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—I
This study examined the structural, morphological, dielectric and AC conductivity properties of CoZnMg ferrite samples (Coy ¢Zng4..Mg.Fe,04) |
with x = 0.00, 0.08, 0.16, 0.24, 0.32, 0.40. The sol-gel autocombustion method was used to synthesize the CoZnMg ferrite samples. The |
produced samples crystallize in the cubic spinel structure, according to an XRD analysis of the structural characteristics. The highly crystalline
single-phase cubic spinel structure with a distinct peak in the (311) plane has been confirmed by XRD studies. The diameters of the |
crystallites have fluctuated between 24.92 and 9.80 nm. SEM, EDX and FTIR used to examine the morphological and elemental |
characteristics of the samples. According to FE-SEM, adding magnesium to the current ferrite system resulted in the loss of the porous gel |
structure. According to the relative stoichiometry of the Mg-substituted CoZn ferrite, the EDAX analysis verified the presence of Co, Zn,
Mg and O. The investigated samples may be appropriate for a variety of uses, as indicated by the consistent conductivity at low frequencies. |
Within the frequency range of 100 to 5 MHz, the room temperature, electrical and dielectric properties were examined. The quantity of |
magnesium dopants and the microstructural features were related to the obtained results. The dielectric characteristics (¢” and €”) of the |
ferrites gradually decreased with frequency, even at higher frequencies. The samples exhibited interfacial polarization, which led to |
normal dielectric characteristics in line with the Maxwell-Wagner model. |
|

Keywords: CoZn ferrite, Sol-gel method, Dielectric properties, AC conductivity, Maxwell-Wagner model.

INTRODUCTION between metal ions and oxygen [3-5]. This has enormous tech-
nological significance, since it makes ferrite usable at higher
frequencies.

In general, ferrites can be divided into four major types
based on their composition and structure viz. garnet, spinel,
hexagonal and perovskite-type ferrites [6-9]. Spinel ferrites
are an important class of oxide materials with the general
formula AFe,O., where A can be any metal ion. The distribution
of cations in interstates determines the magnetic and electrical
properties of materials [10-13]. The characteristics of spinel
ferrites depend on a number of variables, including the synthesis
technique used, time and temperature, stoichiometric ratio,
cationic distributions at the tetrahedral and octahedral sites,
particle size and shape [14].

Materials have remarkable responses at the nanoscale,
exhibiting improved chemical and physical characteristics. The
principles of physics offered a more foundational understan-
ding of this patentable trait, however a decrease in the disparity
of characteristics aligns with nature’s new principle [1]. As a
result, nanomaterials are the subject of nanotechnology because
of their unique applications resulting from their nanosized size
[2]. Ferrites are hard and brittle, similar to the majority of ceram-
ics. The superexchange interaction between metal electrons
and oxygen ions causes ferrimagnetism in ferrites. Because of
the opposite spins, ferrite is less magnetic than ferromagnetic
metals with parallel spins. Ferrite is more resistive than ferro-
magnetic metals due to the inherent atomic-level interaction
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The sol-gel method, in particular, is a productive technology
that may be utilized to regulate the microstructure, grain size
and flaw distribution of materials [15]. Magnesium spinel ferrites
composites exhibit significant chemical stability, large magnetic
anisotropy, moderate saturation magnetization, good chemical
stability and good mechanical toughness [16]. Multicomponent
nanoparticles produced by this process are homogenous and
non-agglomerated. The combination of a reducing agent (fuel)
with an oxidizing agent (metal nitrates) is the basis of this
process. As it determines the morphology, grain size and crystal
structure, the latter is crucial. Compared to physical and chemical
synthesis techniques, green synthesis technologies provide a
straightforward and effective substitute.

