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The structural and electrical properties of the nanoparticle spinel Ferrites with the general formula
MnxZnixFe2O4 that are composed with a sol gel auto combustion have been analyzed by vector
network analyzer (VNA), X-ray diffraction (XRD), and scanning electronic microscope (SEM).
MnZnFe>O4 spinel Ferrites are prepared using high-purity manganese nitrate, iron nitrate, zinc nitrate,
and citric acid. After being pressed at 100 M Pa by piston oil, the ferrite powder is sintered at three
different sintering temperatures 900, 1000, and 1100 °C to create solid samples. The XRD pattern and
SEM analysis showed that the samples are cubic spinel with an inhomogeneous grain size distribution.
Several electrical parameters, such as DC resistivity, Impedance, dielectric constant with real and
imaginary parts, and reactance depending on the scattering parameters, are calculated for the Mn-Zn
ferrite in order to study its electrical properties. These calculations are done in the entire X-band range
812 GHz using a VAN.
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1. INTRODUCTION

With the rapid development of modern technology, ferrites with spinel structures have gained
significant importance due to their high capability to absorb electromagnetic waves and their versatile
chemical composition of the form AB:0., where A and B represent different metal cations. These
ferrites are typically composed of iron oxides such as hematite (Fe:Os) and magnetite (FesOa),
combined with other metal oxides including CuO, NiO, MnO, CoO, and ZnO [1-4]. Various synthesis
techniques have been employed for the preparation of spinel ferrites, such as conventional ceramic
methods, hydrothermal processes, pulsed laser deposition, and sol-gel techniques. Among these, the
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sol—gel method is particularly attractive due to its advantages of low processing temperature, high
chemical homogeneity, and better control over particle size and composition [5,6]. Consequently,
spinel ferrites have become essential materials for numerous electronic applications, including
capacitors, transmitters and receivers, soft magnetic devices, and electromagnetic interference
suppression filters [7—10]. High-frequency and microwave functional properties of spinnel ferrites are
mostly controlled by their microstructure parameters such as grain size, porosity, and cations
distribution which in turn are highly sensitive to the processing conditions especially sintering
temperature [11-13]. Excessive sintering could lead to the overgrowth of grain boundaries or porosity
and consequently result in better carrier conduction hopping but bad dielectric and impedance
properties. Even though ferrites are generally considered to be insulating ferrimagnetic ceramic
materials [17, 18], their electrical response at microwave can be somewhat different depending on
synthesis and thermal treatment of the material [19, 20]. For the high frequency electrical
characterization, VNA (vector network analyzer) measurement provides valuable information with
scattering parameters such as reflection, transmission resistance and impedance coefficients [21-23].
In this regime, electrical response of ferrite under X-band frequency (8-12 GHz) is investigated
though S2: and S22 parameters. Although a number of works dedicated to Mn—Zn ferrites prepared by
chemical routes is reported, most of them just pay attention to the study of magnetic and low
frequency electrical properties. It is very rare to get complete studies systematically correlating the
sintering temperature with microwave-frequency electrical properties: the related impedance, real and
imaginary part of dielectric constant and reactance obtained from the scattering parameters.
Furthermore, correlation of these electrical properties with structural transformation as followed
through X-ray diffraction (XRD) and scanning electron microscopy (SEM) for the case of sol—gel
auto-combusted Mn—Zn ferrites is not extensively addressed. This lack of collective knowledge
prevents to optimize Mn—Zn ferrites for emerging microwave and communication devices 24, 25].
Therefore, in the present work we study the effect of sintering temperature on structural and electrical
properties of MnZn spinel ferrite nanoparticles (MNPs) prepared by sol-gel auto-combustion
technique. Sintered ferrite powders are synthesized at 900, 1000 and 1100 °C to study the influence of
calcination temperature on phase formation, crystallinity and grain morphology using XRD and SEM.
Furthermore, the key electrical characteristics including DC resistivity, impedance, dielectric constant
(both real and imaginary parts), reactance are evaluated in 8 12 GHz range based on a vector network
analyzer. This work will also be beneficial to the comprehension of the relationship between
microstructure and high-frequency electrical properties, and optimising Mn—Zn ferrites in microwave
devices and electromagnetic absorbing materials.

