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ABSTRACT
As there is an increase in demand for high performance materials that absorb electromagnetic waves
efficiently, there has been an emergence of composite materials made from spinel ferrites. In this research
work, studies on the synthesis, characterizations, and microwave absorption properties of NiFe,Os
composites with and without the use of Bi»3CusTisO12 and graphene are carried out. The NiFe,O4
composites were synthesized through the sol-gel auto-combustion process and studied via various
methods including X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM), and vibrating sample magnetometry (VSM). It was established that the use
of Bi»sCusTisO12 and graphene increases the microwave absorption abilities of the NiFe.O4 composites.
The ternary NiFe;O4@BisCusTisOn@graphene composite exhibited the strongest microwave
attenuation, with a minimum reflection loss of approximately -25 dB near 22 GHz at a matching thickness
of 2mm. The reflection loss remained below -10 dB across the plotted 18-26 GHz range, corresponding to
an effective absorption bandwidth of approximately 8 GHz. These findings indicate that combining
magnetic NiFe;Os, dielectric BiysCusTisO12 and conductive graphene provides a useful route for
improving microwave absorption in the K-band region.
Keywords: Composite Materials, Electromagnetic Wave Absorption, FTIR Spectroscopy, Graphene,
Microwave Absorption, Spinel Ferrites,

1. INTRODUCTION

The development of advanced materials capable of absorbing electromagnetic waves in an efficient
manner is of great importance for many applications, including shielding from electromagnetic
interference and microwave absorption. Among such materials, spinel ferrites, especially NiFe;O4, stand
out owing to their high magnetic properties. Unfortunately, low dielectric losses and impedance matching
issues may impede the effective use of spinel ferrites for microwave absorption purposes. For this reason,
there is much research aimed at developing composite materials incorporating ferrites. (Sakho et al.,
2018).

In the past few years, the inclusion of materials such as Biy3CusTisO12 in combination with materials that
have electrical conductivity, such as graphene, has led to considerable enhancements in the dielectric
properties of ferrite-based composite materials. The material Bi»sCusTisO12 is a material that possesses
excellent dielectric properties due to the perovskite structure and multiferroic nature (Assirey, 2019). On
the other hand, graphene has enhanced surface area and high electrical conductivity. (Zhu et al., 2015).
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The present study highlights the preparation and characterization of NiFe,Os4 based nanocomposites
containing Bi»3CusTisO12 and graphene through the sol-gel auto-combustion approach. The prepared
nanocomposites have been studied using several approaches, including XRD analysis, FTIR analysis,
SEM analysis, and VSM analysis, to explore their structural, chemical, morphological, and magnetic
behavior. It has been observed from the results that the incorporation of Biy3CusTi4O1, and graphene into
the NiFe,O4 based composite greatly enhances its microwave absorption properties, making it a suitable
candidate for high-frequency applications. (Abdulkarim et al., 2022).

Although NiFe,O4 based absorbers and graphene-containing ferrite composites have been studied
extensively, limited information is available on the combined influence of the magnetic NiFe,O4 phase,
the high-permittivity Bi»3CusTisO12 phase and conductive graphene within a single ternary composite
operating in the 18-26.5 GHz frequency range. In particular, the effects of this combination on phase
stability, particle morphology, optical response, magnetic properties, complex permittivity, complex
permeability, reflection loss and attenuation constant have not been sufficiently examined within one
integrated study. The present work therefore compares pure NiFe,O4 with NiFe;Os@ Bi»3CusTisO12 and
NiFe;Os@ Bi»szCusTisOn@graphene to determine how the progressive introduction of dielectric and
conductive phases modifies the mechanisms governing microwave attenuation. This comparison provides
direct evidence of the balance between magnetic loss, dielectric loss, interfacial polarization and
impedance matching in the prepared composites.

2. MATERIALS AND METHODS

2.1 Chemicals and Reagents

The materials used in the synthesis were nickel nitrate hexahydrate (Ni(NO3).-6H20, 99% purity), ferric
nitrate nonahydrate (Fe(NOs3);'9H20, 99.5% purity), bismuth nitrate pentahydrate (Bi(NOs)s3-5H,0,
99.9% purity), copper nitrate trihydrate (Cu(NOs)2:3H20, 99% purity), titanium dioxide (TiO2, 99.8%
purity), and citric acid (C¢HsO7), all of which were purchased from Sigma-Aldrich. Additionally,
graphene nanopowder with a surface area of 500 m?/g and 99% purity was also acquired from Sigma-
Aldrich. The high purity of these chemicals was crucial to minimize contamination and to ensure the
consistency and reproducibility of the final composite's properties.

