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Abstract

In a wide range of applications, from consumer electronics to cutting-edge industrial
and scientific equipment, high dielectric permittivity (¢') polymers are crucial for maxi-
mizing the performance and efficiency of electrical and electronic systems.
Researchers strive to create and perfect these materials to meet the changing
demands of modern technology. It is generally known that freestanding bare poly-
mers cannot achieve high dielectric values; however, the mixing of multiple materials
that are distinct is an effective technique for developing high dielectric hybrids.
Polymer-based nanoarchitectures are particularly beneficial for use in the storage of
energy due to characteristics such as excellent mechanical strength, noncorrosive
nature, lightweight, affordability, versatility, thermal and electrical shielding. The pri-
mary aim of this investigation is to prepare copper ferrite, zinc ferrite, and copperg s
zincg 5 ferrite (CuFe,Qy4, ZnFe,0,4, and Cug s5ZngsFe»0,4) nanoparticle (NP) via com-
bustion technique using egg albumen as a fuel and these NPs were separately dis-
persed in polyaniline (PANI) matrix by the method of ex situ polymerization of aniline
with an objective to enhance the electrical properties for energy storage and electro-
magnetic wave applications. Flexible freestanding films were casted via solution cast-
ing technique. X-ray diffractogram of 5 wt.% NP dispersed PANI films confirmed the
presence of NPs in the PANI matrix. Scanning electron micrograph images show the
homogeneous dispersion of NPs into PANI matrix. Rather than the pure ferrite NPs,
mixed ferrite highly enhance the permittivity of PANI films without much increasing
its loss factor, the obtained values of ¢ of all the three ferrite added films are higher
than polyvinylidene fluoride (PVDF)/(Mng 2Zro2Cug2Cag»Nig2)Fe,O4 nanofiller. In
this work notably for 5 wt.% Cug sZng sFe>O4 dispersed film shows the highest value
of ¢ (7291) for 100 Hz at 150°C with ultralow loss factor (0.08) which is the key
characteristic of an energy storage material. Thus, this present study leads the forma-
tion of a cost effective, flexible, high dielectric material, which can be a potential
alternate to replace PVDF/(Mng »>Zr»Cug»CagoNig)Fe,O4 and polyvinyl alcohol/

Nig.¢5Cuo.35Fe204 polymer blends for energy storage applications.
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1 | INTRODUCTION

Because of technological developments, there is a growing interest in
microelectronics, particularly capacitors in integrated circuits, which
ultimately call for a dielectric material with a reasonably high dielectric

constant.1™5

Compact and sustainable power systems need
dielectric materials with high energy density, low dielectric loss, and
high efficiency.®” The performance of dielectric materials determines
a great deal of capacitor performance and the development of high
energy densities and low dielectric loss. In general, polymer dielectrics
have been regarded as the best option for many power applications,
including electrochemical capacitors, power conditioning, and numer-
ous power electronics.®? However, the comparatively low energy
density continues to be a significant issue and restricts the continued
use of polymer-based capacitors. High-dielectric constant inorganic
nanoparticles are most commonly used with organic polymers to cre-
ate polymer nanocomposite dielectrics with high energy densities.
Flexible polymer nanocomposite dielectric materials are one of the
potential polymer dielectrics for energy storage applications.

Many researchers have reported on the synthesis and characteri-
zation of high dielectric materials. Using the coprecipitation process,
Kakade et al'® prepared the multiferroic composite x[CogoN-
i0.1Fe204] — (1 — x) [0.5Bag 7Cap 3TiO3 — 0.5BaZrg »Tip gO3]. The fab-
ricated composites were subjected to dielectric testing, relaxation
spectrum, modulus, magnetodielectric properties, X-ray diffraction
(XRD), and scanning electron micrograph (SEM). A high dielectric con-
stant and loss factor were obtained for the value of x = 0.5 in the x
[CogoNip1Fes04] — (1 — x)  [0.5Bag7CapsTiO3z — 0.5BaZrg 5 TiggOs]
composite. The high loss factor of 3.3 and a high dielectric constant
that is almost equal to 11,000 were also recorded in their study.

