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Abstract: Cerium (Ce)-doped Nij5Cdg5CexFe;_O4 (0.0 < x < 0.20) was synthesized using the
sol-gel auto-combustion method. X-ray diffraction (XRD) analysis revealed that all the samples
retained spinel cubic crystal structure with space group Fd3m at 800 °C. Crystal structure parameters,
such as lattice constant, average crystallite size, and X-ray density were estimated from the major
XRD (311) peak. Bulk density and porosity were also calculated. The average crystallite size was
estimated to be in the range of 20-24 nm. SEM images displayed agglomerated particles with a porous
morphology. The dielectric constant (¢) increased and the dielectric loss tangent (tand) decreased
with rising Ce concentration. The hysteresis loop (M-H loop) was measured at room temperature
using a vibrating-sample magnetometer (VSM), which showed a nonlinear decrease in magnetization
and coercivity with increasing Ce concentration.

Keywords: Nij5Cdg 5CexFe;_,O4 nanoparticles; sol-gel auto-combustion method; crystal structure;
microstructure; magnetic properties

1. Introduction

Nanocrystalline ferrites have gained popularity in the field of electronic technology
due to their outstanding feature of “ferrimagnetism” [1]. A cubic structure having the
standard formula AB,Oj, is commonly known as a “spinel” (where A signifies divalent
cation and B stands for trivalent cation) [2]. As a result, spinel ferrites can be characterized
as tightly packed cubic structures containing iron (Fe3*) as a trivalent cation, yielding the
structural formula AFe,O,4. Most of the transition elements, such as Fe, Co, Ni, Zn, and
Cd, as well as their composites, are examples of divalent cations (A). The structure of
these ferrites is comparable to that of the naturally occurring mineral MgAl,O4 known
as spinel. These ferrites are semiconducting in nature and are also known as ferrospinels
or cubic ferrites [3,4]. Spinel ferrites have drawn much attention among researchers
owing to their incredibly remarkable magnetic and electrical properties, such as high
saturation magnetization, large magnetocrystalline anisotropy, high squareness ratio, low
coercivity [5], high electric resistivity [6], high permeability [7], low eddy current losses [8],
high Curie temperature, and mechanical hardness [9]. Spinel ferrites are extensively
used in the fabrication of microwave absorbers owing to their high magnetic losses and
huge resistivities [10]. These ferrites are also used in the frequency range of 3-30 GHz [2].
These materials are useful in metallurgical and other high-temperature sectors because they
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have excellent thermodynamic stability, good electrical conductivity, and high corrosion
resistance [11,12]. Spinel ferrites, with the general formula MFe;O4 (M = Ni, Zn, Mn, Co,
Mg, etc.), are the most substantial, magnetic materials [13]. Ferrites have a spinel structure
that belongs to the Fd3m space group. A cubic close-packed structure has 56 atoms, with
32 oxygen anions and 24 cations occupying 8 of the 64 tetrahedral sites (A sites) and 16 of
the 32 octahedral sites (B sites), respectively [14]. There are two types of spinel ferrites that
can be generally categorized [2].

(a) Normal Spinels: The general formula of normal spinels is Me?*[Fe;3*]0y4. In
normal spinels, tetrahedral or A-sites are involved with divalent ions (Me?* cations) while
trivalent ions are available at octahedral or B sites (Fe3* cations).

(b) Inverse Spinels: The general formula of inverse spinels is (Fe3*) [MeZ*Fe?*]0y. In
inverse spinels, divalent metal ions are present at the B-site, while trivalent metal ions are
available either at the B site or at the A site [15].

Nickel spinel ferrites are spinel ferrites with a divalent cation of nickel. Nickel ferrite
has a resistivity of more than 109 (dm and is a high-resistance material [16]. Nickel ferrite
has an inverted spinel structure. Fe** ions occupy 8 tetrahedral voids (A-sites), while Fe3*
and Ni?* ions occupy 16 octahedral voids (B-sites) in equal proportion. Pristine nickel
ferrites (NiFepO4) have a degree of inversion of one. Because of their strong electric re-
sistivity, reduced coercive field, slight saturation magnetization, and minimal hysteresis
losses, nickel ferrites are characterized as soft ferrites [17,18]. Other advantageous qualities
of such soft magnetic materials include excellent permeability at high frequencies, mechan-
ical hardness, electrical properties, affordability, and minimal dielectric and eddy current
losses [3,19].

