricity,
which makes it useful in optoelectronic devices.

Experimental Work
Material and Methods

PVA (Alfa Aesar) and SA (Sigma-Aldrich) were each
dissolved in distilled water under continuous stirring.
After that, the solutions were combined and maintained
under magnetic stirring for about 5 h until a homogene-
ous solution was formed. NiO (Sigma-Aldrich; particle
size <50 nm) was added to the mixture solution with
weight percentage up to 8 wt.%, followed by sonication
via a dip sonicator (Hielscher UP100H ultrasonic homog-
enizer, 100 W, 30 kHz) to ensure that NiO was well dis-
persed in the PVA/SA solution. The prepared solution was

added to a Petri dish and dried at 55°C for 24 h until the
polymer nanocomposite film was formed.

Measurement Techniques

The previously prepared samples were subjected to structural
analysis using x-ray diffraction (XRD; PANalytical X’Pert
PRO, model number PW 3040/60). The vibration investiga-
tion was carried out using Fourier transform infrared (FTIR)
spectroscopy (Bruker VERTEX 80 spectrometer). The size
and shape were confirmed using transmission electron micros-
copy (HRTEM, JEOL JEM-2100F). Field-emission scanning
electron microscopy (FESEM, Quanta 250 FEG) was utilized
to analyze the surface morphology. UV-visible (UV—Vis)
spectroscopy (Jasco V-630 spectrophotometer) was employed
to investigate the optical characteristics. The dielectric char-
acteristics were analyzed using a Novocontrol Alpha high-
resolution analyzer (40 type) spanning a frequency range of
107! Hz to 10" Hz. The samples were placed between two
newly polished brass electrodes, with the top electrode having
a 10 mm diameter, forming a parallel-plate capacitor cell. A
1 V sinusoidal voltage was applied in a frequency range cover-
ing 107! to 107 Hz, yielding complex permittivity, represented
by the equation e=¢’—1ie". Any of the complex parameters
related to one another by the equation below can be used to
characterize the investigated composites for complex dielectric
spectroscopy.

Results and Discussion
Structural Measurements

A structural characterization with crystallite investigation
of NiO NPs was accomplished by employing x-ray diffrac-
tion (XRD) over the 20 range from 10° to 80°, as depicted in
Fig. 1a. With the use of XRD patterns, it is possible to observe
low and broad diffraction peaks as a result of the small size
effect. The XRD patterns clearly show diffraction peaks cor-
responding to the (111), (200), (220), (311), and (222) planes,
indicating a face-centered cubic (fcc)-structured NiO, which
matches with card number 00-065-2901.2° It can be seen from
the XRD pattern that the NiO NPs appear to be single phase.
The Debye—Scherrer formula and the Williamson—Hall (W-H)
method were utilized in order to obtain the average crystallite
size, denoted by the letter 7.%’

T = KA/pcosd (H

pcosf = 4¢ sinf + KTA )

where k represents a constant value of 0.94 for spheri-
cal particles, A represents the x-ray wavelength
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Fig.1 (a) XRD of NiO and (b) Williamson-Hall plot of NiO NPs.
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Fig.2 (a) HRTEM and (b) histogram of NiO NPs.

(CuKa=0.1541 nm), g represents the full width at half
maximum (FWHM) of the intense and broad peaks, ¢ rep-
resents the lattice strain, and 6 represents the Bragg angle
or diffraction angle. The average crystallite size calculated
using the Scherrer formula (Eq. 1) is 9.9 nm. The lattice
strain and average crystallite size of the NiO nanoparticles
were determined by analyzing S cos 6 against 4sin 6 using
the W—H method (Eq. 2, Fig. 1b). The value of the compo-
nent KA/T is represented by the intercept of the line, while
the slope represents the 4¢ value. The average crystallite size
was 23.3 nm, while the lattice strain was 5.6 X 107>, The
grain size of the NiO NPs was found to be slightly greater
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than the findings obtained from Scherrer’s equation. These
results were obtained by plotting the W-H relationship for
NiO nanoparticles. Consequently, this indicates that Scher-
rer’s equation was a good fit for the NiO nanoparticles.

Figure 2a and b show the HRTEM and histogram of NiO
NPs, respectively. HRTEM is typically used for imaging and
analytically characterizing nanoparticles in order to evalu-
ate their form and size. The HRTEM image showed that the
NiO NPs had a spherical shape, as displayed in Fig. 2a. A
number of aggregated particles are also present. The particle
size is 5-12 nm.
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Fig.3 XRD diffractogram of PVA polymeric matrix and PVA/SA/
NiO polymeric nanocomposite.

