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Abstract

Thin polymeric films of poly(vinylidene fluoride) (PVDF) containing variable mass fractions of nanoparticles (LiZnVO,)
were successfully synthesized via the ordinary solution casting method. X-ray diffraction (XRD), Fourier transform infra-
red (FT-IR), and ultraviolet-visible spectroscopy were used to explore the role of LiZnVO, on the structural and optical
characteristics of synthesized nanocomposites. In addition, dielectric permittivity (¢'and €") and dielectric modulus (M’
and M") were investigated. The XRD spectral data reveals the crystalline nature of pure LiZnVO, with rhombohedral
structure with an average size of 83 nm calculated using the Scherrer’s equation and W-L plot. The interaction between
PVDF and LiZnVO, was approved through the shift in characteristics in some IR bands. The decrease in band gap ener-
gies with increasing LiZnVO, was attributed to the change of density in the localized states within the PVDF matrix. The
effect of both frequency and temperature on the AC parameters was also investigated. Both €’and €" had their maximum
values at low frequencies and decreased as the frequency and temperature increased. The results from XRD and FT-IR
were correlated with changes in the dielectric characteristics at the maximum level value of LiZnVO4, suggesting the
potential of these materials as basic components for lithium-ion batteries.
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1 Introduction

Modern technologies are concerned with the use of lithium-ion polymer batteries as an alternative to the liquid elec-
trolytic battery, which is used as an electrolyte and as a separator [1-4]. This is because the polymeric structure batteries
used in the production of batteries greatly help in enhancing safety and security. This is because of the problems that
liquid electrolytes come from, such as the decomposition of the liquid and the rise of gases. Generally, polymer film com-
posites are used in lithium batteries for their thermal and electrochemical stability, and good mechanical strength [5-7].

Poly(vinylidene fluoride) (PVDF) is a commonly used polymer in lithium battery applications [8-10]. PVDF contains a
large concentration of charge carriers as a result of the strong electron-withdrawing properties of its functional group
(-C-F) and its high anodic stability [11]. PVDF is receiving great attention for its piezoelectric properties when compared
to any other polymer [12]. PVDF is widely used in energy-related applications and specialties. Pure PVDF has many prop-
erties such as high chemical resistance, outstanding mechanical strength, piezoelectric, and thermoelectric properties.
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PVDF is used in many electronic applications and as sheathing for cables used in audio, video, and alarm systems.
Lithium-ion polymer systems employ PVDF as a battery separator and as a binder for the anodes and cathodes [13-18].

Research on materials used as anode confirms that LiZnVO, with specific nanoscale sizes can be used in the lithium-
ion secondary battery as the negative electrode [19]. Several studies of the synthesis and characterization of PVDF/
LiZnVO, materials. The authors investigate their structural, optical, and electrical properties and they showed that the
addition of LiZnVO, nanoparticles led to improved crystallinity, optical transparency, and electrical conductivity of the
PVDF nanocomposites. The authors suggest that these materials could be useful in the development of energy storage
devices and optoelectronic applications. And they suggested that these materials could be used in the development
of high-performance lithium-ion batteries, as well as their potential applications in various fields [19-21]. Khichar et al.
were study the structural, optical, and surface morphological studies of ethyl cellulose (EC)/GO nanocomposites [22].
Dhayal et al. prepatigate of structural and electrical properties of novel and biodegradable Chitosan-GO (CS/GO) polymer
nanocomposites [23].

At present, polymeric nanomaterials containing nanoparticles additive are prepared and used, which makes them
develop and improve functions within the polymeric matrices [24, 25]. The Li-ion battery technology is an emerging
technology for powering microelectronic devices for their large volumetric and power capacities with large progressive
life and low discharge rates. Since the reduction of the volume of lithium batteries with liquid electrolytes. Solid-state
batteries are an alternative with the availability of easy kinetics of diffusion of Li within the polymer [26-30]. The use of
PVDF/LiZnVO, materials has shown great potential in the development of high-performance lithium-ion batteries. The
addition of LiZnVO4 nanoparticles to PVDF thin films has resulted in improved structural and optical characteristics,
as well as enhanced AC conductivity and dielectric properties. These improvements are attributed to the interaction
between the PVDF and LiZnVO4, which leads to changes in the localized states within the PVDF and a decrease in band
gap energies. These materials could be utilized as basic components in the fabrication of advanced energy storage
devices, such as lithium-ion batteries, due to their promising performance and characteristics. This work initially aims
to prepare LiZnVO, nanoparticles, and then incorporate them in PVDF using the casting method (as a simple blending)
for solid rechargeable battery applications. The effect of LiZnVO, on the structural and optical properties within the
polymeric matrix is studied using XRD, FT-IR, and UV-VIS techniques. Moreover, the electrical conductivity properties of
the prepared films were studied in detail.