2.2 Synthesis of NiFe:O4

NiFe204 was synthesized through a sol-gel auto-combustion process using high-purity, analytical-grade
chemicals as per Equation 1. A stoichiometric mixture of 2 mmol of nickel nitrate hexahydrate
(Ni(NO3)2-6H20, 99% purity) and 4 mmol of ferric nitrate nonahydrate (Fe(NO3)3-9H20, 99.5% purity)
was accurately measured and dissolved in distilled water to create a homogeneous solution (Fig. 1(a)).
Citric acid was then added in a 1:1 ratio with the cations, and ammonia solution was introduced to adjust
the pH of the solution to approximately 7. The solution was then stirred and heated to 90-100 °C using a
magnetic stirrer. A gel-like substance was formed, which was further heated to 280-300 °C to induce auto-
combustion, producing a fine precursor powder. This powder was then calcined in a muffle furnace at 900
°C for 5 hours to yield the final NiFe.O4 nanoparticles.

Ni(NO3)2'6H20 + 2Fe(N03)3'9H20 + C¢HgO7H,O —* NiFe;O4 + 22H,O + 6CO + 7NOs; + 7H»

(1

2.3 Synthesis of Bi2/3CusTisO12

Bi2/3CusTisO12 was synthesized using the sol-gel auto-combustion method, as described in Equation 2.
The high-purity analytical-grade (AR) reagents used include 0.67 mmol of bismuth nitrate pentahydrate
(Bi(NO3)3-5H:0, 99.9% purity), 3 mmol of copper nitrate trihydrate (Cu(NO3),-3H20, 99% purity), and 4
mmol of titanium dioxide (TiO,, 99.8% purity). These reagents were carefully weighed in stoichiometric
amounts and dissolved in distilled water to form a homogeneous solution (Fig. 1(b)). Citric acid was used
as the chelating agent, maintaining a 1:1 molar ratio of citric acid to cations. The mixture was stirred
continuously on a magnetic stirrer at a temperature of 90-100 °C, resulting in the complete evaporation of
the water and the formation of a viscous light blue gel. The gel was then subjected to auto-combustion at
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high temperatures (280—300 °C), leading to the formation of the precursor material. Finally, the precursor
was calcined at 900 °C for 7 hours to obtain the final product.

2.4 Synthesis of NiFe:04@Bi:/3CusTi4«O12 and NiFe:014@Bi:/3CusTi«O12@Graphene Composites
NiFe:04@Bi2/3CusTisO12 and NiFe:04@Bi2/3CusTisO12@graphene were prepared as physically blended
composites. Predetermined masses of the constituent powders were transferred to an agate mortar and
ground continuously for 15 minutes to reduce visible agglomerates and improve macroscopic
compositional uniformity. This low-energy route was selected as a simple and reproducible preliminary
method for evaluating the effect of combining magnetic, dielectric and conductive constituents. The
method does not necessarily produce complete nanoscale interfacial contact or chemical bonding among
the phases. Evidence of phase coexistence and elemental distribution was therefore assessed using XRD,
FESEM and EDX mapping. The limitations of manual blending should be considered when interpreting
the interfacial polarization and microwave-absorption results.

NiFe>04 + BiysCusTisO12 + — NiFe,04@Biz3CusTisOnz 3)

NiFe;O4 + BiysCusTigOqp + Graphene — NiFeZO4@Bi2/3Cu3Ti4O12@Graphene (4)

2.5 Characterization Techniques

The X-ray diffraction (XRD) patterns of the synthesized samples were obtained using a Bruker AXS-DS8
X-ray diffractometer, employing Cu-Ko radiation. Data were collected over a 20°-80° 20 range, utilizing
Cu-Ka radiation at 40 kV and 35 mA, with a step size of 0.02°. This analysis was performed to assess the
phase composition and purity of the samples. Identification of functional groups was carried out using an
FTIR spectrometer (SHIMADZU FTIR interferometer, IR spirit, model No: 1108213-T) in the
wavenumber range of 4000-400 cm™'. For this measurement, the samples were mixed with KBrin a 1:10
ratio, and pellets were pressed to facilitate the spectral analysis.

