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Abstract

Ferroelectric polymer-based separators, known for their flexibility, ease of synthe-
sis, and modifiability through dopants, are currently under extensive study due its
potential applications in electronic devices. PVDF nanocomposites, which com-
bine the strengths of their constituents, currently lead in emerging technologies.
This research employs Zinc oxide nanoparticles (ZnO NPs) as fillers in the PVDF
matrix and investigates their structural, optical, thermal and electrical properties.
ZnO NPs synthesized via the combustion method, are being incorporated with vary-
ing concentrations (2, 4, 6, 8, and 10 wt%), into PVDF nanocomposite (PNC) thin
films through a solution casting process. The PNC thin films are characterized using
XRD, FTIR, UV-Vis spectroscopy and thermogravimetric analysis (TGA). Dielec-
tric properties are being explored across a frequency range from 20 to 2 MHz at
room temperature, revealing enhanced dielectric constants at lower frequencies,
decreasing with frequency due to Maxwell-Wagner interfacial polarization. With
increasing frequency, AC conductivity and electric modulus exhibit enhancement.
Complex impedance analysis via the Cole—Cole plot indicates a non-Debye type
of dielectric relaxation with heightened conductivity. TGA demonstrates improved
thermal stability in PNC thin films. These findings suggest the potential application
of the prepared PNC thin films as separators in energy storage devices.
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Introduction

Batteries are the portable energy storage devices that convert chemical energy
into electrical energy, find widespread use across numerous applications, includ-
ing smart phones, laptops, tablets, aerospace, aviation, space satellites, electric
vehicles (EVs), medical devices, and marine applications. Various battery types
are available, with efficiency and lifespan determined by the materials used.
Lithium-ion batteries (LIBs) are prominent for their extended discharge capa-
bility, high energy density, and eco-friendliness [1, 2]. Nevertheless, challenges
like long charging times, dendrite formation, short circuit risks, limited lifes-
pan, cycle counts, and temperature-induced degradation persist. The electrodes
and separators within batteries are pivotal in enhancing efficiency and longev-
ity. These issues can be mitigated through the development of efficient polymer-
based separators.

Polymer batteries are a versatile class of rechargeable energy storage solu-
tions that employ a polymer electrolyte, offering flexibility, lightweight design,
a high energy density, noted for their rapid charging capabilities, sustained at
wide temperature ranges, and customizable shapes. Considered safer alternatives
with built-in protection circuitry, polymer batteries have gained prominence in
modern gadgets particularly in electric vehicles, delivering an attractive blend of
performance and adaptability. On the other hand, PVDF batteries, featuring pol-
yvinylidene fluoride in their construction, are advanced energy storage systems
known for their superior safety and performance. PVDF plays a critical role in
preventing short circuits as the separator component of lithium-ion and lithium-
polymer batteries, offering high electrochemical stability, heat resistance, and
chemical resistance, enhancing battery reliability, ion transport, and customizable
properties, PVDF separators are instrumental in various applications, from con-
sumer electronics to electric vehicles and energy storage systems [3, 4].

PVDF is used as a separator in the battery, due to the presence of a high elec-
tron withdrawing functional group (-C-F-) combination and its high dielectric
constant confirms the higher degree of electrochemical stability, which increases
the moment of charge carriers [5]. The huge flexibility, mechanical strength, and
thermal sustainability of the PVDF make it a suitable material in field of elec-
tronics, sensors, energy storage devices, etc. PVDF, a semi-crystalline ferroelec-
tric polymer composed of —CH,-CF, monomers, exhibits mainly in a (pseudo-
orthorhombic), B (orthorhombic), and y (monoclinic) crystalline forms based on
crystallization conditions and chain confirmations. These forms are characterized
by trans-(T) or gauche (G) linkages of VDF monomers: TGTGTG, TTTT, and
TTTGTTTG, respectively. f-phase is the most commonly used phase due to a
robust fluorine and hydrogen polar bond, boasting the highest dipole moment
(7% 10730 C-m), [6, 7]. The pure PVDF shows limitation, such as thermal degra-
dation, limited binding strength due to lack of chemical bonds, low electronic and
lithium-ion conductivities, and these shortcomings can be overcome by doping
with the inorganic metal oxides in the PVDF matrix [4]. Doping the nano-metal
oxides in PVDF polymer matrix improves the dielectric properties, and can easily
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design the NC thin films as separator in battery design [8, 9]. Recently, the ZnO
NPs attracted great attention as fillers for preparation of polymer NCs. In recent
reports, it is observed that the incorporation of ZnO NPs in the polymer matrix
increases the electrical and optical properties of polymers because of strong inter-
facial interaction between the organic—inorganic NPs [10, 11].