2. EXPERIMENTAL DETAILS
2.1 The sample preparation

To produce Mno.sZnosFe2O4, the raw materials with very high purity are chosen so as to refrain any
effect on the compound properties. Table 1 illustrates the raw materials which are utilized in the
present work. After determining the atomic weights, these raw materials are mixed with double-
distilled water (80 ml) in a glass beaker that is heat-resistant. The mixture is then homogenized by
constant stirring on a hot plate using magnetic stirrers. The pH solution is adjusted to (~7) by adding
ammonia solution, and it is then heated for 30 minutes at 50°C on a hot plate. The temperature is
increased to (90°C) within continuous heating for more than (2 hrs.). The sol is first transformed into
gel and then dried at 120°C. To create a structure of fluffy loose, the dried gel is burned in a self-
propagating combustion manner until all of the gel had been consumed. In order to achieve a better
crystallization with homogeneous cation distribution through the spinel crystallite, the burnt-ash is
calcined at (500°C) for (3 hours). In order to obtain the samples as a parallelogram measuring
(2.41.21.2) cm, the powder is pressed at (102 MPa) by the piston oil. The samples are heated to three
different sintering temperatures (900°C, 1000°C, and 1100°C) for six hours at a heating rate of
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50°C/min, after which they are removed from the furnace to cool gradually. Finally, the samples are
refined to get the dimensions (2.2x31.0%1.0 cm).

Table 1 The raw materials.

Raw materials The purity
Cu(NO3)2.6H>0 99 %
Mn(NOs)2 98%
Zn(NOs3)2.6H20 98%
Fe(NO3);.9H,0 97%

2.2 Sample characterizations
2.2.1 X-RAY diffraction measurement

The structural analysis is employed for the prepared samples after sintering, to investigate the crystal
structure by x-ray diffraction pattern (XRD) utilizing the radiation of Cu-Ka with wavelength A =
1.54060 A. The samples are measured using an XRD-6000 device, which is made in Japan by
SHIMADZU, with a Braggs angle range of approximately (26=10-80). Eq. 1, which represents
Bragg's law [26-28], can be used to calculate the distance between the atomic levels (d) of the prepared
models. The Standard Specifications Table (ASTM) is also approved in the comparison process to
determine the levels associated with growth of spinel structure Ferrites [29-31].
nA = d sin (0) (1)
a=dvh? +k? +1? (2)
The lattice parameter (a) can be determined using equation (3-5), which represents the cubic system
standard relation [32-34], where (n) refers to integer, (A) represents the wavelength, (0) is the X-ray
incidence angle and (d) is the distance between the levels of crystal. The inter planer distance (d) is
determined, and then the resultant x-ray patterns are compared with international standard (ICDD),
which is the American Standard for Testing Materials (ASTM) [35]. Normally, XRD is applied to
compute various parameters that could be employed to clarify the studies of the prepared samples.
a) Average Crystal Size (C.S.): Scherer's formula has been used to estimate the average Crystal size
(C.S.), it is one of the many line profile analysis techniques represented by the single line technique,
which is based on a Voigt function to calculate the size-strain parameters (crystallite sizes and micro
strains) [36-40].

0.942
C.S.= ) 3)
Where A represents the full width half maximum (FWHM), A refers to the XRD wavelength and 0 is
the diffraction angle of XRD peak.
b) Micro Strains (MS): The micro strains, which are measured in parts per million, are brought about
by the sintering of the samples. Additionally, the stretching or compression of the lattice strain, which
may be brought about by modifications to the atoms' displacements relative to the reference lattice,
would be investigated [13, 41-45]. The micro strain could be computed using the formula [9, 46-50]
MS = 4ASTM —axRD x 100% (4)

AASTM

¢) FWHM: is the line width at the half height for the intensity peak and is usually measured in (degree
)unit.

d) By using the equation (6), the density is computed from the XRD pattern parameters, along with the
porosity (P) that is calculated using bulk density (ppyx) of the prepared samples as illustrated in Eq. 7
[11,51-53]

Poulk =~ )
8M
Ptheo = Naa® (6)
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P(%) = (1 — 2e) @)

Ptheo
where (psneo) refers to the theoretical density, (M) refers to the molecular mass, (Na) represents the

Avogadro's number and (a) is the constant of lattice. The number 8 in equation (6) refers to the number
of molecules in the unit cell.

2.2.2 Measurement of electrical properties

The measurement of electrical properties is personalized by using vector network analyzer devise
(VNA) type of Anritsu MS4642A-20GHz, in the reign of all X-band frequencies (8-12 GHz).

The DC electrical conductivity (opc) is determined by using the following equation [19, 54].

Opc == (8)
where (d) is thickness of the sample pellet in (m), (R) is the sample resistance in unit (L), (A) refers to
the sample pellet area in (m?).