The morphology, particle size, and microstructure of the samples were examined using a Field Emission
Scanning Electron Microscope (FESEM), FEI Nova Nano 230, equipped with Energy Dispersive X-ray
(EDX), located at LPU, Punjab, India. The optical properties were studied using a UV-Vis-NIR
spectrophotometer (Varian, Cary 5000). Magnetic characterization was carried out with Vibrating Sample
Magnetometer (VSM, model EZ9) over a field range of 20 kOe, while microwave absorption
performance was evaluated wusing a Vector Network Analyzer (VNA) with a coaxial
reflection/transmission setup (Agilent Technologies, N5225A VNA).

To evaluate the microwave properties of NiFe>Os, NiFe,04@Bi23CusTisO12 and NiFe;O4@Bi»3CusTisO12
(@graphene, each powder formulation was mixed with 5 wt% polyvinyl alcohol as a temporary binder and
thoroughly homogenized. The mixtures were compressed into rectangular specimens with approximate
dimensions of 10.67 mm x 4.32 mm x 2.00 mm, corresponding to the internal cross-section of a WR-42
rectangular waveguide. The pellets were then calcined at 900 °C for 5 hours (Table 1). The VNA was used
to measure the complex scattering parameters, which were further utilized to calculate the complex
permittivity and permeability of the synthesized materials using 85071E software, in the frequency range
of 18-26.5 GHz (K band) at room temperature.

Table 1 Table 1: Weight Proportions for VNA Characterization of NiFe>Os, NiFe,O4@Bi23CusTisO12 and
NiFe,O0s@Bi,3Cus TisO1n@graphene composites

Sample NiFe,O4 Bi»3CusTisO1,  Graphene PVA

(grams) (grams) (grams) (wWt%)
NiFe;04 1.2 0.0 0.0 5.0
NiFezO4@Bi2/3Cu3Ti4O|z 1.2 1.2 0.0 5.0
NiFezO4@Bi2/3Cu3Ti4O|2 1.2 1.2 1.2 5.0
@Graphene
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Fig. 1 Diagram illustrating the synthesis process for NiFe>O4 and Biz3CusTi4O12 nanoparticles.
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Fig. 2 Diagram illustrating the synthesis procedure for (a) NiFe,Os @Bi23CusTisO12 and (b) NiFe;O4
@Bi23CusTi4O12@graphene composites.

3. RESULTS AND DISCUSSION

3.1 Phase Analysis

The figure displays the X-ray diffraction (XRD) patterns for four different materials: NiFe;Os,
Bi23CusTi4012, NiFe;04@ Biz3CusTisO12, and NiFe:Os@ BizsCusTisO2@graphene composites, shown
in panels (a) to (d). Panel (a) illustrates the XRD pattern for NiFe>Os, which presents clear peaks at 20 =
30°, 35°, 43°, 53°, 57°, and 63°, indicating the presence of a well-defined NiFe,Os spinel phase. These
peaks align with previously reported values in the literature, confirming the crystalline structure of
NiFe,Os (Ahmad et al.,, 2023). In panel (b), the XRD pattern for Bi;CusTisO12 is shown, with
characteristic peaks at 20 = 20°, 23°, 26°, 31°, 34°, 36°, and 39°, corresponding to its perovskite-like
structure, which is well-documented and known for its high dielectric and multiferroic properties
(Assirey, 2019). Panel (c¢) presents the XRD pattern for the NiFe;O4@Bi»3CusTisO12 composite, showing
peaks from both the NiFe,O4 and Bi»3CusTisO1, phases. This confirms the successful formation of the
composite without significant phase changes indicating that the two phases remain stable and retain their
properties when combined. Finally, panel (d) presents the XRD pattern for NiFeO4@
Bi3CusTisO12@graphene, showing peaks from NiFe>Os, BizsCusTisO12, and graphene. The peaks from
graphene are less pronounced, indicating the successful incorporation of graphene into the composite,
which enhances the material's electrical properties and potential for electromagnetic applications (Meng
et al.,, 2018). The addition of graphene is beneficial in improving the composite's performance in
electromagnetic interference shielding and microwave absorption, as graphene is renowned for its high
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surface area and exceptional conductivity (Yang et al.,, 2024), the XRD results indicate that the
incorporation of graphene does not disrupt the crystal structure of the NiFe,Os@ BixsCusTisOr2
composite. This suggests that the material maintains its structural integrity, underscoring its stability and
making it a promising candidate for a variety of applications, including energy storage and
electromagnetic technologies.
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Fig. 3 XRD patterns of (a) NiFe;0q, (b) Bi23CusTi4012, (C) NiF6204@Bi2/3Cu3Ti4012 and (d)
NiFe;04@Bi23CusTisO12@graphene composite