In this paper, we are reporting the synthesis, characterization and the complex
impedance, and electric modulus measurements of PVDF thin films incorporated
with ZnO NP in PVDF polymer matrix for application in energy storage devices
with emphasize its thermal and dielectric studies.

Materials and methods

Polyvinylidene fluoride (PVDF) (Mw =534,000) was obtained from Sigma Aldrich,
India; whereas, N-N—dimethylacetamide (DMAC), ZnO (Mw=281.39, AR grade,
purity 99.9%), and Urea (Mw =60.06, purity 99%), were procured from SD-Fine
Chem. Ltd. Mumbai, India. These chemicals were used for the synthesis of ZnO
NPs and also in the preparation of PVDF and PNC thin films using the solution cast-
ing technique. To minimize errors, we use calibrated equipment and conduct experi-
ments in a clean and laminar airflow platform under ambient laboratory conditions.

Synthesis of ZnO nanoparticles

ZnO NPs were prepared by chemical combustion method using urea as a fuel. Bulk
ZnO (1.5 gm) is grounded with urea (7.5 gm) making sure 1:5 ratio of the precur-
sor and fuel. This mixture was then subjected to a combustion process for 30 min
under an oxidizing agent. Thus, the obtained precursor was ground again for 30 min
and subsequently placed in a muffle furnace at a high temperature (500 °C) for 5 h
to obtain dust-gray ZnO NPs. Figure 1 depicts the sequential process flow chart
involved in the combustion method for the preparation of ZnO NPs [12].

Preparation of PVDF and PNC thin films

Figure 2 illustrates the process of preparing pristine PVDF and PNC thin films using
the solution casting method using thin film applicator. Initially, a specific quantity
of PVDF was dissolved in 15 mL of DMAC with continuous stirring on a mag-
netic stirrer for 5 h. Subsequently, 2 wt% of ZnO NPs were introduced into the clear
dissolved solution while stirring continuously, and the mixture was stirred for an
additional 2 h. Furthermore, the homogeneous dispersion of ZnO NPs was achieved
through Ultrasonic Sonication for 20 min to ensure better distribution of NPs in the
PVDF matrix. The resulting PNC solution was then cast onto a glass sheet using
a doctor blade. Thereafter, the glass sheet was immersed in a distilled water bath
maintained at 4-6 °C to facilitate phase inversion, and the film was carefully peeled
off and named as PNC2. It was allowed to dry in a hot air oven at a temperature of
5042 °C for 3 h to remove the moisture. The same procedure was repeated for 4, 6,
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8, and 10 wt% of ZnO NPs [13] and labeled as PNC4, PNC6, PNC8, and PNCI10,
respectively. The sample codes, descriptions, and thicknesses of the prepared PVDF
and PNCs thin films are presented in Table 1. Film thickness measurements were
conducted using a digital gauge meter with an accuracy of + 10 pm. The variations
in peak intensity at 20 values obtained from the XRD pattern are reported in Table 2.

Characterization and measurement

To determine the crystalline nature and average crystallite size of the prepared
nanocomposite thin films, X-ray diffraction (XRD) patterns were recorded using
an X-ray diffractometer (XRD-Rigaku Miniflex, Japan) with 20 intervals rang-
ing from 10° to 90°. X-rays (A=0.154 nm) were detected using a DteX250H
detector, operated at 40 kV and 30 mA, with a CuKa 1D filter. Fourier transform
infrared spectra were obtained using FTIR spectroscopy (PerkinElmer Spectrum
Two L160000U, USA) in the wavenumber range of 400 cm™! to 4000 cm™.
Optical properties were investigated using a UV-Vis spectrometer (Perki-
nElmer Instruments Lambda 900) in the wavelength range of 200 to 800 nm.
Thermo-gravimetric analysis (TGA) measurements (PerkinElmer STA 8000)
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Table 1 Sample codes and

descriptions, with film thickness Sample code Sample description Thickness (um)
for PVDF and PNC thin films  p;¢ine PVDF  PVDF without ZnO NP doping 230+ 18