Polyaniline (PANI) is one of the polymeric dielectric materials that
come in a range of shapes with various chemical and physical character-
istics.1212 Its simplicity in preparation, light weight, low cost, better sus-
pension ability, low dimensional systems, relatively large surface area,
better electrical, and optical characteristics, extremely stable in air and
soluble in a variety of solvents, and excellent processibility are all advan-
tages.’>'* When compared with pure PANI film, inorganic dispersed
organic polymer films exhibit improved processing capabilities and antic-
orrosion characteristics in addition to enhanced dielectric properties. The
main advantage of inorganic filling is that it is nontoxic. Out of all inor-
ganic fillers, ferrite fillers are more crucial due to their stable crystal struc-
ture, good magnetic properties, high electrical properties, and the spinel
ferrites are widely used in electronic devices, magnetic materials based
on them have attracted a lot of attention.’>'? Because of low-
dimensional electrical system applications, nanoscopic sized filler parti-
cles are in polymer matrix, such a combination exhibits improved electri-
cal characteristics. Because of their spinel structure, ferrites are a
prominent filler material used by scientists for improving the electrical
features of pure polymers.?° It has been proven that ferrite nanoparticles
(NPs) may be used as nanocatalysts for biodiesel production, tunable
phase shifters, and anisotropy in soft magnetic applications.?~2*
Numerous studies on the creation, characterization, and proper-

ties of polymer-ferrite NP are described in the literature.?#2> PANI is

one of the most useful conducting polymers, because of its high
absorption coefficients in visible light, intriguing redox properties, less
density than metallic substances, energy storage, ease of synthesis,
relatively excellent conductivity, ecologically stable compound, cheap-
ness, beneficial optical and electrical characteristics, and ability to be
reversibly converted from conduction to insulation through the use of
acid-base reactions or electrochemical or chemical doping.2¢~2° Con-
ducting polymer PANI with different nanocomposites shows different
application fields such as waste water treatment, biomedical applica-
tions, and electromagnetic wave absorptions.>°-33

The use of PANI-Zn-Cu ferrite materials is justified by their spe-
cial set of qualities, which enable them to be used in a wide range of
applications. Ferrites are magnetic materials usually made of iron
oxide compounds, while PANI is a conducting polymer. When PANI
and ferrites are combined, a composite material is created with
improved beneficial properties. The main advantages and reasons for
using PANI-Zn-Cu ferrite materials are its conductivity, magnetic and
tunable characteristics, sensitivity to external stimuli, biocompatibility,
and multifunctionality.>**> However, there are a few challenges in
using PANI-Zn-Cu ferrite materials. The synthesis is a complicate pro-
cess with several steps, and one of the main challenges is getting a
uniform distribution in the PANI matrix. Additional negatives include
potential effects on mechanical properties and cost effectiveness
resulting from the high cost of raw materials. Complete characteriza-
tion and fine-tuning are essential for optimizing the realistic applicabil-
ity of these composites.

Few researchers have investigated PANI/ferrites, and further
research is still needed.®¢*® PANI—Znq,MnggFe,O, ferrite core-

shell composite was synthesized by Khairy et al.*¢

using in situ chemi-
cal oxidation polymerization. These composite samples were charac-
terized by XRD, Fourier transform infrared (FTIR), transmission
electron microscopy (TEM), thermogravimetric analysis, vibrating sam-
ple magnetometer, and dielectric measurements. In their research,
pure PANI exhibited real part of dielectric constant nearly 3800 and
imaginary part of dielectric constant nearly 10,000. Chitra et al.®” pre-
pared PANI/Ni(;_,CosFe,O4 nanocomposite via an in situ chemical
oxidative polymerization. The FTIR, UV-visible spectra, dielectrics,
and XRD were used to characterize the nanocomposites. The 10%
and 20% w/w prepared PANI/Ni;_xCosFe,O4 nanocomposites
showed high dielectric constant approximately 17,000 and 200 at
100°C for 100 Hz whereas the corresponding loss factor was found
to be nearly 7 and 8, respectively.

