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Abstract

At room temperature, different compositions of nanocrystalline CugsMgosCrosCexFe;5xO4
(x=0.0, 0.05, 0.10, 0.15) were prepared using the sol-gel method. Cubic spinel nanoparticles
were confirmed through X-ray diffraction (XRD) measurements. The secondary phase of
CeO, was observed to increase in cerium content, as well as an increase in the lattice constant
(7.831 A to 7.881 A) and a decrease in the crystalline size (28 nm to 26 nm) of the ferrites.
TGA study revealed that the sample had a weight loss of up to 12.0 % and a thermal stability
of 88.0 %. FTIR spectra showed the characteristic broad band between 500 and 1000 cm™ for
M-O bonding present in the ferrite sample. FE-SEM images revealed a spherical particle.
HR- TEM also revealed the spherical shape with grain sizes ranging from 48 to 55 nm. The
sample exhibited super paramagnetic behaviour as the saturation magnetization value
increased due to an increase in the x-value of ferrite. Similarly, with an increase in frequency,
the loss in dielectric properties of the samples was observed due to the change in the
electrical conduction in the ferrites.

Keywords-Nanomaterials, spinel ferrite, magnetic properties, dielectric properties,

Morphology

Introduction

Nano-scale ferrite particles have received a lot of attention because of their unique
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structural, electrical, and chemical properties, as well as their applications in a variety of
fields. Surface chemistry is another important aspect affecting the properties of nanoscale
particles. Nanoscale ferrite particles have a high surface-to-volume ratio. Nanoscale ferrite
particles have good electrical properties due to their high resistivity and minimal energy
losses. Because each particle is considered a single domain below a critical size, the electrical
properties are affected by particle size. Metal oxide nanoparticles have unusual optical,
catalytic, and magnetic properties. Since spinel ferrites have ferromagnetic and
semiconducting properties, they are classified as magnetic semiconductors. The chemical
composition of ferrite nanoparticles affects their intrinsic magnetic properties, while their
microstructure, which depends on the processing method of the ferrite, affects their extrinsic
magnetic properties. Consequently, the chemical composition and processing method are
critical factors in improving the physical properties of ferrites. Due to their narrow band gap
and high surface area, nanoparticles are useful as photo catalysts. ****

Spinel ferrites have the general formula AB,0,4. In spinel ferrites, there are 32
octahedral sites, each surrounded by 6 oxygen ions, and 64 tetrahedral sites, each surrounded
by 4 oxygen ions. They have both octahedral B and tetrahedral A sites. Their magnetic
behaviour depends on the A and B sites of the cation. *>*” A number of methods are used for
the synthesis of ferrite nanoparticles. These methods include sol-gel, micro emulsion,
chemical co-precipitation, the self-combustion method, the hydrothermal method, the ball
milling method, the inverse micro emulsion method, the solid state reaction method, and the
double sintering method.*®#%? The sol-gel method is the most widely used method because it is
easy to use, provides good shape and controlled particle size, and controls the homogeneity of
the compositions. Other advantages of this technology over others are its simplicity, cost
efficiency, and low energy consumption.”® Due to all these advantages of the sol-gel method
over other methods, we use the sol-gel method for the synthesis of our spinel ferrite
nanoparticles in the present work. Ferrites have drawn a lot of attention to heterogeneous
advanced oxidation processes due to their good catalytic activity, thermal stability, surface
oxygen mobility, low cost, natural abundance, and inexpensive separation from reaction
mixtures.?* Ferrites are applicable for microelectronics, humidity sensors, microwave
reflections, high data storage materials, converters, switching appliances, and antenna frames
due to their unique set of properties.> % Higher electrical resistivity, low power losses, and
high magnetic responses made them suitable for high-frequency operational bands, power

electronics, telecommunications, and inductor and transformer cores.?’ Aside from that,
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spinel ferrite has clinical applications in hyperthermia, disease diagnosis, drug delivery
systems, malignant tumours, magnetic resonance imaging, and iron deficiency treatment.? %
The substitution of rare earth elements in spinel ferrite produces lattice distortion, which
results in lattice strain. The spin coupling of 3D electrons and Fe**-Fe®" interactions are
responsible for the magnetic, optical, spectroscopic and electrical properties of rare earth
doped spinel ferrites. However, rare earth metal (Re**-Fe") interactions occur in spinel
ferrites, which help to tune the magnetic properties and are useful in microwave devices,
power transformers, gas sensing materials, and magnetic Photocatalytic and biological
activities are also demonstrated by rare-earth-doped ferrite. As a result, many researchers
have been drawn to the outstanding magnetic, optical, and electrical properties of RE-doped
spinel ferrites. Rare earth lanthanides have high resistance and are thus excellent electrical
insulators. They are commonly used to modify the structural, magnetic, and electrical
properties of ferrites. Their substitute produced high DC resistivity, low electrical
permittivity, and low dielectric loss.*%

