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Co-Substituted Ni—Zn Ferrite Reinforced PVA
Nanocomposites as High-Performance Electromagnetic
Wave Absorbers in the X-Band Region

Abstract

Cobalt-substituted nickel-zinc ferrites with the composition CoxNii——Zn,Fe:04 (x =
0.2, 0.4, 0.6, and 0.8; y = 0.1) were synthesized via the sol-gel method to investigate the
influence of Co?" substitution. XRD analysis confirmed the formation of a single-phase cubic
spinel structure. Rietveld refinement further verified the crystallographic purity of the
synthesized ferrites, while a systematic variation in lattice parameters was observed with
increasing cobalt concentration. FESEM micrographs revealed nearly spherical nanoparticles
with homogeneous grain distribution. FTIR and Raman spectroscopic studies confirmed the
characteristic vibrational modes of the spinel ferrite structure, indicating the preservation of
structural integrity after cobalt incorporation. UV—Visible spectroscopy showed a gradual
reduction in the optical band gap from 1.45 to 1.07 eV, suggesting significant modification of
the electronic structure. Electrical measurements exhibited frequency-dependent conductivity
and impedance behavior, with enhanced conductivity for Co-substituted compositions. To
evaluate their practical applicability, ferrite/PVA nanocomposite films were fabricated and
investigated in the X-band frequency range relevant to 5G communication systems. The
nanocomposites exhibited high dielectric properties and excellent electromagnetic interference
shielding performance. The optimized composition demonstrated a reflection loss ranging from
—19.86 to —45.33 dB, highlighting its strong potential for advanced microwave absorption and

high-performance EMI shielding applications.

Keywords: Sol-gel, Ferrites, Rietveld, EMI, Nanocrystalline.

1. Introduction



In recent years, spinel ferrites have become among the most widely studied magnetic oxide
materials because of their excellent structural stability, high electrical resistivity, and
investigated for other technological applications[1]. These materials are generally represented
by the formula MFe>O4 where M is a divalent metal ion including cobalt, nickel, zinc, and
magnesium. Among the various ferrite systems, cobalt—nickel-zinc ferrites have captivated
special consideration due to their useful combination of dielectric, and electrical properties[2],
[3]. Because of these characteristics, they are considered suitable for applications like high-
frequency devices, microwave absorbers, sensors, transformers, catalysts, and electromagnetic
interference shielding. A key advantage of spinel ferrites is that their properties can be modified
by changing the type and number of cations present at the tetrahedral and octahedral sites of
the crystal structure. This makes them highly promising materials for multifunctional
applications. Cobalt—nickel-zinc ferrites belong to the mixed spinel ferrite, in which the
distribution of Co**, Ni**, Zn**, and Fe** ions between tetrahedral (A) and octahedral (B) sites
strongly affects the overall structural and electrical behavior[4]. Cobalt ions usually increase
magneto crystalline anisotropy and coercivity, while nickel ions improve magnetic
permeability and structural stability. zinc ions are non-magnetic and generally prefer
tetrahedral sites, where they alter the indirect exchange interactions between A and B sites,
leading to changes in dielectric response. Due to the combined effect of these cations, cobalt
substituted nickel zinc ferrites often show a desirable balance of high resistivity, moderate
magnetization, low eddy current loss, and enhanced dielectric polarization. The properties of
cobalt substituted nickel zinc ferrites are highly dependent on factors such as synthesis method,
particle size, morphology, crystallinity, and chemical composition. Different preparation
techniques, including sol — gel auto-combustion, co-precipitation, hydrothermal methods,
solid-state reaction, and combustion synthesis, have been used to prepared ferrites with

controlled microstructure and improved performance. In addition, the reduction in particle size



influences the domain structure and spin behavior, which directly affects the magnetic loss
processes responsible for electromagnetic wave attenuation[5]. For this reason, nanostructured
cobalt substitution nickel zinc ferrites are considered more suitable for shielding and absorbing
applications. The incorporation of ferrite nanoparticles into polymer matrices results in
polymer ferrite-based nanocomposites that combine the advantages of both components. The
polymer provides flexibility, light weight, and easy processability, while the ferrite phase
contributes magnetic loss, interfacial polarization, and dielectric relaxation, which improve the
attenuation of electromagnetic waves. Such nanocomposites often exhibit synergistic effects,
leading to enhanced shielding effectiveness through absorption, multiple reflections, and
impedance matching. The performance of these materials depends on several factors, including
filler concentration, particle size, morphology, dispersion within the polymer matrix, thickness
of the shield, and the nature of interfacial interactions between polymer and ferrite. In
particular, cobalt substitution of nickel zinc ferrites are of great interest because their structural
and dielectric properties can be tuned by changing the cation composition, which directly
influences EMI shielding behavior[6]. Among various fillers used in polymer matrices, ferrite
nanoparticles have captivated extensive attention because of their unique structural and the
electrical properties. In such nanocomposites, EMI shielding originates from a combination of
reflection, absorption, and multiple internal reflections. The effectiveness of shielding mainly
depends on several parameters, including ferrite loading, particle size, distribution of the
nanoparticles in the polymer matrix, thickness of the composite, and the frequency range of
operation. A homogeneous distribution of ferrite nanoparticles in the PVA matrix can create
strong interfacial polarization and improved impedance matching, thereby enhancing the
absorption of incident electromagnetic waves[6], [7], [8]. These features make PVA/cobalt—
nickel-zinc ferrite nanocomposites highly promising for use in lightweight, flexible, and