These nanoparticles” magnetic conduct is primarily determined by their shape, purity,
and magnetic stability, and they should maintain a single domain, appropriate coercivity,
pure phase, mild magnetization, and the stable blocking properties that are most acceptable
for their applications [20]. It is well known that smaller particles have higher remanent
magnetization. As a result, smaller particles tend to have a single magnetic domain,
whereas larger particles have several domains [21,22]. Ionic radii, particle size, and the
existence and type of the substituent in the crystal lattice are all elements that influence the
electrical and magnetic properties of ferrites [23].

Rare earth ion substitution into the spinel structure has become rare and interesting
due to its dominance in many applications when compared with certain other substituted
ferrite systems [24]. Rare earth ion replacement was reported to cause structural distortion
as well as significant changes in electrical and magnetic characteristics [25,26]. This is
because rare earth (RE) ions have unpaired 4f electrons and significant spin—orbit angular
momentum coupling. The Fe-Fe interactions alter the electrical and magnetic characteris-
tics of ferrites (spin coupling of the 3d electrons). When rare earth (RE) ions are incorporated
into the spinel lattice, an RE-Fe interaction (3d—4f coupling) occurs, which improves the
electrical and magnetic properties of the ferrites. Magnetocrystalline anisotropy in spinel
ferrites is also determined by this feature. RE ions are increasingly used to improve the
electromagnetic characteristics of spinel ferrites [27-31]. As a result, many researchers have
been interested in studying the exceptional magnetic, optical, and electrical capabilities
of RE-doped spinel ferrites. Rare earth lanthanides have high resistance and are good
electrical insulators. They are commonly utilized to alter ferrites’ structural, magnetic, and
electrical properties. Their substitution was shown to produce high DC resistivity, low
electrical permittivity, and low dielectric loss [32]. Many studies have looked at the effects
of Fe3* ion replacement with RE ions, such as La, Sm, Gd, Dy, Yb, Er, Tb, Ce, and Y [33]. As
a result, the Ce ion was utilized as a dopant to better understand the processes of RE-doped
ferrite. The Ce ion is known to offer substantial hybridization of the 4f states with 3d bands
due to the existence of a larger 4f band. The improvement of electromagnetic characteristics
of Li ferrite after Ce doping [34] and the enhancement of saturation magnetization with a
decrease in coercivity in Ce doping Mn—Zn ferrite [35] are both interesting topics. Many
methodologies are used for the synthesis of nanoparticles, either by an electrochemical
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method, an electrodeposition method [36], or a cathodic electrodeposition method (CED),
etc. [37].

The purpose of this study was to investigate the effects of the substitution of Ce3*
with Fe?* in the amounts of 0, 4, 8, 12, 16, and 20 mol.%, according to the stoichiometry
of Nip5Cdg5CexFey_xOy4 nano ferrites. The syntheses were carried out using the auto-
combustion method. The samples were characterized in terms of structure, crystallite
morphology, dielectric, and magnetic properties.

2. Material Synthesis and Characterizations

Samples with the chemical composition Nig5Cdg5CexFep_O4 (0.0 < x < 0.20) nano
ferrites were prepared via the sol-gel auto-combustion method. Analytical grades
Ni(N03)2-6H20, Cd(NO3)2-4H20, Ce(N03)3-6H20, and Fe(NO3)3-9H20 were used as
precursors. According to stoichiometric calculation, 0.5 M solution of each Ni(NO3),-6H,0,
Cd(NO3),-4H,0, and 2 M solution of Ce(NO3)3-6H,0, Fe(NO3)3-9H,O were separately
prepared in 100 mL of deionized water, and then all the solutions were mixed using citric
acid as a chelating agent to acquire a homogenous solution with continuous stirring for
30 min. At that point, the solution was placed on a hot plate at 80 °C, maintaining the pH
value at 7-8 by adding an ammonia solution, followed by constant stirring. After 5-6 h, the
solution changed into a viscous brown gel, and afterward, a self-combustion occurred and
the gel turned into ash. After completely crushing and grinding the ash, the fine powder
was obtained and sintered at 800 °C in a furnace for 4 h.