Figure 3 illustrates the XRD of PVA/SA and PVA/SA
embedded with different weight percentages of NiO NPs.
The figure shows that PVA/SA has a broad diffraction peak
at 260=19.6° which is due to the strong interaction because
of hydrogen bonding, which is in agreement with previous
literature. 282" After incorporation with NiO NPs, the diffrac-
tion peak at 260 =19.6° is shifted in the direction of a higher
20 and its intensity decreased. In addition, there are new
peaks appearing at 260=37.4°, 43.5°, 63°, and 75.5° which
are related to NiO NPs, confirming the successful incorpora-
tion of PVA/SA and NiO NPs.

Figure 4 shows attenuated total reflectance (ATR)-
FTIR spectra of the PVA/SA matrix structure before and
after embedding with different amounts of NiO NPs.
The appearance of transmittance peaks at 3310 cm~! and
1328 cm ™! in PVA correspond to the functional O—H group
with vibrational motion of stretching and bending, respec-
tively. Also, the functional C—H group exhibits vibrational
stretching modes at 2938 cm™' and 2907 cm™'. Addition-
ally, the appearance of a peak at 1725 cm™' corresponds
to the carbonyl group (residue of the acetate group). CH
bending and wagging vibrations are identified at 1421 cm™!
and 1373 cm™'. The signal at 1247 cm™! corresponds to
the CH wagging vibration of the remaining acetate group.
The 1140 cm™! shoulder corresponds to C—O stretching
vibration in the crystalline component of PVA, while the
1078 cm™! band is associated with C=0 stretching vibration
in the amorphous part of PVA. The C-C stretching vibra-
tion occurs at 847 cm~!.3932 For SA, the presence of an
—OH group is shown at 3291 cm™. The peak at 2938 cm™!
is associated with the vibration band of —CH alkyl groups.
The peak at 1596 cm™! is characteristic of sodium alginate
and represents stretching vibrations of C=0. The 1408 cm™!
asymmetric band is a result of COO- group oscillations of
the alginate molecule. The peak at 1066 cm™! appears from
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Fig.4 ATR-FTIR spectra of (a) PVA, SA, NiO, (b) PVA/SA, and the
nanocomposite structure of PVA/SA/NiO.

the presence of a C—O functional group, while the band at
1035 cm™! indicates the presence of a -COC group.>***
NiO showed a wide band at 2883 cm™! which is due to the
vibrations of the CO, molecule that are absorbed from the
air. These vibrations are symmetric and asymmetric stretch-
ing modes combined. There is another band at 1360 cm™'
related to an OH functional group absorbed from the atmos-
phere. Bands at 560 cm™!, 476 cm™' , and 418 cm™! are
associated to the bond between Ni and 0.*

After blending PVA with SA, the appearance of a peak
at 1725 cm™' from the acetate group in PVA is shifted to
1730 cm™! and the band at 1421 cm™! from CH bending is
shifted to 1428 cm™!. Also, the C=0 band is shifted from
1078 cm~! to 1088 cm™!. A new vibrational peak appears
at 1655 cm™! , and the peak at 1408 cm™' from COO disap-
pears. All of these findings indicate that PVA and SA work
well together. After the incorporation of NiO into the PVA/
SA blend, new bands appear at 1572 cm~! and 587 cm™!,
indicating the successful interaction between PVA/SA and
NiO.

Figure 5 presents FESEM images of PVA/SA and PVA/
SA doped with 2 wt.% and 8 wt.% NiO. As seen in Fig. 5a,
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Fig. 5 FESEM images and 3D images of (a, b) PVA/SA, with (c, d) 2 wt.% NiO and (e, f) 8 wt.% NiO.

PVA/SA clearly shows a smooth and homogeneous surface
and Fig. 5b shows the 3D images of PVA/SA with root-
mean-square roughness (Rq) of 64.2 nm and mean rough-
ness (Ra) of 53.6. With the addition of NiO, there are white
spots distributed on the surface of PVA/SA which are attrib-
uted to NiO NPs. The Rq for 2 wt.% NiO and 8 wt.% NiO
are 66.2 nm and 70.8 nm, respectively. Also, Ra for 2 wt.%
NiO and 8 wt.% NiO are 54.7 nm and 53.1 nm, respectively,
which confirmed that the roughness is increased with inser-
tion of NiO NPs into the matrix.