Table 2: Lattice Properties of NiFe>O4 and Biz;3CusTisO12
Lattice

Sample Constant Volume of Unit Experimental Theoretical Density Porosity
P (A) Cell (A3) Density (g/cm?) (g/cm?) (%)

NiFe;O4 8.38 296.47 5.19 5.00 3.80

Bi»3CusTisO12 8.15 278.24 5.31 4.10 22.73

3.2 Attached Functional Groups Analysis

Figure 4 displays the Fourier Transform Infrared (FTIR) spectra for NiFe,O4, Bi»3CusTisO12, and their
composites, both with and without graphene. These spectra provide valuable information for identifying
functional groups within the materials and assessing bonding and structural changes in the composites.
Panel (a) illustrates the FTIR spectrum of NiFe,Os, where several prominent absorption bands are
observed. The peak at 579 cm™ in the fingerprint region is characteristic of the spinel structure, which is
related to the stretching vibration of the tetrahedral sites in NiFe,O4 (Li et al., 2025). Additionally, The
FTIR spectrum of NiFe,Os; exhibited a prominent absorption band in the low-wavenumber region,
assigned to metal oxygen stretching vibrations associated with the spinel ferrite lattice. The feature near
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1123 cm™ is more reasonably associated with surface C-O-containing species or adsorbed surface groups
rather than undecomposed citric acid, because the powder had been calcined at 900°C. The band near
1623 cm™ is attributed mainly to the bending vibration of molecular water adsorbed on the particle
surface, while the broad high-wavenumber feature is associated with O-H stretching of surface hydroxyl
groups and adsorbed moisture. The weak band around 2355-2370 cm™ is assigned to atmospheric or
surface-adsorbed CO.. For the graphene-containing composite, bands in the 1500-1650 cm™ region may
arise from C=C skeletal vibrations and oxygen-containing surface functionalities associated with
graphene. These assignments avoid implying the survival of nitrate or citric-acid residues after high-
temperature calcination. (Saha et al., 2025). A broad absorption band around 3491 cm™ indicates O-H
stretching vibrations, confirming the presence of moisture or water molecules in the sample (Elsayed et
al., 2011).

Panel (b) shows the FTIR spectrum for Biz3CusTisO12, where a characteristic band at 576 cm™ in the
fingerprint region is attributed to the Ti-O-Ti stretching vibrations in the TiOs octahedral units (Dumnui et
al., 2025). Absorption bands around 2356 cm™ and 3509 cm™ correspond to CO: absorption and O-H
stretching vibrations, respectively, confirming the presence of moisture and adsorbed CO: on the surface
(C. C. Zhang et al., 2020).

Panel (c) presents the FTIR spectrum of the composite NiFe.Os@ Bi»;CusTisO2@graphene, showing
additional absorption bands at 1127 cm™, 1546 cm™, 1658 cm™, 3752 cm™, and 3878 cm™'. The band at
1127 cm™ is similar to that seen in NiFe,O, and is likely associated with residual organic compounds
(Wang et al., 2020). The bands at 1546 cm™ and 1658 cm™ are linked to C=C, C-O, C-N, and C-OH
stretching vibrations, likely resulting from the interaction between graphene and the composite (Y. Chen
et al., 2013). The presence of moisture in the composite is further confirmed by the bands at 3752 cm™
and 3878 cm™, indicating additional O-H stretching vibrations (Yang et al., 2024).

In general, the FTIR spectra confirm the presence of characteristic bands in the composite material
NiFe O0s@Bi23CusTisOn@graphene due to both phases, which are accompanied by some contribution
from graphene. Moreover, the presence of water and functional groups, namely hydroxyl (OH) and
carboxyl (COOH) groups, implies the possibility of increased interaction sites. In this case, more
perspectives in applications can be opened, especially in catalysis and energy storage, where functional
groups become very important.
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Fig. 4 FTIR spectra of (a) NiFe;Os, (b) NiFe,04@Bi»3CusTisO12, and (¢)
NiFe;04@Bi23CusTisO1@graphene composite.
3.3 Morphology Analysis

Figures 5 (a), (b), and (c) are FESEM micrographs of NiFe;Os4, NiFe:Os@ BizsCusTisO12, and
NiFe;04@Bi23CusTisO2@graphene  composites, respectively. The FESEM micrographs exhibit
significant agglomeration in NiFe;O, attributed to magnetic dipole interactions between nanoparticles
(Fig. 5(a)) (Isik et al., 2026). Agglomeration is associated with the denseness of the particles resulting in
particle growth into a continuous network structure (Yang et al., 2024). In contrast, the degree of
agglomeration of NiFe,;O4 particles is greatly minimized upon doping with Biz3CusTisO12 (Fig. 5(b)). This
could be attributed to the non-magnetic property of Biz3CusTi4O12. Consequently, it reduces the magnetic
dipole interactions and minimizes particle agglomeration.

