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ABSTRACT: Spinel ferrites (MeFe20.) with divalent cations like Co?* and Zn?* exhibit unique crystal structures and magnetic
properties, making them essential in various applications. This study focuses on CoZnFe-oxide nanoparticles (NPs),
synthesized using a wet chemical method. X-ray diffraction (XRD) confirmed a single-phase cubic spinel structure, while
scanning electron microscopy (SEM) revealed clustered, spherical nanoparticles with rough surfaces. Fourier-transform
infrared (FTIR) spectroscopy identified absorption peaks corresponding to metal-oxygen bond vibrations. DC resistivity
measurements indicated thermally activated conduction behavior, typical of semiconductors. Magnetic analysis through an M-
H plot confirmed ferromagnetic behavior with significant saturation magnetization, coercivity, and remanence. These findings
demonstrate the structural, electrical, and magnetic characteristics of Coo.sZno2Fe2O4 nanoparticles, highlighting their potential

in semiconductor technology, nanosensors, biomedical applications, and more.
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1. INTRODUCTION

Spinel ferrites, represented by the general formula MeFe2Oa,
where Me can be divalent cations such as Fe?, Co?", Ni*,
Cu?*, Mg*', or Zn*', are characterized by their unique crystal
structures and magnetic properties. The formula for spinel
ferrites can be expanded to (Me*i«Fe*)[Me*\Fe*2«]Oa,
with cation distribution within the crystal lattice defining the
type of cubic structure: normal, inverse, or mixed spinel. In
a normal spinel, divalent cations occupy tetrahedral (A) sites
while trivalent cations fill the octahedral [B] sites [1].
Conversely, in an inverse spinel, trivalent cations are in the
(A) sites and a mixture of divalent and trivalent cations
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occupy the [B] sites. Mixed spinels show no strong
preference for cation occupation at either site [2]. For
instance, cobalt ferrite (CoFe20.) exhibits an inverse spinel
structure with trivalent iron ions (Fe?") in the tetrahedral sites
and both divalent cobalt ions (Co?*") and trivalent iron ions
(Fe**) in the octahedral sites, with oxygen anions forming a
face-centered cubic lattice.

Cobalt zinc ferrite nanoparticles have attracted significant
research interest due to their applications in semiconductor
technology, nanosensors, catalytic activities, choke coils,
nanorobotic devices, biomedical applications such as MRI
contrast agents, and as pigments [3]. These versatile
applications underscore the importance of cobalt zinc ferrite
nanoparticles in advancing technology and improving
various industrial and medical processes.

Ongoing research continues to explore and expand the
potential uses of spinel ferrites, making them a crucial area
of study in materials science and nanotechnology [4], drug
delivery [5], microwave-absorbing materials [6], and
electronic devices [7]. Ferrites, known for their magnetic
properties and versatility, are extensively used in a variety of

© Avriston Publications 2024. All rights reserved.

ChemSci Advances, 2024, Vol. 1, No. 3, 139-146 | 139


mailto:rambarkule@gmail.com

Structural and morphological investigations of CoZnFe-oxide nanoparticles and their electrical and magnetic properties

R. S. Barkule et al.

applications including transformers, inductors, noise filters,
high-density recording media, recording heads, and magnetic
carriers [8].

Nanostructured spinel ferrites can be synthesized using
various wet chemical methods, including the ceramic method
[9], co-precipitation [10], sol-gel auto-combustion [11], and
hydrothermal processing, each offering unique advantages
based on application needs [12]. Among these, the sol-gel
auto-combustion method is particularly effective for
producing spinel ferrite nanoparticles due to its simplicity,
chemical homogeneity, low synthesis temperature, cost-
effectiveness, rapid processing, and environmental
friendliness. It allows precise stoichiometric control and
narrow particle size distribution, producing nanoparticles
with sizes typically ranging from 10 to 50 nm. For example,
the synthesis of cobalt zinc ferrite (CoxZni—«Fe:0s)
nanoparticles via this method involves temperatures of 300-
500°C, significantly lower than traditional methods, and
yields high saturation magnetization and coercivity values.
This advanced control over material properties has enabled
the development of high-performance devices and materials.
Applications of cobalt zinc ferrite nanoparticles are broad,
including uses in semiconductor technology, nanosensors,
catalysis, electronic circuits, and biomedical fields such as
drug delivery and MRI contrast enhancement. Their
versatility and effectiveness underscore the importance of
ongoing research in advancing the field of spinel ferrites [13,
14]
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The electron configurations of different metal ions
commonly found in spinel ferrites significantly influence
their magnetic and electronic properties. For Fe3* (Ferric ion),