PANI and Cog¢Zng4Fe20O4 NPs were synthesized using in situ

polymerization process by Gabal et al.3®

They were characterized by
alternating conductivity (AC)-conductivity, dielectric measurements,
XRD, FT-IR, and TEM measurements. The frequency dependence of
the real dielectric constant (¢/) and imaginary dielectric constant (¢”)
of the prepared samples have high value as 10° and 107, respectively.
PANI ferrite composites have exceptional dielectric capabilities, but
their significant dielectric loss makes them unsuitable for employment
in emerging technologies. It is required to develop flexible films with
high dielectric strength, low loss factor, and higher thermal stability in

order to envision potential advances in power systems and energy
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storage devices. In this context, the authors aimed to prepare PANI
polymer films using inexpensively prepared ferrites as filler.

In this article, for the first time 5 wt.% of CuFe,04, ZnFe,0y4, and
Cuo 5Zno sFe>04 NPs synthesized via green method was dispersed in
PANI films. The prepared NP's performance in our previous research®’
having been pointed out, it showed that the narrow particle size and
morphology obtained in our present study could help to tune the
properties of PANI films. As a result, the CuFe,;Q4, ZnFe,O,4, and
Cup.5Zng sFe,04 nanoferrites will be utilized in the present investiga-
tion to create PANI polymer nanocomposites.

According to the literature there are many biopolymers and bio-
products doped polymer composites for various applications.***% In
accordance to that, in the current research through an eco-friendly
procedure the ferrite NPs were synthesized using egg albumen as
fuel. The novelty of this work lies in the green synthesized ferrite NPs
dispersed in conducting PANI by ex situ polymerization to enhance
the electrical behavior of bare PANI films. In order to research and
analyze the impact of ferrite filler on the structural, morphological,
and electrical characteristics in PANI matrix, 5 wt.% of CuFe,O,,
ZnFe,0y4, and Cug sZng sFe,O4 NP was dispersed in PANI matrix. To
the best of our knowledge, no such extensive study with the use of
copper-zinc ferrites produced using this novel egg albumen fuel
solution-combustion route dispersed PANI films has been published in
literature.

2 | MATERIALS AND METHODS

21 | Materials

Ferric nitrate nonahydrate Fe(NOs3);-9H,0, cupric nitrate hexahydrate
Cu(NO3),-6H,0, zinc nitrate hexahydrate Zn(NO3),-6H,0, 35% dilute
HClI, aniline hydrochloride C4HsNH,HCI, and potassium dichromate
K5Cr,O; were purchased from Aldrich and were used as precursor
without further purification. Freshly prepared egg white solution was
used as a solvent for the synthesis of NPs.

2.2 | Fabrication of nanocomposites

CuFe504, ZnFey04, and Cug 5Zng sFe>O4 NPs were prepared by solu-
tion combustion method using egg albumen as fuel. The precursors,
such as Fe(NOg)3-9H,0, Cu(NO3),-6H,0, and Zn(NOj3),-6H,O were
added gradually to the egg white solution in a stoichiometric molar
ratio. The mixture was then constantly stirred for about 2 h without
any pH modification. At last, the mixture was allowed to dry at 80°C,
revealing the dark brown ash powder, which was later annealed at
600°C for 2 h. The 5wt.% of CuFe,O4, ZnFe,04, and CugsZngs.
Fe,O,4 dispersed PANI films were casted by simple solution casting
technique. The polymerization of aniline with an oxidative agent such
as ammonium persulfate (APS) has been the common method
reported for PANI production.**4° In this work, the APS was replaced

by potassium dichromate due to safety considerations and to reduce
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toxicity. Potassium dichromate has the advantages of requiring less
time for the polymerization of aniline molecules and producing a
greater yield percentage of PANI. While employing APS, the polymeri-
zation reaction requires a lower refrigeration temperature for approxi-
mately 10-12 h to complete. However, using potassium dichromate,
no further cooling temperature is necessary for polymerization. In this
work, 0.1 M (12.96 g) of aniline hydrochloride with 1.0 N HCl solution
of deionized water was added drop by drop with the oxidizing agent
of 0.025 M (7.36 g) potassium dichromate with 1.5 N HCI solution.
These solutions were mixed thoroughly for about 2 h in a constant
temperature (80°C) bath leading to the formation of dark green col-
ored PANI solution. Later by using a Buchner funnel the solution was
filtered and final product in powder form was obtained. The obtained
powder was then washed several times using deionized water and
dried at 80°C for 24 h. The powder was dissolved in a very low con-
centrated aqueous polyvinyl alcohol (nearly 1 PPM) solution and
casted into film by pouring into a petri dish. Finally, the casted films of
9 cm diameter were dried and peeled off and cut in to several pieces
for further characterization. The calculated amount of 5 wt.% of pre-
pared CuFe,04, ZnFe;0y4, and Cug sZng sFe,O4 via combustion tech-
nigue using egg albumen were dispersed separately under final stage
of stirring for the preparation of CuFe,Q,4, ZnFe,04, and Cug sZng 5.
Fe,O, dispersed PANI films.