efficient EMI shielding materials for modern electronic applications. In the present study,



cobalt substituted nickel zinc spinel ferrites having the general composition Cox Ni(i-x-y)
ZnyFe;04 (where x = 0.2,0.4, 0.6 and 0.8 and y = 0.1). were synthesized via the sol-gel
technique. The effect of Co?" substitution on the structural, morphological, optical, and
electrical properties was examined in detail[4]. Various analytical techniques, such as X-ray
diffraction, Field emission scanning electron microscopy, Fourier transform infrared
spectroscopy, Raman spectroscopy, UV-Visible spectroscopy, and Electrical studies such as Ac
conductivity, Impedance, Nyquist plot, and Dielectric studies, were employed to evaluate the
changes in the properties of the synthesized ferrites as a function of composition dependent
changes in the synthesized ferrites. In addition, the prepared materials were further explored

for their potential use in electromagnetic interference (EMI) shielding application[9].
2. Experimental Procedure

2.1. Synthesis Process of Nano-Ferrites

In the present study, cobalt-substituted nickel-zinc ferrite nanoparticles were successfully
synthesized using the sol-gel auto-combustion method. Analytical-grade chemicals were
employed as precursor materials for the synthesis (figure 1). Metal nitrates served as the source
of cations, while citric acid was used as a chelating agent to facilitate complex formation and
improve the homogeneity and solubility of the precursor solution. The metal nitrates and citric
acid were mixed in their respective stoichiometric ratios and dissolved in deionized (DI) water

under continuous magnetic stirring for 4-5 h to obtain a homogeneous solution.

Subsequently, aqueous ammonia (NHs) was added dropwise to adjust the pH of the solution to
the range of 10-12. Upon ammonia addition, the solution gradually turned brown, indicating
the formation of a stable sol. Continued stirring promoted gel formation through enhanced
complexation among the metal ions and the chelating agent. The resulting gel underwent a self-
sustained exothermic combustion reaction, yielding a fine ferrite powder. The obtained product

was allowed to cool naturally to room temperature and was then thoroughly ground using an



agate mortar and pestle to obtain

characterization[12], [13], [14].
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Figurel: Systematic diagram of Cox Ni(1-x-y) ZnyFe2O4 (where x = 0.2,0.4, 0.6 and 0.8 and y

=0.1) nano Ferrites.

2.2. Synthesis Process of Composite Film:

The PVA/nano-ferrite composite films were prepared using the solution-casting technique.

Initially, the required amount of polyvinyl alcohol (PVA) was dissolved in distilled water and

heated at 7090 °C under continuous magnetic stirring until a clear and homogeneous solution

was obtained (figure 2). Subsequently, the desired weight percentage of nano-ferrite powder

was gradually added to the PVA solution and stirred continuously to ensure uniform dispersion

of the nanoparticles throughout the polymer matrix.The resulting PVA/nano-ferrite suspension

was then poured into a clean and leveled glass Petri dish to facilitate uniform film formation.

The cast solution was dried in a hot-air oven at 40-60 °C for several hours to allow complete

evaporation of the solvent. After thorough drying, the flexible composite film was carefully



peeled off from the casting surface and stored for further characterization and analysis[16],

[17], [18].
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Figure 2: Systematic diagram of PVA/ Cox Ni(1-xy) ZnyFe2O4 (where x = 0.2,0.4, 0.6 and 0.8

and y=0.1) nanocomposite Film.

3. Result and Discussion
3.1. Structural Analysis
3.1.1 Rietveld refinement

The Rietveld refinement of the obtained XRD data were Evaluated to study the impact

of Substitution of Cobalt (Co®") ions on Nickel Zinc ferrite. From the Rietveld refined XRD

patterns, it is observed that the data is matching well with the experimentally determined data,

showing differences between them[19], [20]. It is examined that, in the experimentally

determined data, Bragg’s reflection of XRD peaks is matching well with the determined data




Figure 3. Rietveld refinement of XRD patterns confirmed the single-phase cubic spinel
structure with space group Fd-3 m. In the initial stage, global parameters like background and
scale factors were refined. Afterwards, the refinement was carried out step by step for structural
parameters, including lattice parameters, Goodness of fit (¥2), Experimental factor (Rexp),
Profile factor (Rp), Weighted profile factor (Rwp) was determined, as shown in Figure 3, and
presented in Table 1[21], [22], [23]. The quality of the fit between the experimental and
calculated data is evaluated using parameters such as the goodness of fit (¥?) and various R-
factors, including the profile factor (Rp), weighted profile factor (Rwp), expected weighted
profile factor (Rexp)[22], [24], [25].

