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ABSTRACT: This research details the synthesis and characterization of Co¢Zng4Fe,O, nanoparticles achieved
through a wet chemical approach. The resulting nanoparticles were analyzed using X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), and direct current (DC) resistivity measurements. The XRD results confirmed
the establishment of a single-phase cubic spinel structure. FTIR analysis revealed absorption peaks associated with
metal-oxygen bond vibrations. The DC resistivity measurements suggested a thermally activated conduction
mechanism. Furthermore, magnetic analysis indicated ferromagnetic characteristics, exhibiting notable saturation
magnetization, coercivity, and remanent magnetization. These findings underscore the potential applications of
Cog.¢Zny 4Fe,04 nanoparticles in diverse areas such as semiconductor technology, nanosensors, and biomedical devices.

KEYWORDS: X-ray diffraction; SEM; DC-electric resistivity; Magnetic Property.
L INTRODUCTION

Spinel ferrites have the general formula MFe,0,4, where M represents a divalent metal cation such as Fe?', Co?*, Ni*",
Cu?*, Mg*, or Zn*". The formula can be expanded to (Me,, i Fesx)[MesxFesin<]O4, where the cation distribution
within the crystal lattice defines the type of cubic structure: normal, inverse, or mixed spinel [1]. The crystal structure
of spinel ferrites is characterized by a unit cell that is derived from a cubic close-packed configuration of oxygen anions.
This arrangement provides 64 tetrahedral (A) sites and 32 octahedral (B) sites available for cation occupancy. However,
due to the chemical stoichiometry of the material, only a portion of these sites are actually filled. Typically, within a
single unit cell, 8 out of the 64 A sites and 16 out of the 32 B sites are occupied by metal cations [2]. The oxygen
position parameter, commonly represented as u, is vital in influencing the structural and physical characteristics of
spinel ferrites. These materials, characterized by the general formula MFe,O,, crystallize in a cubic lattice where
oxygen anions (O*") are arranged in a close-packed configuration. The specific arrangement of these anions has a
significant impact on the geometry of the cation sublattice, thereby affecting various material properties, including
magnetic ordering, electrical conductivity, and catalytic activity. In an ideal spinel structure, the oxygen anions are
symmetrically arranged within the unit cell; however, actual crystals frequently display minor deviations from this ideal
configuration [3]. The oxygen parameter (u) quantifies the displacement of oxygen atoms from their ideal positions
along the body diagonal of the unit cell. This parameter directly affects the distances between cations and oxygen
anions, consequently influencing the bond lengths and angles between the metal cations located at both tetrahedral (A)
and octahedral (B) sites [4]. These minor alterations in the position of oxygen can alter the strength of superexchange
interactions among cations, particularly those at the B sites, which are essential for determining magnetic properties.
Changes in the oxygen position parameter can also affect the lattice constant and the electronic structure of spinel
ferrites, thereby modifying their dielectric and optical properties. A comprehensive understanding of the oxygen
position parameter is crucial for optimizing the material’s properties for targeted applications [5]. This parameter can
be manipulated through various synthesis methods, doping with alternative cations, or thermal treatments. Even slight
variations in the (u) parameter, particularly within the range of 0.25 to 0.27, can lead to substantial changes in the
overall performance of the spinel ferrite, underscoring its importance. In a normal spinel structure, divalent cations,
such as Fe**, Zn**, or Co?*', tend to occupy the tetrahedral (A) sites, where they are coordinated by four oxygen anions
in a tetrahedral geometry [6]. Conversely, the octahedral [B] sites, which are surrounded by six oxygen anions, are
filled by trivalent cations, such as Fe*'. This specific cation distribution plays a significant role in determining the
magnetic and electronic characteristics of the material. In an inverse spinel structure, the distribution of cations is
altered; trivalent cations (e.g., Fe*") occupy the tetrahedral (A) sites, while both divalent and trivalent cations occupy
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the octahedral [B] sites. This combination of different valence states in the [B] sites can lead to distinctive magnetic
interactions, as the exchange coupling among the various cations affects the magnetic ordering of the material [7, 8].
The differing cation distributions between (A) and [B] sites in normal and inverse spinels result in unique structural and
magnetic properties, which are essential for their use in applications such as catalysis, electronics, and magnetic storage
devices. Additionally, external factors like temperature, synthesis techniques, and doping can influence the arrangement
of cations, resulting in variations in the physical properties of spinel ferrites [9]. Cobalt ferrite (CoFe,0,4) exhibits an
inverse spinel structure, with trivalent iron ions (Fe**) in the A sites and both divalent cobalt ions (Co**) and trivalent
iron ions (Fe**) in the [B] sites. The oxygen anions form a face-centered cubic lattice. Zinc ferrite (ZnFe,O,) is another
important spinel ferrite. Nanosized ZnFe,O, powders synthesized via the sol-gel auto-combustion method showed that
as the annealing temperature increases, Fe’* cations filling the B sites are gradually reduced to Fe®* cations, likely due
to the oxidation of Zn”* to Zn>*. Substitution of divalent cations in spinel ferrites can significantly alter their properties.
For example, in Zn-doped CoFe,0, nanoparticles, the lattice parameter increases gradually as the Zn concentration
increases from x = 0.0 to x = 0.8. The spontaneous magnetization also increases monotonically from ~51 emu/g for x =
0.0 to ~106 emu/g for x = 0.8. Spinel ferrites exhibit a wide range of useful properties, including thermal and chemical
stability, unique structural and magnetic characteristics, and potential applications in photocatalysis, biosensors,
catalysis, magnetic refrigeration, permanent magnets, drug delivery, and hyperthermia treatment [10-13]. These
scientific data highlight the versatility and tunability of spinel ferrites, making them attractive materials for various
technological applications. The ability to control their composition, structure, and properties through doping and
synthesis methods enables the development of optimized materials for specific uses.