PNC2 PVDF with 2 wt% ZnO NP 160+ 15

PNC4 PVDF with 4 wt% ZnO NP 130+12

PNC6 PVDF with 6 wt% ZnO NP 120+ 10

PNC8 PVDF with 8 wt% ZnO NP 180+16

PNC10 PVDF with 10 wt% ZnO NP 160+ 15

ZnO NPs Zinc oxide nanoparticles -

were performed under a nitrogen atmosphere, with a temperature range from 30
to 800 °C and a heating rate of 20 °C/min. Dielectric studies, AC conductivity
of the nanocomposite thin films, were examined using an LCR meter (Agilent
E4980A, USA) over a frequency range from 20 to 2 MHz at room temperature.
Film surfaces were Au-coated using vacuum evaporation for electrodes to study
dielectric properties. Graphs were plotted and analyzed using Origin software
8.5 (2019b). Further XRD analysis was conducted using Expert Highscore soft-

ware; while, Z-view software was used for Cole—Cole plots.
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Table2 Details of film thickness and variation of intensity of PVDF, PNCs and ZnO samples in XRD
pattern

Sample code Thickness in um  Intensity at angle

20=18.3° 20=20.4° 20=31.72° 20=34.39° 20=36.2°

Pristine PVDF ~ 230+11 86.273 112.63 - - -

PNC2 160+8 86.273 12616.67  4150.00 6916.66 6000.00
PNC4 1306 - 8500.00 7116.66 10678.16 11100.00
PNC6 120+6 12349.45 17298.57 10509.97 12018.63 14867.47
PNC8 180+9 12375.54  15610.98  12852.18 12018.63 17754.36
PNCI10 160+8 - 9183.33 12283.33 13300.00 19300.00
ZnO NPs - - - 13783.33 12383.33 18241.67

Results and discussion
X-ray diffraction analysis

Figure 3 depicts the XRD patterns of pristine PVDF, as synthesized ZnO NPs, and
polymer nanocomposites (PNC2, PNC4, PNC6, PNCS8, and PNC10). The XRD
analysis of the pristine PVDF film reveals peaks at 18.3° and 20.5°, confirming
the presence of o and P phases of PVDF with crystal planes (2 0 2) and (1 1 0),
respectively. The relatively high intensity peak at 20.5° indicates the dominance of
the p phase, with lattice constants estimated to be a=4.9700 A, b=9.6700 A, and
¢=9.2400 A, in good agreement with the literature [14, 15].

The XRD pattern of synthesized ZnO NPs in Fig. 3 reveals peaks at 31.62°,
34.35°, 36.18°, 47.25°, 56.35°, 62.73°, and 68.04°, corresponding to crystal planes
(100),002),(101),(10 2) (110),01 O 3),(112),and (20 1), respectively, with
lattice constants a=3.2530 A, b=3.2530 A, and c=5.2130 A, confirming the pres-
ence of the hexagonal wurtzite structure of ZnO NPs (JCPDS No. 01-076-0704).
The sharp and intense peaks confirm the high degree of crystallinity of the ZnO
NPs. In contrast, the f phase (~70%) dominates over the a phase (~30%) in pure
PVDF and in all PNCs, as indicated by their relative intensities, without altering the
structure of the ZnO NPs in the PVDF matrix. The average crystallite size (D,,;) of
7ZnO NPs is found to be 15.66 nm, 15.60 nm, 26.59 nm, 26.30 nm, 25.47 nm, and
28.50 nm in pure ZnO NPs, PNC2, PNC4, PNC6, PNCS, and PNC10, respectively,
calculated using the Debye—Scherrer (D-S) formula (Eq. 1) [16, 17].