Table 1: The calculated structural refinement parameters, including Rp, Rexp, Rwp, and Rcor,

are listed.
2
Composition Rexp Rp Rwp X
0.2 1.054 0.901 1.135 1.157
0.4 1.044 0.785 0.987 0.893
0.6 1.031 0.748 0.939 0.830

0.8 1.086 0.787 0.988 0.827
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Figure 3: Rietveld refinement of Cox Ni(-xy) ZnyFe,O4 (Where x = 0.2,0.4, 0.6 and 0.8 and y = 0.1).
3.1.2. X — Ray Diffraction

The XRD technique was used to determine both the crystal structure and phase composition of

the nanomaterial. The study used XRD technique to examine the structural appearance of the

fabricated nanoparticles[26]. The structural appearance of Cox Ni(i-x-y) ZnyFe>Os, (Where x =

0.2,0.4, 0.6, 0.8 and y =0.1), and pure PVA and synthesized composite PVA/ Cox Ni(1-x-y)

ZnyFe>0O4 films for different ferrite composition is shown in Figure 4[27], [28]. was studied

using a Cu-Ka radiation source, and the X-ray diffractometer (XRD) was used. The range

between 15° and 70° was used with 26 degrees. All the diffraction peaks were found in the Fd-

3m space group. The XRD patterns were obtained, and no additional peaks were found,

signifying that the compounds were synthesized in a single phase. The broadening of XRD



peak reveal that the material is nano size. The XRD pattern for pure PVA reveal that it is
semicrystalline in nature, showing two main peaks. The first broadening peak at 26 = 19.5¢
correlates with the PVA crystalline phase, showing the peak at (101) due to strong
intermolecular hydrogen bonding among PVA molecules[18], [29]. The substitution of Co*"
ions into nickel zinc ferrites resulted in an increase in peak intensity, encouraging the
establishment of crystalline phases. Unlike the intensity of the planes, i.e., (220), (311), (400),

(422), and (511) the intensity of the (101) plane is high are illustrated in figure 4.

The observed peak broadening in the X-ray diffraction (XRD) patterns indicates the presence
of lattice strain along with a reduction in crystallite size within the synthesized samples. Among
the various diffraction planes, the (311) reflection was selected for crystallite size determination
due to its high intensity and well-defined nature in spinel ferrite structures. The average

crystallite size of the samples was calculated using the Debye—Scherrer equation:

092
- Bcos O

where D represents the average crystallite size, A is the wavelength of the incident X-ray
radiation, B denotes the full width at half maximum (FWHM) of the diffraction peak expressed
in radians, and 0 corresponds to the Bragg diffraction angle associated with the selected (311)

plane.
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Figure 4: XRD Spectra of PVA/ Cox Ni(1-x-y) ZnyFe2O4 where x = 0.2,0.4, 0.6 and 0.8 and
y=0.1.

The table 2 indicates that the crystallite size varies from 6.2 to 6.9 nm, confirming the
nanocrystalline nature of the samples, which is beneficial for EMI shielding applications. This
behavior is accredited to the smaller ionic radius of nickel ions (0.69 A) compared to cobalt
and zinc ions (0.74 A), which influences the lattice dimensions Table 2. Overall, the
experimental results show a reduction in lattice parameter as the nickel concentration

increases[30]. The X-ray density of Cobalt (Co?") substituted nickel — zinc ferrites was then

evaluated using the appropriate formula.

Z
Na3

X-ray density = ud

Here M signifies the molecular weight and N signifies Avogadro’s number of the

prepared samples, and a is the lattice parameters. As the cobalt (Ni*") concentration increases



the X-ray density firstly decrease than increase[5], [30]. Other factors such as dislocation

density are calculated by the following equation.

which confirms that the concentration of cobalt increasing, then dislocation density values were

firstly decrease than increase progressively table 2.

Table 2: The structural parameters of synthesized Cox Ni(i-x.y) ZnyFeoO4 (Where x = 0.2,0.4,

0.6 and 0.8 and y = 0.1) evaluated for different Co®" concentrations.

S.No. Crystallite Dislocation d- Lattice Volume  Micro-  X-ray

size(nm) Density spacing Parameters [A] Strain  density

A [A] (g/cm®)
0.2 6.2 0.0260 2.505 8.3065 573.148 1.743 5.45
0.4 6.7 0.0222 2.511 8.3264 5772763  1.596 5.41
0.6 6.9 0.0210 2.505 8.3065 573.148 1.557 5.46
0.8 6.4 0.0244 2.505 8.3065 573.148 1.672 5.46

Several other parameters including specific surface area (S) can be evaluated using the

equation given below:

6000
S= % 4

Various additional factors such as tetrahedral and octahedral bond length dax and dgx,

tetrahedral edge, shared, and unshared octahedral edges daxe, dsxe, and dexeu can be described

dax(R) = V3 (u-7) 5
dex(A) = Y3 u? - 2u+0.375 6
daxe(A) = V2 Qu-) 7

dexe(A) = V2 (1 - 2u) 8



dexeu(A) = a(du? — 3u + =) 9

Based on literature reports, we take the oxygen positional parameter (u) as 0.375. Using this

value, the aforementioned parameters were estimated, and the calculated results are presented

in Table 3 [5], [31].

Table3: The structural parameters, including tetrahedral and octahedral bond lengths,

tetrahedral edge length, and shared and unshared octahedral edge lengths, were evaluated.