Figure 1 Various Applications of Spinel Ferrite
II. EXPERIMENTAL METHOD

Materials:

The For the synthesis of spinel-structured Co,,Zn,Fe,0, nanoparticles with varying compositions where x = 0.3, high-
purity starting materials were utilized without further purification. These materials included cobalt nitrate hexahydrate
(Co(NO:s)2:6H20), zinc nitrate tetrahydrate (Zn(NOs)2-4H20), and ferric nitrate nonahydrate (Fe(NOs)s:-9H20), each
with a purity of 99.9%. The synthesis process involved the use of citric acid as a complexing agent to facilitate the
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formation of the desired spinel structure. The ratio of metal nitrates to the fuel (CsHsO+*") was carefully maintained at
1:3 to ensure optimal reaction conditions. This specific ratio helps to create a stable metal-citrate complex, which is
crucial for the formation of homogeneous and well-defined nanoparticles. Furthermore, ammonia solution (NH«OH)
was employed to adjust and stabilize the pH at 8 throughout the synthesis. Maintaining a controlled pH is crucial for
achieving the desired properties and composition of the nanoparticles, as it influences the solubility and stability of the
metal-citrate complexes. This precise approach allows for fine-tuning of the nanoparticles' composition and properties,
contributing to the successful production of Co,,Zn,Fe,O, nanoparticles with tailored characteristics for various
applications. By utilizing high-purity starting materials, optimizing the metal nitrate to citric acid ratio, and carefully
controlling the pH during synthesis, researchers can effectively produce spinel-structured Co;_ZnsFe,O4 nanoparticles
with desired compositions and properties. This level of control is essential for developing advanced materials with
specific applications in mind, such as in the fields of catalysis, energy storage, and magnetic devices.

II1. SYNTHESIS OF CO; xZNxFE,0, (X=0.4) NANOPARTICLES

Synthetic route:

The The wet chemical synthesis method was developed to produce Co,_Zn,Fe,O,4 (x=0.4) nanoparticles (NPs), which
are of significant interest due to their unique magnetic and electrical properties, making them suitable for various
applications in fields such as catalysis, energy storage, and biomedical technologies. The synthesis began with the
careful selection of high-purity starting materials. Metal nitrates of cobalt (Co(NOs):'6H.O) and ferric
(Fe(NOs)3-9H20), both with a purity of 99.9%, were combined in a beaker with an adequate amount of deionized (DI)
water. The choice of deionized water is crucial, as it eliminates impurities that could interfere with the synthesis
process and the final properties of the nanoparticles. Once the metal nitrates were added to the DI water, the resulting
solution was thoroughly stirred and homogenized using a magnetic hot-plate stirrer. This step ensures that the metal
ions are evenly distributed throughout the solution, which is essential for achieving a uniform composition in the final
product. To facilitate the formation of the desired spinel structure, a 1:3 ratio of metal nitrates to citric acid (CsHsO7*")
was employed as the complexing agent. Citric acid plays a vital role in stabilizing the metal ions in solution and
promoting the formation of metal-citrate complexes, which are critical for the subsequent steps in the synthesis. To
drive off excess water and concentrate the solution, the hot-plate temperature was set to 80°C for a duration of 3 hours.
This controlled heating process allows for the gradual evaporation of water, leading to an increase in the concentration
of the metal-citrate complexes in the solution. During the synthesis, ammonia solution (NH+«OH) was gradually added
to maintain the solution's pH at 8. Controlling the pH is essential for ensuring the stability of the metal-citrate
complexes and promoting the formation of the desired gel structure. A pH of around 8 is optimal for the precipitation of
metal hydroxides, which will later contribute to the formation of the nanoparticles. As the process continued, the
solution transitioned from a ‘sol’ (a colloidal suspension) to a ‘gel’ state, eventually forming a ‘viscous brown gel.’
This transformation indicates the successful formation of a network of metal hydroxides and citric acid, which will
serve as the precursor for the nanoparticles. In the final stage of the synthesis, increased ionic exchange within the
system led to the release of gaseous byproducts, such as water vapor and carbon dioxide. This release of gases is a
critical indicator of the progress of the reaction. To facilitate the self-propagating auto-combustion process, the
temperature was raised to 110°C. This increase in temperature initiates a rapid exothermic reaction that leads to the
combustion of the organic components, resulting in the formation of a loose powder of pre-sintered Co;_Zn,Fe,O,
(x=0.4). The auto-combustion process is advantageous as it produces nanoparticles with a high degree of homogeneity
and fine control over their size and morphology. The resulting sintered Co,_,ZnsFe,O, (x=0.4) nanoparticles possess
unique properties that can be tailored by adjusting the synthesis parameters, such as the concentration of metal nitrates,
the ratio of citric acid, and the pH of the solution. The wet chemical synthesis method, particularly the sol-gel auto-
combustion approach, offers several advantages, including simplicity, cost-effectiveness, and the ability to produce
nanoparticles with narrow size distributions. These characteristics make sintered Co,_,Zn,Fe,0O, (x=0.4) nanoparticles
highly suitable for various applications, including magnetic materials, catalysis, and advanced electronic devices.
Ongoing research aims to further explore and optimize the synthesis process to enhance the performance and
applicability of these nanoparticles in emerging technologies.
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Figure 2 General Synthetic route for Co;_Zn,Fe,0, (x=0.4) nanoparticles via solgel auto-combustion method

IV.RESULTS AND DISCUSSION

X-ray diffraction
The Structural investigations of CoZnFe20O4 nanoparticles (NPs) were conducted using X-ray diffraction (XRD) with a

X’PertPRO MPD PANalytical system. The analysis spanned a 20 range from 20° to 80°, utilizing Cu-Ka radiation with
a wavelength of A = 1.5405 A at room temperature. The XRD pattern, illustrated in Figure 1, indicates that the
CoZnFe:04 NPs exhibit a single-phase cubic spinel structure [14], with no secondary peaks detected (see Figure 2). The
diffraction pattern confirmed the presence of specific planes, including (220), (311), (400), (422), (511), (440), and

(622), [15] as detailed in Table 1.
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Figure 3. X-ray diffraction pattern of Co;_Zn,Fe,O,4 (x=0.4) nanoparticles
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Table 1. Miller indices of the Co,_ Zn,Fe,O, nanoparticles sample x = 0.4

h k 1 20 0 Sin@ 2Sin® d (a/d)2 a
2 2 0 30.135 15.067 0.260 0.520 2.962 8.002 8.379
3 1 1 35.512 17.756 0.305 0.610 2.525 11.012 8.375
4 0 0 43.172 21.586 0.368 0.736 2.093 16.026 8.373
4 2 2 53.658 26.829 0.451 0.903 1.706 24.120 8.359
5 1 1 57.132 28.566 0.478 0.956 1.611 27.074 8.369
4 4 0 62.709 31.355 0.520 1.041 1.480 32.059 8.372
6 2 2 73.590 36.795 0.599 1.198 1.286 42.478 8.529
8.394

The data from Table 1 provide critical insights into the structural characteristics of Coo.cZno.sFe2O4 nanoparticles,
particularly in terms of their crystallographic planes, lattice spacing, and overall crystal structure. The Miller indices (h,
k, 1) along with the diffraction angles (26 and 0) show that the interplanar spacing (d) decreases as the diffraction angle
increases, which is typical for a cubic spinel structure. The calculated lattice constant (a) remains nearly uniform across
different planes, averaging around 8.394 A, suggesting that the sample retains a stable cubic lattice. This consistency in
lattice constant confirms the structural integrity of the Coo.sZno.4Fe204 nanoparticles.