KA
Dy B, cos ()
where K—particle shape factor=0.9, A—wavelength of the X-ray in nm—#},;, half
width full maxima in radian, and 6—Bragg’s angle in radian.
Williamson’s and Strain—strain formulae establishes mathematical relationships
between diffraction peak broadening, crystallite size, lattice strain, and related fac-
tors, is given by Eq. (2) and (3), respectively,
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where e—Ilattice strain, 0—Bragg’s angle in radian, and—/f,,, half width full max-
ima in radian.

Size—strain plots visually illustrate the relationship between crystallite size and
micro-strain, providing insights into how lattice strain affects crystallite size by
taking (a’iklﬁhklcosé))2 and (d,, f),,c080)> were taken on x-axis and y-axis, respec-
tively. The strain and particle size were determined from the slope and y-intercept
of the fitted line, respectively. The average crystallite sizes were also estimated
through modified D-S, Williamson—Hall (W-H), and size—strain (S—S) plots for
all samples, as shown in Fig. 4a, b, and c, respectively. They were compared with
those obtained from the D—S method for all samples and found to be identical,
indicating confirmation of the crystallite sizes of ZnO NPs. The degree of crys-
tallinity enhanced as the wt% of ZnO NPs increased in the PVDF matrix and the
same is tabulated in Table 3.
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Fig.4 Modified D-S, W-H, S-S plots of ZnO NPs and composites PNC2, PNC4, PNC6, PNC8, and
PNCI10

Table 3 The crystallite size of ZnO NPs estimated using Debye—Scherrer formula, modified Debye—
Scherrer (D-S), Williamson—Hall (W-H), stress—strain (S—S) plots and % degree of crystallinity

Sample code Average crystallite size (nm) Degree of

- crystallinity
D-S Formula Modified D-S plot ‘W-H plot S-S plot (%)

ZnO NPs 15.66 15.98 15.78 15.97 -

PVDF - - - - 18
PNC2 15.60 14.99 15.40 18.30 21
PNC4 26.59 27.41 23.49 29.19 22
PNC6 26.30 2522 24.15 23.17 23
PNCS8 25.47 25.19 24.97 25.29 26
PNC10 28.50 27.43 26.35 26.25 27

However, the average crystallite size of ZnO nanoparticles in the PVDF matrix
increases and remains saturated with an increase in the wt% of ZnO NPs. This is
attributed to the capping of ZnO nanoparticles by the PVDF matrix. Conversely, a
linear increase in the peak intensities of ZnO NPs is observed with an increase in
the wt% of ZnO NPs in the PVDF polymer, indicating the retained crystalline nature
of the NPs. In the 30 <260 <70 region, it is noteworthy that the diffraction peaks of
ZnO NPs affirm the homogeneous dispersion of ZnO NPs within the PVDF matrix
[18].

FTIR spectra analysis

Figure 5 displays the FTIR spectra of prepared PNC2 to PNCI10 thin films. The
peaks at 3025 cm™!' and 2985 cm™! confirm the strong absorption bands corre-
sponding to the symmetric stretching and asymmetric vibrations of the CH, group
in PVDF. The flat, continuous absorption band observed between 1450 cm™! and
1000 cm™" represents fluorocarbon absorption (C—F). The peak at 544 cm™! con-
firms the stretching vibration modes of Zn—O-Zn in all PNCs. The vibrational
bands at 760 cm™', and 980 cm™~! shows the presence of a-phase in PVDF and in
some of the PNC films, the peaks at 613 em™!, 757 em™!, 975 cm™! align well with
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Fig.5 FT-IR spectra of pristine PVDF and PNC2, PNC4, PNC6, PNCS8, and PNC10 thin films

previously reported values, indicating that PVDF in the PNC films exists in the
B-phase, also confirmed by X-ray diffraction analysis [19, 20].

