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ABSTRACT

The present study investigates the influence of annealing temperature on the structural, magnetic, and
morphological properties of doped Mg-Ni-Zn ferrite nanoparticles synthesized via the sol-gel method. The
nanoparticles were annealed at different temperatures ranging from 200°C to 600°C, and their phase
composition, crystallinity, grain size, magnetic properties, and surface morphology were analysed using X-ray
diffraction (XRD), Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDS), and
Vibrating Sample Magnetometry (VSM). The results indicate a significant enhancement in crystallinity and
particle size with increasing temperature, while the magnetic properties exhibited a strong dependence on
annealing conditions. The findings provide valuable insights into optimizing the annealing temperature for
tailored ferrite properties in technological applications.

Keywords: Mg-Ni-Zn ferrite, sol-gel method, annealing temperature, structural properties, magnetic
properties, morphological analysis, XRD, SEM, EDS, VSM.

INTRODUCTION

Ferrite nanoparticles have attracted significant attention in recent years due to their remarkable electrical,
magnetic, and catalytic properties[1], [2], [3]. Among these, spinel ferrites with the general formula MFe2O4
(where M represents a divalent metal ion) are widely used in applications such as high-frequency transformers,
microwave devices, sensors, and biomedical applications[4], [5], [6], [7]. Magnesium (Mg), Nickel (Ni), and
Zinc (Zn) doped ferrites exhibit unique magnetic properties that can be tailored by varying synthesis
conditions, chemical composition, and thermal treatments[8], [9], [10], [11], [12].

Ferrites are classified into three main types: spinel, hexagonal, and garnet ferrites. Among them, spinel ferrites
are the most widely studied due to their superior structural stability, soft magnetic behaviour, and tenable
electrical properties[13]. These materials exhibit high saturation magnetization, low coercivity, and excellent
thermal and chemical stability, making them ideal for applications in data storage, electromagnetic interference
(EMI) shielding, and magnetic resonance imaging (MRI) contrast agents[14], [15], [16]. Their dielectric
properties also make them promising candidates for use in electronic components such as inductors and
capacitors[17].

The unique magnetic behaviour of ferrites is attributed to their crystal structure, where metal cations occupy
both tetrahedral and octahedral sites within the oxygen sublattice[18], [19]. The distribution of cations among
these sites significantly influences the overall magnetic properties of the material. In doped Mg-Ni-Zn ferrites,
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the substitution of different cations alters the magnetic interactions between the Fe** ions, thereby modifying
the material’s coercivity, permeability, and magnetization[20], [21], [22].

Annealing temperature is one of the most critical factors influencing the structural, morphological, and
magnetic properties of ferrite nanoparticles. Thermal treatment affects phase purity, crystallite size, grain
growth, and defect density, which in turn impact the functional performance of the material[23], [24], [25].
Controlled annealing can enhance the crystallinity, reduce structural defects, and modify magnetic properties
by altering the cation distribution within the spinel lattice. However, excessive annealing may lead to grain
coalescence, which can degrade the material’s performance in specific applications.

The sol-gel method is a widely used technique for synthesizing ferrite nanoparticles due to its advantages such
as uniform mixing, low processing temperature, and high chemical homogeneity[5], [15], [16], [26], [27], [28],
[29]. This method enables precise control over particle size and morphology, which are crucial for optimizing
the magnetic and electrical properties of ferrites. In this study, Mg-Ni-Zn ferrite nanoparticles were
synthesized via the sol-gel method and subjected to different annealing temperatures (200°C, 400°C, and
600°C) to investigate the resulting changes in structural, morphological, and magnetic properties. The primary
objective of this research is to optimize the annealing conditions to achieve desired magnetic and structural
characteristics for potential technological applications[30], [31].

EXPERIMENTAL METHODOLOGY
Synthesis of Mg-Ni-Zn Ferrite Nanoparticles

The nanoparticles were synthesized using the sol-gel method. Stoichiometric formula Mgosx Nio2 Znos Fe204
for x=0.2 of Mg(NO3)2, Ni(NO3z)2, Zn(NO3)., and Fe(NO3)3 were dissolved in de-ionized water and mixed with
citric acid as a chelating agent. The solution was continuously stirred at 80°C to form a homogeneous solution,
followed by the addition of ammonia to adjust the pH to ~7. The solution was then heated to form a gel, which
was subsequently dried at 120°C to remove excess moisture. The dried precursor was subjected to pre-
calcination at 200°C to decompose organic residues and obtain ferrite powder.

Annealing Process

The dried precursor was divided into multiple samples and annealed at temperatures of 200°C, 400°C, and
600°C for 2 hours in a muffle furnace. The gradual increase in temperature was maintained to avoid abrupt
structural changes and ensure uniform phase formation. The annealed samples were then cooled naturally to
room temperature inside the furnace.

