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Abstract

In order to produce suitable poly(methyl methacrylate)/poly(vinylidene fluoride) (PMMA/PVDF) films for optoelectronic
and power storage uses, Ni-doped ZnO nanoparticles were added to PMMA/PVDF films. This was done in order to gener-
ate a synergistic interaction between the superior electrical characteristics of Ni and the remarkable optical characteristics
of ZnO NPs. The production of Ni/ZnO in wurtzite hexagonal phase with a normal grain size of 19 nm was verified by
the findings of the selected-area diffraction of electrons and X-ray diffraction techniques. By using FTIR measurements,
the interaction of polymers with Ni/ZnO has been studied. The raising of the Ni/ZnO content steadily redshifted the opti-
cal band gap. With various nanoparticle concentrations, the differential scanning calorimetry (DSC) results revealed an
enhancement in the temperature of melting of the PMMA/PVDF-Ni/ZnO nanocomposites films as well as decrease in the
level of crystallinity. At room temperature, an AC impedance study was carried out to check the electrical conductivity. All
samples’ ac conductivity spectra confirmed Jonscher’s power law (JPL) behavior. The PMMA/PVDEF-1.5%Ni/ZnO nano-
composites were discovered to have a greater ionic conductivity (cac) of 1.10 10~> S/cm at ambient temperature. Research
on dielectric permittivity has additionally been carried out in order to comprehend the charge storage characteristics. The
findings of the experiments showed that these PMMA/PVDF-Ni/ZnO films would provide excellent options for thermal
insulators, cutting-edge microelectronics, capacitive storage of energy, optoelectronic technology and other applications.

Keywords Ni/ZnO nanoparticles - Optical properties - DSC analysis - Dielectric parameters - Ac conductivity

1 Introduction the electric power storage with dielectric material [1, 2].
Electric-field-induced polarization of dielectric materi-
als, which is necessary for the storage of electrical energy,
demands materials that have substantial dielectric permittiv-

ity and significant breakdown intensities. Biaxially focused
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polypropylene (BOPP), which has an elevated breakdown
power with little dielectric loss and which is simple to manu-
facture, is now used extensively as an electric power storage
dielectric product. However, polypropylene has a low volu-
metric energy density (~2 J/cm®) due to its relatively low
permittivity (er=2.2), which limits its use in integrated sys-
tems or mobile electronics [3]. Thus, the creation of cutting-
edge dielectric materials with superior storage of energy
capability is crucial for the development of next-generation
technologies for storage energy. One of the most potential
materials for dielectrics for high-energy capacity, accord-
ing to current research, is poly (vinylidene fluoride) (PVDF)
and its copolymers. [4]. Significant work has been done for
producing high-performance PVDF-based polymers using
the combining of nanocomposites [5], blending [6], lami-
nating [7], coating [8], spinning [9], and so on. When using
inorganic nanofillers, the nanocomposites approach among
them has the benefit of increasing the dielectric permittiv-
ity [10]. For instance, PVDF containing high- er BaTiO3
nanoparticles might enhance permittivity by a number
of times [11]. However, the polymer blending technique,
such as the one which involves using the blending of poly-
methyl methacrylate (PMMA), has the potential to increase
insulating qualities, particularly by increasing breakdown
strength[ [12]. Yet there hasn’t been much research on uti-
lizing loans and nanocomposite in PVDF systems for energy
storage. Although numerous earlier studies have looked
into manufacturing technology [13, 14], dielectric permit-
tivity [15], electrochemical and thermal properties [16] for
blending nanocomposite materials, it is still an interesting
mystery how blending and nanocomposite materials can
have a synergistic impact on the efficiency of energy stor-
age. The Strong bonds of hydrogen between the carbonyl
groups of PMMA and the CH, group of PVDF, as well as
efficient dipole connections between the methyl CH, group
of PMMA and the CF, group of PVDF, are what make these
two polymers miscible [17]. It’s important to note that when
PVDF is blended with PMMA, it crystallizes in the f-phase
and the manufacturing cost is also greatly reduced [18].
Based on review of the literature, investigations on PVDF/
PMMA blends have looked at their optical, mechanical,
electrical, and thermal behavior [19]. The polymer works
as a carrier to promote transport while the polyvinyl alcohol
is being modified with Melamine-Formaldehyde and NiO
nanoparticles [20]. In contrary to the corresponding virgin or
blended polymers, metal oxide nanofillers usually improve
the electrical, mechanical, optical, and thermal stability of
the resultant polymer nanocomposites. The variation in the
dielectric constant between the polymer matrix and loaded
functional components is absorbed by semiconductor metal
oxides like ZnO. Due to decreased MWS (Maxwell-Wag-
ner-Sillars polarization) interfacial contact, this property
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lowers leakage current [21]. The bond length along the
axis is 0.96% longer in comparison to the other three bonds
in ZnO4 groups, which are formed by the tetrahedral link
between zinc and oxygen [22]. In order to increase the
amount of the B phase content in PVDF, ZnO works as a
nucleating agent and shows intrinsic ferroelectric and piezo-
electric properties [23]. The primary objective of the current
study is to cast Ni-doped ZnO nanoparticle-filled PMMA/
PVDF nanocomposites films. We couldn’t find any publi-
cations that have looked at the piezoelectric properties of
Ni-doped ZnO-filled polymer nanocomposites. The B-phase
fraction, filler dispersion, filler alignment, alignment of the
polymer dipole moment, interactions present between the
chains of polymers and also at the polymer-filler interfaces,
and lattice strain produced by the fillers are the main factors
that affect a polymer nanocomposite’s piezoelectricity [24,
25]. In this work, Ni/ZnO nanoparticles are dispersed in a
PMMA/PVDF blend, and the prepared PMMA/PVDF-Ni/
ZnO nanocomposites are examined for the investigation of
their structural, thermal, and optical characteristics, as well
as their broadband dielectric dispersion and electrical con-
duction behavior.