The synthesized Nip5Cdgs5CexFey_O4 (here, X =0, 0.04, 0.08, 0.12, 0.16, 0.20) nano
ferrites were characterized by an X-ray diffractometer (JDX-3532, JEOL, Tokyo, Japan), a
scanning electron microscope (SEM), and an energy-dispersive X-ray spectroscopy (EDX)
(JSM-5910, JEOL, Tokyo, Japan). All the samples were pressed into pellets of 12 mm
diameter and 2.5-3 mm thickness by means of hydraulic press under the pressure of
30 MPa to study the dielectric behavior. Sodium silicate was utilized as a binder to obtain
pellets and then sintered at 720 °C for 2 h. The dielectric constant (¢’) and dielectric
loss tangent (tan 6) were measured by using an LCR meter (Wayne Kerr version 6500B,
Wayne Kerr Electronics, Bognor Regis, UK) at room temperature in the frequency range
of a 100 Hz to 5 MHz BH-loop by a vibrating-sample magnetometer (VSM, Micro Sense,
Hamm, Germany).

3. Results and Discussion
3.1. Structural Analysis

The X-ray diffraction (XRD) profile of the powdered Nip 5Cdg 5 CexFey_xO4 (0.0 < x < 0.20)
samples sintered at 800 °C for 4 h is shown in Figure 1. XRD analysis identified the for-
mation of the single-phase nanostructure, with no secondary phase revealed [38]. Thus,
a series with complete incorporation of Ce into Ni-Cd ferrite samples was formed. The
reflection peaks (220),(311),(222),(400),(422),(511), and (4 4 0) were identified
according to JCPDS (Card No. 96-900-9926) and using Match! Software, having a spinel
structure with an Fd3m space group. XRD evaluation proved that the substitution of rare
earth Ce3* ion up to 0.2 in nanoparticles did not alter the crystal structure and no second
phase appeared.

Lattice parameter (a) was calculated for cubic structure by using formula (1) and
average crystallite size (D) by the Debye—Scherrer formula [39];

a=dvVh+k+12 @
kA
D= 2
cos @
In Equations (1) and (2), &, k, and [ are Miller indices and d is the interplanar distance
(determined by Bragg’s equation) and the full width half maxima (FWHM) of the major

XRD peak.
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Figure 1. XRD patterns of Nip5Cdg5CexFe;_O4 (0.0 < x < 0.20).

X-ray density and mass density. X-ray density is calculated by Equation (3).
8M
NV ®)
where M is the molecular mass of the sample, V is the volume of the unit cell, and N, is
Avogadro’s number (6.02 x 10?%). Molecular mass is multiplied by 8 because each primitive
cell of spinel is made up of eight molecules.
The mass density of each sample was found by compacting the powders under
5000 psi pressure into pellets of a specific radius and thickness in a hydraulic press.
m
p—r 4)
here, m stands for mass (grams), t for thickness, and r = 6 mm for the radius of the pallet.
The formula for calculating porosity (P) is

B —dum 100 ®)
dx
where dy is X-ray density and d,, is mass density [40].

The lattice parameters, average crystallite sizes, X-ray density, mass density, and
porosity are given in Table 1.

It can be seen in Figure 1 that the reflection planes shifted toward lower angles, unlike
those investigated on doping Pr, Nd, Eu, and Gd in manganese zinc ferrite [41]. The
inclusion of bigger ionic radii of Ce®* (1.143 A) in the lattice site of smaller ionic radii of
Fe3* (0.645 A) may lead to lattice distortion, hence stresses shift the XRD peaks toward
lower angles. The lattice parameters are not significantly affected by doping the Ce3* ion
in Nip5Cd5CexFey_O4 (0.0 < x < 0.20). The average crystallite size is estimated in the
range of 20-24 nm and shows nonlinear behavior with increasing dopant concentration.
X-ray density was found to increase linearly. However, the bulk density shows nonlinear
behavior with increasing Ce* concentration. The increase in X-ray density is due to
the replacement of a larger molar mass of Ce ions. Bulk density depends on voids and

dx

m =

P =
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pores created during sintering, and porosity depends on the agglomeration and size of the
particles. The porosity was increased by replacing Fe** ions with Ce3* ions.