Additionally The double bond C =0 mode exhibits symmetric vibrations around
1700 cm™!. Peaks observed at 1600 cm™' and 1500 cm™' correspond to C=C
stretch, O—H bending of the ZnO NPs, respectively. The spectra of the PNCs exhibit
slight shifts toward longer wave numbers due to the formation of hydrogen bonds
between the oxygen of ZnO and the hydrogen of the -CH-group present in the poly-
mer [13, 18]. Phase separation between PVDF and ZnO creates distinct areas with
varied chemical compositions, impacting FTIR transmission. Varied interaction
strengths at different interfaces within the composite contribute to non-sequential
transmission. Additionally, ZnO-induced alterations in PVDF’s crystalline struc-
ture lead to diverse FTIR transmission patterns across different locations within the
material. FTIR spectral peaks of PVDF, ZnO NPs, and PNC with different bond
types are tabulated in Table 4.

UV-Vis absorption analysis

UV-visible absorption spectroscopy is employed to investigate the optical properties
of materials. The absorption spectra were recorded within the range of 250-600 nm
for ZnO NP, PVDF and PNC’s thin films, as illustrated in Fig. 6. The UV—Vis absorp-
tion spectra of PNCs and ZnO NPs reveal an absorption peak at 357 nm, confirming
the presence of ZnO NPs within the PNCs. It is noteworthy that the absorption inten-
sity increases with the incorporation of ZnO into the PVDF matrix. Whereas, pristine
PVDF exhibits an absorption peak at 290 nm in the UV—-Vis spectra indicating the
semi-crystalline nature of PVDF [12]. This observation is consistent with the findings
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Table 4 FTIR spectral peaks of

W b ~1)  Bondt
PVDE, ZnO NPs, and PNC with 2 umber (em™) — Bond type

different bond types 1700 Symmetric vibrations of C=0
1600, 1500 C=C stretch, O-H bending of the ZnO NPs
3025 Symmetric stretching of CH, group
2985 Asymmetric vibrations of the CH, group
1450 Fluorocarbon absorption (C-F)
1000 Fluorocarbon absorption (C-F)
613,757, and 975 p-phase of PVDF
544 Stretching vibration modes of Zn-O—-Zn
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Fig.6 UV-Visible spectra of ZnO NPs and PNC2, PNC4, PNC6, PNCS8, and PNC10 thin films

from XRD analysis, further validating the existence of ZnO NPs. The inclusion of ZnO
NPs enhances the absorption of UV light in the PNCs [21].

Significantly, higher absorbance values are noted in the 300400 nm region as the
wt% of ZnO NPs is increased, indicating good interaction of ZnO NPs with PVDF
chains. These results underscore the effective absorption capacity of ZnO, affirming its
presence within the PVDF matrix. The absorption peaks for all PNCs in the UV region
of the spectra can be attributed to the excitation of electrons from the donor level to
the conduction band at these energy levels [22, 23]. Beyond, 385 nm the non-sequen-
tial intensity is observed due to variation in the thickness of thin films as depicted in
Table 2. This outcome contributes to the comprehensive understanding of the UV-vis-
ible absorption characteristics in our study.
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Thermo-gravimetric analysis (TGA)

The thermal stability of the PNC thin films was assessed using thermogravimet-
ric analysis (TGA). The thermographs of pristine PVDF and PNC thin films are
shown in Fig. 7. It is evident that the decomposition of pristine PVDF occurs
at 424 °C, and a similar decomposition temperature range of 445-452 °C is
observed for PNC thin films with varying concentrations of NPs [24, 25]. Conse-
quently, PNCs exhibit superior thermal stability compared to pristine PVDF due
to an increase in the degree of crystallinity with the addition of ZnO NPs, leading
to an enhanced decomposition temperature.

The mechanism leading to chain stripping and the isolation of C-F as well as
C-H bonds is responsible for the weight loss observed in the temperature range of
445-452 °C. Therefore, the addition of ZnO NPs enhances the thermal stability
of the PNCs. The observed resistance of the PNCs to thermal decomposition can
be attributed to the molecular interactions occurring between PVDF and the ZnO
NPs [26, 27]. At lower wt%, ZnO NPs may establish stronger interactions with
the PVDF matrix, influencing its thermal stability. These interactions could facil-
itate the initiation of decomposition processes, resulting in a quicker decrease in
wt% of ZnO. The combination of PVDF and ZnO at specific wt% might create
synergistic effects, impacting the overall decomposition behavior. These effects
could lead to a more pronounced weight loss in the TGA profile compared to
either PVDF alone or other weight percentages of PVDF-ZnO nanocomposites.
This strong interaction between ZnO NPs and the PVDF matrix is also evident in
the FTIR spectra and XRD patterns.
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Fig. 7 Thermogram of Pristine PVDF, PNC2, PNC4, PNC6, PNC8, PNC10 thin films
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Electrical properties
Dielectric properties