2 Materials and methods
2.1 Materials

Both the PVDF (CH,CF,, M,,=543,000) and the LiZnVO, were kindly supplied by Sigma Aldrich. Dimethyl sulfoxide
(DMSO) was obtained from S. D. Fine-Chem Limited.

2.2 Preparation of PVDF/LiZnVO, composite membranes

Two grams of PVDF were mixed into 100 ml of DMSO at 65 °C. After that, 3, 5, and 10 wt. % of LiZnVO, nanoparticles
were added step by step to the polymeric solution. Then, the suspension was first sonicated to keep the particles from
sticking together in the PVDF solution. It was then stirred constantly at 65 °C until a homogeneous solution was made.
To remove the solvent, the resulting solutions were poured onto Petri plates and put in a vacuum oven at 65 °C for about
12 h.The PVDF/LiZnVO, nanocomposites were made into thin films that were about 20 um thick. BioRender a software
is a tool for creating scientific graphics and illustrations the steps of the experimental procedure for the preparation of
PVDF/GO nanocomposites as shown in Scheme 1.

2.3 Measurement techniques

The X-ray diffraction measurements were done with a PANalytical X'Pert Pro running at 45 kV and using a Cu-Ka target
with secondary monochromator Holland radiation at A=0.1540 nm with 26 =5-70°. We used a Bruker VERTEX 80 (Ger-
many) combined platinum-diamond ATR, which has a diamond disc as an internal reflector in the range 4000-400 cm™!
with a resolution of 4 cm™ and a total of 50 scans, to take ATR-FTIR measurements. A Jasco V-630 UV-VIS (Japan) spectro-
photometer was used to look at absorption spectra in the ultraviolet-visible spectrum. To measure the AC conductivity,

@ Springer



Discover Materials (2023) 3:19 | https://doi.org/10.1007/543939-023-00053-7 Research

Scheme 1 Steps of the 2 L LiZnvo
experimental procedure for L —— = § = mr&é ';r/hcle,
the preparation of PVDF/GO ET ' = — e _
nanocomposites ‘ = Al |' —=
PVDF/100 ml
PVDE DMSO at 65 ° C. PVDF/LiZnVO
7 6 5 T
mﬁ ’
- = - PVDF/LiZnVO
PVDF/LiZnVO PVDF/LiZnVO, sonication
nanocomposite films vacuum oven solution
at65°c

a Broadband dielectric spectroscopy (BDS) type (concept 40) novocontrol high-resolution alpha analyzer was used with
four temperature controllers.

3 Results and discussion
3.1 The X-ray diffraction (XRD)

The XRD patterns of pure PVDF and the PVDF/LZV-NPs nanocomposites with varying concentrations of LZV-NPs are
shown in Fig. 1. The diffraction peaks appeared at about 19°, 21° and 40° which are ascribed to PVDF host polymer.
[31-33]. According to JCPDS Card No. 38-1332, the XRD spectrum of LiZnVO, shows a rhombohedral structure. Scher-
rer's equation was used to determine the crystallite size of LiZnVO,. This equation has the form C=[(K\A)/(3cos8), where
Cis the crystallite size, K is a constant equal to 0.9 and A is the X-ray wavelength. 6 is the diffraction angle and B is the
full width at half maximum of diffraction pcomputeomputing the mean crystallite size, intense diffraction peaks were
chosen, and the result was determined to be 83 nm.