According to Chahar et al. [17], the production of Ni-doped
Co-Zn nanoferrite particles was accomplished using a citrate
precursor method. The single-phase spinel cubic symmetry
of ferrite nanoparticles was shown by XRD and exhibit good
dielectric characteristics; for various Ni-doped samples, values
of " and €” range from 3.06 to 13.77 and 0.23-3.6, respectively.
The spinel ferrites ZMCCEF: Zngs..Mgo.2s5 + XC0025Cr _.Fe ..O4
offer remarkable structural, morphological and dielectric prop-
erties, according to Hasanain [18]. According to Koop’s theory,
the spinel ferrites exhibit a beneficial trend whereby their
dielectric constant drops as frequency increases. Similarly, the
synthesis of Niyp4Mg,Zny4Fe,0s (M = Ni**, Mg* and Co™)
nanoparticles was carried out by Hasan & Azdhar [19] using
the sol-gel auto-combustion approach. It was observed that
the AC conductivity of the nanoparticles decreased when Mg**
and Co** were substituted into Ni—Zn ferrite.

Following an extensive review of the literature on this
compound, it is observed that there has not been a precise and
comprehensive investigation of the physical properties (struc-
tural, morphological, electric and dielectric) of this compound
when magnesium was substituted. For the CogeZng 4..MgFe,Os,
ferrite system, the dielectric behaviour and AC electrical condu-
ctivity were examined at room temperature. The dielectric
behaviour of Coy¢Zngs..MgFe,O, ferrites has seldom been
discussed in the literature. Therefore, this study aims to system-
atically examine the effects of magnesium substitution on the
physical properties and applications of spinel ferrites in energy
storage, photocatalysis and microelectronics. The findings
show that this compound possesses exceptional electrical and
dielectric qualities, such as low conductivity, high permittivity
at room temperature and low frequencies, which makes it very
appealing for the creation of microwave and electrical devices.
For the Coy¢Zno 4..Mg.Fe,O, ferrite sample, the dielectric beha-
viour, AC electrical conductivity and scanning electron micro-
scopy were carried out.

EXPERIMENTAL

AR-grade nitrate cobalt nitrate hexahydrate [Co(NO;),
-6H,0], nickel nitrate hexahydrate [Ni(NOs),-6H,O], copper
nitrate hexahydrate [Mg(NOs),-6H,0], zinc nitrate tetrahydrate
[Zn(NO;),-4H,0), ferric nitrate nonahydrate (Fe(NO3);-9H,0)
and urea were acquired from LOBA CHEMIE Pvt. Ltd. and
used exactly as supplied.

Synthesis: The starting precursors (Co, Ni, Zn, Fe and
Mg) were dissolved in deionized water to prepare an aqueous
solution with a stoichiometric ratio. After the pure solution
formed, the water started to evaporate on a heated plate forming
adry, thick gel. Further heating caused a self-propagating com-
bustion event to occur in the gel at a certain point, which was
followed by a dense evolution of brown gases, primarily nitrogen
oxides. The flame spread until the entire gel turned into a powder
that appeared burned fluffy ash. After that, the coarse powder
was collected and finely ground in an agate mortar to produce
a fine powder. To remove volatile materials from the material
being processed, such as water, carbon dioxide or organic com-
pounds, the sample was further calcined at 800 °C for 3 h.

In the next step, to obtain Mg* substituted Co and Zn
ferrites, the powder was then formed into pellets with a diameter
of 10 mm and a thickness of nearly 2 mm using a manual pre-
ssing machine with a pressure of 10 tons. To produce a parallel
plate capacitor shape with ferrite acting as dielectric medium,
the surfaces of the pellets were polished and coated with silver
paste. The developed ferrites have a general composition of
Coo6Zno4+Mg.Fe,O4 (where x = 0, 0.08, 0.16, 0.24, 0.32 and
0.40).

Characterization: Using a Philips model (PW-1729)
diffractometer (Cu-Ko: radiation source with A = 1.540598 A)
with 20 in the range of 10° to 80°, the samples were analyzed
by X-ray diffraction. Using a Perkin-Elmer-1430, FTIR spectra
were recorded for the prepared samples at room temperature
in the 4000400 cm™ range. The field emission scanning electron
microscopy (FESEM) was used to examine the microstructure
of the samples. The impedance of each pallet sample was meas-
ured at room temperature for a different frequency using a
Wayne Kerr 6500B precision impedance analyzer at different
temperatures the electrical and dielectric properties were meas-
ured from 20 Hz to 1 MHz [20].