the configuration is depicted as five unpaired 3d electrons (T

T 1T 1 1), reflecting its [Ar]3d® configuration after losing
three electrons. This high-spin state contributes to its strong
magnetic properties. Fe?* (Ferrous ion) shows a configuration
with four unpaired electrons and one paired (T4 T T 1 1),

corresponding to its [Ar]3d° state after losing two electrons,
which also affects its magnetic characteristics. Co?
(Cobaltous ion) has a configuration with three unpaired

electrons and two paired (Tl T4 T T 1), resulting from its

[Ar]3d’ state after losing two electrons. This arrangement
plays a crucial role in the magnetic behavior of cobalt ferrite.
Zn** (Zinc ion), on the other hand, has a fully paired electron

configuration (T4 T4 T4 T1 T!) in its [Ar]3d" state after

losing two electrons, leading to diamagnetic properties due
to the absence of unpaired electrons. These varied electron
configurations in metal ions like Fe3*, Fe?*, Co?*, and Zn?" in
spinel ferrites determine the material's overall magnetic and
electronic properties, making them suitable for diverse
applications in electronic devices, magnetic storage, and
biomedical fields [15, 16].

This study focuses on CoZnFe-oxide NPs, synthesized
using a wet chemical method and characterized by various
techniques. Finally, the electrical and magnetic properties of
the synthesized nanoparticles were examined.

2. EXPERIMENTAL DETAILS

2.1. Materials and methods

For the synthesis of spinel-structured Coi~ZniFe 04
nanoparticles with varying compositions where x ranges
from 0.2 to 0.8), starting materials including cobalt nitrate
hexahydrate (Co(NOs):-6H20), zinc nitrate tetrahydrate
(Zn(NOs)2-4H:0), and ferric nitrate  nonahydrate
(Fe(NOs)3-9H20), each with a purity of 99.9%, were utilized
without further purification. The synthesis process involved
the use of citric acid as a complexing agent to facilitate the
formation of the desired spinel structure. The ratio of metal
nitrates to the fuel (citric acid) was carefully maintained at
1:3 to ensure optimal reaction conditions. Additionally,
ammonia solution (NH+4OH) was employed to adjust and
stabilize the pH at 8 throughout the synthesis, which is
crucial for achieving the desired properties and composition
of the nanoparticles. This controlled approach allows for
precise tuning of the nanoparticles' composition and
properties, contributing to the successful production of
Coi1-xZnsFe:04 nanoparticles with tailored characteristics for
various applications.

2.2. Synthesis of CoZnFe:O4 nanoparticles

The wet chemical synthesis was designed to synthesize
CoZnFe:04 nanoparticles (NPs). Metal nitrates of cobalt and
ferric, both with 99.9% purity, were mixed together in a
beaker with an adequate amount of deionized (DI) water. The
resulting solution was rigorously stirred and homogenized on
a magnetic hot-plate stirrer. A 1:3 ratio of metal nitrates to
citric acid (CsHsO7*") was used as the complexing agent.
Water evaporation was achieved by setting the hot-plate
temperature to 80°C for 3 hours. Ammonia solution (NHsOH)
was added slowly to maintain the solution's pH at 8. During
the intermediate stage, the solution transitioned from a ‘sol’
to a ‘gel,” eventually forming a ‘viscous brown gel.” In the
final stage, increased ionic exchange within the system led to
the release of gaseous by products. The temperature was
raised to 110°C to initiate self-propagating auto-combustion,
resulting in a loose powder of pre-sintered CoZnFe2Oa.
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3. RESULTS AND DISCUSSION

3.1. XRD of CoZnFe-oxide NPs

Structural studies of CoZnFe2Os nanoparticles (NPs) were
performed using X-ray diffraction (XRD) with a X’PertPRO
MPD PANAlytical system. The analysis was conducted over
a 20 range of 20° to 80° using Cu-Ko radiation with a
wavelength of A = 1.5405 A at room temperature.
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Fig. 1. X-ray diffraction pattern of CoZnFe-oxide NPs for
x=0.2.