2 Experimental work
2.1 Materials

PVDF (Sigma—Aldrich) with an average molecular weight
of ca. 1.8 x 105 g mol~!. The PMMA has average molecular
weight Mw ~3.5x 105 g mol™! (SKU 445,746, a product of
Germany). PVDF, PMMA, and Ni/ZnO nanohybrid were all
dissolved using N-N, dimethylformamide (DMF) (Sigma
Aldrich), which has a purity of 99.5%.

3 Preparation of Ni/ZnO Hybrids

The following procedure was used to make Ni/ZnO hybrids
[26]: 1 g of CTAB was dissolved in 30 ml of distilled water
until it produced a clear solution, and 8.1 mg of Zn(NO;),
was then added while being continuously stirred for an hour.
After that, to the aforesaid solution, 0.3 gm of Ni acetate that
had been dissolved in 20 ml distilled water was added, and
the mixture was agitated for two hours. For 24 h, the solu-
tion was left. The precipitate that was produced was filtered,
washed several times with distilled water, and then dried for
eight hours at 80 °C. The precipitate that was produced was
then calcined at 500 °C for two hours.
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3.1 Preparation of Samples

The two types of polymer, PVDF and PMMA, were pre-
pared using the casting technique. The two polymers were
dissolved in DMF, separately, from each polymer, and then
we mixed the solution to prepare PMMA/PVDF blend
(80/20 wt%). The solution was stirred continuously at room
temperature to create a homogeneous solution. After that,
for 45 min, Ni/ZnO powder was dissolved and suspended in
DMF using a stirrer and a sonicator. To establish a uniform
distribution of Ni/ZnO NPs in the matrix, several concen-
trations of Ni/ZnO (0.3, 0.7, 1.0, and 1.5 wt%) were added
to the composite mixture as a dopant and mixed and soni-
cated for an additional 20 min. The mixture was then poured
onto a glass plate to create uniformly thick nanocomposites.
The film was dried for 15 h at 60 oC in a vacuum oven.
To achieve homogenous Ni/ZnO dispersion in the polymer
matrix, the resulting films were finely sliced. Some chosen
samples had thicknesses that ranged from 0.03 to 0.2 mm
for examination.

3.2 Characterization

On a PANalytical X’Pert PROXRD analyzer, the X-ray pat-
tern was captured using filtered CuKo radiation (A= 1.54056
0A), 30 kV accelerating, 10 mA X-ray tube current, 0.05°
min~! scan steps, and a Is acquisition period. In order to
study their structure, FTIR spectra were taken in the wave
number range of 500 to 4000 cm™' using a Nicolet iS10,
USA spectrometer with a resolution of 4 cm™!. Using a Jap-
anese spectrophotometer (V-570 UV/VIS/NIR, JASCO),
the UV-visible (UV-vis) absorption spectra of polymer films
were measured in the wavelength range of 195-900 nm. A
V2 6D TA instrument model DSC 2010 was used to evalu-
ate differential scanning calorimetry (DSC) investigations
in an inert environment at a heating rate of 10 °C/min. Using
a broadband dielectric (Novocontrol Turnkey, Concept 40
System) in the range of 10 Hz to 7 MHz at room tempera-
ture, the conductivity behavior of the nanocomposite sam-
ples was investigated.