RESULTS AND DISCUSSION

XRD studies: Fig. 1 displays the X-ray diffraction (XRD)
patterns of all synthesized samples in the 20 range of 20-80°.
The standard pattern indices of all of the major peaks, which are
foundtobe the (220),(311),(400),(442),(511)and (440)
planes indicate that their structure was single-phase. When the
concentration of Mg increased, the lattice constant and unit
cell volume of the samples decreased. Ultrafine particles in
the samples are responsible for the widening and low intensity
of the diffraction peaks. Using the following relations, the stru-
ctural and microstructural parameters were computed. Using
Bragg’s diffraction conditions and the 20 values of the most
intense peaks, the average lattice constant values (a) were deter-

mined [21].
a_?w/h2+k2+l2 )
2sin®

The Debye-Sherrer’s equation (eqn. 2) [22] is used to com-
pute the average crystallite sizes with the full width at half
maximum of the most intense peaks.
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Fig. 1. XRD spectra of Mg** doped nanoferrites

where A is the X-ray wavelength; B is the full width at half
maximum intensity accounting for instrumental broadening,
and K is the form factor, which is chosen to be 0.89.

Furthermore, as the crystalline size decreases, the volume
of a cell is computed using eqn. 4. Similarly, the characteristics
of CoyeZnos.Mg.Fe,O, nanoparticles are determined by their
cationic distribution and lattice strain. Here, the uniform strains
are assumed in all crystallographic directions, which are estab-
lished by eqn. 3. By the use of a relay, the strain and dislocation
density produced in the nanocrystals are computed.
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Lattice constant values known as hopping lengths at the
tetrahedral (A) and octahedral (B) sites were used to calculate
the distance between the magnetic ions in all the samples.

NG

L, =ax )
L, :axg (6)

The results of the all the parameters are tabulated in
Table-1.

FTIR studies: Fig. 2 displays the FTIR spectra of the
nanocrystal powders in the 4000-400 cm™ range. The metal
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Fig. 2. FTIR spectra of Mg** doped nanoferrites

oxygen (M-O) vibration mode bands below 1000 cm™' are com-
mon in ferro spinel ferrites spectra. These spectra show the
distinctive qualities of spinel ferrites. The high-frequency band
was found to be in the 583-416 cm™ region. The absence of
any further group peaks indicated that the synthetic material
used to create the fingerprint was devoid of organic chemicals.

The metal oxygen stretching frequencies are attributed to
the absorption bands. In comparison to the M-O stretching fre-
quency of octahedral (O,-M-O) sites, the observed stretching
frequency is expected to increase [22]. Waldron suggested that
the octahedral and tetrahedral sites of the cubic spinel unit cell
can be used to create vibrations. A minor change in the band’s
frequency towards the higher frequency side is observed in the
band position.

SEM studies: Fig. 3a-c shows FESEM images of the spinel
Cop.6Zno 4. Mg.Fe,O0, (where x =0, 0.08, 0.16, 0.24, 0.32, 0.40)
samples. The approximately symmetrical and packed grains
were observed. The replacement of Mg** ions had an impact
on the size and shape of the particles. The size of the molecule
changes due to the significant increase in Mg** ions; it grows
from 30 to 35 nm. Grain growth is inhibited by the presence
of Mg on the grain border.

Energy dispersive X-ray analysis is a technique utilized
to qualitatively and quantitatively analyze the composition of
Coo.6Zno.4.-MgFe,04 (x = 0, 0.08, 0.16, 0.24, 0.32 and 0.40)
samples both. The acquired EDX patterns are displayed in
Fig. 4. The stoichiometric analysis of the sample composition
derived from the EDS analysis revealed the presence of Co,