The interaction between PVDF and LiZnVO, NPs is confirmed by shifting the diffraction peak of PVDF at 26=20.7°
with a variation in its broadening and intensity. The diffraction peaks of LiZnVO, begin to appear and their intensities
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Fig. 1 XRD of PVDF and PVDF doped with a different weight percentage of LiZnVO,,
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increase with increasing the weight percentage of LiZnVO, NPs with shifting in their position that is related to LiZnVO,
NPs. This indicates the interaction between PVDF and LiZnVO, NPs.
The size and strain broadening by considering peak width as a function of 26 of the samples is calculated from the

Williamson-Hall (W-L) plot. W-L plots are a type of graphical analysis used to extract information about the microstructure
of a crystalline material from its X-ray diffraction pattern.
The broadening of peaks is written as [22, 23]:

ﬁ=ﬂD+ﬂ5=ﬁD=

kA
Deosd + etanf (1)
where k=0.9 is a constant and A=0.15406 nm is the wavelength of the X-ray source. A final form of the Eq. (1) is obtained
as:

fcost = % + esinf (2)

Figure 2a-d shows the W-L plot of pure GO and PVDF incorporated with 3, 5, and 10% wt.% of GO. The estimated data
points are fitted with a distinct straight line. The slope of the linear portion of the W-L plot is related to the crystallite
size, while the y-intercept (%) is related to the strain within the crystallites. According to the figure, an inverse relation-
ship is observed between the concentration of LiZnVO, and strain while an increase of the crystallite size. This may be
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Fig.2 a-d The W-L plot of pure GO and PVDF incorporated with 3, 5, and 10% wt.% of GO
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attributed to the presence of crystallite nature crystallite of LiZnVO,, which could be distribution of LiZnVO, in PVDF
polymeric matrices.

3.2 Fourier transform infrared (FT-IR)

Figure 3 represents the FT-IR of pure PVDF and PVDF incorporated with different weight percentages of LiZnVO,. PVDF
exhibits bands at 1402 cm™" and 1071 cm™" which are attributable to the wagging mode of CH, [34, 35]. The CF, asym-
metric stretching vibration is found at 1234 cm™' and 1168 cm™". The C-C-C asymmetric vibration is observed at 875 cm™.
The CH, rocking vibration is visible at 834 cm™'. The CF, bending vibrations are shown at 613cm™, 510 cm™'and 477 cm™
[31-33].LiZnVO, has bands at 780 cm™" and 710 cm™" which are related to V-0 stretching vibration. The band at 414 cm™
is related to the stretching vibration of Zn-O. The stretching vibration of Li-VO, is observed at 476 cm™'. The interaction
between PVDF and LiZnVO, is approved by shifting the band from 834 cm™ to 840 cm™' and shifting the band from

477 cm™" to 471 cm™" with a new band at 409 cm™".

3.3 Ultraviolet-Visible measurement

Figure 4 shows UV-Visible spectra of pure PVDF and PVDF incorporated with a different weight percentage of LiZnVO,
in the wavelength range of 190-800 nm. The optical absorption edge can be described using these spectra. All spectra
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have an intense absorption band at 237 nm. The intensity of this band has increased and the broadening decreased with
increasing the weight percentage of LiZnVO, which indicated that there is an interaction between PVDF and LiZnVO,.

Direct and indirect band gaps are the parameters that categorize polymers with doped fillers. The highest point of the
valence band and the lowest point of the conduction band both lie at zero crystal momentum in the case of a direct band
gap. Indirect conduction is referred to as conduction in which the bottom of the conduction band does not relate to zero
crystal momentum. While in materials with an indirect band gap, the transition from the valence band to the conduc-
tion band should be coupled with phonons with the appropriate crystal momentum magnitude. Near the fundamental
band edge, the relations between (ahv)? and (ahv)'? against photon energy hu [36, 37] facilitate to determine whether
a transition is direct or indirect according to the following relation.

(ahv) = B (ho — E,)'/" 3)

where Ej is the band gap energy and B is constant. a is the absorption coefficient calculated from 2.303A/d where A is
the absorbance and d is the thickness of the prepared films. Plotting a against hu gives the value of absorption edge as
seen in Fig. 5. n has a different value of 2 or 1/2 according to the type of transition (Hussein et al. [39]; Salem et al. 2022;
Nouh and Benthami [38]).

for allowed indirect transition

(ahv) = B (ho - Eg,)’ 4)
for allowed direct transition

(ahv) = B (ho — Eyq) " (5)