4 Results and Discussion
4.1 XRD Examination

The XRD analysis was used to examine the structure of
the Ni/ZnO NPs and polymer nanocomposites films. Fig-
ure la clearly shows the main peaks of the Ni/ZnO NPs
XRD pattern at 20=31.85", 34.46°, 36.52°, 47.81", 56.74",
62.78", 66.72°, 68°0.23, 69.17 and 77.21°. According to the
standard card (JCPDS of 89-0510), the hexagonal Wurtzite

ZnO structure was indexed [26]. No NiO diffraction pattern
was seen, suggesting that NiO crystals were dispersed over
the ZnO surface. The XRD analysis of pure PVDF/PMMA
film and PVDF/PMMA incorporated with various content
of Ni/ZnO is exhibited in Fig. 1b. The wide peaks at 26 val-
ues between 10.62° to 23.62° were seen in the pure PVDF/
PMMA blend’s XRD pattern, which clarifies the poly-
mer blend’s multiphase semicrystalline structure [27, 28].
The electroactive polar-phase crystals are explored by the
reported diffraction peaks at 20.62 and 27.6, with the pos-
sibility of a-phase crystals merging with the B-phase [27].
Because of the low crystallinity of PVDF in the composites,
the diffractions of PVDF were hardly detected [29]. With
a rise in Ni/ZnO NPs concentration, the relative intensity
of this wide peak diminishes. It demonstrates how the host
polymer mixture gets more amorphous as Ni/ZnO concen-
tration rises. Hodge et al.‘s interpretation of this finding [30]
suggested a relationship between the peak’s intensity and
crystallinity level. They claimed that when the amount of
dopant is added, the intensity of the XRD pattern dimin-
ishes as the amount of amorphous nature grows. Amor-
phous polymers with flexible backbones exhibit higher
ionic conductivity and stronger ionic diffusivity as a result
of their amorphous character [31]. Additionally, it can see
the emergence of new peaks in the nanocomposites sam-
ple (1.5wt.%Ni/Zn0O) at the angles 31.85°, 34.46°, 36.52°,
47.81°, 56.74°, 62.78°, and 66.72°0f the Ni/ZnO nanohy-
brid. This shows the existence of the nanoparticles in the
polymer nanocomposites and some interactions between the
polymer chains and Ni/ZnO nanoparticles. For the PMMA/
PVDF blend and nanocomposites films, the integrated area
of the polymer diffraction peaks and the hump area in the
XRD traces across the range of 10° to 25° were utilized to
calculate the values of percent crystallinity Xc (%) [32]. In
Table 1, the observed Xc values for various nanocomposites
are listed. It was encountered that the addition of the Ni/ZnO
nanoparticles decreased the Xc values of the PMMA/PVDF
blend via about 20% and after that, the reduction was noted
as relatively small at 1.5wt% Ni/ZnO. When only a tiny
number of Ni/ZnO nanoparticles were originally dispersed
in the PMMA/PVDF mix, there is evidence of considerable
modification in the structural blend due to the nanoparticles’
electrostatic interaction with the blend.

4.2 UV-Vis Analysis

Figure 2 displays the optical absorption spectra of Ni/ZnO
NPs doped PMMA/PVDF films and pure PMMA/PVDF
films acquired at RT using a UV-Vis spectrometer. By using
the absorption edge to calculate the band gaps of the films,
one may learn important information about the band struc-
ture in both crystalline and non-crystalline states. The basic
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absorption principle is that electrons are stimulated from the
valence band to the conduction band. The electronic transi-
tion from the bonding molecular orbit may be responsible for
the small increase in absorbance seen for all doped samples
when compared to pure film (Fig. 2). Peaks in the spectra
may be seen at 215 and 250 nm. This band can be attributed
to electronic transitions from the carbonyl (C=0) groups of
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20 (degree)