Furthermore, the level of agglomeration is greatly reduced in NiFe;O4@ Bi23CusTi4O12 upon loading onto
graphene surfaces (Fig. 5(c)). It indicates that the non-magnetic nature of graphene suppresses magnetic
interactions and leads to a uniform dispersion of the nanoparticles. In addition, incorporating
NiFe 0s@Bi23CusTisO12 on the graphene surfaces produces hetero-interfaces responsible for enhancing
microwave absorption (Khairy, 2014).
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Figure 5 (e), (f), and (g) shows the particle size distribution of NiFe,O4, NiFe;Os@ Bi»3CusTisO12, and
NiFe,Os@Bi2sCusTisOn@graphene composites, respectively. The average particle sizes were measured
to be 0.21 um, 0.28 um, and 1.73 pum, respectively. Therefore, there was a remarkable increase in particle
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Fig. S FESEM micrographs and particle size distribution of (a and e) NiFe;O4, (b and f)
NiFe;04@Bi23Cu3TisO12 and (¢ and g) NiFe2O4@Bi23CusTisO1p@graphene composite.
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3.4 Band-gap Analysis

The UV-Visible spectrometry technique was used to explore how photons are absorbed by the
nanomaterials in order to cause electron excitation from the valence to conduction bands. The graphs of
the Kubelka-Munk absorbance spectra for NiFe;Os, NiFe;Os@  BizsCusTisO12  and
NiFe;04@Bi23CusTisO1@ graphene composites within the range of 200-800 nm wavelengths are
presented in Figure 9 below. From Figure 7(a), NiFe,O4 showed an absorbance peak of 450 nm which
indicates that the NiFe;O4 has a band gap (Ex) of 4.55 eV and corresponds to the NiFe;O4 spinel
structures. The figure below (Figure 7(b)) indicates that NiFe,Os@Bi»3CusTisOcomposite also had a
similar absorbance pattern but with a slight change in peaks due to a decrease in the band-gap from 4.55
to 4.42 eV. This means that the addition of Bi»;3CusTisO12 has reduced the absorbance energy since
NiFe>0s@Bi,3CusTisO12 interacts and alters the electronic structure of NiFe,O4 (K. Chen et al., 2024).
The addition of graphene resulted in a further decrease in the band-gap to 3.78 eV (See Figure 7(c)). This
shows that the addition of graphene has lowered the band-gap due to the restoration of the m-electronic
structures (Alhazime, 2026). The figure shows that the absorbance peak of the composite increased due In
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Fig. 7 (c¢), the NiFe,O4@ Bi»sCusTisO@graphene composite shows further changes. A significant
decrease in the band-gap to 3.78 eV is observed, which is attributed to the incorporation of graphene. The
graph shows a broader absorption peak compared to the previous composites, indicating that graphene has
a significant impact on the optical properties of the material, likely due to the restoration of the -
electronic structure in the graphene sheets (Alhazime, 2026). The addition of graphene enhances light
absorption between 350-700 nm, which is a key feature for improving the material's microwave
absorption capabilities.

The band-gap (E'g] was calculated from the absorbance spectra (Kubelka-Munk) and the Tauc formula

(Eq. 5).
F(r)hv = A(hv— E )" (5)

where F(R) is the Kubelka—Munk function obtained from the diffuse-reflectance data, 4 is Planck’s
constant, v is the photon frequency, 4 is a proportionality constant, and Eg is the optical band-gap energy.
The exponent n depends on the assumed electronic transition. In the convention used here, n=2 represents
a direct allowed transition, while n=1/2n represents an indirect allowed transition. The value of Eg was
obtained by extrapolating the linear region of the appropriate Tauc plot to the photon-energy axis.

It should be noted that the Tauc formula is frequently utilized for calculating the band-gap of
semiconducting  materials. The band-gap for NiFe;Os4, NiFe:O4@Biz3CusTisO12, and
NiFe,0s@Bi2sCusTisOn@graphene composites was 4.55 eV, 4.42 eV, and 3.78 eV, respectively (Table
3). Thus, it can be concluded that with the inclusion of Bi»sCusTisOi12 and graphene, the band-gap
reduces, indicating improved electronic conductivity and enhanced charge carriers' production (Verma &
Goh, 2019).