Figure 6 represents the relation between (ahv)? and (ahv)'/? against photon energy hu. The value of the optical band

gap energy can be determined by finding the intercept of the extension of the linear component of these curves to zero
absorption on the axis. The obtained values are shown in Fig. 7, It is observed that band gap energies are significantly
decreased with increasing LiZnVO,. This decrease originated from the numerous polaronic contributions and imperfec-
tions within the PVDF-based nanocomposites. Some previous work has also shown how the integration of nanofillers in
polymeric matrix results in a decrease in optical band gap [35, 40]. New energy levels (traps) have been created between
the HOMO and LOMO, which has led to a fall in values. This is a consequence of the formation of disorder. As a result, the
density of the localized states in the mobility band gap of the PVDF is increased.
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3.4 Dielectric studies
3.4.1 Dielectric permittivity analysis

As a function of the frequency and temperature, the dielectric behavior of the PVDF polymer filled with different con-
centrations of LiZnVO, is investigated. The frequency ranged from 0.1 Hz to 7 MHz, and the temperature varied between

"

30 and 120 °C. The following formula is used to represent the real (¢) and imaginary (¢ ) components of the dielectric
permittivity [41-44];

,_Ced d”— (e}
£ = e A £ = 2rnfe, ©)

(8]

where C, is the capacitance experimentally obtained for a sample under investigation, d is the sample thickness A is the
used electrode’s cross-sectional area, and €, is the free space’s permittivity.

Over the above ranges, Figs. 8 and 9 show the €' and €" curves as a function of frequency. At low frequencies, both
parameters (¢'and €") had their maximum values and began to decrease as the frequency increased. Since €'and €" have
better values when the applied temperature is raised, it is evident that they are temperature-dependent properties.

It is worth mentioning that the high €’ values achieved for frequency > 10% Hz have been ascribed to the induced
dipoles’ ability to follow the periodic change in the field direction employed. This alteration is slow; thus, it provides the
current dipoles sufficient time to align themselves with/against the direction of the applied field. The reaction gave rise
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Fig.8 The € curves of PVDF and PVDF doped with a different weight percentage of LiZnVO, samples as a function of temperature and fre-
quency

to a significant increase in interfacial polarization, which brought about the current nanocomposite films having excel-
lent dielectric characteristics.

On the contrary, the substantial drop in the €' values in the high-frequency area was attributed to charge carriers
inability to alter their direction in response to the applied field, leading to the gradual accumulation of ions in the area
between PVDF and LiZnVO,, hence reducing the interfacial polarization. Thus, we can conclude that the minor fluctua-
tions in the €' and €" with frequency, see Figs. 8 and 9, result from the minimal efficacious impact of ionic polarization
combined with the lower contribution of electronic polarization. Additionally, this negligible variation is responsible
for the dielectric relaxation responses occurring inside the current matrices [45-47]. So, the introduction of LiZnVO,
nanofiller into the PVDF host matrix improved the samples’ dielectric properties, particularly the one which contains 5
wt% of LiZnVO,, which confirms the XRD finding.

The minimum value of the dielectric loss is because of the existence of thin strata of PVDF that function as a protec-
tive covering for the Li-ions. This coverage minimizes current leakage caused by direct contact with Li-ions, while also
confirming the reasonable compatibility between the LiZnVO, and the PVDF matrix. PVDF is a dielectric substance,
whereas LiZnVO, is a conductive material. Therefore, doping PVDF with the nanofiller resulted in the micro-capacitors
formation within the present films.

7

3.4.2 Dielectric relaxation behavior

Figure 10 shows the frequency dependence of the loss tangent (tan 6) of PVDF/ LiZnVO, films at 30 °C. To further
understand the dielectric relaxation responses happening within the PVDF-based films, it is necessary to investi-
gate this dependence in detail. Loss tangent value is the ratio of €" to € for the nanocomposite film under study.
The relaxation peaks that distinguish this figure, especially for the samples containing Li-ions at high temperatures,
are attributed to the relaxation response of dipoles inside the polymer parts as a consequence of the complexation
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Fig.9 The €” curves of PVDF and PVDF doped with a different weight percentage of LiZnVO, samples as a function of temperature and fre-
quency

between induced ions and dipoles. The appearance of this peak verifies the semicrystalline structure of the PVDF
and suggests that ionic conduction dominates within doped with LiZnVO,. As a consequence of the a-relaxation
process, which is accompanied by the rotational movement of functional groups scattered around the central chain
axis, this mode has been localized in the low-frequency area. Further, the observed change in the peak position
toward higher frequencies with increasing temperature is attributable to the dominance of amorphous areas within
the PVDF host matrices. In other words, the obvious movement of the peak into the high-frequency area implies that
the relaxation time (1) dropped as the LiZnVO, percentage rose. Thus, the incorporation of conductive lithium ions
into the dielectric PVDF produced an interfacial polarization, which resulted from the formation of interfacial areas
between the PVDF and the nanofiller. Furthermore, as LiZnVO, concentration is increased, free volumes inside the
host matrix are reduced, leading to an accumulation of Li* ions at the interfaces, which causes a drop in the value of .