monomers in the PMMA chain as well as the (- CF,) groups
in the repeat unit of the PVDF chain [33]. Additionally, the
charge transfer (CT) bands typically seen for noncrystal-
line materials may be attributed to these optical absorption
bands in the UV range. It is noticed that the increased absor-
bance for UV radiations is practically equal to that of the
films made from PMMA/PVDF-Ni/ZnO nanocomposites
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Fig. 2 UV-visible absorption spectra pure blend and nanocomposites
films

loaded with wide band gap Ni/ZnO nanoparticles [34]. As
previously shown, the PMMA/PVDF-Ni/ZnO nanocom-
posites films’ distinctive behavior validated its usefulness as
UV shielders in the development of next-generation optical
systems [34]. Additionally, Fig. 2 shows that when the Ni/
ZnO content in the PMMA/PVDF-Ni/ZnO nanocomposites
films increased, the UV absorbance band displayed little
red shift. An understanding of the establishment of inters-/
intramolecular hydrogen bonds between Ni/ZnO ions and
the neighboring functional groups of the PMMA/PVDF
matrix are provided by the shift in the absorption band.
According to Beer’s law, the rising Ni/ZnO concentration
will tend to enhance UV absorbance as well as intra- and
interhydrogen bonding. According to presumptive explana-
tions, the observed shift in the absorption edge of the differ-
ent Ni/ZnO-doped PMMA/PVDF composite films is caused
by the phase change (from crystalline to amorphous phase)
that occurs after Ni/ZnO loading, which may eventually be
reflected in the energy band gap [35]. There was no discern-
ible peak in the absorption spectra of polymeric nanocom-
posites. This demonstrated that the synthetic specimen may
be used as a UV-shielding block, UV filter, or UV reflector,
which would be most suited for application in plastics, coat-
ings, fibers, and cosmetics.

The Tauc equation was used to compute the optical
energy gap values (Eg) of the pure PMMA/PVDF and

Table 1 The values for E(_,d, Egi“d, and yc for the present films
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Fig.3 Variation of (a) (¢hv)? and (b) (ahv)"? versus hv of the prepared
films

PMMA/PVDEF-Ni/ZnO nanocomposites thin films from the
high absorption area near the high absorption edge of these
films [36]:

(ahv) = B(hv — Eg)" 3)

This equation is used to calculate the optical energy gap
(Eg) values by plotting the relations (ohv)? and (ahv)!'?
versus photon energy (hv). Figure 3(a, b), shows the varia-
tion of (ahv)? and (¢hv)'? as a function of (Av) for PMMA/
PVDF-Ni/ZnO nanocomposites’ thin films. It is notable that
PMMA/PVDF has an optical energy gap value of 4.98 e¢V.
Table 1 shows the optical energy gap for PMMA/PVDF
after adding 0.3, 0.7, 1.0, and 1.5 wt% of Ni/ZnONPs. The

Samples Eg! (eV) Eg" (eV) Degree of crystallinity (X,)
Pure PMMA/PVDF 4.00 3.16 23.45
PMMA/PVDF —0.3% Ni/ZnONPs 3.73 2.73 22.15
PMMA/PVDEF-0.7% Ni/ZnO NPs 3.62 2.62 20.95
PMMA/PVDF —1.0%Ni/ZnO NPs 3.49 2.58 19.05
PMMA/PVDF-1.5% Ni/ZnO NPs 3.25 2.44 18.16
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Fig.4 The DSC thermograms of
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Table 2 Values of T p), Trni0y Trnceyp ATms AH,,, and Xc determined from DSC thermograms for the blend/Ni/ZnO films
Samples Ty, (O Ty (C) T (C) AT, (C) AH, (/2) Xe
PMMA/PVDF 160.32 113.45 210.34 96.89 22.56 21.52
PMMA/PVDF-0.3%N1/ZnO 167.45 116.34 212.27 95.93 21.22 20.24
PMMA/PVDEF- 0.7%Ni/ZnO 168.43 119.21 215.23 96.02 19.92 19.10
PMMA/PVDF-1.0% Ni/ZnO 169.58 122.45 217.21 94.76 18.52 17.67
PMMA/PVDF- 1.5%Ni/ZnO 172.87 128.12 223.79 95.67 18.02 17.19

optical energy gap of PMMA/PVDF is reduced from 4.00 to
3.25 eV (direct) and 3.16 to 2.44 eV (indirect) by changing
the weight ratio of Ni/ZnO. Due to the interaction between
Ni/ZnONPs and polymer matrix, unstructured defects and
micro-strains were produced, which are what is responsible
for the decrease in E, values of PMMA/PVDF [37]. The
density of localized states in the band gap rises as unstruc-
tured defects and micro-strains are produced [38].