2.3 | Characterization

Before dispersion, the as prepared ferrites particles were subjected to
XRD analysis using a Shimadzu XRD7000 X-ray diffractometer in the
scanning rate of 40 kV/30 mA for the 26 range 10°-80°. The FTIR
spectra of PANI was recorded using a Perkin Elmer spectrometer
within the wavenumber range of 4000-500 cm™~1. The morphology of
the synthesized NPs was recorded using a Carl Zeiss Gemini
300 FESEM instrument. The dielectric measurements were carried
out in the temperature range of 40-150°C and frequency range of
100-1 MHz, using LCR meter (AGILENT 4284A) with an accuracy
of +2%.

3 | RESULTS AND DISCUSSIONS

3.1 | XRD analysis

The XRD pattern of ferrites particles is depicted in Figure 1A. It is evi-
dent that, the prepared fillers were crystallized in cubic structure.*¢=4®
Figure 1B illustrates the XRD patterns of pure PANI and 5 wt.% NPs
dispersed PANI films. The prominent diffraction peaks at 15.01°,
20.81°, and 25.51° can be seen in bare PANI, which were very well
matched the published results.**°° Using Debye Scherrer's formula,®*
the average crystallite size of the filler before dispersion was 42.2,
56.5, and 16.1 nm for CuFe,O4, ZnFe,O4 and CugsZngsFe,Og,
which was lower than reported by any other method, which could be

due to egg albumen, whose role was explained in the previous work.>?
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FIGURE 1

polyaniline (PANI) films.

Findings 5 wt.% ZnFe,0,4 5 wt.% CuFe,04
D (nm) 46.3 35.9
SSA (m?/g) 108 338

Abbreviations: PANI, polyaniline; SSA, specific surface area.

By comparing Figure 1A and Figure 1B, the infusion of the NPs in the
polymer matrix is evident from the appearance of new peaks in
the polymer composite films, corresponding to lattice planes (311),
(400), (511), and (400) of various fillers used respectively. The rise of
the unique diffraction peaks associated with the well-crystalline fer-
rites suggested the successive incorporation of NPs in to PANI matrix.
In addition, 5 wt.% of filler incorporation increases nanocrystalline
phase of polymer matrix, which is an added advantage of the prepared
films because nanocrystalline phases have a remarkably high absorp-
tion of organic guest molecules and have a density that is lower than
that of the comparable amorphous phases, which suggest the use of
these films for sensor applications.

The crystallite size of the filler NPs and the specific surface area
(SSA)°273% of the prepared films obtained from XRD are displayed in
Table 1.

From these findings we clearly understand that the 5 wt.%
Cup.5Zng sFe04 dispersed film shows the high SSA than the other
two ferrite dispersed films. Increase in surface area increases the con-
ductivity of the sample, this suggests that the high SSA film has more
ion charge carriers to conduct electricity. The increase in effective sur-
face area of the films linearly increases the sensitivity of the sensor
when the films are used as gas sensors.”® The interaction between

the gas molecules and the film surfaces modifies the quantity of
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FIGURE 2 Fourier transform infrared spectrum of pure

polyaniline (PANI) film.