The obtained results are supported by literature data that indicates that adding graphene to composite
materials helps decrease the band-gap, allowing better wave absorption and improvement of microwave
absorption capacity (Aggarwal & Narang, 2020).

The results of the study are supported by literature data, according to which the addition of graphene to
composites allows decreasing the band gap, improving the capability of electromagnetic wave absorption
and microwave absorber properties (Aggarwal & Narang, 2020).
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Fig. 7 Band-gap of (a) NiFe2Os4, (b) NiFe:04@Bi23CusTisO12 and (c)
NiFe2O4@Bi23CusTisOr2@graphene composite

Table 3. Band-gap of NiFe;0q, NiFe 04@Bi23CusTi4012 and
NiFe;04@Bi23Cu;TisO12@graphene composite

Sample Band-gap (eV)
NiFeO4 4.55
NiF6204@Bi2/3CLI3Ti4012 4.42

NiFe>04@Bi,3CusTisO12@graphene 3.78

3.5 Magnetic Analysis

Figure 8 below shows the M-H hysteresis loops of the NiFe;Os, NiFe,04@ BirsCusTisO12, and
NiFe;04@Bi23CusTisO12@graphene composites. The obtained M-H curves exhibit a typical magnetic
hysteresis property, which is very important for understanding the magnetic characteristics of these
materials.

In the figure above, the black curve shows that NiFe,O4 has a saturation magnetization value of 122
emu/g and a coercivity value of 310 Oe, Table 4 which is evidence of its being a soft magnet (Nag et al.,
2023). Upon addition of Biz;3CusTisO12 to NiFe>Os, the saturation magnetization value drops to 62 emu/g
and coercivity rises to 160 Oe. This rise in coercivity value is due to the fact that Bi»3CusTi4O1 is not
magnetic and thus leads to a decrease in magnetic dipole interactions among NiFe,Os (Magaji et al.,
2025).

Upon adding graphene, shown by the blue curve, saturation magnetization decreases to 45 emu/g,
whereas coercivity rises to 130 Oe. This trend is because graphene is non-magnetic but contributes to the

36



Magaji & Nurhafizah...... ..I nt. J. Innovative Biochem. & Microbio. Res. 14(3):25-45, 2026

structure, thereby further reducing the magnetization value (Quan et al., 2017). M-H loop results show
that the magnetic properties have been enhanced in the graphene composite, indicating that the
magnetization of this compound is lower owing to the introduction of non-magnetic substances
(Bi2sCusTisO12 and graphene). This is consistent with the results provided by Magaji et al., 2025,
according to which adding non-magnetic materials lowers magnetization because of magnetic
interference.

The magnetic properties of increased Hc and decreased Ms make the composites suitable for use in
electromagnetic wave absorption systems, as He is important for their functionality.
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Fig. 8 M-H hysteresis loops of NiFe,O4 and its composite.

Table 4 Magnetic parameters of NiFe;Os, NiFe:O4@Biz3CusTisO1; and  Ni
Fe,04@Bi23CusTisO1@graphene composite

Sample H. (Oe) M; (emu/g) M; (emu/g)
NiFe;O4 310 30 122
NiFe204@Bi2/3Cu3Ti4012 160 23 62
NiFe204@Bi2/3Cu3Ti4O12@graphene 130 18 45

3.6 Microwave Absorption Analysis

3.6.1 Dielectric and Magnetic Loss Mechanism

Figure 9 demonstrates the changes in dielectric permittivity (g'), dielectric loss (g"), magnetic permeability
(1), and magnetic loss (u") with frequency for NiFe;O4 and its composites. NiFe;Os shows a marked
decrease in €' and €" after a peak around 21 GHz, which reflects its fundamental dielectric behavior.
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However, when Bi,3CusTisO12 is incorporated, both €' and &" increase, highlighting the superior dielectric
properties of Bi»3CusTisO12, a dielectric material (Wang et al., 2015). The inclusion of graphene further
boosts €' and &", particularly in the 22-25 GHz frequency range, due to graphene's ability to facilitate
charge carrier mobility and enhance polarization effects at the interfaces of the materials (Ur Rehman et
al., 2024).