@ Springer

Optical Measurements

Studying optical absorption is crucial for understanding a
material’s energy gap. Figure 6 shows absorption spectra
of NiO NPs with different amounts in the PVA/SA blend.
Increasing the concentration of the doped NiO NPs clearly
enhanced the absorption of the PVA/SA blend. The develop-
ment of the NiO NPs in the host mixture is believed to be
responsible for this behavior. Two peaks appeared at 216 nm
and 277 nm related to n—z* and 7—z*, respectively, which
are attributed to the chromphoric group of PVA and SA
polymer.?? Addition of NiO causes a change in the absorp-
tion edge with shifting the absorption peak at 216 nm. At
a higher concentration of NiO (8 wt.% NiO), two peaks
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Fig6 UV-Vis absorbance curve of PVA/SA and PVA/SA/NiO.
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Fig. 7 Absorption coefficient versus photon energy curve of PVA/SA
and PVA/SA/NiO.

appeared at 354 nm and 381 nm which are attributed to the
absorption peaks of NiQ.%’

Discrepancies in absorbed radiation levels can be used
to differentiate between different types of electronic transi-
tions. The sudden shift in the basic absorption is known as the
"absorption edge." The absorption coefficient () signifies the
speed at which light intensity diminishes and it is calculated
from the following equation.*®

o = 2303 Absorbance 3)

sample thickness
The absorption edge value is determined by extrapolating
the linear component of Fig. 7 to a point where a (cm™)=0.
The absorption edge of PVA/SA is 5.0 eV, decreasing to
0.09 eV in 8 wt.% doped NiO film, showing a red shift caused

Table | Values of absorption edge, direct (Ej), indirect (E;) optical
band gap energy, and Urbach energy of PVA/SA and PVA/SA/NiO.

NiO wt.% Absorption Energy gap (eV)  Urbach energy
edge (eV) —
E, E; eV
0 5.00 5.26 4.61 0.30
2 4.82 5.23 4.53 0.37
4 4.56 5.08 4.18 0.48
6 3.73 4.58 3.12 1.77
8 0.09 2.82 0.08 11.36
1.6x10°
(a)
L4x10°9 L pyassa
s |——2wt%Nio
o 20T 4o NiO
= s |——6wt%NiO
S 100 . g% Nio
&
o 8.0x107
2
=
3 6.0x107
4.0x107
2.0x107 A
0.0 .
1 7
120
(b)
100 {——PVA/SA
o ——2 wt.% NiO
o ——4wt.% NiO
g 809 ___Gwwnio
i~ —— 8 wt.% NiO
2 60
S 404 o
201 |
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Fig. 8 Relation between (ahv)? and (ahv)'? versus hv of PVA/SA
and PVA/SA/NiO.

by doping of NiO NPs. Table I displays the absorption edge
values for both PVA/SA and PVA/SA/NiO films.

Also, the optical transitions are studied by the following
formula.*®

a(v)hv = B(hv — E,)" )

where a represents the absorption coefficient, hv denotes
the photon energy, B is a constant, E, is the optical energy
band gap, and L represents the transition types (1/2, 3/2,
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2, and 3 for transitions labeled as direct allowed/forbidden,
indirect allowed/forbidden, respectively).* To obtain the
optical energy band gap value E,, we plot (ahv)'™™ versus
ho. Figure 8 represents the plot of (ahv)? and (ahv)'? versus
ho. It is possible to obtain the optical energy band gaps by
extrapolating the linear section of the plots to the abscissa.
A modest decrease in E, was observed when the content of
NiO increased. The variance in the computed values of the
optical energy gap likely reflects the role that NiO plays in
modifying the electronic structure of the PVA/SA matrix.
This modification arises as a result of the emergence of
different polaronic and defect levels. The decrease in the
optical energy band gap with doping is likely attributed to
the formation of charge transfer complexes, resulting from
the integration of small amounts of dopant into the host
matrix.*’ Because these charge transfer complexes provide
extra charges, they are able to boost the electrical conduc-
tivity of the material, which in turn leads to a reduction in
the optical energy gap. Increasing the concentration of the
dopant causes the molecules of the dopant to begin bridging
the gap that separates the two localized states and lowering
the potential barrier that exists between them. This, in turn,
makes it easier for charge carriers to move between the two
localized states.