The dielectric constant (¢') and dielectric loss (¢”) of the PVDF and PNC thin films
were calculated by using equation numbers (4) and (5), respectively:

C -t
r b
T A @
e =¢'.tané (5)

where C,,, 1, €, A, and tan 6 are parallel capacitance (nF), thickness of the film (um),
the permittivity of free space (8.854 x 107> F m™!), surface area (m?), and tangent
loss (dB), respectively.

Figure 8a depicts the variation of the ¢’ of pristine PVDF and PNC thin films with
respect to the frequency over a range from 20 Hz to 2 MHz. At low frequencies, the
&' of pristine PVDF and PNCs is observed to be high, typically at frequency 1 kHz
the ¢’ is 6.048, 7.276, 8.875, 9.963, 16.028, and 17.685 for pristine PVDF, PNC2,
PNC4, PNC6, PNC8, and PNCI10, respectively, primarily due to enhancement of
degree of crystallinity and interfacial polarization between the ZnO NPs and PVDF
interfaces, and space charge polarization. As the frequency increases, the number
of charge carriers rises with the addition of ZnO NPs in the PVDF matrix, the &’
of PNCs decreases. This reduction is primarily attributed to interfacial polarization
(depolarization), which becomes the predominant factor resisting dielectric constant
at higher frequencies validating the occurrence of Maxwell-Wagner type interfacial
polarization [28].

Figure 8b displays the &” of the PVDF and PNCs that decreases as the frequency
increases. Higher " is observed at lower frequencies, due to the presence of mobile
charges within the PNC. Conversely, lower ¢” values at higher frequencies are due
to the introduction of charge carriers originating from the ZnO NPs. Additionally,
the influence of polarons within the PVDF polymer and charge carriers from the
ZnO NPs, particularly at higher wt%, contributes to the lower ¢” values at higher
frequencies. The polarons are quasiparticles arising from the interaction between
charge carriers (electrons or holes) and the surrounding lattice or molecular struc-
ture form within the PVDF matrix of PNCs. Induced by generated charge carriers,
these polarons cause localized distortions in the molecular structure, exerting a sub-
stantial impact on the electrical conductivity and charge transport properties of the
material. The incorporation of ZnO NPs into the PVDF matrix enhances the ¢’ of
the PNC thin films. This is because of the electrically conductive ZnO NPs intro-
duces additional charge carriers into the PNC, reducing the distance between NPs
and enhancing dipole polarization within the PNC thin films. From Fig. 8c, it is
evident that as the wt% of the ZnO NPs increases, the dielectric constant also rises.
Consequently, the loss tends to increase [28, 29].

PVDF contains polar side groups connected by polar bonds. When it is combined
with inorganic NPs, the chemical composition of the polymer repeating units is
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altered through the formation of hydrogen bonds with hydroxyl groups (-OH). These
hydrogen bonds confer flexibility to the polymer chain and enhance the electrical
conductivity in the PNC thin films [29].

AC conductivity

Figure 9 depicts the variation of AC conductivity of the pristine PVDF and PNC
thin films with respect to frequency. It is evident that the conductivity of all PNCs
increases with an increase in frequency, exhibiting a behavior similar to that of
pristine PVDF. The incorporation of ZnO NPs into the PVDF matrix improves the
weak links between PVDF chains and promotes coupling through grain formation.
This enhancement results in improved conductivity in PNCs with wt% compared to
pristine PVDF. The presence of ZnO NPs between the inter-layers of PVDF chains
increases in uniform orderliness as the wt% of ZnO NPs in the composites increases,
as evident with peak intensities of ZnO NPs in the XRD. This orderliness, compact-
ness, and molecular orientation contribute to the enhancement of electrical conduc-
tivity [8, 30]

Complex impedance and complex modulus measurements

Complex impedance is utilized to analyze the electrical processes within the sam-
ples. This technique incorporates conductivity, dielectric constant, loss tangent, and
the conduction mechanisms within the sample. It aids in understanding the influence
of grain and grain boundaries on the electrical properties of the sample across the
considered frequency range [31].