The XRD pattern is shown in Figure 1 that indicated that the
CoZnFe:0O4 NPs exhibited a single-phase cubic spinel
structure, with no secondary peaks observed. The diffraction
pattern confirmed the presence of specific planes, including
(220), (311), (400), (422), (511), (440), and (622), as detailed
in Table 1. The X-ray diffraction (XRD) data table provides
a detailed analysis of the crystal structure of the material,
revealing the presence of a spinel-type structure [17]. The

table lists the Miller indices (h, k, 1) for various diffraction
peaks, along with their corresponding 26 values, interplanar
spacings (d), and lattice parameters (a). The Miller indices
indicate the orientation of the crystal planes responsible for
the observed diffraction peaks. For instance, the peak at 20 =
30.109° corresponds to the (220) plane, while the peak at 20
=35.492° is attributed to the (311) plane [18]. The calculated
d-spacing, which range from 1.277 A for the (622) plane to
2.965 A for the (220) plane, are consistent with the expected
values for a spinel ferrite material.

The lattice parameter (a) remains relatively constant,
with an average value of 8.390 A, suggesting a well-defined
cubic spinel structure. The ratio of the lattice parameter to the
d-spacing squared, (a/d)?, provides further evidence of the
spinel structure, as the values are consistent with those
reported for similar ferrite materials. Overall, the XRD data
confirms the successful synthesis of a single-phase spinel
ferrite with a well-defined cubic structure [19].

The X-ray diffraction (XRD) data presented in Table 2
provides a comprehensive analysis of the crystallographic
properties of the material, revealing valuable insights into its
structure and quality. The 26 values, ranging from 30.10° to
74.15°, correspond to specific crystal planes within the
material's lattice, with the most prominent peaks occurring at
35.49°, 43.14°, and 57.08°. The FWHM (Full Width at Half
Maximum) values, which are consistently below 1° in both
degrees and radians, indicate sharp, well-defined peaks,
suggesting a high degree of crystallinity in the material. The
calculated Cos 6 values, which decrease with increasing 20,
are used in the Scherrer equation to determine the average
crystallite size (D) for each peak. The crystallite sizes vary
from 11.57 nm for the peak at 53.65° to 21.55 nm for the peak
at 43.14°, with an overall average of 18.584 nm.

Table 3 provides a dislocation density (), lattice strain
(e), of the CoZnFe-oxide NPs. The dislocation density ()
values, which range from 2.152*10° to 7.468*10° nm2,
provide an estimate of the number of defects present in the
crystal structure, while the microstrain (€) values, ranging
from 0.465*%1072 to 1.978*1073, quantify the internal strain
within the crystallites.

Table 1. Miller indices of the CoZnFe-oxide NPs typical sample x = 0.2.

h k 1 20 0 Sin@ 2Sin0 d (a/d)"2 a
2 2 0 30.109 15.054 0.260 0.520 2.965 7.988 8.386
3 1 1 35.492 17.746 0.305 0.610 2.527 11.000 8.380
4 0 0 43.141 21.571 0.368 0.735 2.095 16.005 8.379
4 2 2 53.655 26.828 0.451 0.903 1.706 24.118 8.360
5 1 1 57.083 28.542 0.478 0.956 1.612 27.032 8.375
4 4 0 62.669 31.335 0.520 1.040 1.481 32.022 8.377

6 2 2 74.155 37.077 0.603 1.206 1.277 43.039 8.473

8.390
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Table 2. FWHM, Crystallite size (D), dislocation density (), lattice strain (g), of the CoZnFe-oxide NPs.

20 FWHM Radian (0) Cos 0 D=0.92/ Cos® D nm
30.10 0.007 0.966 207.41 20.74
35.49 0.007 0.952 204.71 20.47
43.14 0.007 0.930 215.54 21.55
53.65 0.013 0.892 115.71 11.57
57.08 0.008 0.879 197.41 19.74
62.66 0.008 0.854 194.00 19.40
74.15 0.010 0.798 166.05 16.60
18.584
Table 3. Dislocation density (9), lattice strain (€), of the CoZnFe-oxide NPs.

20 6%10% (nm?) £%10°
30.10 2.324 0.465
35.49 2.386 0.569
43.14 2.152 0.684
53.65 7.468 1.698
57.08 2.565 1.087
62.66 2.656 1.274
74.15 3.626 1.978

These results demonstrate the high quality and well-
defined crystallographic structure of the material, making it
suitable for various applications that require a high degree of
crystallinity and low defect concentrations.