4.3 Thermal Studies of PNC Films

The DSC thermograms of pure PMMA/PVDF and Ni/ZnO
NPs doped PMMA/PVDF films from 50 to 400 °C are
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shown in Fig. 4. The melting temperature of PMMA/PVDF
corresponded to the sole endothermic peak that was found.
From the endothermic peaks for these films, the melting
peak enthalpies of the PVDF crystallites were calculated and
documented in Table 2. Recent literature provides a detailed
explanation of the importance of these melting temperatures
in relation to the thermal behavior of the crystalline phases
[34, 39]. According to Fig. 4, when the concentration of Ni/
ZnO nanofiller was raised from 0 to 1.5 wt%, the Tm val-
ues of these nanocomposites films altered abnormally in the
region of 160—175 C. This fluctuation in Tm values showed
that the inclusion of Ni/ZnO nanoparticles greatly alters the
morphology of the mixed host matrix [33]. Additionally,
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as Ni/ZnO NP doping is increased, the melting tempera-
ture of the PMMA/PVDF mix rises somewhat (from 160 to
175 °C), which is caused by the disturbance of the rotation
and mobility of the polymer chain. The melting point rises as
the energy barrier thickens [40]. Additionally, films made of
nanocomposites with higher Tm values are more thermally
stable [41]. The PMMA/PVDF-Ni/ZnO films’ high Tm
value suggested that they could have been used as thermal
insulators in cutting-edge flexible electronics. These nano-
composites films’ PVDF degree of crystallinity (Xc%) was
calculated using a melting enthalpy(AH,,)-related relation-
ship Xc% = (AH¢/AH,,) X 100, where the melting enthalpy
of 100% crystalline PVDF material is AHm=104.8 J/g, as
shown in some earlier work [39, 42]. After adding Ni/ZnO
NPs to the blend, the degree of PMMA/PVDF crystallinity
values is shown in Table 2. It is obvious that the values of
crystallinity degree alter erratically, although they remain
higher than the value of the pure blend. Additionally, it was
demonstrated that the PVDF crystalline Xc% values in these
nanocomposites films, which were calculated from the XRD
spectra and the DSC thermograms, are virtually similar with
rising nanofiller concentration.

4.4 AC Conductivity Study

The variation of log o, vs. log f for the prepared films at
RT is seen in Fig. 5. There are two regions of this plot. The
dispersion zone is in the lower frequency range. Because
ions have time to build up on the electrode surface, the con-
ductivity is frequently poor at these frequencies [43]. The
higher frequency zone appears flat, showing that conductiv-
ity is not much affected by increasing frequency. The dis-
tance between localized states within the mixture was also
impacted by the quantity of Ni/ZnO NPs, which in turn had
an impact on the potential barriers separating them. As a

1E-6 -
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E ]
2 184
L E
&3]
8 1E94
] = PMMA/PVDF
1E-10 @ PMMA/PVDF/0.3% NVZnO
§ —A— PMMA/PVDF/0.7% N¥ZnO
v PMMA/PVDF/1.0% NiZnO
B PMMA/PVDF/1.5% NiZnO
1E-11 — : : : : : :
2 o 2 4 6 8

log f(Hz)

Fig.5 Log o, versus log f for the prepared films at RT.

result, the mobility of the charges varied. Additionally, addi-
tional doping of Ni/ZnO NPs raised the blend’s amorphous
level; as a result, the free volume around the blended net-
work rose, increasing the mobility of polarons and bipolrons
[44]. Additionally, chain scissoring and further degradation
of the polymer chains cause the electrical conductivity to
rise the most following the addition of Ni/ZnO NPs, which
speeds up ionic transport through the polymer model [45].

4.5 Dielectric Properties

The relationship between the dielectric constant (¢'), often
known as the energy storage component, and the dielectric
loss (e7), is given by Egs. (3 and 4) [46].