An intermediate band gap state can be estimated via the
width of the defect bands in PVA/SA/NiO nanocomposites.
This state has a band tail that stretches from the bottom
of the CB to the depth of the band gap. Similarly, defect
states near the valence band also undergo deformation at the
edge of the valence band, which is deep inside the gap. The
energy that is associated with the damaged tail is referred to
as the Urbach tail, and its abbreviation is Eu.41

7.6
7.4
7.2
g 7.0 1 O
= 6.8
661 & pvasa
o 2wt% NiO
647 o 4wio%NiO
o 6wt%NiO
621 & gwt%NiO

42 44 46 48 50 52 54 56
ho (eV)

Fig. 9 Relation between Ina and ~v of PVA/SA and PVA/SA/NiO.
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As shown in Fig. 9, the Urbach energy can be calculated
by graphing Ina versus Av. For the linear component below
the optical band gap, one can find the value of E,, by calculat-
ing the reciprocal of the slopes. The calculated values of the
Urbach energy increased as the content of NiO NPs increased,
as shown in Table I. The defect energy increases as the band
gap decreases. Our contention that sub-band states can be
formed between the conduction and valence bands and hence
lower energy band gaps is strongly supported by this.

Dielectric Studies

The conductivity of PVA/SA and PVA/SA/NiO was deter-
mined using a specific relation.

1
=3 (6)
p indicates electrical resistance while ¢ represents conduc-
tivity. Figure 10 shows the graph of the conductivity log(o)
versus log(f) for all samples taken at room temperature. At
low frequencies, the conductivity is low because of inter-
facial impedance or space charge polarization. This shows
that the thin films being studied do not have Debye qualities.
As the frequency increases, the conductivity also increases.
The conductivity of PVA/SA/NiO was higher than that of
the PVA/SA. This suggests that adding NiO NPs to the PVA/
SA blend can enhance the charge conduction mechanism to
a moderate extent. Also, this improvement could mean that
there is more disorder, which makes it harder for charge
carriers to move. This can cause a linked percolating chain
to form, which is good for charge transfer processes.*? The

5] ——PVASA
——2 wt.% NiO
64 ——4wt%NiO
—— 6 wt.% NiO
=74 —— 8 wt.% NiO
—_ -8
°
Y
-10
=114
-12
-13 T T T T
-2 0 2 4 6 8

log(f)

Fig. 10 Relation between log(c) and log(f) of PVA/SA and PVA/SA/
NiO.
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increase in conductivity of the PVA/SA/NiO nanocomposite
indicates its suitability for creating solid polymer electro-
lytes in nanocomposites.

The following equation can be used to calculate the dielec-

tric constant (¢) and dielectric loss (&").*?
e =CL/gA (7
" =Dé ®)

where C represents capacitance, L stands for the thickness of
samples, €, denotes the permittivity in free space, A repre-
sents the area of the electrode, and D represents the dissipa-
tion factor. Figure 11a illustrates the variation of the dielec-
tric constant with frequency for the films produced at room
temperature. As frequency increases, the dielectric constant
decreases, leading to diminished rotational capacity of the
dipole and reduced oscillation in the field.** Figure 11b
shows the frequency dependence of dielectric loss (e") for
all PVA/SA/NiO films prepared at room temperature. In

——DPVA/SA
16'(3) —o—2 wt.% NiO
—— 4 wt.% NiO
1.4+ —— 6 Wt.% NiO
—— 8 wt.% NiO
1.2 4
“
5510+
=
0.8
0.6
0.4 -
0.2 T T ] T
=) 0 4 6 8
- log(f)
: (b) ——PVA/SA
——2 wt.% NiO
1.5 —— 4 wt.% NiO
—— 6 wt.% NiO
1.0 \\ —— 8 Wt.% NiO
%0.54 \
on
4=
0.0+
0.5
-1.0 4
'1.5 i T T T
-2 0 6 8

log® *

Fig. 11 Relation between (a) log (¢') and (b) log (¢") against log (f) of
PVA/SA and PVA/SA/NiO.

Fig. 11b, the decrease in dielectric loss as frequency rises is
due to ion motion, which is the main cause of nanocompos-
ite dielectric loss at lower frequencies. Ion hopping and ion
motion conduction slows while ion polarization decreases
at lower frequencies, causing more dielectric loss.* High-
frequency ion vibrations are the primary cause of dielectric
loss and result in a reduction in dielectric loss. The dielec-
tric constant (&") and dielectric loss (¢") values of the doped
films in Fig. 11a, b are higher than those of the PVA/SA
polymer matrix because NiO NPs have a higher dielectric
constant. The increase in value indicates that the electro-
static interactions between the functional groups of PVA/
SA and NiO NPs result in a more pronounced alignment of
dipoles in parallel, hence enhancing dielectric polarization
in the doped samples. The increased " values of the doped
films indicate a larger energy dissipation every cycle. The
enhanced dielectric loss in these nanocomposite films is
caused by the limited dipolar realignment and the influence
of space charges on the internal AC conduction loss.