charge carriers and, in turn, alterations in the electrical conductivity. A
more responsive and sensitive gas sensor is created by optimizing the

surface area as it increases the uniformity and effectiveness of gas
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adsorption, according to the linear connection between sensitivity
and effective surface area.>® So, achieving this type of high-effective
surface area films can be suitable for gas sensor, chemical sensor, and

molecular sensor applications.>”->8

3.2 | FTIR analysis

The pure PANI FTIR spectra in Figure 2 were obtained within the
wavenumber range of 4000-500 cm™~* using Perkin Elmer spectrome-
ter. Furthermore, the FTIR spectrum of PANI exhibits its own unique
peaks at 3578, 1564, 1486, 1294, 1116, and 870 cm™ 1. The N—H
stretching vibration of the secondary amine is shown by the peak at
3578 cm~L. The stretching vibrations of the quinoid rings N=Q=N
(in which Q is the quinoid ring) and the benzenoid rings (C=C stretch-
ing vibration) are denoted by the peaks at 1564 and 1486 cm™ 2. The
C—N stretching of the secondary aromatic ring is reflected by
the peak at 1294 cm™'. The aromatic C—H in the plane of the
1,4-substituted benzenoid ring is implied by the peak at 1116 cm™2,
and the aromatic C—H out of the plane bending vibration is repre-
sented by the peak at 870 cm~1. These positions of the peaks are in
good agreement with the results observed in previous research.’®¢°
These extremely powerful bands known as the quinoid and benzenoid
rings were utilized to calculate the degree of oxidation (R), which is
calculated as the ratio between the intensities of the bands linked to
the benzenoid and quinoid rings.®* This variation has to do with the
oxidation of benzenoid rings, which change into quinoid rings. It also
has to do with the conversion of amino groups into imino groups
when the polymer oxidizes.®? PANI's relative intensity ratio, as deter-
mined, is 1.00. It is evident from the obtained relative intensity ratio
of 1.00 that the experiment concludes with a dark green color, which
confirms that the PANI has formed in its doped emeraldine oxidation

advanced, __ 50f15
technologies WILEY
3.3 | Morphology analysis

Figures 3AB, 4A,B, and 5AB exhibited the synthesized CuFe,Q,,
ZnFe,04, and CugsZngsFe,O4 NPs SEM, histogram, and energy-
dispersive x-ray analysis (EDAX) spectra, respectively. Carl Zeiss Gem-
ini 300 FESEM instrument is used to record these SEM micrographs.
by SEM

micrographs. The histogram clearly shows the homogeneous particle

Clear grain boundaries have been confirmed
creation. Oxygen vacancies may be the reason for the lower percent-
age of oxygen in the prepared particle as revealed by EDAX, which
also reveals the particle's purity.

Figure 6 shows the SEM micrographs of pure PANI, CuFe,Qy,,
ZnFe,04, and CugsZngsFe,O4 (5 wt.%) dispersed forms of PANI
films. Figure 6A illustrates the consistently linked fibrillar and
extremely porous morphology of pure PANI films.

The formation of PANIs under various circumstances has previ-
ously led to the development of such fibrillar shape.’*¢%¢* These
polymers that exhibited unintended behaviors like hydrolysis, chain
scission, and/or crosslinking were given this fibrillar-like shape. It is
amazing to learn that prepared ferrite NP loading has a significant
impact on the PANI film's morphology, and that a change in PANI
morphology is seen. In addition to the presence of porosity that devel-
oped from the polymer blend matrix, it is observed that the agglomer-
ation improved in 5 wt.% CugsZngsFe>,O4 NP dispersed film, which
signifies the superior interfacial interaction between that filler and the
polymer matrices. The prepared PANI films filled with highest loading
of 5 wt.% copper ferrite, zinc ferrite and copper-zinc ferrite NPs load-
ing, the particles are tightly packed and no bare NPs are observed
which indicating the potential of this method to create well dispersed
films with uniformly dispersed layer.

When airborne moisture came into contact with the polymer
solution's surface, it condensed to create water droplets. The outer-

most layer of the films that are formed can therefore grow porous.
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FIGURE 5 CupsZngsFe>O4 nano particles (A) scanning electron micl
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These pores have a negative impact on the films' conductivity and
flexibility.®> The image shows that using fine nanosize particles may
reduce surface porosity in certain regions and increase the rate of
material movements. The size controlled 5 wt.% Cugs5ZngsFe,O4 NP
exhibits the formation of quantity films with reduced porosity of the
polymer matrix.