Thus, the present work focuses on the synthesis of cerium-doped spinel ferrites by the
sol-gel method. The aim of the synthesis of cerium-doped spinel ferrite is to investigate the
effects of doping with the rare earth element cerium ion and its distribution in the A and B
sub lattices on the structural, magnetic, and morphological properties of the ferrite
nanoparticles. The structural, magnetic, electrical, and morphological properties of sol-gel
synthesised ferrite nanoparticles were investigated by TGA analysis, FT-IR study, X-ray
diffraction, vibrating sample magnetometer, field emission scanning electron microscopy,
transmission electron microscopy, and dielectric permittivity study.

Experimental
Materials

High-purity chemicals were bought from Himedia and used without additional
purification. For each experiment, distilled water was used. A.R.-grade chemicals such as
copper nitrate Cu(NO3),.6H,O, magnesium nitrate Mg(NO3)3.6H,0, chromium nitrate
Cr(NOg3)3.9H,0, iron nitrate Fe(NOs3)3.9H,0, and cerium nitrate Ce(NO3)3.6H,O are all
precursors.

Synthesis of CupsMgos5CrosFe1sxO4Cex nanoparticles

The sol-gel auto-combustion method was used to synthesize Cerium doped

CuUpsMgosCrosFersxO4 nanomaterials. Initially, copper nitride, magnesium nitride,

chromium nitride, ferric nitride, and cerium nitride were taken and mixed with distilled water
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in their weight proportions. During this process, citric acid was added as a chelating agent in
the stoichiometric ratio of 1:3 while the solution was continuously stirred. The pH of the
solution remained neutral after adding ammonia drop by drop. The mixture was next heated
to 90 °C on a hot plate with magnetic stirring. After 6 hours, the solution becomes vigorous
and converts to sol; after 1 hour, the solution transfers to gel. At this constant temperature,

gel dries into powder. The resulting material was calcined for 6 hours at 800 °C.
Result and Discussion

Characterization
Thermo gravimetric analysis (TGA)

The weight change that occurs as a sample is heated at a constant rate is detected by
thermo gravimetric analysis, which also detects thermal stability and the fraction of unstable
components. Two main weight loss steps at 229 °C and 763 °C can be seen in the
temperature range from room temperature. At 229 °C, an initial weight loss of ~3 % was
observed for CupsMgosCrosFe1sO,4 ferrite. This loss results from the elimination of
physioadsobed and interlayer water as well as impurities from ferrite. Final degradation was
observed at 763 °C with a weight loss of ~7 %. This loss is due to the formation of metal
oxides. Thus, from the thermo gravimetric analysis, it is observed that synthesized
CupsMgosCrosFe; 50,4 ferrite is thermally stable without impurities. The synthesized material
shows 88 % thermal stability, as shown in Figure 1.

Fourier Transform Infra — Red Spectroscopy (FT — IR)

The FT-IR spectra for all cubic spinel ferrite samples are shown in Figure 2. All
sample spectra were observed in the 400-4000 cm™ range. The formation of Ce doped Cu-
Mg-Cr nanocrystalline ferrite was verified by the presence of two adsorption bands between
400 and 600 cm™. The higher adsorption band produced by M-O tetrahedral stretching
vibrations is among these lower adsorption bands formed by octahedral M-O stretching
vibrations. Tetrahedral M-O stretching vibration is in the range of 525-580 cm™, while the
octahedral M-O stretching vibration is in the range of 441-475 cm™. The band at 1150 cm™ is
formed during the synthesis of a cerium-merged Fe-O bond.