The dielectric relaxation mechanism was analyzed using
the complex electric modulus (M*), defined by the follow-
ing equation.*®

M* =M +iM" &)

where M' and M" are the real and imaginary components
of the complex electric modulus, respectively. The electric
modulus is used to analyze conductivity relaxation by miti-
gating the impact of electrode polarization. M’ and M" were
determined based on the dielectric constant and dielectric
loss values utilizing specific relationships.*®

/

' _ &
T em + e 10)
"y &
M _6’2+£”2 (in

Figure 12a shows how M’ changes with the frequency of
the electric field for PVA/SA and PVA/SA/NiO. The fig-
ure shows that M' is very low, close to zero. This means
that electrode polarization has little effect on the materi-
als.*” Additionally, M’ grows at an exponential rate as the
frequency rises. Adding NiO NPs to films lowers the value
of M' because segmental chains move and free volume
increases due to temperature expansion. This makes poly-
mer segments more mobile, which improves free carriers
and conductivity.

Figure 12b shows the change in M" in relation to the
frequency of PVA/SA and PVA/SA/NiO films. The peak
displayed in M" signifies the relaxation of mobile ion con-
ductivity and is associated with the kinetics of ion transla-
tion. As the quantity of NiO NPs increases, the peak moves
towards a higher frequency and its intensity diminishes.
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Fig. 12 Relation between (a) M' and (b) M" against log (f) of PVA/SA
and PVA/SA/NiO

These results indicate that the relaxation process shows
polarity. The presence of dopant nanoparticles weakens the
connection at the interface of the polymeric matrix and pro-
motes the movement of segments inside the matrix in nano-
composite films, as indicated by the shift in the modulus
relaxation peak. The results above validate the actual altera-
tions in the structural characteristics observed in previous
investigations such as FTIR and x-ray.

Conclusions

This study successfully demonstrated the incorporation of
NiO nanoparticles into a PVA/SA polymer blend, followed
by optoelectronic investigation. The NiO nanoparticles
exhibit an fcc structure, with a crystallite size that varies
depending on the measurement technique, either Scher-
rer’s formula or the Williamson—Hall method. The HRTEM
images confirm the spherical shape of the NiO nanoparti-
cles and their aggregation behavior. The embedding of NiO
NPs into the polymeric matrix of PVA/SA was evidenced by

@ Springer

shifts and new peaks in the XRD patterns and FTIR spec-
tra, indicating a complexation affecting both the structural
and chemical properties of the blend. Optical measurements
revealed an enhancement in absorption and a red shift in
the absorption edge with increasing NiO content, which
was related to the charge transfer complexes and polaronic
states. The optical band gap decreased from 5.0 eV for pris-
tine PVA/SA to 0.09 eV for the 8 wt.% NiO-doped film.
The Urbach energy increased with increasing NiO content,
supporting the formation of sub-band states between the
conduction and valence bands, leading to a decrease in the
optical band gap. The decrease in the optical band gap as
the concentration of NiO increased is ascribed to the crea-
tion of additional energy levels inside the band structure
of the polymer matrix. These states enable more efficient
electronic transitions, hence reducing the energy needed to
accomplish these transitions. The dielectric studies showed
an increase in conductivity and dielectric constant with the
addition of NiO NPs, suggesting their suitability for solid
polymer electrolyte applications. The electric modulus
analysis revealed a weakening of the interface between the
polymeric matrix and NiO NPs, promoting segmental mobil-
ity and charge carrier movement within the nanocomposite
films. The embedding of NiO NPs into the PVA/SA polymer
blend resulted in significant changes in the physicochemi-
cal properties. This result shows that the increase in NiO
nanoparticles enables the creation of conductive pathways
within the polymer matrix, facilitating electron hopping and
enhancing carrier—carrier interactions. This results in a shift
of the valence band and conduction band, thereby reducing
the band gap and increasing the conductivity of the PVA/
SA blend, opening up potential applications in fields such as
energy storage, optoelectronics, and sensing.
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