The porosity decreases (Table 2) at a 5 wt.% concentration of pre-
pared NPs, and ferrite NPs act as a pore-reducing agent in this
instance. It was thought that the addition of filler material affected
the morphology of PANI films that were prepared. Surface roughness
and electrical conductivity, however, significantly increase when
porosity decreases. This is so because the electrical conductivity is
mainly caused by electron conduction. Increased surface roughness

is a result of inhomogeneous powder spreading and dispersing.

rograph image with histogram and (B) energy-dispersive x-ray analysis

3.4 | Dielectric analysis

The measurement of complex permittivity as a function of fre-
quency is recognized as dielectric spectroscopy. Because perma-
with

conduction, all contribute to a material's dielectric response, this

nent and induced dipoles, together ion or electron
analysis may additionally be performed as a function of tempera-
ture or time at fixed frequencies to determine various physical
and chemical properties of a given polymer. Dielectric spectros-
copy can be used to investigate polymer molecular relaxation
events such as the glass transition or phase transitions. For
dielectric measurements, casted films were cut into circular films
with radius 6.5 mm were used. In order to make the films an
effective conductive the two

layer at room temperature,
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FIGURE 6
ZnFe, 0,4 dispersed PANI films.

TABLE 2 Porosity of 5 wt.% of as prepared NP's dispersed PANI
films.
Sample name Porosity (%)
PANI film 9.91
5 wt.% CuFe,04 embedded PANI film 1.01
5 wt.% ZnFe,O4 embedded PANI film 1.89
5 wt.% Cug.sZng sFe>O,4 embedded PANI film 0.64

Abbreviations: NP, nanoparticle; PANI, polyaniline.

opposing sides of the films were painted with silver.®® The sam-
ple was positioned between two metal electrodes during the
two-probe setup's AC conductivity measurements.®” The dielec-
tric measurements were carried out in the temperature range of
40-150°C and frequency range of 100-1 MHz, using LCR meter
(AGILENT 4284A) with an accuracy of +2%.6%%? The real (¢/) part
of the frequency-dependent permittivity of the prepared films
was determined using the below relation (1).7°

Signal A= SE2
Mag= 250X

40 pm  EHT= 5004V
ViD= 125 mm

Date: 20 Feb 2023
Time: 12:15:44

Scanning electron micrograph analysis (A) pure polyaniline (PANI), (B) 5 wt.% CuFe,Q4, (C) CugsZng sFe,04, and (D) 5 wt.%

, Cpt
€ :a’ (1)
where C,, is the film capacitance, t is the film thickness, A is the sur-
face area of the electrodes, and ¢g is the permittivity of free space
which is 8.85 x 1072 F/m.

The dielectric investigation of nanopolymer composites is vital
because the polymer composites' high dielectric nature allows them
to be used in power electronics, printable circuit boards, and miniatur-

ization of electronic equipment.”?

The real part of dielectric constant
with varying frequency and various temperatures is shown in
Figure 7. The ¢ value of pure PANI film for 100 Hz is 3919. The pure
PANI film's ¢ values drop nonlinearly with increasing frequency and it
increases with increasing temperature. The PANI film's molecular
mobility may increase with temperature, resulting in an improved
polarization response and ultimately higher permittivity,”?> and also,
the reduction in ¢ values with increasing frequency could be attrib-
uted to the contribution of the interfacial polarization (IP) effect, also

known as the Maxwell-Wagner-Sillars effect and frequently noted in
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FIGURE 7 Real part of the dielectric constant with varying log frequency and temperature for the prepared (A) pure polyaniline (PANI),
(B) 5 wt.% CuFe;Q4, (C) 5 wt.% ZnFe,O,4, and (D) 5 wt.% Cug 5Zng sFe,0,4 dispersed PANI films.