TABLE-1
EXPERIMENTALLY DETERMINED PARAMETERS OF VARIOUS Mg** DOPED NANOFERRITES
.. Crystallite size, Interplanar Lattice Strain, Dislocation density, o o
Compesdiion ! D (nm) spacirliz, d(A)  parameter, a (A) ex 107 & x 10" m? g L.(&) Ls (A)
0 27.13 2.5447 0.7673 4.14 3.6 0.664501 0.271282
0.08 22.53 2.5428 0.7667 5.00 5.7 0.663982 0.271069
0.16 18.51 2.5378 0.7652 6.10 4.8 0.662683 0.270539
0.24 23.56 2.5364 0.7648 4.79 5.0 0.662336 0.270398
0.32 19.02 2.5233 0.7608 5.91 7.6 0.658872 0.268983
0.40 17.01 2.5164 0.7587 6.59 9.0 0.657053 0.268241
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Fig. 3. FESEM image of CoyZngs.Mg.Fe,O4 samples (x = 0.00, 0.08, 0.16, 0.24, 0.32, 0.40)

Mg, Fe and O. Since the compositions match the percentages
of atomic weight, no indications of impurities are observed.
Table-2 lists the compositional atomic percentages of Co™,
Zn*, Fe’* and Mg* ions as determined by EDAX in the ferrite
samples. The elemental mapping images produced by EDX anal-
ysis are shown in Fig. 5. Cobalt, zinc, magnesium and iron all
show close matches in their distribution, suggesting that these
metals colocalize. These finding suggests that Cop¢Zno +.MgFe,O,
nanoparticles are uniformly distributed across the studied region
because of the persistent particle presence there. Moreover, the
homogeneous morphology of the composite is consistent with
the mapping of iron, zinc, magnesium and cobalt.

TABLE-2
EDAX DATA OF THE ATOMIC PERCENTAGES OF
THE ELEMENTS IN Co,¢Zn, ;Mg Fe,0, SAMPLES

Composition Co™ Zn** Fe?* Mg*
0.00 21.10 12.10 66.00 0
0.08 21.51 9.44 66.06 2.99
0.16 22.31 7.10 65.19 5.40
0.24 24.46 3.99 64.13 7.41
0.32 19.69 1.87 66.81 11.63
0.40 21.01 0.15 68.08 10.76

Electrical properties

Dielectric constant: Electric dipoles can change their
polarization orientation in reaction to an applied electric field,

which causes a correlation between a dielectric constant (€)
and the polarizability of its dipole moments. According to
Verwey & Boer’s proposal, the electrons are transferred within
ions of the same element that have different valence states
and are dispersed randomly on analogous locations within the
lattice to form ferrites. The electronic transition from Fe** to
Fe* ions, which is crucial for conduction in ferrites, is also
brought about by this electron exchange.

At room temperature, the dielectric dispersion of the
samples was examined in the frequency range of 100 Hz to 5
MHz. The actual dielectric constant (&) of the synthesized
Mg-doped Co-Zn ferrite nanoparticles was plotted against the
applied frequency. The interfacial polarization response of the
dielectric dispersion exhibited the typical Maxwell-Wagner
type, wherein it decreased as the applied field frequency incre-
ased. The diele-ctric constant either neared saturation or had
an almost frequency independent response after declining signi-
ficantly up to 5 KHz as observed from the graph [23]. The
following formulae were used to compute the dielectric constant
(€/), dielectric loss factor (¢”) and AC conductivity (Ga.):

, Cd
g=—-
g A

e’ =¢tan

o=2nf¢e e,tan &
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Fig. 4. EDX spectra of Coy¢Znos..Mg.Fe,O, samples (x = 0.00, 0.08, 0.16, 0.24, 0.32, 0.40)
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Fig. 6. Variation in frequency with respect to the (a) dielectric constant and (b) dielectric loss of Cog¢Zno4..Mg.Fe,O4 (x = 0.00, 0.08, 0.16,

0.24, 0.32, 0.40) at room temperature

where C is the capacitance of pellet in Farad; d is the thickness
of pellet in meters; A is the cross-sectional area of pellet; f is
the frequency in Hz and ¢, is the permittivity of free space
(8.85x 10" Fm™) [24].

The grain size, porosity, cation distribution, chemical com-
position and fabrication technique are some of the variables
that affect the dielectric characteristics of the ferrite materials.
Fig. 6 shows the variation in the dielectric constant as a function
of frequency at room temperature. All the prepared samples
have a high dielectric constant at low frequencies, which dimi-
nishes with increasing frequency and ultimately reaches a mini-
mum at high frequencies, consistent with the typical behaviour
of ferrite materials and the similar results are also observed in
the literature [24-26].