Both complex impedance and electric modulus are employed to study conduc-
tion processes in samples. These studies provide insights into the roles played by
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Fig.9 Variation of AC conductivity with respect to frequency of Pristine PVDF, PNC2, PNC4, PNC6,
PNCS8, PNCI0 thin films
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resistive and capacitive elements with the smallest capacitance in an equivalent cir-
cuit, respectively. Consequently, these two analyses enable the separate examination
of the effects of the polymer and filler. The real and imaginary parts of the imped-
ance are calculated using Eq. (6) and (7) as given below:

7 =Zxcos¢ (6)
7' =7 %sing @
where Z* = Z' +iZ" is complex number, Z' (real part) and Z” (imaginary part) of
i 1 L (€ nm_ L (_¢
real number given by. Z' = oCe (6,2+€”2 ) and Z" = e\ 72em )

The real and imaginary parts of the electric modulus are calculated using Eq. (8)
and (9).

M' = wCyZ' (®)

M = a)COZ” )
where C) = %, ey—permittivity of free space, A—area of cross section, and d—
thickness of the sample.

Figure 10 shows the plot of imaginary part of the impedance Z" with frequency.
Z" reaches a maximum peak (Z",,,,) at a particular frequency before it decreases as
the frequency increases. Notably, all the curves for the PNC thin films with differ-
ent wt% of ZnO NPs converge at higher frequencies. These peaks correspond to the
polarization resistance of the samples and signify a reduction in the bulk resistance
of the sample. These findings align well with the results obtained for the dielectric

constant as a function of the wt% of ZnO NPs with frequencies [32].
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Fig. 10 Variation of imaginary part of impedance Z" with respect to frequency of Pristine PVDF and
PNC2, PNC4, PNC6, PNC8, PNCI0 thin films
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Figure 11a and b display the Cole—Cole plots of both pristine PVDF and the PNC
thin films represented as Nyquist impedance plots. In these plots, all the films exhibit
semicircles, indicating a large value for bulk resistance. Interestingly, the semi-
circular arcs appear to have their centers below the real axis (Z'-axis), suggesting
the presence of a non-Debye type of relaxation mechanism in the PNC thin films.
To interpret and analyze such experimental data, we employ Z-view simulation

2 8107 —=— Pristine PVDF
-o—- PZC2
7x10° - —-PZC4
- PZC6
9 ] A - PZC8
6x10 — PZC10
5x10°
N 4x10° -
3x10° 4
2x10° 4
1x10° -
0 T T T T T
0.0 4.0x10° 8.0x10° 1.2x10° 1.6x10°
Z'
b 2.5x10" —
—a— Pristine PVDF Rt CPEL
-o-PZC2
-A-PZC4 R2
-+ PZC6
2.0X1012 - - PZC8
-+ PZC10
1.5x10"% 4
N
1.0x10"% 4
5.0x10'" -
0‘0 T T T T
0 1x10" 2x10" 3x10"2 4x10" 5x10"
Zl

Fig.11 a Experimental data points of Cole—Cole plot for PVDF and PNC2, PNC4, PNC6, PNCS,
PNC10 thin films. b Theoretically fitted data points with equivalent electrical circuit model of Cole—Cole
plot for PVDF and PNC2, PNC4, PNC6, PNC8, PNCI10 thin films
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software, which allows us to fit the curves by selecting a suitable equivalent circuit
model, typically involving a simple resistor and capacitor (RC) circuit. This model
provides a reasonable representation of the electrical properties. However, due to the
non-Debye type behavior and the dispersion of capacitance, resistance, or both, an
additional element called the constant phase element (CPE) needs to be introduced
[31-33] for suitable fitting of the curve.

The values of the imaginary part (Z") are higher compared to the real part (Z') of
the complex impedance, confirming the high capacitive behavior of the PNC thin
films. The angle of the onset curve with respect to the real part (Z') is observed to be
the lowest for the PNC with 10 wt% compared to other wt% films, suggesting that it
has minimal resistivity and higher conductivity.