PANI materials.”® On rare occasions, some literature's make it evident
that the ¢ exhibits frequency variation; when the filler content
increases to a certain level, the ¢ falls off as the frequency increases.
This occurred as a result of the loading being increased further, which
caused the permittivity to decrease with the volume percent of filler
material. The low-frequency plasma oscillation of free electrons in the
continuous conductive distribution is responsible for this.”4"77
The main reason of the highest values of ¢ at low frequencies is the
accumulation of charges at the interfaces of different material constit-
uents, which creates micro-capacitance throughout the entire size of
the material and contributes to an increase in ¢ at low frequencies. In
addition, it is noted that the dielectric constant ¢’ rises for the three
different inorganic NPs (CuFe,Qg4, ZnFe,;Q4, and Cug 5ZngsFe>0y) in
a polymer matrix, because the relationships between inorganic NPs
and the functional polar groups produce a dipole configuration.78
Notably for 5wt.% CupsZngsFe,O4 dispersed film the rate of
increase is found to be comparatively high and the value of ¢ for
100 Hz is 7291. This 5 wt.% Cug sZngsFe,O4 shows increased real
part of permittivity by 1.85 times than the bare PANI film, which can
be explained as follows: because of some space charge accumulating

at the interface, inorganic NP causes the creation of polarization
states in the PANI matrix, and due to this polarization, ¢ has a high
value. The system's dipoles are unable to quickly realign themselves at
increasing high frequency €. These high ¢’ values of 5 wt.% ferrite dis-
persed PANI films over a wide temperature range (up to150°C) espe-
cially Cug sZng sFe,O4 dispersed PANI films.

High dielectric loss can have a significant impact on the real-world
application of high dielectric polymer films.”* Figure 8 shows the
change of dielectric loss as a function of frequency for bare and NP
dispersed PANI films.

The bare PANI film has dielectric loss nearly 0.09. With the dis-
persion of 5wt.% different ferrite NPs, the dielectric loss was
decreased by as low as bare film. This dielectric tangent loss is mainly
affected by polarization loss and conductivity loss.”’ Notably, PANI
polymer films with varying ferrite dispersions all have dielectric loss
tangent values <0.1, which is acceptable for some applications like
decoupling capacitors. The superior dispersion of different kinds of
ferrite NPs in the polymer matrix is responsible for the minimal dielec-
tric tangent loss. Loss values obtained in our present study for ferrite

dispersed PANI films are slightly higher than commercially used
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FIGURE 8 Dielectric loss with varying log frequency and temperature for the prepared (A) pure polyaniline (PANI), (B) 5 wt.% CuFe,Qg,
(C) 5 wt.% ZnFe,04, and (D) 5 wt.% Cug 5Zng sFe,04 dispersed PANI films.

polyvinylidene fluoride (PVDF) film whose values are in the range of
0.02-0.05.8° Quite interesting fact that, to improve dielectric con-
stant and to reduce loss in PVDF, researchers take much effort in con-
trolling their crystalline phase or by controlling their copolymer.®°
However, in our present study, we obtained the prerequisite of mod-
ern electronics equipment without any much effort on controlling
phases or by controlling concentrations. So, these films are superior
to replace PVDF like films in future.®° High dielectric constant mate-
rials can aid in achieving a high Q-factor, which is a measure of a reso-
nator's efficiency. A high-Q resonator can store and release energy
with minimum loss, making it appropriate for a wide range of radio
frequency and microwave applications. When contrasted with tradi-
tional ceramic or metallic resonators, using high-dielectric constant
polymers enables for smaller and more compact resonators, which is
for miniaturization and current

advantageous integration in

electronics.

Figure 9 shows that the AC conductivity of bare and 5 wt.% inor-
ganic NP dispersed PANI films which increase with the increase of
frequency at several temperatures between 40 and 150°C. The bare
PANI film has AC conductivity for 1 MHz at 150°C is 14,623 x 104
mho/cm. Furthermore, the AC conductivity may be totally hidden at
low modulation frequencies and/or at high measuring temperatures.
Higher frequency activity is caused by conductive particles. In terms
of dielectric characteristics, this is how semiconductor materials typi-
cally behave.®! The electrical conductivity of functionalized three dif-
ferent ferrite NP dispersed PANI films was increased from
17,521 x 10~* to 20,583 x 10~* S/cm, this enhancement was attrib-
uted to the charge transfer mechanism. The conductivity of PANI film
significantly to 20,583 x 10™* S/cm 5wt.%

CugsZng sFe,O4 dispersion, showing the effectiveness of 5 wt.%-

increased after

Cug s5Zng sFe;O4 NP in improving the conductivity of PANI film. These
obtained values for polymer films are notably higher than the
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FIGURE 9 AC conductivity with varying log frequency and temperature for the prepared (A) pure polyaniline (PANI), (B) 5 wt.% CuFe,Qy,,
(C) 5 wt.% ZnFe,04, and (D) 5 wt.% Cug 5Zng sFe,04 dispersed PANI films.