S.No. Lattice La[A] Lg[A] Specific dax[A] dex[A] daxe[A] dexe[A] dexeu[A]
parameters Surface

[A] Area(m?/g)

0.2 8.3065 3.5964 29363 177.5673  1.7983 1.6481 5.8727 2.9363 0.5170
0.4 8.3264 3.6053 29434 165.5309  1.8026 1.6530 5.8868 2.9434 0.5183
0.6 8.3065 3.5967 29363 159.2610  1.7983 1.6481 5.8727 2.9363 0.5170

0.8 8.3065 3.596 29363 171.7032  1.7983 1.6481 5.8727 2.9363 0.5170
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Figure 5: (a) Illustrates the deviations in crystallite size and lattice parameters. (b)
Demonstrates the deviations in unit cell volume and X-ray density (g/cm?).
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(b) Illustrates the variation in crystallite size and micro strain with increasing
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3.1.3 W-H Plot

The W-H plot used for estimating lattice strain in Cox Ni(1xy) ZnyFe:O4 (Where x
=0.2,0.4,0.6 and 0.8 and y=0.1) nano ferrite samples and for evaluating lattice strain and
crystallite size using the equation provided below:

Bcosd = kA/D + 4&sinf (10)

where B represents the FWHM, D denotes the crystallite size, A is the wavelength of the

X-ray, € corresponds to the lattice strain, and 0 is the Bragg angle. Figure 7 shows a plot in
which 4sinf is plotted along the x-axis and Pcosf along the y-axis to evaluate the lattice strain
Cox Ni(1xy) ZnyFe2O4 nano ferrite samples.[32], [33]. The presence of tensile lattice strain is
showed by a positive slope in this plot. But in this work, Cox Ni(i-xy) ZnyFe2O4 nano ferrite
samples are specified by positive slope in this plot[34], [35]. The lattice strain in Cobalt Nickel

Zinc Ferrite samples is provided in table 2 in the range of 1.557 to 1.743.
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Figure7: W-H Plot of Cox Ni(1x-y) ZnyFe>;O4 (where x = 0.2,0.4, 0.6 and 0.8 and y=0.1).

3.2. FESEM Analysis

The surface morphology of Cox Ni(ix.y) ZnyFe;Os (where x = 0.2,0.4, 0.6 and 0.8 and
y=0.1) powder samples was examined using Field emission scanning electron microscopy. To
reduce charging and increase contrast, the samples were coated using a thin palladium
layer[36]. The samples were then placed in the FE-SEM chamber. Once the required vacuum
level and high voltage conditions were attained, images of the surface morphology of the
samples were recorded. Figure 8, 9 indicates that the FE-SEM images along with the particle
size distribution of the samples Cox Ni(1-x-y) ZnyFe;O4 (where x=0.2, 0.4, 0.6 and 0.8 and y =
0.1). The size of the particles was found to be 25.3, 29.0 and 37.2 nm respectively. The
increase in size of particles was verified using the FE-SEM images[37], [38]. Although it was

found that higher concentrations result in lower agglomerations, the rate of growth of particles



and their microstructure are extremely sensitive to a number of factors, including sintering

temperature, oxygen partial pressure, and stoichiometry.
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Figure 8: FE-SEM images of Cox Ni(1x-y) ZnyFe2O4 where x =0.2,0.4 and y = 0.1.
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Figure 9: FE-SEM images of Cox Ni(1x-y) ZnyFe2O4 where x = 0.6,0.8 and y =0.1.

3.2.1 EDAX

EDAX spectroscopy was performed to determine the elemental composition. EDAX
was further applied to affirm the purity of the synthesized materials[39], [40]. The experimental
results for the presence of C, O, Co, Ni, Zn, and Fein the synthesized materials, represented as
the weight and atomic percentages, are depicted in figure 10,11,12, and 13 for the synthesized

materials for Cox Ni(1-xy) ZnyFe2Os where x = 0.2, 0.4, 0.6 and 0.8 and y =0.1.
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Figure 10: (a) EDAX spectrum, (b) Elemental mapping by using EDAX detector, (c) C, (d)
0, (e) Fe, (f) Co, (g) Ni, (h) Zn distribution in the sample for x=0.2.
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Figure 11: (a) EDAX spectrum, (b) Elemental mapping by using EDAX detector, (c) C, (d)
0, (e) Fe, (f) Co, (g) Ni, (h) Zn distribution in the sample for x=0.4.
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Figure 12: (a) EDAX spectrum, (b) Elemental mapping by using EDAX detector, (c) C, (d)
0, (e) Fe, (f) Co, (g) Ni, (h) Zn distribution in the sample for x=0.6.
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Figure 13: (a) EDAX spectrum, (b) Elemental mapping by using EDAX detector, (c) C, (d)
0, (e) Fe, (f) Co, (g) Ni, (h) Zn distribution in the sample for x=0.8.



33 FTIR Analysis:

To investigate their structural properties of the prepared samples of CoxNi(i-x-
yZnyFerO4 (where x = 0.2,0.4,0.6 and 0.8 and y =0.1). and ferrite-based polymer
nanocomposite PVA/ Cox Ni(1xy) ZnyFe;O4 where (x = 0.2,0.4, 0.6 and 0.8 and y=0.1). FTIR
spectra were acquired in the 400-4000 cm™ range. The absorption bands at 3465 cm™ and
1660 cm™ correspond to O—H stretching and H-O-H bending vibrations, respectively, while
the peaks at 2752 cm™" indicate C—H stretching vibrations[41]. While the peak at 1344 cm’!
indicates the C-O stretching shown in figure 14(a) For the Cox Ni(1-x-y)ZnyFe;O4 (Where x =
0.2, 0.4, 0.6 and 0.8 and y = 0.1). nanocomposite, the FTIR spectrum shows features
corresponding to both the polymer and ferrite components. The broad band at 3251 cm™
indicates O—H stretching vibrations of PVA along with absorbed moisture, while the peak at
2904 cm' represents C—H stretching of —CH- groups. The band at 1644 cm™' shows H-O-H
bending vibrations (table 4). The absorption at 1402 cm™ reflects C-H and O-H bending
vibrations of the polymer backbone, whereas the prominent peak at 1073 cm™ indicates C—O
stretching in PVA[42], [43]. The band at 831 cm™ corresponds to metal-oxygen vibrations,
confirming the inclusion of ferrite nanoparticles within the polymer matrix shown in Figure

14(b).