X — Ray Diffraction Study (XRD)

Figure 3 shows the XRD pattern of CuysMgosCrosCexFessxO4 ferrite nanoparticles.
The x-ray diffraction pattern shows the diffraction peaks at (111), (220), (311), (222), (400),
(422), (511), (440), (620), (533), and (444) for all concentration samples. The most intense
peak was observed at (311) for all these samples. A similar XRD pattern has been observed
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in the literature.”® Some feeble CeO, peak reflections were also visible in the XRD pattern.
As the intensity of the Ce doping increased, the size of the nanocrystals gradually decreased.
The confirmation of the formation, which revealed that CeO, Peaks moved to the right side as
the value increased, served as evidence for this. In the crystal lattice, Ce atoms primarily
replaced Fe atoms at lower dopant values. The rise at x = 0.05 is thus barely perceptible.
Ce0,, on the other hand, has a peak intensity that is more noticeable at higher amounts. Extra
phases are precipitated and separated once elements of rare earths are introduced into the
spinel lattice. Crystalline size (D) is calculated using the Sherer equation from the line

broadening of the most intense peak (311).

0.91
U BCOSO @

Where A is the wavelength of the incident x-ray, D is particle size, 0 is the diffraction angle,
and P is the full width of the half maximum. From the analysis, it was clear that particle size
decreases in the range from 28 nm to 26 nm with an increase in the doping concentration of
Ce*?in the ferrite. The lattice parameter was calculated by using the equation as follows:

a = dhkl vh? + k? + 12 2

Where dy is the interplanar distance for the obtained hkl values, Bragg’s law equation was
used to calculate interplanar distances

nA = 2dSin6 (3)

The effect of an increase in the doping concentration of Ce** on lattice parameter
values is shown in Figure. As the doping concentration of Ce* increases, the lattice
parameter value increases from 7.831 A to 7.881 A. This is due to the doping of larger ionic
radius Ce™ (1.14 A) at the site of lower ionic radius Fe™ (0.63 A) in spinal ferrite, which
would cause an increase in the lattice parameter. With the use of the following relation, X-ray

density and hopping length at tetrahedral and octahedral sites were calculated.

_  8M
dx = . 4)
Lp = a3 , and Lg = a2 (5)

4

Where Na is the Avogadro’s constant, a is the lattice parameter, and M is the molar
weight of the sample. The Hoping length of Tetrahedral and Octahedral sites increased as the
concentration of Ce*® ion increased. The x-ray density increases as the Ce™® doping
concentration increases. This resulted from the incorporation of the Ce ™ ion into ferrite,
which increased the mass thickness and produced ferrite grains with a more subdued

appearance. These grains were in line with improvements in the relative densities and
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shrinkage width rates. Another explanation for the rise in x-ray density is the existence of
phase CeO,. The values of interplanar spacing, crystalline size, and hoping length of the
octahedral and tetrahedral sites are listed in Table 1. The values of the lattice parameter, x-
ray density, and unit cell volume are listed in Table 2.

Table 1. Variation of interplanar spacing, crystalline size and hoping length of CuysMggsCrqsCe,Fe1s5404

nanoparticles

Sr. Concentration  Interplanar Spacing  Crystalline  Hoping length

No. () (A) Size (nm) La Lg
1 0.0 2.0653 28.19 3.391 5.538
2 0.05 2.0669 27.43 3.404 5,559
3. 0.10 2.0782 27.38 3.411 5571
4 0.15 2.0790 26.16 3.412 5573

Table 2. Lattice parameter, X-ray density and Unit cell volume of CugsMgysCrosCesFersOs

nanoparticles

Sr. Concentration  Lattice Parameter  X- ray density  Unit cell volume

No. (x) (A) (gm cm™) (cm®)

1 0.0 7.831 6.0210 480.3062

2 0.05 7.862 6.0675 485.8472

3. 0.10 7.878 6.1426 489.0059

4 0.15 7.881 6.2511 489.4902
Magnetic Study

Figure 5 shows the variation of magnetization against the applied external magnetic
field. All observations were made while using a 15 Oe magnetic field at room temperature.
Table 3 shows the values of saturation magnetization, remanence magnetization, coercivity,
squareness ratio, and anisotropy constant. The saturation magnetization and remanence
magnetization values increase as the doping concentration of Ce** ions increase. The
coercivity value decreases with increases in saturation magnetization. This correlation is

given by the Brown equation as,

He = 21 (6)

HoMs
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Nanoferrites exhibit super paramagnetic behaviour, as indicated by the squareness
ratio (<1). Magnetic spin surface effects are responsible for the "S"-shaped behaviour of the
M-H loop. These effects affect the magnetic parameters of ferrites. Also, the squareness ratio
value (<0.5) means that samples have a multi-domain structure. All examples have a multi-
domain structure because their squareness ratios (<0.5) *®. The M,/M; ratio can be used to
estimate a material’s toughness. A lower H; value avoids magnetic and electrical losses, and a

higher Mg value results in a higher spin current.