In the low-frequency range, the dominance of the Ohmic components over the capacitive nature of the nano-
composites causes the tan & value to rise as a function of frequency. tan & increased with increasing frequency and
subsequently progressively dropped owing to the increase in capacitive constituents inside the synthesized films at
90 and 120 °C. This finding leads to shorter relaxation times at higher temperatures, where lithium ions have higher
energy. The best value of tan & has been attained for the nanocomposite containing 5 wt% of LiZnVO,, indicating that
the nanofiller was well incorporated into the PVDF, and this confirms the XRD and FT-IR results. Because of its superior
performance in amorphous areas, this material is highly suggested for use in lithium solid-state battery production.
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Fig. 10 The variation of loss tangent (tan &) with frequency at 30 °C of PVDF and PVDF doped with a different weight percentage of LiZnVO,
samples

3.4.3 Electric moduli analysis

The electric modulus formalism is mainly used to suppress the contribution of electrode polarization. By using stand-
ard formulae [48-51], we were able to calculate the real and imaginary moduli of dielectrics, M"and M", respectively:

’ "

andM’' = £

12

’ €

M = (7)
g +e "

e’ +e
The dependence of M’ on the frequency at 30 °C for the PVDF doped with various concentrations of LiZnVO, is
exhibited in Fig. 11. The spectra in this figure are characterized by the existence of long-tail lies in the frequency
range of (10—5 M) Hz. The presence of such a long tail indicates that the electrode polarization contribution has been
eliminated. This finding also implies that the PVDF-based nanocomposite films have a remarkable capacitive feature.
This detected a reduction in M’ values with increasing LiZnVO, contents up to the concentration of 5 weight %
means that generated ions hop across locations, which indicates that hopping is the dominant conduction mecha-
nism in the present films. It is shown in Fig. 12 how the M" values change with frequency for the nanocomposite
samples when measured at 30 °C. The M” curves exhibit two distinct loss peaks caused by the movement of induced
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Fig. 11 The dependence of
M'values on the frequency
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Fig. 12 The change in M"val-
ues with frequency at 30 °C for
PVDF and PVDF doped with a
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Fig. 13 The variation of M"
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H* and Li* ions, implying that the host matrix central chain has been relaxed. The obvious change in the peak’s inten-
sities with the increase in the nanofiller percentage refers to the non-Debye behavior of the current nanocomposite
films. The change is also largely in agreement with the dielectric relaxation stemming from Maxwell-Wagner-Sillars
(MWS) polarization effect. The shift observed in the first characteristic relaxation peak toward higher frequencies is
a solid indicator of the reduction in relaxation duration as the LiZnVO,% increases.

The variation of M" versus M'’for the PVDF/ x wt% LiZnVO, samples is exhibited in Fig. 13. The Cole-Cole plot is generally
divided into three frequency-dependent regions; low, middle, and high-frequency regions. These three regions are ascribed
to the grain boundary effect, the participation of grains, and the bulk conduction relaxation process, respectively. The present
spectra are characterized by a single semicircular arc attributed to the grain boundary effect and surface polarization, while
the observed peak is assigned to the bulk conduction response [44, 52]. The asymmetrical behavior of this relaxation peak
verifies the non-Debye dielectric relaxation response. The relaxation peak frequencies are governed by the following equation:

1

fmax ~ ZT[RC

(8)
According to this equation, the peak frequency is inversely proportional to the capacitance of the geometrical capacitor.
Compared to the observed shift in the f, toward the lower frequency region, the PVDF/ 5wt% LiZnVO, nanocomposite
sample has achieved the highest capacitance, recommending it to be used in designing Li-ion batteries. Further, this shift is
a clear indication of the small contribution of the grain boundary to the electrical conduction mechanism inside the PVDF
host matrix. This performance is attributed to the rotation of the dipoles, which supports the capacitive nature of the present
nanocomposite film on resistive behavior and gives it valuable comparative advantages over other composites.