For X=0.2
Chemical Reaction:

0.3Mg(NO3)2.6H20 + 0.2Ni(NO3z)2.6H20 + 0.5Zn(NO3)..6H20 + 2Fe(NO3)3.9H.0 + 3CsHsO7 — (Mgoa3
Nio.2 Znos Fe204) + 4N21 + 18CO21 + 36H20

RESULTS AND DISCUSSION

Structural Analysis

Figure 1 shows the XRD patterns of composition of Mgos.xNixZnosFe204 (where x = 0.2) for 200°, 400° and
600°C. The study of XRD patterns shows that all the prepared samples are single phase spinel cubic
structure.The major diffraction peaks were observed at 26 values of approximately 30.1°, 35.5°, 43.1°, 53.4°,
57.0°, and 62.6°, corresponding to the (220), (311), (400), (422), (333), and (440) planes, respectively. It is
found that the Bragg’s angles of corresponding peaks in the XRD pattern approximately matches with the
characteristics of the reflection peaks of Mg- Ni- Zn ferrites which is reported in JCPDS number 08-0234.
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Fig.1: XRD of Mgos-xNixZnosFe204 nanoparticles for x = 0.2 for 200°C, 400°C and 600°

Lattice constant

= (2 D it is found to be, 8.3501 A for 200°C, 8.3727 A
hkl

for 400°C and 8.3963 A for 600°C. graph of temperature Vs lattice constant is shown in fig.2

Lattice constant calculated by using formula
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Fig. 2: Plot of temperature Vs lattice constant
Particle size

Particle size calculated by using Scherrer formula is 38 nm for 200°C, 37 nm for 400°C and 34 nm for 600°C.

Fig. shows the variation of particle size (t) with sintering temperature (T). From the graph it is seen that
particle size decreases with increases in sintering temperature (T).

By using Scherrer formula particle size can be calculated, Scherrer formula given below;

_ 092
B cos@
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Where, D : Particle size or Crystalline size
A : Wavelength of X-ray in nm

B : Full width half maxima of peak

0 : Angle of peak

Unit of particle size is nanomaterials (nm).
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Fig. 3: Plot of temperature Vs Particle size
X-ray density

X-ray density calculated by using formula is 5.1728 A for 200°C, 5.1479 A for 400°C and 5.1046 A for 600°C.
Fig. shows the variation of X-Ray density (Dx) with sintering temperature (T). From the graph it is seen that X-
Ray density decreases with increases in sintering temperature (T).

X-ray density is calculated by using formula,

8 M
Nga3

Where, Dy : X-ray density

M: molecular weight of the compound
Na: Avogadro’s number 6.022 x 10%
8: Number of atom per unit cell

a: lattice constant

Unit of x-ray density is gm/cc.
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Fig. 4: Plot of temperature Vs x-ray density
Bond length

Bond length calculated by using formula is (A-O) site 1.8097 A for 200°C, 1.8126 A for 400°C and 1.8177 A
for 600°C, for (B-0) site is 2.0897 A for 200°C, 2.0931 A for 400°C and 2.0990 A for 600°

The metal oxygen bond length (A-O) on tetrahedral site is calculated by using formula
A-O = (u—0.25).av/3
The metal oxygen bond length (B-O) on octahedral site is calculated by using formula
B-O=(0.625-u)a

Where, u is recognized as oxygen ion parameter = % =0.375

T T T T T T T T T 2.100
a W— lonic Bound Length (A-o) (A.U)
1.818 —m— onic Bound Length (B-o) (A.U)

- 2.098
> >
< 1816+ <
1:? - 2.096 6
< a
£ ==
o 1.814 4 - 2.094 &
c c
] (7]
- —
e g

|- 2.092
3 1.812 4 3
[na] [na]
L2 L
c | c
ks) - 2.090 Ks)

1.810 o
u
2.088

T T T
200 300 400

Temprature (°C)

Fig. 5: Plot of temperature Vs lonic bound length

T
500

T
600

Page 393

www.rsisinternational.org


https://rsisinternational.org/journals/ijrias
https://rsisinternational.org/journals/ijrias
http://www.rsisinternational.org/

10,
KU
o L)

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (1JRIAS)
ISSN No. 2454-6194 | DOI: 10.51584/1JRIAS [Volume X Issue VI June 2025

From the calculation, it is found that the bond length (B—O) of octahedral site is greater than the bond length of
tetrahedral site (A—O) for all the composition. The bond length (A-O) and the bond length (B—O) is found to
be increases with increases of sintering temperatures.

lonic radii

lonic radii calculated by using formula (Ra) site 0.4097 A for 200°C, 0.4126 A for 400°C and 0.4177 A for
600°C, for (Rs) site is ) 0.6897 A for 200°C, 0.6911 A for 400°C and 0.6990 A for 600°C

From the calculations; it is found that the ionic radii Ra and Rg increases with increase in sintering temperature

lonic radii in the tetrahedral site i.e., A-site and octahedral site i.e., B-site can be determined by using the
formula given below:

Ra=[u-;].a173-r [0
Rs = [S—u] a-r[oy

In which r [Oz] is the ionic radius of the oxygen atom having value 140 pm.
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Fig. 6: Plot of temperature Vs ionic radii
Parameters calculated from XRD:
X [Temp. °C|Lattice X-Ray lonic  Bond|lonic Bond|lonic Radiijlonic Radii|Particle
Constant (a)|Density Dx|Length (A-O)|Length (B-|(Ra)A.U [(Re)A.U |[Size (1)
AU gm/cc AU 0O) AU nm
0.3 200 8.3591 5.1728 1.8097 2.0897 0.4097 0.6897 38
400 8.3727 5.1479 1.8126 2.0931 0.4126 0.6911 37
600 8.3963 5.1046 1.8177 2.099 0.4177 0.6990 34

Morphological Study

SEM images revealed that lower temperatures resulted in finer particles with irregular morphology and
noticeable porosity, whereas higher temperatures led to well-defined grain growth and densification. At 600°C,
particle aggregation was observed, leading to increased grain size and reduced porosity. The average grain size
was estimated to be approximately 200nm at 200°C, 450 nm at 400°C, and 800nm at 600°C, showing a clear
trend of grain coarsening with increasing temperature.
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Fig.7: EDAX of Mgos«NixZnosFe,04 nanoparticles for x = 0.2 for 200°C, 400°C and 600°C

EDS Analysis

Figure 9 shows the EDAX spectra of Mg-Ni-Zn ferrite for the sintering temperatures 200°C, 400°C and600°C.
The study of EDAX is done for the confirmation of metals used for the preparation of the sample.

Energy-dispersive X-ray spectroscopy (EDS) confirmed the successful incorporation of Mg, Ni, Zn, Fe, and O
in the expected stoichiometric ratios. Elemental mapping indicated uniform distribution of these elements,
ensuring homogeneity of the synthesized nanoparticles. The absence of any additional impurity peaks further
validated the purity of the synthesized ferrite phase. Variations in elemental composition at different annealing
temperatures were minimal, indicating that the thermal treatment did not lead to significant volatilization or
loss of key elements.
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Fig.9: EDAX Pattern of MgosxNixZnosFe204 (where x = 0.2) for 200°C, 400°C and 600°C
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By using EDAX; compositional study of Mg-Ni-Zn ferrite was investigated. According to EDAX data, the
precursors used for preparation of sample shows in appropriate amount. No any foreign element was found in
the present compound. The elements detected in EDAX data are in good agreement with the elements used for
the preparation of the sample. The presence of Mg, Ni, Zn, O and Fe was determined by their corresponding
peaks.

VSM Analysis

Vibrating Sample Magnetometry (VSM) was employed to investigate the magnetic properties of the Mg-Ni-Zn
ferrite nanoparticles. The magnetization curves exhibited characteristic hysteresis loops, indicating
ferrimagnetic behaviour. The saturation magnetization (Ms) was found to increase with annealing temperature,
reaching a maximum at 600°C. The coercivity (Hc) initially decreased with increasing temperature due to
improved crystallinity and reduced strain, followed by a slight increase at higher temperatures due to grain
coarsening effects. The remanence magnetization (Mr) also showed an increasing trend, suggesting enhanced
magnetic interactions within the ferrite matrix. These results confirm that annealing plays a crucial role in
tailoring the magnetic properties of Mg-Ni-Zn ferrite nanoparticles for various technological applications.

The magnetic characteristic of MgosxNixZnosFe20s nanoparticles for x = 0.2 for different sintering
temperature such as 200°C, 400°C and 600°C were carried by using Vibrating Sample Magnetometer (VSM) at
room temperature.
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Fig.10: VSM of Mgos-xNixZnosFe204 nanoparticles for x = 0.2 for 200°C, 400°C and 600°C

Parameters from Hysteresis loop for x=0.2

Parameter 150°C 300°C 450°C
Coercive Force (Hc) 040.5556 | 046.1111 | 647.7778
Saturation remanent magnetization (M,) | 001.0752 | 004.0222 | 007.8000
Saturation magnetization (Ms) 038.7426 | 061.2000 | 061.3778
CONCLUSION

The study demonstrates the significant impact of annealing temperature on the structural, morphological, and
magnetic properties of Mg-Ni-Zn ferrite nanoparticles synthesized via the sol-gel method. XRD analysis
confirmed enhanced crystallinity and increased crystallite size with higher annealing temperatures. SEM
analysis revealed grain growth and reduced porosity at elevated temperatures. EDS analyses validated the
formation of the spinel phase and confirmed the expected elemental composition. VSM measurements
indicated an increase in saturation magnetization and remanence with temperature, demonstrating the
tunability of magnetic properties through controlled annealing. These findings provide valuable insights for
optimizing the thermal treatment of ferrite nanoparticles to achieve desired structural and magnetic
characteristics for potential applications in electronic and magnetic devices.
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