Table 4: FTIR bands and Debye temperature values.

Composition vi(em™) va(em™) vi2 (cm™) Op(K)
0.2 587 707 647 932
0.4 589 690 639.5 921
0.6 591 600 595.5 857

0.8 582 663 622.5 896
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Figure 14:(a) FTIR Analysis of Cox Ni(ix-y) ZnyFe;O4 (where x = 0.2,0.4, 0.6 and 0.8 and y
=0.1). (b) FTIR Analysis of PVA/Cox Ni(1-xy) ZnyFe2O4 (Where x = 0.2,0.4, 0.6 and
0.8 and y =0.1).

The FTIR spectra exhibit two prominent absorption bands (vi, v2), corresponding to the
tetrahedral and octahedral metal-oxygen vibrations characteristic of the spinel ferrite

structure[28]. The average vibrational frequency was calculated by:

v1l+v2

Vi2= 11

The Debye temperature (0p), which indicates lattice stiffness and bond strength, was

determined using
Op =915 12

The calculated values reveal that Op decreases initially with the composition and increases at
higher concentration (table 4). The highest Debye temperature at composition 0.2 indicates
stronger bonding and a more rigid lattice, while the lower values at intermediate composition

suggests lattice distortion[41].



34 Raman Spectroscopy:

Raman spectroscopy was utilized to assess the crystallinity and microstructural
characteristics of the nanoferrites. The obtained raman spectrum, shown in the figure 15(a),
validate the successful material preparation of cobalt substituted nickel zinc ferrite
nanoparticles[44], [45].For the low wavenumber region, three distinct peaks are measured at
301, 465, and 671 cm™', which are characteristic for ferrite spinel structures. The two peaks at
301 and 465 cm ™ are assigned to Tag vibrations for metal oxygen bonds in octahedral (B) sites
in ferrite spinel structures. The dominant peak at 671 cm™ is accredited to the Aig vibrational
mode of the ferrite spinel structures, The A:g mode corresponds to metal oxygen bonds in
tetrahedral (A) sites in ferrite spinel structures. The peaks at high wavenumber values of 2921,
1423, and 831 cm™! are associated to the stretching and bending vibrations for PVA[46], [47].
The peak observed at 2921 cm™ is attributed to the stretching vibrations of ~CH groups in PVA,
while the peak at 1423 cm™ corresponds to the bending vibrations of —CH: groups in PVA.
Additionally, the peak at 831 cm™ is associated with the stretching and bending vibrations of
C—C and C—H groups in PVA[48]. The occurrence of these peaks thus confirms the integrity of

PVA in the composite material shown in figure 15(b).
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Figurel5: (a) Raman Spectra of Cox Ni(1x-y) ZnyFe2O4 (wWhere, x=0.2,0.4, 0.6 and 0.8 and y
=0.1). (b) Raman Spectra of PVA/ Cox Ni(1-x-y) ZnyFe2O4 (Where x = 0.2,0.4, 0.6 and 0.8 and y
=0.1).



The Factor Group Analysis predicted three vibrational modes in the MFeO4 spinel
structure, i.e., Eg, Tog(3), Alg, which are attributes of spinel ferrites[28]. The Aig mode
corresponds to the symmetric stretching vibrations of oxygen atoms surrounding the metal ions
at the tetrahedral A sites, and it typically appears as the most intense peak in the Raman spectra
of ferrites. Thus, the presence of this mode is strong evidence of the formation of a well-ordered
spinel ferrite structure[49]. The T»g(3) mode is associated with asymmetric stretching
vibrations involving metal-oxygen interactions at the tetrahedral A sites, while the Eg mode
corresponds to the bending vibrations of oxygen atoms surrounding the octahedral metal
ions.The presence of all these distinct Raman active modes in figure 16 verified the formation
of homogenous cubic spinel phases. Thus, no additional peaks were observed, indicating high

phase purity and crystallinity of the ferrite samples[50], [51].
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Figure 16: Deconvoluted Raman spectra of Cox Ni(1x-y) ZnyFe>O4 (where, x = 0.2,0.4, 0.6 and
0.8 and y =0.1).