Table 2. FWHM, Crystallite size (D), dislocation density (), lattice strain (¢), of Co;.Zn,Fe,O,4 nanoparticles sample x

=04
0 in . FWHM FWI—.IM 3 -2 -3
20 Degree Radian(0) DGE%I)'ee thgl)an Cos® D=0.92/pCos®0 Dnm 5*10° (nm™) €*10

30.135 15.06727 0.263 0.37049  0.006  0.966 222.194 22.219 2.025 0.435
35.512  17.75597 0.310 0.39693 0.007  0.952 210.278 21.028 2.261 0.554
43.172  21.58581 0.377 0.42363 0.007  0.930 201.786 20.179 2.455 0.731
53.658  26.82887 0.468 0.82033 0.014  0.892 108.580 10.858 8.481 1.810
57.132  28.565975 0.498 0.50409 0.009  0.878 179.530 17.953 3.102 1.197
62.709  31.35453 0.547 0.52306  0.009  0.854 177.937 17.794 3.158 1.390
73.590 36.795205 0.642 0.49488  0.009  0.801 200.545 20.055 2.486 1.615

18.584

In Table 2, the crystallite size (D) and other related parameters, such as dislocation density (8) and lattice strain (g),
offer valuable information on the crystal quality and defects. The crystallite size decreases at higher diffraction angles,
indicating the presence of smaller crystallites or more pronounced peak broadening at these reflections. The dislocation
density increases correspondingly, suggesting a higher concentration of defects in smaller crystallites. Furthermore,
lattice strain values rise with increasing 26, indicating that the material experiences more distortion at higher angles.
These factors, including the moderate levels of dislocation and strain, help to understand the material’s structural
imperfections, which can significantly influence its magnetic and electronic properties. Overall, this analysis highlights
the interconnectedness of structural parameters and their role in determining the functional behavior of spinel ferrites.

Infra-red Spectroscopy

The FTIR spectra for Co;_ZnsFe,04 (x=0.4) nanoparticles with a composition of (x = 0.4), as presented in Figure 4,
show several key absorption peaks that offer valuable information regarding the structural and chemical characteristics
of the material. The presence of these peaks confirms the formation of spinel ferrite structures and provides details on
the interactions between the metal cations and oxygen in the crystal lattice [16]. The first absorption band (vi) appears
at approximately 545 cm™, which is characteristic of the stretching vibrations of metal-oxygen (M-O) bonds at the
tetrahedral sites. In spinel ferrites, this band is often associated with the higher-energy vibrations that occur when
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cations such as Co*" or Fe** are positioned at tetrahedral coordination sites. The position and intensity of this peak
provide insights into the cation distribution at these sites, suggesting a stable tetrahedral coordination despite the partial
substitution of Zn?* in the structure. The second absorption band (v2) is observed at a lower wavenumber, around 403
cm™', which corresponds to the metal-oxygen stretching vibrations at the octahedral sites [17]. In this case, the cations
located in octahedral coordination, such as Zn*", Fe**, or Co**, contribute to this band. The lower frequency of these
vibrations is due to the larger size and weaker bonds at the octahedral sites compared to those at the tetrahedral
positions. The shift in the absorption bands, especially with the introduction of Zn?*, indicates that Zn is successfully
incorporated into the lattice, altering the local bonding environment and affecting the vibrational frequencies. This is
further supported by the changes in intensity and position of the bands, which reflect the substitution-induced
distortions in the crystal structure [18]. The differences in cation size and bonding strength between Zn** and Co**/Fe**
modify the M-O bond lengths and angles, leading to observable changes in the FTIR spectra. These findings from the
FTIR spectra are significant, as they confirm the structural integrity of the spinel ferrite and provide insights into the
material's chemical composition and bonding. The successful incorporation of Zn into the CoFe:Oa lattice has
implications for tuning the physical and magnetic properties of the nanoparticles, making them suitable for a wide
range of applications such as in catalysis, magnetic data storage, and biomedical fields. By understanding the
vibrational properties and the effects of Zn substitution, researchers can optimize the synthesis process and improve the
performance of these ferrite nanoparticles in various technological applications.