3.5 Electrical conduction mechanism

The frequency dependence of the above-described nanocomposite films' AC conductivity (o) is shown in Fig. 14 at 30 °C.
As the concentration of LiZnVO, increased, amorphous areas became more dominant, simplifying the transit of induced
ions, and thus giving rise to the detected growth in g,.. Relaxation of ions via bouncing back and forth across localized sites
increased with increasing frequency, resulting in the enhancement of electrical conductivity. The change in hopping behavior
from long-range to short-range distances is responsible for this improvement.

The o, curves may be broken down into three distinct parts: the low-frequency area (region ), which represents the DC
conductivity (o,4.), whereas the second part (region Il) reveals the dispersive region and is located at 100 Hz—5 MHz. The third
segment (region Ill) is located at f<5 MHz, where the induced ions cannot follow the rapid rotation of the direction of the
applied field, forming ion pairs and ion triplets, which affects their mobility and thus reduces the AC conductivity at this stage.

The jump relaxation model helps explain the three components of o, curves. With this model, we can predict the likeli-
hood of a successful return to your starting point based on the percentage of hops that succeed (i.e., returns to their original
location). The observed variance in the o, values for the PVDF-based nanocomposite samples is due to the fluctuation in

Fig. 14 The dependency of
AC conductivity (o,.) onto the -6
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and PVDF doped with a dif- 74
ferent weight percentage of
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this ratio between successful and failed hops. Thus, the electrical conductivity of nanocomposite samples can be interpreted
using Jonscher’s universal power-law, and is represented as follows [43, 45, 46];

6 =04 + A® 9

where A is a factor that depends on temperature. S is a frequency exponent, which affects by the translational move-
ment of the induced ions during the electrical conduction process inside the PVDF/ LiZnVO, nanocomposite samples.

The variation of o, with frequency curves of the sample containing 5 weight percentages of LiZnVO, (achieved the
best performance) at various temperatures is demonstrated in Fig. 15. The literature has reports of similar conduct. This
figure illustrates how the o, values rise with increasing sample temperature, highlighting how the induced ions inside
the nanocomposite films become thermally active. The behavior of S values for the PVDF/5% LiZnVO, sample inves-
tigated in the temperature range 30-120 °C is exhibited in Fig. 16, where a decrease in S values with the continuous
increase in temperature is observed. This finding suggests that the associated barrier hopping model is best suitable for
understanding and characterizing the ions’ behavior throughout the conduction process within the present nanocom-
posites, confirming the above findings. These findings may be explained by the metastable migration of lithium ions
from site Li (8a) to site V(16¢) to site V(8a) at low temperatures. These results show that the LiZnVO,-filled films analyzed
have desirable properties, making them an excellent starting point for creating cutting-edge energy storage devices
and lithium-ion batteries.
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4 Conclusions

This research extracted the preparation and characterization of LiZnVO, nanoparticles as a new nanomaterial. The pre-
pared LiZnVO, was combined with PVDF as a basic polymeric material whose properties need to be modified and
improved for possible use in solid lithium battery applications. The structural, optical, and electrical properties of PVDF/
LiZnVO, nanocomposites were studied. The characteristic X-ray diffraction peaks of PVDF and LiZnVO, were observed.
The XRD spectra show the rhombohedral structure of LiZnVO,. Scherrer’s equation and W-L plot were used to determine
the crystallite size and strain of LiZnVO, and the result was determined to be 83 nm. The main characteristic IR bands
of PVDF as a host material were detected. An interaction between PVDF and LiZnVO, was approved by shifting some IR
bands. The behavior of the energy band gap was decreased with increasing LiZnVO, due to the formation of disorder and
the density of the localized states in the mobility band gaps. The dielectric behavior of the PVDF/LiZnVO, films has been
investigated as a function of temperature and frequency. At the lower range of the frequencies, both €'and €" had their
maximum values and began to decrease as the frequency and temperature increased. The cole—cole plots were divided
into three frequency-dependent regions (low, middle, and high-frequency) which ascribed to the grain boundary effect,
the participation of grains, and the bulk conduction relaxation process, respectively. The spectra were characterized by
a semicircular arc attributed to the grain boundary effect and surface polarization, while the spike observed is assigned
to the bulk conduction response. The prepared samples’electrical conductivity was described by the Jonscher universal
power law, which suggests that they might provide an excellent foundation on which to build new and improved energy
storage devices and lithium batteries.
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