3.5 UV-VIS Spectroscopy:

The optical properties and electronic transitions are investigated via UV-VIS spectroscopy[52].
The obtained absorption spectra confirm the formation of Cobalt (Co®") substituted Nickel Zinc
ferrite nanoparticles, with absorption observed in the UV-Vis range of 200 to 800nm, as
illustrated in Figure 17(a). The Tauc’s relation is used to determined the energy band gap.
ahv =A(hv-Eg)" 13
where a is defined as the absorption coefficient and hv is the photonic energy, A is the
absorbance, Eg is the band gap, and n depends on the nature of electronics transition[53], [54].
For the direct band gap n is 2 and for the indirect band gap n is '4. By using the Tauc’s plot of

cobalt (Co*") substituted nickel zinc ferrite nanoparticle is varying form 1.07eV to 1.45eV are

listed in the table 5.
— x=0.2 a — x=0.2 b
— x=0.4 — x=0.4
— x=0.6
x=0.8

Absorbance (a.u.)
Extinction energy (K)
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Figure 17: (a) Absorbance spectra of Cox Ni(1-x-y) ZnyFeoO4 where x = 0.2,0.4, 0.6 and 0.8 and

y=0.1. (b) Extinction energy spectra of Cox Ni(1x-y) ZnyFe>04 where x =0.2,0.4, 0.6
and 0.8 and y=0.1.



The absorption coefficient (o) was calculated from the absorption data, which describes the
interaction of electromagnetic radiation with the material[28]. The extinction coefficient (k),

representing the attenuation of light within the material, was determined using the relation:

k=2 14
where a is defined as the absorption coefficient and A is the wavelength. The extinction
coefficient was found to increase significantly in the ultraviolet region due to strong charge
transfer transitions between O? and Fe** ions. In the visible region, lower values of k indicate
reduced absorption, consistent with the semiconducting nature of ferrite nanoparticles shown

in figure 17(b) and the values of extinction coefficient are mentioned in table 5[30], [S5].
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Figurel8: Tauc’s plot of Cox Ni(1xy) ZnyFe2O4 (where x = 0.2,0.4, 0.6 and 0.8 and y=0.1).



Table 5: Calculated values of wavelength, band gap, Extinction coefficient and Urbach energy
of Cox Ni(1-x-y) ZnyFe;O4 where x = 0.2,0.4, 0.6 and 0.8.

Composition Wavelength(nm) Band gap(eV) Extinction Urbach
coefficient(K) Energy(eV)

0.2 632 1.26 1.96 2.1

0.4 550 1.45 2.25 22

0.6 581 1.29 2.13 2.6

0.8 669 1.07 1.85 4.3

3.6  Dielectric Analysis:

3.6.1 Ac Conductivity:

The figure 19 shows the variation of AC conductivity with frequency for the prepared samples.
All the samples exhibit frequency-dependent conductivity, which is a typical characteristic of
ferrite materials.[56], [57]. It can be seen that the conductivity remains almost unchanged in
the lower frequency region and increases noticeably as the frequency increases. This type of
behavior is commonly observed in nano ferrite materials and indicates that the conduction
process is strongly dependent on frequency[51], [58]. The variation in AC conductivity with
cobalt concentration reveals that Coo.4Nio.sZno.1Fe2O4 exhibits the highest conductivity among
the investigated compositions. This behavior can be attributed to the existence of an optimum
cobalt substitution level that promotes the hopping conduction mechanism in the spinel ferrite
system. In ferrites, AC electrical conduction mainly originates from the hopping of charge
carriers between ions of the same element present in different valence states, predominantly
Fe** and Fe** at the octahedral (B) sites[59]. For the composition Coo.4Nio5Zno.1Fe;0a, the
cation distribution appears to be most favorable for this electron exchange process, thereby
enhancing the probability of hopping and resulting in higher conductivity. At lower cobalt
concentration, such as Coo2Nio.7Zno.1Fe2O4 the substitution level is insufficient to significantly
modify the cation arrangement and create a large number of effective hopping centres.

Consequently, the charge carrier mobility remains comparatively lower, which leads to reduced



AC conductivity. However, when the cobalt content is increased beyond the optimum value, as
in Coo.6Nio.03Zn0.1Fe204 and CoosNio.1Zno.1Fe204 the electrical conductivity decreases. This
reduction may be associated with increased lattice distortion, enhanced grain boundary
resistance, and possible suppression of the Fe?*/Fe*" hopping pathways due to excessive cobalt
incorporation. The higher cobalt content can alter the structural symmetry and impede charge

transport, thereby lowering the conductivity[60], [61].
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Figure 19: Ac conductivity of Cox Ni(1-x-y) ZnyFe2O4 (where x =0.2,0.4, 0.6 and 0.8 and y=0.1).
3.6.2 Impedance:

Figure 20 illustrates the variation of impedance with frequency for cobalt (Co**) substituted
nickel-zinc ferrite samples. For all compositions, the impedance decreases with increasing
frequency, which may be attributed to the diminishing contribution of space charge polarization
at higher frequencies[61]. At low frequencies, grain boundary resistance dominates the

electrical response, resulting in higher impedance values. A continuous decrease in impedance



with increasing frequency is observed due to the inability of charge carriers to follow the

alternating field. Among the studied samples, Coo4NiosZno.1Fe:Os exhibits the lowest

impedance, indicating the least resistance to charge transport. This may be due to the optimum

cobalt substitution, which favors electron hopping between Fe?" and Fe** ions at the octahedral

sites and reduces grain boundary contribution[62]. In contrast, lower and higher cobalt

concentrations lead to comparatively higher impedance, possibly due to insufficient hopping

centres at low Co®" content and structural distortion or enhanced grain boundary effects at

higher Co content. Hence, Co0.4NiosZno.1Fe204 demonstrates the most favorable electrical

conduction behavior among the investigated compositions. The complex impedance plots

(Nyquist plots) and the frequency dependent impedance characteristics illustrated in figure 21

offers valuable insights into the mechanisms of electrical relaxation and conduction[63], [64]
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Figure20: (a) Frequency-dependent variation of real impedance (Z') and (b) imaginary
impedance (Z") as a function of logarithmic frequency (logf) for different

compositions.
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Figure 21: Nyquist Plot of Cox Ni(1xy) ZnyFe;O4 (where x = 0.2,0.4, 0.6 and 0.8 and y=0.1).