Table 1. XRD parameters of prepared samples.

Lattice Parameter(a)  Crystallite Size =~ Volume X-ray Density = Mass Density Porosity (P)

Samples (A (D) (nm) (A (g/em®) (g/em®) (%)
Nig5Cdy5Fe; 04 8.372 21.76 586.86 5916 3.304 31
Nig5Cdy5Ceg.04Fe1.9604 8.385 23.99 589.74 5.962 3.381 43
Nig.5Cdg.5Cep0sFe1.9204 8.385 21.76 589.74 6.038 3.134 47
Nig5Cdg5Cep.12Fe1.8804 8.372 20.33 586.85 6.144 3.647 41
Nig5Cdy5Cep.16Fe1.8404 8.381 22.92 588.77 6.201 3.051 49
Nig.5Cdg.5Cep.20Fe1.8004 8.385 21.84 589.74 6.266 3.279 47

3.2. Morphological Studies and Elemental Composition

The images of the surface morphology of Niy 5Cdg 5Fe,O4 and Ce-doped Nig 5Cdg sFepO4
annealed at 800 °C are shown in Figure 2. The scan part of the samples shows the agglom-
eration of particles with sponge morphology. However, above x = 0.04, the morphology
was little changed, and the particles appeared to be pores of about 2—4 pm in size (Table 2).
From SEM micrographs, it appears that the average grain size of nanoparticles in the range
from 23 to 25 pm was calculated by using Image] software.

¥ 2 o 3 1 ¥
[SEM MAG: 20.0 kx WD: 15.04 mm MIRA3 TESCAN SEM MAG: 20.0 kx WD: 16.15 mm MIRA3 TESCAN SEM MAG: 200 kx | WD: 18.31 mm I MIRA3 TESCAN

Dot: SE 2pm SEM HV: 20.0 KV Det: SE 2pm SEMHV: 200KV | Det: SE 2pm
|Date(midly): 07/15119 | Institute of Space Technology, ISB BI: 9.00 Date{nvdiy): 0711519 | Institute of Space Technology, ISB Bl: 9.00 Date(midy): 0711519  Institute of Space Technology. ISB
o R 3 "

-

’l v ’ L )
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Figure 2. SEM images of samples Nij 5Cdg 5CexFe;_Oy4 (0.0 < x < 0.20), (a) X =0; (b) X = 0.04; (¢) X =0.08; (d) X =0.12;
(e) X = 0.16 and (f) X = 0.20.
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Table 2. Particle sizes obtained from SEM analysis for cerium doped in Nig 5Cdg 5sFe;O4 nanoparticles.

Sample Name Particles Size (um) Deviation in Particle Size (nm)
Nig.5Cdo.sFezO4 0.24 1.489
Nig5Cdo.5Ceq.04Fe1.9604 0.25 5.962
Nig 5Cdg.5Cep.0sFe1.9204 0.23 2.983
Nig 5Cdo.5Cep.12Fe1.8304 0.23 2.983
Nig5Cdo5Cep.16Fe1.8004 0.23 2.983
Nig 5Cdg.5Ceg.20Fe1.8004 0.24 1.489

The EDX pattern shown in Figure 3 confirms the presence of constituent elements
in all samples with no impurity peaks. Table 3 shows that the estimated composition
of Ce3+—doped Nip 5Cdg 5Fe;O4 nanoparticles is almost stoichiometric. The EDX pattern
confirms the homogeneous mixing of Ce*>* among Ni, Cd, Fe, and O in pure and doped
samples. No impurity peaks were found in the EDX spectra for characterization of the
purity of organized samples, as shown in Figure 3.