0_
;—\; -10
8 20-
| =
g 30
=
e
® -40 0
. x=0.4 v
-50- <
Coy¢Zn, 4Fe,0,
'60 T T T T T
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Figure 4 FTIR spectra of Co_,Zn,Fe,04 (x=0.4) nanoparticles

DC resistivity

The DC resistivity graph for Co;,Zn,Fe,O, nanoparticles with a composition of (x = 0.4) provides valuable
information about the material's electrical properties. Figure 5 shows the natural logarithm of electrical conductivity
(log o) plotted against the reciprocal of temperature (1000/T in Kelvin), demonstrating a clear temperature dependence.
As temperature increases (moving from right to left along the x-axis), electrical conductivity rises, indicating a decrease
in resistivity. This relationship follows an Arrhenius-type behavior, where conductivity increases exponentially with
temperature. The slope of this line can be used to calculate the activation energy (Ea) for conduction, based on the
Arrhenius equation [19]:

0 =0, exp(i—f;) (D

This behavior suggests that conduction in the material is thermally activated, characteristic of semiconductors, where
charge carriers gain sufficient thermal energy to overcome the activation energy barrier. The specific composition of
Coo.6Zno.4Fe204 indicates that Zn substitution plays a significant role in the conduction mechanism. Zn ions, which
have a different electronic configuration compared to Co ions, alter the electronic structure and impact the activation
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energy for conduction. This substitution affects factors such as the density of states, charge carrier mobility, and the
crystal structure, thereby influencing the overall conductivity. The DC resistivity graph confirms that Coo.sZno.aFe204
exhibits thermally activated semiconducting behavior, with conductivity increasing with temperature, highlighting the
effect of Zn substitution on the material's electrical properties [20].

4.0
—0—0.4
3.8 1
Coq¢Zny 4Fe,0,
3.6
b
o
k)
3.4 1
3.24
3.0 T T T
1.0 1.2 1.4 1.6
1000/ T (K)

Figure 5 DC-resistivity of Co;.,Zn,Fe,0, (x=0.4) nanoparticles

Magnetic property

The M-H plot for Coo.sZno.sFe204 nanoparticles with a composition of (x = 0.4) provides important insights into the
magnetic properties of the material. The plot shows 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 are aligned with the applied
magnetic field. The coercivity (Hc), or the field strength needed to reduce the magnetization to zero after saturation, is
indicated by the points where the curve crosses the x-axis [6]. The remanent magnetization (Mr), which is 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 Coo.cZno.aFe204 at room temperature. The shape and size of the hysteresis loop
indicate strong magnetic interactions typical of spinel ferrites. The substitution of Zn has a noticeable influence on the
magnetic properties, as it affects the distribution of cations between the tetrahedral and octahedral sites in the spinel
structure. This change in cation distribution impacts the overall magnetic behavior, confirming that Coo.sZnoe.4sFe20s is a
ferromagnetic material with unique magnetic properties due to the incorporation of Zn [21, 22].
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Figure 6 Hysteresis loop of Co,_Zn,Fe,0, (x=0.4) nanoparticles
V. CONCLUSION

In conclusion, the structural and morphological study of Coi—~ZnsFe:O4 (x = 0.4) nanoparticles synthesized via a wet
chemical method has provided valuable insights into the material's properties. X-ray diffraction confirmed the
formation of a single-phase cubic spinel structure, with a stable lattice constant. Fourier-transform infrared
spectroscopy (FTIR) indicated characteristic metal-oxygen bond vibrations, affirming the spinel ferrite structure. The
crystallite size, dislocation density, and lattice strain, as calculated from XRD data, reveal moderate structural
imperfections that may influence the nanoparticles' magnetic properties. Magnetic analysis further demonstrated
ferromagnetic behavior, with substantial saturation magnetization, coercivity, and remanent magnetization. The partial
substitution of Zn into the CoFe:0s4 lattice led to notable changes in the magnetic characteristics, providing a means to
tailor the material's properties for specific applications. Overall, these Coi-«ZnFe:O4 nanoparticles show potential for
use in various advanced technologies, including magnetic devices, sensors, and biomedical applications, due to their
tunable structural, magnetic, and electrical properties.
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