Drift mobility (p) is computed by utilizing the following relation [19, 55]
ODc
nw=—= 9

ne
where (e) is the electron charge, (n) is the concentration of charge carrier that could be calculated from

Eq. 10 [19, 55]

n = Na PbuikNre (10)

M
Eq. 11, which used to calculate the real part of the dielectric constant ((€'), allowed Eq. 12 to be used to
calculate the imaginary part of the dielectric constant (¢") [18, 55]

, _ Cd
g€ =— (11)
where (C) represents the capacitance [51]
¢’ = ¢'tand (12)
where (tand) is the dielectric loss tangent that is calculated using Eq. 13 [20, 40]
tand = cot (¢) (13)

where () is the phase angle in degree.
The Impedance real part (Z') and imaginary part (Z") could be determined using the equations below
(14-15) [49]
Z' = |Z|cos (P) (14)
2" = |Zlsin (¢) (15)
where (Z) is the Impedance.
From dielectric constant, the AC conductivity is calculated when employing the equation (16) [12]
O = 2mfe’e.tand (16)
where (oac) represents the AC conductivity, (f) denots to the frequency in (HZ), (¢-) is the free space
permittivity, this leads to evaluate the electrical modulus (M’ and M"), real and imaginary parts of
respectively using the equation (17-18) [13-17]

e

M" = er2+grm? (18)
The quality factor (Q) introduced as the reciprocal of loss factor as in Eq. 19 [8]

1
Q "~ tan () (19)

2.2.3 Antibacterial activity

The antibacterial activity of MnxZni—Fe:O4 nanoparticles (NPs) is evaluated against Gram-negative
Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus) using the agar
diffusion method (ADM). Sterile Mueller—Hinton agar plates are uniformly inoculated with bacterial
suspensions adjusted to a 0.5 McFarland standard (approximately 1.5 x 108 CFU/mL). Wells with a
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diameter of 6 mm are aseptically punched into the agar and filled with a fixed volume of the
MnxZni—~Fe20s nanoparticle suspension. The plates are incubated at 37 °C for 24 h, after which the
antibacterial efficacy is determined by measuring the diameter of the inhibition zones (in millimeters)
formed around each well. For this assessment, circular samples of MnxZni—Fe.Os nanoparticles
sintered at 1100 °C are employed.

2.2.4 Surface morphology

The images of scanning electron microscopy (SEM) for ferrite samples are used to investigate the
distribution pattern of the particle or grain size, crystal morphology and surface nature. Scanning
electron microscopy measurements show that all prepared samples consist of inhomogeneous grain
size distribution, which vary from (10 nm to 500 nm), as shown in Figure 1.

Figure 1 SEM micrographs of Mno.5sZno sFe2O4 sample; prepared at (a) 900 °C, (b) at 1000 °C, and (¢)
1100 °C using sol-gel methods.

3. RESULTS AND DISCUSSIONS

The results of the X-ray diffraction measurements showed that all prepared samples have a
polycrystalline structure and match perfectly with (ASTM) (ICDD cards 01-071-4919 AND 04-001-
9287), as shown in and Fig. 2 and Table 2, which are related to the formation of the cubic spinel
structure. The values of Millar indices (h k 1), which diffracted from X-ray, are (220), (400),(440),
(511), and the preferred plan is (311). The X-ray diffraction pattern results illustrate that the increasing
in sintering temperature led to a decrease in the Average Crystal Size and porosity, which in turn led to
an increase in the bulk density. It is natural that the temperature increasing will lead to an increase in
the Micro Strains.
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Figure 2 X-ray pattern of MnosZnosFe;O4 samples investigate by sol-gel technique at various
sintering temperature.

Table 2 XRD parameters for as-prepared samples.

Samples (hkl) 20°%gp: B (©) Dave (nm)
(220) 322 0546 14595
(311) 35.55 0.546 14.465
S1-900 °C (400) 43.1 0.462 16.698
(511) 57.1 0.546 13.343
(440) 622 0546  13.007
(220) 32.2 0.571 13.951
(311) 3555 0571 13.827
S2-1000 °C (400) 43.1 0.487 15.834
(511) 571 0571 12755
(440) 62.2 0.571 12.433
(220) 322 0588 13552
(311) 35.55 0.588 13.432
S3-1100 °C (400) 43.1 0.504 15.306
(511) 57.1 0.588 12.390
(440) 62.2 0.588 12.078

Figures 3-6 show aforementioned results. Although the results of the electrical measurements indicated
a direct relationship between the DC conductivity and the frequency, the effect of increasing the
sintering temperature resulted in an increase in the DC conductivity, and since DC resistivity is the
reciprocal of the DC conductivity, the relationship of the frequency with each of the DC resistivity,
reactance, and impedance is an inverse relationship with the frequency, and the increasing in the
sintering temperature led to their decrease, the Figures 7-10 show this analysis.
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Figure 3 Sintering temperature effect with bulk density.
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Figure 4 Relationship between sintering temperature with porosity.
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Figure 7 DC conductivity of Mno.sZno.sFe,O4 samples with different sintering temperature.
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Figure 8 DC Resistivity of Mno.sZnosFeoO4 samples with different sintering temperature.
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Figure 9 Reactance of Mno sZno sFe2O4 samples with different sintering temperature.
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Figure 10 Impedance of Mno sZno sFe2O4 samples with different sintering temperature.