T T T T T T T

0 2 - 6 8 10 12 14 16 18 2 0 2 < 6 8 10 12 14 16 18 2
Full Scale 7383 cts Cursor: 0.000 ke Full Scale 7383 cts Cursor: 0.000 ke

0 2 4 6 8 10 12 14 16 18 2 0 2 - 6 8 10 12 14 16 18 2
Full Scale 7383 cts Cursor: 0.000 ke Full Scale 7383 cts Cursor: 0.000 ke

0 2 < 6 8 10 12 14 16 18 2
Full Scale 7383 cts Cursor: 0.000 ke Full Scale 7383 cts Cursor: 0.000 ke

Figure 3. EDX micrographs for prepared nanoparticles (a) Nig5CdgsFesOy, (b) NigsCdgs5CegosFer 9604,
() Nig 5Cdo 5Ceq ogFe1.9204, (d) Nig5Cdg 5Ceq.12Fe1.8804, (e) Nig5Cdg5Ceq 16Fe1.8404, and (f) Nig5Cdg 5Ceg20Fer.goOs.
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Table 3. Atomic percentage composition from EDX in Nig5Cdg5CexFe;_ Oy (0.0 < x < 0.20) nanoparticles.

Elements Nip 5Cdg.5CexFe, ,Oq4
(At %) X=0 X =0.04 X =0.08 X=0.12 X =0.16 X=0.20
(0) 24.89 23.69 27.12 21.71 28.52 28.42
Fe 60.84 57.66 53.59 52.71 45.13 44.01
Ni 12.34 12.61 12.71 12.77 12.61 1147
Cd 1.93 2.30 1.48 4.69 2.67 1.95
Ce - 3.74 5.10 8.13 11.08 14.14

3.3. Dielectric Properties

Frequency dependent dielectric properties were measured by using an LCR meter.
By measuring parallel equivalent capacitance (Cp), different parameters, such as dielectric
constant (¢) and dielectric loss (tan §), were calculated by the following expressions [42].

o Cpd
£, A
1
tan 6 = -
€

where d is the thickness of a pellet, A is the surface area of the sample, and ¢, is the
permittivity of free space.

Figure 4 shows the dielectric constant (¢') versus log of frequency (f) of all the samples
measured at room temperature. As seen in Figure 4, Ce-doped Nij5Cd(5Fe;Oy ferrite
nanoparticles show a high dielectric constant at low frequency (100 Hz), the value of
which then sharply decreases and becomes independent at high frequency. This is the
common trend in ferrites’ nanoparticles. However, at medium frequency (400 Hz to
8 KHz), the dielectric constant decreases with a weak slope. The frequency-dependent
dielectric behavior can be explained based on Koops’ [43] theory by considering two
layers of the Maxwell-Wagner model [44]. According to this phenomenological theory,
inhomogeneous ferrite nanoparticles consist of highly conducting grains with respect to
the grain boundaries that separate them. When the electric field is applied, the charges
localize at the grain boundaries due to poor conducting grain boundaries having different
relaxation times %, which causes interfacial polarization. The high dielectric constant at low
frequency is due to the polarization and hopping conduction processes in nanoparticles
following the changing electric field, as a result of which the dipole moments are well
aligned. As the frequency of the electric field increases, the dielectric constant decreases
and becomes constant at higher frequency regions. Due to the rapid oscillating field, the
alignment of the dipole moments is distorted and, therefore, the dipoles lag behind the
applied field [45,46].

Figure 5 shows that at low frequency, the tangent loss is minimum and the dielectric
constant is maximum, meaning that the nanoparticles are polarized. At medium frequency,
the polarization decreases, so the tangent loss increases and becomes maximum. With
further increase in frequency, the tangent loss decreases sharply and becomes independent
of frequency.
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Figure 5. Tangent loss (tan 8) vs. In(f) plot for Nip 5Cdg 5CexFey_O4 (0.0 < x < 0.20).