Table 3. Variation of saturation magnetization, Remanence magnetization, Coercivity, Squareness ratio,

Bohr’s magneton and anisotropy constant

Sr.  Comp. M; M, Hc M,/Ms Bohors Anisotropy

No. x)  (emugh) (emug?) Magneton Constant

unit (g = = x 10°)

1. 0.0 17.23 3.08 95.0 0.1787 671.58 827.47
2. 0.05 33.33 5.71 90.9 0.1713  1299.12 1459.52
3. 0.10 49.99 8.47 88.2 0.1694  1948.49 2071.08
4. 0.15 65.16 10.68 86.8 0.1639  2539.78 2666.99

Field Emission Scanning Electron Microscopy Analysis (FE-SEM)

Figure 5 shows the FE-SEM images of CugsMgosCrosCexFersxO4 (X = 0.0, 0.05,
0.10, 0.15). From FE-SEM images, it was clear that the particles were spherical in nature.
Figure 7 also shows the histogram of FE-SEM and the obtained grain size of nano ferrites,
which ranges from 90 nm to 60 nm. The average grain size decreases as Ce doping increases;
this is due to an increase in the concentration of CeO,. This shows the agglomeration of
particles in the ferrite. The average grain size decreases with increasing doping concentration,
as seen in XRD results.
Transmission Electron Microscopy (TEM)

Figure 8 shows the micrographs for CugsMgosCrosCexFersxOs (X = 0.0 and x =
0.15). Image J software was used to plot the histograms for these samples. The results
revealed that the particles were spherical in shape with grain sizes between 55 nm and 48 nm.
The results are good and in agreement with the XRD-calculated crystalline size. The
histograms for these samples are shown in Figure 8.
Energy Dispersive X- ray spectroscopy (EDS)

The qualitative elemental analysis of samples from the CuosMgosCrosCexFe1s5x04
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series of nano ferrites is provided by energy dispersive X-ray spectroscopy. The EDS
spectrum shown in Figure 9 provides information about the existence and presence of all
elements in the composition with no impurities. The weight percentage and atomic
percentage of all elements are present in the ferrites shown in Table 4 and Table 5,

respectively.

Table 4. The elements of each sample composition CuysMgosCrosCe,Fe; 504 Nanoparticles analysed by
(weight %) obtained by EDS

Sr.  Concentration Elements with weight % Total
No O Mg Cr Fe Cu Ce Weight%
1 0.0 2435 8.81 1848 3875 9.61 0 100

2 0.05 21.00 7.82 1422 38.63 10,51 7.82 100

3 0.10 2418 8.44 1391 40.04 971 371 99.99
4 0.15 2469 8.13 1436 39.85 947 350 100

Table 5. The elements of each sample composition CuysMgosCrosCeyFe; 5404 Nanoparticles analysed by
(Atomic %) obtained by EDS

Sr. Concentration Elements with atomic % Total
No. 0] Mg Cr Fe Cu Ce Weight%
1 0.0 49.34 1174 1152 2249 490 O 99.99
2 0.05 46.53 1141 969 2452 587 198 100
3 0.10 50.01 1149 885 2372 506 0.88 100.01
4 0.15 50.74 10.99 9.08 2347 490 0.82 100

Dielectric properties

Figure 10 (a and b) illustrates the dielectric constant and dielectric loss tangent as a
function of frequency at room temperature. The dielectric constant decreases as frequency
increases, then remains constant and becomes steady. Because of electronic, ionic, dipolar,
and space charge polarization, the dielectric constant is greater at lower frequencies.
However, as frequency increases, all polarization except space charge polarization decreases,
and thus the dielectric constant decreases. The variation of dielectric permittivity with
frequency indicates the dispersion due to the Maxwell-Wagner type of interfacial
polarization in accordance with Koop’s phenomenological theory. According to this theory,
the conductivity of grain boundaries contributes more to the dielectric constant at lower

frequencies. In this model, the dielectric structure is assumed to consist of well-conducting
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grains that are separated by poorly conducting grain boundaries. The function of dielectric
polarization in spinel ferrites is similar to that of electrical conduction. Dielectric permittivity
variation can thus be linked to the collective behaviour of both types of electric charge
carriers, electrons and holes. The dielectric constant is calculated using the following

relationship:
r _ Cxd
€= (7

Where, A is the pallet's cross-sectional area, C and d are the capacitance and thickness,
respectively, and is the permittivity of free space.