The crystallite size (D) of CoZnFe-oxide NPs was
estimated from the FWHM of the peak (311) in all the
reflections by using the Debye-Scherrer formula mentioned
below [20]:

D = 0.891/fcos0O

Where B = FWHM of the diffraction peak corresponding to
the plane (311) [21], A = wavelength of X-ray, 6 = 0.89
(diffraction angle), and that is also considered as a Scherrer’s
constant. The obtained results confirmed the nanosize
formation. The XRD pattern of CoosZno2Fe,0s (x=0.2)
unequivocally demonstrates the crystalline nature of the
material. The presence of sharp, distinct peaks in the
diffraction pattern is indicative of a well-ordered atomic
arrangement within the sample. Each peak corresponds to
specific crystallographic planes, as defined by their Miller
indices, and their positions on the 20 axis provide crucial
information about the lattice parameters of the crystal
structure. Moreover, the relative intensities of these peaks
offer valuable insights into the orientation and abundance of
various crystallographic planes, contributing to a
comprehensive understanding of the material's structural
properties.

3.2. Microstructure of CoZnFe-oxide NPs

The SEM was carried out by FEG-Scanning electron
micrograph Model-JSM-7600F at SAIF IITB Mumbai. The
scanning electron microscopy (SEM) image of CoZnFe-
oxide nanoparticles (NPs) for x = 0.2 in Figure 2 reveals
several important morphological characteristics. The
nanoparticles exhibit a clustered and agglomerated
morphology, appearing predominantly spherical in shape
with rough surfaces. This clustering suggests a tendency for
agglomeration, which may be attributed to factors such as
surface energy and magnetic interactions between the
particles. Additionally, the size distribution of the
nanoparticles is relatively broad, indicating the presence of
both larger clusters and smaller individual nanoparticles.
This variability in size suggests that the synthesis process
may not have been perfectly controlled, leading to
differences in nanoparticle growth during synthesis. The
rough and uneven surface features of the nanoparticles are
noteworthy, as they indicate a degree of porosity that could
enhance the surface area available for reactions. This
increased surface area may be beneficial for various
applications, including catalysis and drug delivery, where
enhanced interactions with the surrounding environment are
desirable. Overall, the SEM observations provide valuable
insights into the morphology and potential functionality of
the CoZnFe-oxide nanoparticles, highlighting both their
structural characteristics and implications for practical
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applications.

500 nm

Fig. 2. SEM image of CoZnFe-oxide NPs for x =0.2.

3.3. Topology of CoZnFe-oxide NPs

The topological investigation of CoZnFe-oxide NPs was
carried out by atomic force microscopy (AFM; PARK
Model-XE 7); Head mode NC set at point 17.69 nm,
amplitude 30.94 nm, frequency 309.68E3 Hz with the
scanning rate of 0.5 Hz. AFM images of CoZnFe-oxide NPs
have been depicted in Figure 3. According to Hook’s law, the
atomic force micrography works on the principle of Wonder-
Wall forces. These Wonder-Wall forces produced in the
atomic structure at the surface of the materials. The intense
laser reflections were used to determine the roughness,

smoothness, texture property, etc. was seen not to be uniform.
[22, 23].

Fig. 3. AFM of CoZnFe-oxide NPs.

3.4. FTIR of CoZnFe-oxide NPs

The FTIR spectra for CoZnFe-oxide nanoparticles with a
composition of x = 0.2, as illustrated in the Figure 4, exhibit
several significant absorption peaks that elucidate the
structural and chemical properties of the material. The initial
absorption band (vi) detected at approximately 543 cm™ is
associated with the stretching vibrations of the metal-oxygen
(M-O) bond located at the tetrahedral site. The subsequent
absorption band (v2), observed at a lower wavenumber of
around 402 cm™, is linked to the octahedral M-O stretching
vibration [24]. The intensity and positioning of these
absorption bands indicate the impact of Zn substitution on
the structural characteristics of the ferrite. The FTIR spectra
confirm the presence of spinel ferrite structures, with
variations indicating the effective incorporation of Zn into
the lattice. These results offer significant insights into the
synthesis and potential applications of these ferrite
nanoparticles [25].
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Fig. 4. FTIR spectra of CoZnFe-oxide NPs for x = 0.2.