3.6.3 Cole-Cole Plot

According to Koop's hypothesis dielectric structures consist of conductive grains which create
insulating boundaries between their grain materials. The dielectric properties of polycrystalline
nanomaterials depend on two factors which are their conductive grain components and their
grain boundary components which resist electrical flow[51], [65], [66]. The lattice plane
defects known as grain boundaries serve an important function within the system. Researchers
use the Cole-Cole plot for their research work because it helps them identify different dielectric
material sources in a nanomaterial study. The plot depicts the connection between imaginary
(z") and real (z') components of the dielectric modulus which creates a semicircular shape that

scientists use as the Cole - Cole plot for dielectric materials. Figure 22 displays all the Cole-



Cole plots which researchers obtained from their experiments using cobalt as a substitute for

nickel zinc nano-ferrite materials[54].

O msd —O—msd
1 4—e—cal £y 74—e—cal
3x10 ..w{;} e -n\,“x,){ 1.5x10 b

,
o

-
¢
-~ X
o~

& 2x10'1 —1.0x107 4
’% "5 o
& N
o
O
A — 5.0x10¢ 4
)_' I]
OO o ST ST A B o i " v - - . -
% 0" 3x10° 4x10° 3x10° 6x10° 7x 0.0  6.0x10° 1.2x107 1.8x10 2.4x10" 3.0x10”
zZ(Q) Z(0)
7
—0—msd 8.0x10 —o—msd
6.0x10’{ * ca —o—cal
¢ d o® jmi' F‘}?';C(‘; oFA D
v 5 3 - B L “aoQ
~° ..."Qg"‘e('qm‘él-‘ér 6.0x10’ it o ° 3,
&5 19 Oy D T = . 5
84"0"10" & . = \
N . ™ 4.0x10’ 4 — g I\
\ AA
¥y
A —wioH | *
2.0x107 4 —W— : M
' 2.0x107 4 — Wi \
' : c \
+ _w_@- II‘
0.0 . . . | . 1
0.0 3.0x107  6.0x10 9.0x10" 1.2x10° v T T T - r
0.0  3.0x10" 6.0x107 9,0x10" 1.2x10* 1.5x10°

Z
) 20

Figure 22: Cole-Cole Plot of Cox Ni(1x-y) ZnyFe2O4 (where x = 0.2,0.4, 0.6 and 0.8 and y=0.1).
3.6.4 Dielectric constant:

Figure 23 illustrates the variation of the dielectric constant (¢') as a function of frequency for
different compositions (x = 0.2, 0.4, 0.6, and 0.8). For all compositions, the dielectric constant
was found to decrease with increasing frequency, showing a typical dielectric dispersion
behavior. Higher €' values at low frequencies were attributed to interfacial polarization arising
from space charge accumulation at the grain boundaries[67]. In this region, charge carriers and
dipoles are able to follow the slowly varying applied electric field, resulting in enhanced

polarization and hence a larger dielectric constant. As the frequency increases, the dielectric



constant decreases sharply and eventually attain an approximately constant value in the high-
frequency region. This behavior occurs because dipoles and charge carriers fail to respond to
the quickly alternating electric field, thereby reducing the overall polarization[68]The observed
trend follows the Maxwell-Wagner interfacial polarization model and Koop's
phenomenological theory. The sample with x = 0.4 shows the highest dielectric constant across
all measurement frequencies. The enhancement results from three factors: increased space
charge polarization, improved grain boundary contribution, and higher charge carrier mobility.

The dielectric constant decreases in the order [69].
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Figure 23: Dielectric constant of Cox Ni(1xy) ZnyFe;O4 (where x = 0.2,0.4, 0.6 and 0.8 and

y=0.1).



3.6.5 Dielectric loss:

Figure 24 shows how dielectric loss (tan §) changes with different frequencies for the various
compositions (x = 0.2, 0.4, 0.6, and 0.8) used in the study. The dielectric loss for all
compositions shows a continuous decrease as the frequency of the signal’s increases [69], [70],
[71]. At low frequencies, relatively high values of tan 6 are observed, which are attributed to
space charge polarization and charge carrier hopping at grain boundaries. In this region, charge
carriers accumulate at interfaces and gradually follows the variation in external electric field,
resulting in significant energy dissipation and hence higher dielectric loss. With increasing
frequency, the dielectric loss decreases sharply and becomes nearly constant in the high-
frequency region. This behavior occurs because charge carriers and dipoles are unable to
respond to the rapidly alternating electric field, thereby reducing polarization losses and energy
dissipation. The shown trend with the Maxwell-Wagner interfacial polarization may be
considered as consistent with Koop's phenomenological theory. The highest dielectric loss in
the low-frequency region is exhibited by the x = 0.8 sample, while the lowest dielectric loss
over the entire measured frequency range is shown by the x = 0.6 sample. Enhanced dielectric
stability and reduced energy dissipation in the material are indicated by the lower dielectric

loss at higher frequencies[68], [72], [73].
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Figure24: Dielectric loss of Cox Ni(1xy) ZnyFe2O4 (Where x = 0.2,0.4, 0.6 and 0.8 and y=0.1).