As for the magnetic properties, NiFe2O4 shows high values for p' and p", in line with its inherent magnetic
characteristics. The incorporation of Bi»3CusTisO12, a non-magnetic material, leads to a reduction in both
p' and p", reflecting a diminished magnetic behavior. The further addition of graphene reduces the
magnetic properties even more due to its non-magnetic nature, although it enhances the conductivity of
the composite (Song et al., 2020).

The synergistic effects of graphene, Bi»3CusTisO12, and NiFe,O4 lead to improved dielectric and magnetic
losses, enhancing the composite's ability to absorb microwaves and making it highly effective for
electromagnetic wave attenuation (Wen et al., 2025). This improvement in microwave absorption is
attributed to better impedance matching, a key factor in optimizing performance for high-frequency
applications such as electromagnetic interference (EMI) shielding and other advanced technological
applications.
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Fig. 9 Variation of (a) real permittivity, (b) imaginary permittivity, (c) real permeability and (d) imaginary
permeability with frequency for NiFe;O4 and its composite.

Fig. 10 and Fig. 11 illustrate the variation of dielectric tangent loss (tan d.) and magnetic permeability (p')

with frequency for NiFe;O4 and its composites with Bi»3CusTi4O12 and graphene. In Fig. 12, the tan d.
values for NiFe,O4 are relatively low, indicating minimal dielectric energy dissipation. However, the
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NiFe;04@ BizsCusTisO12 composite shows a substantial increase in tan Je, especially around 24 GHz,
highlighting enhanced dielectric loss due to the presence of the dielectric Bi»3CuszTi4O2 phase (Adams et
al., 2006). The addition of graphene further boosts tan o., reflecting better polarization effects and
increased energy dissipation over a broader frequency range.
In Fig. 11, NiFe»O4 exhibits high p' values, characteristic of its strong magnetic properties. The NiFe,Os@
Bi»3CusTisO12 composite shows a slight increase in p' due to the presence of NiFe»Os, which is magnetic,
although the non-magnetic Bi»3CusTi4O12 phase reduces the overall magnetic response (Ahmadipour et
al., 2016). The NiFe;O4@ Bi»3CusTisOn(@graphene composite shows a decrease in p' due to the non-
magnetic nature of graphene, confirming its role in moderating the composite’s magnetic properties.
These findings suggest that while the addition of Bi»3CusTisO12 enhances the dielectric properties, the
inclusion of graphene improves both dielectric loss and impedance matching, leading to superior
electromagnetic wave absorption properties. These improvements are essential for applications in
microwave absorption and electromagnetic shielding, where efficient energy dissipation and impedance
optimization are critical (Akhtar et al., 2018).
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Fig. 10 Variation of dielectric tangent loss with frequency for NiFe;O4and its composite.
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Fig. 11 Variation of magnetic tangent loss with frequency for NiFe,O4 and its composite.

3.6.2 Reflection Loss Mechanism

Fig. 12 presents the reflection loss (RL) of NiFe:Os4, NiFe,04@Bi23CusTisO1, and
NiFe,0s@Bi23CusTisOn@graphene composites, plotted across the frequency range from 18 GHz to 26
GHz. Reflection loss (RL) is an essential parameter in evaluating how well materials absorb
electromagnetic waves, particularly in applications such as microwave absorption and electromagnetic
interference shielding. A lower RL value indicates better microwave absorption, which is crucial for the
effectiveness of materials in these applications. From the figure, it is evident that NiFe,O4 (represented by
the black curve) exhibits relatively high reflection loss across the entire frequency range, with RL values
between approximately -20 dB and -22 dB. At a fixed absorber thickness of 2mm the
NiFe,0s@Bi23CusTisOn@graphene composite exhibited a minimum reflection loss of approximately -25
dB near 22 GHz. This suggests that NiFe;O4 alone is not very efficient at absorbing electromagnetic
waves, indicating that its magnetic properties are not fully optimized for microwave absorption.

The introduction of Bi»sCusTi4O12 to NiFe;O4 (depicted by the red curve) leads to a marked improvement
in microwave absorption. The RL values drop further, particularly in the 22 GHz to 25 GHz range,
reaching as low as -24 dB. This enhancement is due to the Bi»3CusTi4O12 phase, a dielectric material that
improves impedance matching in the composite, thereby promoting better energy dissipation and
enhancing electromagnetic wave absorption (A. Zhang et al., 2025).