previously reported conducting polymers.228% Dispersed PANI films
exhibit enhanced AC conductivity which in turn shows reduced resis-
tivity in all frequency ranges than the pure PANI films. It was expected
that the three different ferrite NPs in this paper would have a benefi-
cial effect on the electrical conductivity of PANI polymer, because the
electrical conductivity of three different ferrites dispersed PANI films
is much higher than that of the bare PANI film used in this study. A
5 wt.% Cug 5Zng sFe>,O4 NPs have the ability to be valuable conduct-
ing filler in polymer composites due to their distinct properties, which
other filler materials rarely have. These properties include reduced
contact resistance in PANI matrix, high aspect ratios, and increased
electrical conductivity that make them ideal for use in electrical
devices like sensors and supercapacitor.84

3.5 | Modulus spectra

IP is almost always present in polymers and hybrid polymeric materials

due to the additives, fillers, or even contaminants that make these

systems heterogeneous. IP is usually masked by conductivity in sys-
tems with conductive components, and dielectric permittivity can be
very high at low frequencies.®> Although there is continuing questions
regarding the utility of the modulus formalism,2¢ it has been exten-
sively used to analyze the electrical conductivity data in ionic conduc-
tors and polymers to get around this problem.

The complex modulus (M*) can be expressed by the following for-
mulas (2) and (3).8”

[ (2)

& +ig”

M =M -iM". (3)

The values of real (M') and imaginary (M”) part of the complex

modulus can be obtained by the following Relations (4) and (5).28

/
" £

M= (g% +en?) “)
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FIGURE 10 Real modulus part of the modulus spectra with varying log frequency and temperature for the prepared (A) pure polyaniline
(PANI), (B) 5 wt.% CuFe,0y4, (C) 5 wt.% ZnFe,O4, and (D) 5 wt.% Cug sZng sFe,04 dispersed PANI films.

I
" £

M Ty (5)

Figures 10 and 11 show the spectra of the real M’ and imaginary
M"" portions of the electric modulus for pure PANI and 5 wt.% inorganic
NP dispersed PANI films at various temperature and frequencies.

The frequency dependence of the M’ values is found to gradually
increase as frequency increases throughout the entire frequency
range, indicating that there is no electric polarization effect contribut-
ing to the noticed ¢ spectra of these materials, because the M’ and
M'" values of a composite dielectric material remain close to zero
and are also frequency independent over this frequency range.89 The
M'" shows a relaxation peak in the high frequency region that corre-
sponds to the conductivity relaxation process and is mostly found in
charge conducting dielectric materials.”® These high modulus films are

recommended for display technology substrates that support essential

components like touch sensor panels, thin film transistors, and the

device's viewing screen through cover windows.”!

4 | CONCLUSIONS

Lightweight, cost-effective, and adaptable PANI-ferrite polymer
composite films were cast using an environmentally benign and
cost-effective approach. Prepared ferrite NP's narrow size distribu-
tion, evidence the superiority of solution combustion technique
with egg albumen as fuel. Narrow nanosized filler with high surface
area of the casted films enhances the dielectric constant and their
AC conductivity. Room temperature values of dielectric constant of
ferrites dispersed PANI films are noticeably higher in all range of
frequency than the commercially available polymer dielectrics. Espe-
cially 5 wt.% Cug s5ZngsFe,O,4 dispersed PANI films that exhibit high
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Imaginary modulus part of the modulus spectra with varying log frequency and temperature for the prepared (A) pure polyaniline

(PANI), (B) 5 wt.% CuFe,0y4, (C) 5 wt.% ZnFe,04, and (D) 5 wt.% Cug 5Zng sFe,04 dispersed PANI films.

dielectric permittivity with low loss is the solution for the key issue
in the flexible dielectrics which can be made by adding high con-
centration fillers in bare polymer matrix. Thus, the present research
is the key solution to the researchers of polymer dielectrics, to pro-
cess flexible films of high ¢ with ease of fabrication with less con-

centration of nanofillers.
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