Due to the fact that the impedance is a function of both the real (Z') and imaginary (Z") parts, Figures
11 and 12 show that the behaviour of the curve for each of these parts is decreasing with increasing
frequency, and the effect of increasing the sintering temperature is different. The real part thus
demonstrated that lowering the sintering temperature reduces the values of the real part of the
impedance for frequencies below (11MHz) and for frequencies greater than (11MHz). While there is
no significant effect on the sintering temperature increasing for the imaginary part of the impedance,
this behaviour is reversed.
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Figure 11 Real part impedance (Z') of Mno.sZno sFe2O4 samples with different sintering temperature.
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Figure 12 Imaginary part impedance (Z") of MnosZnosFe2O4 samples with different sintering
temperature.

Figure 13 shows the behavior of the Gaussian distribution of the real part of dielectric modulus (M'),
as it had a local maximum at the frequency (10.5) at the sintering temperature (1000 °C and 1100 °C),
while the temperature (900 °C) is the local maximum at the frequency (11.5 MHz).
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Figure 13 Real part of dielectric modulus(M") for Mng sZno sFe>O4 samples with frequency.

Regarding the imaginary part of dielectric modulus (M") depicted in Figure (13), it demonstrated an
erratically increasing trend for frequencies greater than (12MHz) for the sintering temperature (1100),

and the Gaussian distribution's behavior is not balanced as it is for the real part of dielectric modulus
(M.
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Figure 14 Frequency versus imaginary part dielectric modulus (M") for Mng sZno sFe,O4 samples.
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Figure 15 shows that as the sintering temperature increased, the number of charge carriers increased as
well. This result is consistent with the DC conductivity in Figure 6.
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Figure 15 Charge carriers’ number of Mng 5Zno.sFe;O4 samples with different sintering temperature.

Figure 16 demonstrates that as Drift mobility increased, frequency and sintering temperature also
increased.
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Figure 16 Drift mobility () of Mno.sZnosFe>O4 samples as a function to sintering temperature

Figure 17 shows the effect of the quality factor's Gaussian distribution, with the maximum values
occurring in the frequency ranges of 8 to 9 GHz. Figure 18 shows an increase in dielectric loss (tan
(0)), particularly for frequencies greater than (11.75).
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Figure 17 Quality factor of Mno.sZno sFe2O4 samples with sintering temperature.
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Figure 18 Relation between Dielectric losses with sintering temperature for Mno.sZno.sFe>O4 samples

5. ANTIBACTERIAL ACTIVITY

The agar diffusion results demonstrate that the MnxZni—Fe.Os nanoparticles sintered at 1100 °C
exhibit clear antibacterial activity against both Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus. The formation of distinct inhibition zones around the wells confirms the
effective diffusion of active species from the nanoparticle suspension into the agar medium and their
interaction with bacterial cells. The measured zone of inhibition (ZOI) of 10.70 mm for E. coli
indicates a slightly stronger antibacterial response compared to S. aureus. The enhanced susceptibility
of E. coli relative to S. aureus can be attributed to differences in cell wall structure. Gram-negative
bacteria possess a thinner peptidoglycan layer, which may facilitate greater interaction between the
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bacterial membrane and the ferrite nanoparticles or the reactive oxygen species (ROS) generated at the
nanoparticle surface. In contrast, the thicker peptidoglycan layer in Gram-positive S. aureus acts as a
partial barrier, resulting in a marginally reduced ZOI of 9.95 mm. Furthermore, the observed
antibacterial performance may be associated with the nanoscale particle size, improved crystallinity,
and surface defects induced by high-temperature sintering, which can enhance ROS generation and
metal ion release. These mechanisms collectively contribute to membrane disruption, protein
denaturation, and inhibition of bacterial metabolic activity. Overall, the ADM results confirm that
MnxZni—Fe204 nanoparticles synthesized via the sol-gel method and sintered at 1100 °C possess
promising antibacterial properties, making them suitable candidates for biomedical and antimicrobial
applications.

S. aureus

Figure 19 Agar diffusion method (ADM) showing the antibacterial activity of MnxZni—Fe2O4
nanoparticles sintered at 1100 °C against (a) Escherichia coli with a zone of inhibition (ZOI) of 10.70
mm and (b) Staphylococcus aureus with a ZOI of 9.95 mm

6. CONCLUSIONS

In this manuscript, the effect of changing the sintering temperature on the electrical and structural
properties of Mng sZno sFe;O4 ferrite prepared by sol-gel method was studied while maintaining control
over the pH and temperature of the solutions during the preparation process. The final results were
detrimental to our noticeable improvement in the structural properties, which led to a clear
improvement in the electrical properties when the sintering temperature is raised. It was observed that
the number of charge carriers increased with the increase in the sintering temperature, the increase in
the sintering temperature also led to a decrease in the average crystal size, and thus led to decrease
both porosity and Micro Strains.
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