From Fig. 11b, it is evident that, as the wt% of the ZnO NPs increases, the initial
part of slope of the curve bends toward the real part (Z') axis, and there is also a
shift of the center of the semicircles toward the origin. These observations indicate
an increase in the conductivity of the PNC thin films as well as enhanced dipolar
relaxation. The presence of semicircles in the complex impedance plane indicates
that conduction occurs more within the grains rather than at the grain boundaries
[34]. The non-sequential patterns are attributed to presence of grain boundaries in
the composite material can create different electrical pathways, resulting in non-
sequential cole—cole plots due to diverse charge transport mechanisms.

Complex electric modulus measurements provides insights into electrical trans-
port phenomena and parameters such as carrier ions, relaxation time, conductiv-
ity, bulk properties, and the minimum capacitance present in the dielectric mate-
rial under study. The real part of the modulus (M’) is calculated using Eq. (8). In
Fig. 12a, the variation of M’ with frequency is presented. From the graph, it is evi-
dent that the values of M’ are quite negligible at lower frequencies. However, as the
frequency increases, M’ increases for all samples. This behavior can be attributed
to the presence of conduction phenomena arising from the short-range mobility of
charge carriers [35].

The imaginary part of the modulus (M") is calculated using Eq. (9), and the
variation of the imaginary part of the modulus (M"”) with frequency is shown in
Fig. 12b. For pristine PVDF, a peak occurs relatively in the low-frequency region
than PNCs, and there is a shift of the peak toward the higher-frequency region as the
ZnO NPs are incorporated into the PVDF matrix. This asymmetric peak broadening
indicates the spread of relaxation time with different time constants.

The relaxation peaks at higher frequencies are mainly due to the relaxation
of ZnO NPs as fillers in the PNC thin films. The ZnO NPs attach to the —-OH
groups in the polymer, providing a faster relaxation pathway due to their small
molecular size compared to the polymer. Consequently, the relaxation occurring
here is of the non-Debye type. This behavior reflects the mobility of charged
ions from short range to long range and the impact of grain boundary capaci-
tance. As the frequency increases, all the curves converges trend into a single
line, indicating the presence of a long-range conductivity process [32, 35]. The
variability in interfacial interactions between ZnO NPs and the PVDF matrix at
different frequencies could notably impact the dielectric behavior, particularly
in the low-frequency range, causing discrepancies. Additionally, the influence of
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Fig. 12 a Variation of real part of electric modulus M’ with respect to frequency of Pristine PVDF and
PNC2, PNC4, PNC6, PNC8, PNCI10 thin films. b Variation of imaginary part of electric modulus M’7
with respect to frequency of Pristine PVDF and PNC2, PNC4, PNC6, PNCS8, PNC10 thin films

ZnO NPs may not show a linear correlation with their wt% in the PVDF matrix
at lower frequencies due to complex interactions. Furthermore, diverse relaxa-
tion mechanisms at varying frequencies might lead to differing impacts on the
dielectric behavior across various wt% of ZnO NPs, contributing to non-propor-
tional discrepancies.
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Conclusion and scope of work

PVDF and PNC thin films were successfully fabricated using the solution cast-
ing method with varying wt% of ZnO NPs. Characterization studies, including
XRD, FTIR, UV-Vis absorption, and TGA, confirmed the presence of -phase
PVDF with hexagonal ZnO NPs. This resulted in enhanced UV light absorp-
tion and improved thermal stability of PNCs compared to pristine PVDF. The
increase in dielectric constant (e'), reduction in dielectric loss (¢"), higher con-
ductivity with increased ZnO NP content, and improved charge carrier mobility
in the PVDF matrix were attributed to Maxwell-Wagner interfacial polarization,
enhancing the polarity of the PNCs. Impedance and electrical modulus measure-
ments revealed enhanced conductivity and a non-Debye relaxation mechanism in
the thin films, indicating potential for energy storage device separators. Future
work may focus on optimizing PNC film properties to improve energy storage
system performance and safety.
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