The incorporation of graphene into the NiFe;O4@Bi,3CusTisO12 composite (shown by the blue curve)
results in the lowest RL, particularly around 24 GHz, where RL values drop to as low as -25 dB. This
demonstrates that NiFe,O4@Bi2;3CusTisO2@graphene composites perform the best in terms of
microwave absorption among all the materials tested. Graphene enhances the dielectric properties,
increases the surface area, and improves conductivity, which collectively lead to better impedance
matching and increased energy dissipation (K. Chen et al., 2024). The addition of graphene also facilitates
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better polarization effects and boosts charge carrier mobility, both of which are essential for effective
microwave attenuation and enhanced wave absorption.

These findings demonstrate that combining NiFe>Os, BiysCusTisO12, and graphene in a composite
significantly enhances microwave absorption properties. Graphene plays a crucial role in improving
impedance matching and boosting the overall microwave absorption capabilities of the material.
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Fig. 12 Reflection loss of NiFe;O4 and its composites

Fig. 13 presents the attenuation constant (o), a key parameter indicating how effectively a material
absorbs electromagnetic waves, plotted against frequency for NiFe,O4, NiFe:Os@ BizsCusTisO12, and
NiFe,04@Bi23CusTisO12@graphene composites. The attenuation constant (o) is directly related to a
material's ability to absorb and dissipate electromagnetic energy; the higher the value of o, the more
effective the material is at absorbing electromagnetic waves. From the figure, NiFe;O4 (black squares)
shows relatively low a values across the frequency range, which gradually increases towards 22 GHz
before stabilizing at around 250 cm™. This suggests that NiFe,O, alone does not absorb microwave
radiation as effectively as the composites, in line with its moderate magnetic and dielectric properties
(Narang & Pubby, 2021).

In contrast, the NiFe,O4@Bi»3CusTisO1, composite (red circles) exhibits a significant increase in a,
reaching approximately 500 cm™ around 23 GHz. The Bi»3CusTisO12 phase improves the dielectric
properties of the composite, leading to better energy dissipation and higher attenuation at elevated
frequencies. This increase in a is attributed to improved impedance matching and enhanced polarization
effects provided by Bi,3CusTi4O12 (Routray & Saha, 2024).

The NiFe;O04@Bi23CusTisO@graphene composite (blue triangles) shows the highest o values,
particularly between 22 GHz and 25 GHz, with the maximum value surpassing 800 cm™. This
demonstrates that the inclusion of graphene, a highly conductive material, greatly enhances the material's
ability to absorb electromagnetic waves. Graphene boosts charge carrier mobility, contributing to
improved energy dissipation, which is evident in the higher a values when compared to the other two

41



Magaji & Nurhafizah........I nt. J. Innovative Biochem. & Microbio. Res. 14(3):25-45, 2026

composites. The combination of magnetic and dielectric materials with graphene in the composite leads to
a remarkable enhancement in the microwave absorption capacity of the material (Huang et al., 2018).
This analysis highlights the significant role of graphene in improving the electromagnetic wave
absorption properties of NiFe,O4 based composites, making them more effective for applications in
microwave absorption and electromagnetic shielding.
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Fig. 13 Attenuation constant (&) of NiFe,O4 and its composites

CONCLUSION

Overall, this study evaluates the synthesis and characterization of composites from NiFe,O4. It was
successful in synthesizing NiFe,O4, Bi»3CusTisO12, and graphene by applying the sol-gel auto-combustion
technique. The materials obtained were characterized using XRD, FTIR, SEM, VSM, and EDX analyses
to ascertain their phase purity, functional groups, morphology, and magnetic behavior. Significant
improvements in the microwave absorption capability have been reported due to increased dielectric
properties and magnetic permeability.

The use of Biz3CusTigO12 and graphene in NiFe;O4 enhanced its ability to absorb electromagnetic waves
because of increased dielectric loss, magnetic properties, and impedance matching capability. The results
revealed that the NiFe;O4@ Bi>sCusTisOr2@graphene composite recorded the best performance in terms
of the lowest RL and highest a values, especially within the 24 GHz frequency range. This improvement
was attributed to the combined role played by the conductive graphene and the dielectric BisCusTisO12
compounds.

Based on the results, there is a high possibility that these synthesized NiFe,O4 based composites could be
applied to different high-frequency uses such as electromagnetic interference shielding, microwave
absorption, and energy storage applications. Therefore, the introduction of graphene as a conductive
material and Biz3CusTisO1; as a dielectric material significantly increased the overall performance of the
composite. The findings highlight the importance of material composites in advancing microwave
absorption technologies and their applications in high-frequency electronics.
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