The dielectric loss and dielectric constant decreased with
the increasing frequency. The dielectric loss and constant decre-
ased drastically as the frequency changed from low to high and
both permittivity components were no longer frequency depen-
dent. This behaviour was described by Koop’s model and based
on this model, the spinel ferrites were composed of well-condu-
cting grains divided by extremely resistive borders [18,27].

AC conductivity: Investigation on the AC conductivity
of Mg-substituted Co-Zn ferrites generally examines the impact
of Mg ion incorporation on the electrical characteristics of the
ferrite material. This includes examining parameters such as
the frequency dependence of conductivity, the activation energy
of conduction and the influence of Mg content on conductivity
behaviour.

The conductivity (c) grows with temperature, suggesting
a thermally stimulated conduction process. Interestingly, there
are two different behaviours that the conductivity displays that
depend on the frequency: (i) For a given temperature, the cond-
uctivity is constant at low frequencies up to around 1000 Hz,
indicating a homogenous conductance that is attributed to the
direct current conductivity (0q); (ii) the conductivity exhibits
an increase at higher frequencies, indicating an extra charge

carrier inflow and improved carrier hopping processes between
successive locations in the material. The dispersion behaviour
associated with these phenomena is called AC conductivity
(Gac)-

Fig. 7 depicts the variation in the frequency of room temp-
erature alternating the current electrical conductivity and found
that the frequency and AC electrical conductivity both increase.
The conduction in ferrites is caused by electron hopping bet-
ween the Fe** and Fe** ions at nearby octahedral sites [28]. The
Maxwell-Wanger double layer model has been utilized to explain
the frequency dependence. The high conductivity grains are
produced in the samples by the ferrous ions that occur when
the ferrite powder is sintered under somewhat decreasing cond-
itions. Such materials can create low-conductivity layers when
cooled in an oxygen atmosphere [29]. Ferrites displaying the
non-uniform dielectric characteristics result from their enhanced
conductivity layers. Grain borders and the grain itself have
distinct characteristics, since these grain boundaries are more

4.0x 10 .

2.0 x 1071

AC conductivity (S/cm)

ss8sitd

T T T

10 10" 10
Frequency (Hz)

Fig. 7. Variation in AC conductivity with frequency at room temperature
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active at lower frequencies, less electron hopping occurs between
the Fe?* and Fe™ ions. By promoting the hopping of electrons
between Fe?* and Fe®* ions, the conductive grains exhibited
heightened activity as the frequency escalated, so boosting
the rate of hopping. Consequently, as frequency increases, the
AC electrical conductivity also increases [30].

Conclusion

The sol-gel auto-combustion was used to synthesize Mg-
substituted cobalt-Zn ferrite nanoparticles with the formula
Coo.6Zno 4. Mg Fe,O4 (x = 0.00, 0.08, 0.16, 0.24, 0.32, 0.40).
The FESEM images showed the well-distributed, fine-grained,
spherically shaped particles. Partial agglomerations exhibit the
continuous grain expansion during sintering and strong contact
between the particles. A single-phase cubic spinel structure
was confirmed by FTIR analysis and X-ray diffraction. With
an increasing Mg content, the lattice constant of magnesium-
cobalt ferrite increases. The Debye-Scherrer’s equation indi-
cates that the typical crystallite size is between 17.01 and 27.13
nm. Itis evident that when the Mg content increases, the high-
frequency absorption band shifts to a lower frequency. The SEM
revealed that the prepared ferrite nanoparticles had spherical,
cubic particle shapes. Additionally, the prepared particles have
small grains and are consistent in size. The produced samples
had particle sizes between 9.80 nm and 24.92 nm. An AC cond-
uctivity study of Mg-substituted Co-Zn ferrites revealed several
important insights into the electrical behaviour of these materials.
Moreover, the AC conductivity behaviour demonstrates the
potential applications of Mg-substituted Co-Zn ferrites in various
electronic devices, such as inductors, transformers and micro-
wave devices, where controlled electrical conductivity is crucial.
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