3.4. Magnetic Properties

The magnetic properties of Ce3+—doped nanoparticles of Nip5Cdg5CexFe;_O4 pow-
dered samples were investigated by a vibrating-sample magnetometer (VSM). The mea-
sured hysteresis loops at room temperature are shown in Figure 6. Saturation magnetization
(Ms), coercivity (Hc), remanent magnetization (Mr), and remanence ratio were extracted
from M-H curves and shown in Table 4. The grain size, magnetic nature of cation substitu-
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tion, A-B exchange interaction, and magnetocrystalline anisotropy all affect the magnetic
characteristics of ferrites.

FE-Ni, Cd,Fe,0,

40| ¥ Ni;Cd;sCeyg.Fe; 560,

—®—Ni,Cd,;Ce,Fe, 5,0,
Ni, Cd,Ce, ,Fe, 0,

—¥—Ni,Cd,;Ce;,;Fe, 5,0,

— Ni, Cd,sCey,0Fe, 5,0,

Magnetization (emu/g)

—40 -

20000 10000 0 10000 20000
Magnetic Field (Oe)

Figure 6. Magnetization vs. magnetic field graph for Nip5Cdg5CexFe;_,Oy4 (0.0 < x < 0.20).

Table 4. Different values of Hc, My, M and ratios of M;/M;s for Nijp 5Cdg 5CexFer_xO4 (0.0 < x < 0.20) nanoparticles.

Composition Saturation Magnetization Remanent Magnetization Coercivity Re{rlanence

M; (emu/g) M; (emu/g) Hc (Oe) Ratio Mr/Ms
Ni 5Cdo.5Fez04 40.7 11.8 227 0.29
Nig.5Cdo.5Cep.04Fe1.9604 41.3 9.3 174 0.23
Nip.5Cdo.5Cep.0sFe1.9204 30.5 7.3 185 0.24
Nip 5Cdo.5Cep.12Fe1.8804 33.7 7.6 178 0.23
Nig 5Cdo.5Cep.16Fe1.8404 26.5 5.8 170 0.22
Nip.5Cdo.5Cep.20Fe1.8004 322 6.8 164 0.21

It can be seen from Figure 6 and the values in Table 4 that the saturation magnetization
(M), coercivity (Hc), and remanence (M) nonlinearly decreased with the increase of Ce>*
concentration in Nig5Cdg 5CexFe;_O4. The decreasing M is due to the replacement of
Fe3* ions at the B-site with paramagnetic Ce>" ions possessing a smaller magnetic moment.
In addition, Ce3* at the B-site reduces A-B exchange interactions [47]. The nonlinearity in
Mg can be related to grain size, magnetocrystalline anisotropy, and A-B super exchange
interaction. Coercivity in the multidomain regime is shown to be inversely proportional to
particle size [47].

Ce ions clearly replace Fe ions in the octahedral position, based on cation distribution.
The magnetic moment (1B) of paramagnetic Ce3* is 2.2 BM, and the magnetic moment
(uB) of the Fe®* ion is 5 BM in the current ferrite system under examination. Doping
nickel ferrites with Ce should raise the saturation magnetization value, according to their
magnetic moments, but the obtained values show that the saturation magnetization value
has decreased with increasing dopant concentration [48].
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4. Conclusions

Cerium-doped nickel ferrite nanoparticles with the general formula Nig 5CdgsCexFe;_«O4
(0.0 <x £0.20) have been successfully synthesized by the sol-gel auto-combustion method.
Samples were characterized by XRD, SEM, EDX, an LCR meter, and VSM. XRD confirmed
the spinel cubic crystal structure, and the crystallite size of all six prepared nanoparticles
was calculated through Scherrer’s equation, which showed the crystallite size changes
randomly with an increase in cerium concentration. SEM analysis determined that the
shape of nanoparticles was irregular, and the range of particle size was from 23 pm to 25 pm.
EDX evaluation showed the purity of the samples. The dielectric constant and tangent loss
were studied in a frequency range of 100 Hz to 6 MHz. The dielectric parameters of all the
samples were explained on the basis of charge polarization. The dielectric constant was
highly increased and the loss tangent decreased with doped concentration. The saturation
magnetization and coercivity decreased with the substitution of cerium Ce3* ions, which
demonstrates that it is a soft magnetic material with low saturation.
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