3.5. DC-resistivity of CoZnFe-oxide NPs

The DC resistivity graph for CoZnFe-oxide nanoparticles
with a composition of x = 0.2 provides significant insights
into the electrical characteristics of the material. The graph
Figure 5 illustrates the natural logarithm of electrical
conductivity (log o) plotted against the reciprocal of
temperature (1000/T in Kelvin), revealing a distinct
temperature dependence. As the temperature rises (moving
from right to left along the x-axis), the electrical conductivity
increases, which signifies a reduction in resistivity. This
linear correlation indicates an Arrhenius-type behavior,
where conductivity rises exponentially with temperature. The
slope of the line can be utilized to calculate the activation
energy (E.) for conduction, in accordance with the Arrhenius
equation [26]:
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Eq
0 = 0o exp(;7r)

This behavior suggests a thermally activated conduction
mechanism, characteristic of semiconductors, where charge
carriers acquire adequate thermal energy to surpass the
activation energy barrier for conduction. The specific
composition of CogsZno2Fe;04 implies that the substitution
of Zn has a considerable impact on the conduction
mechanism [27]. Zn ions, possessing a different electronic
configuration than Co ions, influence the electronic structure
and the activation energy for conduction. This substitution
modifies the density of states, the mobility of charge carriers,
and the overall crystal structure, thereby affecting the
conductivity. The DC resistivity graph substantiates that
CoosZngoFe;Os  demonstrates  thermally  activated
semiconducting behavior, with conductivity increasing with
temperature, and emphasizes the influence of Zn substitution
on the electrical properties of the material [28].

7.2

—0—0.2
Coy sZn, ,Fe,0,
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09 10 11 1:2 1:3 14 15 1.6
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Fig. 5. DC-resistivity of CoZnFe-oxide NPs for x = 0.2.

3.6. Magnetic Property of CoZnFe-oxide NPs

The M-H plot for CoZnFe-oxide nanoparticles with a
composition of x = 0.2 provides valuable insights into the
material's magnetic properties. The plot exhibits a typical S-
shaped hysteresis loop, characteristic of ferromagnetic
materials, indicating strong magnetic interactions.

In Figure 6, the saturation magnetization (Ms) is
approximately 0.6 emu, representing the maximum
magnetization achieved when all magnetic moments align
with the applied field. The coercivity (Hc), the field strength
required to reduce the magnetization to zero after saturation,
is evident from the points where the curve crosses the x-axis.
The remanent magnetization (Mr), the residual
magnetization when the applied field is reduced to zero, is
around 0.3 emu. The significant coercivity and remanence
confirm the ferromagnetic behavior of CoosZno2Fe,O4 at

room temperature. The hysteresis loop shape and size suggest
strong magnetic interactions typical of spinel ferrites. Zn
substitution influences the magnetic properties by affecting
the cation distribution between the tetrahedral and octahedral
sites in the spinel structure. This substitution impacts the
overall magnetic behavior, confirming that Cog.sZno2Fe04
is a ferromagnetic material with distinctive magnetic
properties due to Zn incorporation [29, 30].
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15000 -10000 -5000 O 5000 10000 15000

Field(Oe)

Fig. 6. Magnetic Hysteresis loop of CoZnFe-oxide NPs for x
=0.2.

4. CONCLUSION

Spinel ferrites, represented by the general formula MeFe2Oa,
where Me can be divalent cations such as Fe?', Co?", Ni?*",
Cu?, Mg*, or Zn*", exhibit unique crystal structures and
magnetic properties. The structural variations, including
normal, inverse, or mixed spinel types, are dictated by the
cation distribution within the lattice. For instance, cobalt
ferrite (CoFe:0.) typically displays an inverse spinel
structure, while Zn substitution can lead to significant
changes in the material's properties. The synthesis of
CoZnFe:04 nanoparticles was achieved through a wet
chemical method, resulting in a single-phase cubic spinel
structure as confirmed by XRD analysis. The nanoparticles
exhibited a crystalline nature with well-defined peaks and
minimal defects, indicating high quality and suitability for
various applications. SEM and AFM analyses revealed a
clustered and agglomerated morphology with rough surfaces,
suggesting potential for enhanced surface interactions in
catalytic and biomedical applications. FTIR spectra
confirmed the presence of spinel ferrite structures and
indicated successful Zn incorporation, which influenced the
material's structural characteristics. The DC resistivity
analysis demonstrated a thermally activated conduction
mechanism, characteristic of semiconductors, with
conductivity increasing exponentially with temperature. The
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magnetic properties of CoZnFe:Os nanoparticles were

elucidated through M-H plot analysis, revealing
ferromagnetic  behavior with  significant saturation
magnetization, coercivity, and remanence. The Zn
substitution influenced the cation distribution and,

consequently, the magnetic interactions within the spinel
structure. The comprehensive analysis of CoZnFe.Oa
nanoparticles highlights their potential in various
technological and industrial applications, including
semiconductor technology, nanosensors, catalytic activities,
biomedical applications, and more. The ongoing research
into spinel ferrites continues to expand their applicability,
underscoring their importance in materials science and
nanotechnology.
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