3.6.6 EMI Shielding application:

To examine the EMI shielding performance of the flexible PVA/ Cox Ni(1-x.y) ZnyFe2O4 (Where
x =0.2,0.4, 0.6 and 0.8 and y= 0.1) nanocomposites, a Vector Network Analyzer (ROHDE &
SCHWARZ ZNB 40 VNA 100 kHz — 40 GHz) was used in the 7 - 13 GHz X-band range
through a waveguide-based method[6]. The flexible film samples were positioned between two
copper holders of a rectangular X-band waveguide for their measurement. The two-port setup
enables measurement of reflected and transmitted signals through complex scattering
parameters which describe the signals as reflection and transmission. In particular, S-
parameters S11 (S22) and S21 (S12) were obtained from the VNA to determine the total shielding

effect (expressed in dB), where S11 (S22) and the S»1 (S12) parameters denote the reflectance and



transmittance, respectively. Using these S-parameters, the reflectivity (R = [S11|> = [S22/*) and
the transmittivity (T =|S21> = [S12/*) can be evaluated, and the absorptivity A can be determined
using the equation A + R + T = 1[9]. The three elements - R, T, and A - are utilized to determine
the shielding effect. The net EMI shielding effectiveness (SEww) is represented by the
combined effectiveness of absorption (SEA), reflection (SER), and other attenuating
components. In this study, the EMI shielding effectiveness of PVA/ Cox Ni(ix.y) ZnyFe>O4
(where x = 0.2, 0.4, 0.6, and 0.8) nanocomposites was evaluated using a Vector Network
Analyzer (VNA). Figures 25 and 26 illustrate the reflection loss as a function of frequency for
composites with different weight proportions of PVA/ Cox Niaxy) ZnyFeoOs4 .The EMI
shielding graphs reveal that the shielding effectiveness of the samples varies with frequency,
confirming the frequency-dependent nature of electromagnetic attenuation. Among the all
samples, the PVA/Coo.4 @NZF 4wt% shows comparatively lower shielding values in the range
of about -19.86 to -27.05 dB, indicating moderate shielding behavior. In contrast, PVA/Coo.¢
@NZF 4wt% and PVA/Coo.s @NZF 4wt% show much deeper minima, reaching about —45.33
dB and —43.89 dB, respectively, which confirms their superior shielding performance[74]. The
enhanced attenuation in these samples may be due to better impedance matching, stronger
dielectric and magnetic losses, interfacial polarization, and multiple internal reflections.
Overall, the results demonstrate that the PVA/Coos@NZF 4wt% sample exhibits the highest
EMI shielding effectiveness, followed by the PVA/Coos@NZF 4wt% sample, while the
PVA/Coo4@NZF 4wt% sample shows the lowest shielding among the investigated

materials[74], [75].
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Figure 25: EMI Shielding of PVA/Co00.2Nio.7Zno.1Fe204 and PVA/Co¢.4Nio.5Zno.1Fe204
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4.

Conclusions
Cobalt-substituted Ni—Zn ferrite nanoparticles were successfully synthesized using the

sol-gel method, and X-ray diffraction along with Rietveld refinement confirmed the
formation of a single-phase cubic spinel structure with good crystallographic agreement.
The calculated crystallite size ranged from about 6.2 to 6.9 nm, confirming the
nanocrystalline nature of the synthesized samples, which is favorable for electrical and
shielding-related applications. FESEM analysis revealed uniformly distributed

nanograins, while EDAX confirmed the presence of the expected elemental composition



without detectable impurity phases, indicating successful synthesis of the desired
materials. FTIR and Raman spectroscopic studies exhibited characteristic tetrahedral and
octahedral metal-oxygen vibrational modes, confirming the structural stability of the
spinel ferrite phase and the effective incorporation of ferrite nanoparticles into the PVA
polymer matrix. Optical analysis using UV—Visible spectroscopy showed a gradual
decrease in optical band gap from 1.45 to 1.07 eV with increasing cobalt concentration,
indicating modification in the electronic structure due to cation substitution. Electrical
studies demonstrated typical frequency-dependent AC conductivity and impedance
behavior, mainly governed by electron hopping between Fe?" and Fe*" ions at octahedral
sites, with the composition around x = 0.4 showing comparatively enhanced electrical
performance. Dielectric studies indicated a decrease in dielectric constant and dielectric
loss with increasing frequency, consistent with Maxwell-Wagner interfacial polarization
and Koop’s theory, confirming the dielectric stability of the materials. The prepared
PVA/ferrite nanocomposite films exhibited significant EMI shielding effectiveness in the
X-band frequency range, with the Coo.s composition demonstrating the highest reflection
loss of approximately —45 dB, indicating strong electromagnetic wave absorption
capability. Overall, cobalt substitution effectively modified the structural, optical,
electrical, and dielectric properties of Ni—Zn ferrites, and the flexible PVA/ferrite
nanocomposites demonstrated strong potential as lightweight, flexible, and efficient

materials for advanced electromagnetic interference shielding applications.
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