The dielectric loss tangent also exhibits frequency dependence. It also shows that with
an increase in frequency, the dielectric loss tangent also decreases, and at a certain frequency,
it remains constant and steady. The dielectric loss tangent is calculated using the following
relationship:
tan & =§—,’, (8)
Where tan § is the dielectric loss tangent, €’ is the dielectric loss constant and €” is the
dielectric loss.

Conclusion

Cerium-ion doped Cu-Mg-Cr ferrite nanoparticles were synthesized using sol-gel
synthesis, and XRD analysis confirmed the formation of a cubic spinel structure with the
formation of the secondary phase of CeO,. The lattice parameter increases (7.831 A to 7.881
A) with a decrease in crystalline size (28 nm to 26 nm). Both sides’ hoping length increases.
The spherical shape of the particles was confirmed by SEM and TEM measurements. The
compositional analysis of the samples was confirmed by EDAX, and their observed and
theoretical proportions are in good agreement with each other. VSM analysis revealed that,
with cerium content, the saturation magnetization of the sample increased from17.23 emu g*
to 65.16 emu gm™. Dielectric properties revealed the usefulness of high-frequency appliances
is suggested by lower dielectric loss with increasing frequency.
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Figure 1. TGA Spectrum of CuysMgqsCrosFe; 504 nanoparticle
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Figure 2. FT- IR spectra of CuysMgosCrosCexFe; 5404 nanoparticles
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Figure 3. X-Ray diffraction pattern for CuysMgosCrosCexFer 50,4 nanoparticles
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Figure 4. a) Crystalline size and lattice parameter b) Hoping length c) unit cell volume and X- ray density Vs

Concentration of CuysMggsCrosCexFer 504 nanoparticles
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Figure 5. VSM plot of the CuysMgo5CrqsCeyFe; 504 nanoparticles

2566
Eur. Chem. Bull. 2023, 12(7), 2543-2570



Dielectric and Magnetic Studies of Cerium Substituted Nanocrystaline Cu-Mg-Cr Spinel Ferrites

Section A-Research paper
ISSN 2063-5346

=

—
-
'}
L ]
T
=
B

—MB— Remanant Magnetization
101 ~—@= Saturation Magnetization

! —
W
(=

T
Y
0

Remanant Magnetization (M)
~
'l
—
)
2

=
(=}
( TN) uoneznause UonEIN)ES

5] L
-24
44 L.
34 - 16
T v T T T
0.00 0.05 0.10 0.15
Concentration
b
2500 1
—8— Bohors Magneton (p,)
—@— Anisotropy constant (K) 2500

= 2000 ?
£ - 2000 3
g g
: :

1500 4 =
£ - 1500 0
S 5
= 3
S z
a g

1000 1000 >

500 T v T T T 500
0.00 0.05 0.10 0.15
Concentration

Figure 6. a) Remnant Magnetization and Saturation Magnetization

b) Bohors Magneton, Anisotropy constant against concentration

12 4 (a)

104 Min =70 nm
Max =170 nm
5 Avg =90 nm

1.0\ A

No. of particles
P
1

T
60 80 100 120 140 160 180
Grain Size (nm)

2567
Eur. Chem. Bull. 2023, 12(7), 2543-2570



Dielectric and Magnetic Studies of Cerium Substituted Nanocrystaline Cu-Mg-Cr Spinel Ferrites

ISSN 2063-5346

Section A-Research paper

(b)

=50 nm

=170 nm

Avg =70 nm

Min
Max

60 80 100 120 140 160
Grain Size(nm)

}
40

Figure 7. SEM images and histograms of CuysMgqsCrosCeyFer 5,04 nanoparticles

0.05¢) x =0.10 d) x = 0.15

a)x=0.0b) x

2568

Eur. Chem. Bull. 2023, 12(7), 2543-2570



Dielectric and Magnetic Studies of Cerium Substituted Nanocrystaline Cu-Mg-Cr Spinel Ferrites

Section A-Research paper
ISSN 2063-5346

No. of particles

(b)

Min =32 nm
max = 67 nm

Avg=48 nm 7X

’__‘_4

3'0 40 : 50 60 7‘0

Grain Size (nm)

No. of particles
O =2 N W B O @& N @
PR VA A it e S el RS
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