¢ =Cd/e,A 3)
el = oac/we, “4)

C describes capacitance, d is the material’s thickness, €,
is permittivity of free space’s, and A is electrode’s area.
Figure 6 shows the dielectric constant (¢') and frequency-
dependent dielectric loss (¢") spectra for blended polymer
films made of PMMA/PVDF and PMMA/PVDF/xwt% Ni/
ZnO at RT. Since the permittivity/conductivity values for
the host PMMA/PVDF mix and the Ni/ZnO have changed,
the interfacial polarization (IP) “Maxwell-Wagner-Sillars
(MWS) mechanism”, which is present in the hybrid inor-
ganic-organic structures, has changed as well, showed a
maximum value of the €' and " at a lower frequency, which
was attributed to its significant participation [40, 41]. For all
blend and blend/Ni/ZnO films, the values of ¢’ and ¢" fell as
frequency rose. The value of &' and &" decreases at higher
frequencies because dipoles are unable to spin in the direc-
tion of the applied field. Additionally, the dipolar ordering
of polar PMMA/PVDF was impacted by the electrostatic
interactions of Ni/ZnO with dipolar groups, changing the
doped blend’s dielectric permittivity values [47]. Due to
the characteristics of composite materials, which depend on
the nature, concentration, and quantity of defects as well as
the interfacial interaction between filler and polymer, nano-
filler when added to PMMA/PVDF enhances the €' and &”
in comparison to pristine PMMA/PVDF [48]. Through the
accumulation of free ions, adding Ni/ZnO to PMMA/PVDF
matrix produces micro-capacitance over the whole spec-
trum of the PMMA/PVDF blend. According to the MWS
interface and space polarization hypothesis, this phenom-
enon results from a difference in electrical conductivity
between crystal surfaces and amorphous regions [49]. Ni/
ZnO loading thereby increases €' and &” at lower frequency
ranges (10 Hz-7 MHz).
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Additionally, the relaxation process in polymer nanocom-
posites is caused by ion conductivity and is depicted by an
Argand plot. Figure 7 depicts the Argand plot for PMMA/
PVDF and PMMA/PVDEF/xwt% Ni/ZnO films, which is
drawn between M’ and M" at RT. This image’s observed
incomplete semicircle curves show non-Debye nature. The
non-Debye behavior is caused by a variety of polarizations,
the relaxation process, and many interactions between the
ions and the dipoles [50]. The conductivity of the prepared
films is well known to have a strong relationship with the
arc radius [51]. The length of the arc is reduced when the
Ni/ZnO ratio is raised, boosting conductivity as a result
[52]. A single relaxation time may be calculated when the
arc diameter of the M'" and M" curves coincides with the M’
axis, indicating that the curves display a full semicircular
arc. This is important for distinguishing between conduc-
tivity relaxation and viscoelastic relaxation processes. This
implies that the Debye model and conductivity relaxation
are compatible [53].

5 Conclusion

Solution casting was used to produce the polymer nano-
composites made of PMMA/PVDF and different Ni/ZnO
NP concentrations. The produced nanocomposites samples
exhibit amorphousness according to XRD examination,
which also demonstrates the interaction of nanoparticles
with the polymer matrix via a decline in crystallinity. The
interaction between the nanoparticles and the polymer mix-
ture was verified by the FT-IR. To determine if the films
might be used in optoelectronics, their optical character-
istics were examined. As the filler content grew from 0 to
1.5wt%, the direct bandgap reduced from 4.00 to 3.25 eV
and the indirect band gap declined from 3.16 to 2.44 eV. The
examination of thermal characteristics derived from DSC
clearly indicated that the nanoparticles concentration in the
PMMA/PVDF matrix greatly boosted the thermal stabil-
ity of the nanocomposites samples. The PMMA/PVDF-Ni/
ZnO films high melting point illustrates why they are used
as flexible thermal insulators. The loading of nanoparticles
was observed to improve the AC conductivity, and dielectric
parameters loss of PMMA/PVDF-Ni/ZnO nanocomposites.
The composite containing 1.5wt% of the sample dem-
onstrated greater optical, AC conductivity and dielectric
parameters characteristics in comparison to other samples.
The energy gaps in the band that showed up in accordance
with the electronic transition from the host PMMA/PVDF
blend’s functional groups and the distinctive transitions
of the Ni/ZnO NPs material demonstrated the appropri-
ateness of these flexible materials for the fabrication of
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next-generation optoelectronic devices, thermal insulators,
microelectronic, and devices for storing energy.
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