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Synthesis and optical and magnetic property characterization
of Zni-xyCoxNiyFe204 (x & y= 0, 0.05, 0.15 and 0.25) nanoparticles
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The synthesis of Zn.«yCoxNiyFe;O4 (0 < x & y < 0.25) nanoparticles has been carried out
using a microwave combustion technique. The X-ray diffraction analysis of ZnFe;O4
samples, as well as ZnFe,O4 samples doped with Co?" and Ni?*, indicated the presence of a
spinel structure with a crystallite size ranging from 11 to 29 nm. The lattice and crystallite
were established using XRD analysis. The FE-SEM picture reveals a uniform grain
morphology. The UV-Vis spectra indicated a rise in band gap values along with an
increase in the concentration of Co?>" and Ni?**. The VSM spectra demonstrate
ferromagnetic behaviour in all of the samples.
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1. Introduction

Innovative materials possessing these alluring qualities have transcended conventional
materials with comparable attributes. Materials with the potential to be used in structural and
optical applications include transition metal oxides with magnetic activity [1-3]. These ferrites
have proven to be remarkably effective substitutes for a number of common systems with
high nonlinearity. Zinc ferrite's propensity to absorb visible light and its photochemical
stability have made it a great semiconductor photocatalyst. The remarkable magnetic
properties of these materials have led to their widespread application in spintronic devices
and magnetism. [4-6].

The properties of these materials have been observed to change as the grain size is reduced
from a larger scale to the nanoscale. Bulk zinc ferrites generally display antiferromagnetic
behaviour. However, when reduced to the nano regime, their magnetic characteristics can shift
between being magnetically active and antiferromagnetic, depending on whether they form normal
or inverted spinel structures. The findings obtained indicate that the primary magnetic
characteristic of these zinc ferrites may be altered on a nanoscale level based on the different
fabrication methods used.
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The variance in spinel structure is determined by the presence of zinc atoms occupying
either the A-site or B-site. Remarkably, these ZnFe.O. particles have shown an affinity for
phosphates, hence enhancing their potential use in the removal of phosphates from water.

Introducing an external atom or element into the parent material may alter the
characteristics and composition of the host material, as shown in previous studies on zinc ferrites
doped with other metals. For instance, studies have revealed that changing the Zn:Co ratio can
result in the formation of distorted spinel structures, as zinc and cobalt ferrites typically do not
produce similar structures naturally [7]. Cobalt-doped zinc ferrite nanocomposites show improved
microwave reflection loss across a wide frequency range [8]. In a magnesium-zinc ferrite system,
nanofibers were found to be easily magnetizable, though their magnetic properties decreased with
an increase in zinc content [9].

This work focuses on the synthesis of undoped zinc ferrite and Ni & Co doped zinc ferrite
doped nanoparticles. Whether, electrons in the host are replaced by Co and Ni dopants, and the
microwave combustion procedure was employed to create all of the samples. For samples with a
pure phase, the dopant concentrations were limited to 100% under the experimental conditions. In
order to ascertain their suitability for specific applications, they were further tested, and the best
dopant for obtaining optical characteristics was identified.

2. Experimental

2.1. Materials preparation

The chemicals used in this study, namely zinc nitrate, cobalt nitrate, nickel nitrate, iron
nitrate, and L-alanine, were all acquired from SD fine chemical in analytical grade. These
compounds were used for synthesis without undergoing any further purification processes. The
aforementioned chemical is used for the synthesis of nanoparticles of Zn...,Co.Ni,Fe,O4, where x
and y range from 0.0 to 0.25. A homogenous mixture was created by taking the initial components
zinc nitrate, cobalt nitrate, nickel nitrate, and iron nitrate in a mole ratio of 1:2. The pure ZnFe204
nanoparticles and the doped variants Zno.sC0o.0sNio.0sFe204, Zno.sCo0o.15Nio.1sFe204, and
Zn0.9C00.25Nio.2sFe204 are designated as samples a, b, c, and d, respectively.

2.2. Techniques

This analysis was conducted using a Rigaku Ultima IV high-resolution X-ray powder
diffractometer with a CuKoa source (A= 0.15418 nm), covering a 20 range from 20° to 80°.
Morphological and elemental analyses of the samples were carried out using a Joel JSM 6360
high-resolution scanning electron microscope, which includes a parallel energy dispersive X-ray
spectrometer. Fluorescence analysis was conducted with a Perkin Elmer Is55, which identifies and
quantifies emission peaks. Magnetic properties were assessed at 300K using a Lakeshore VSM
7410 model, featuring 3 Tesla magnets, with data recorded as magnetization (M) versus applied
magnetic field (H).

3. Result and discussion

3.1. XRD analysis

The structural characteristics of synthesized pure ZnFe.O4 nanoparticles, along with those
doped with Co and Ni, were examined using X-ray diffraction (XRD) analysis. The XRD patterns
of the nanoparticles, as shown in Figure 1, include both pure ZnFe.Os and Co and Ni doped
ZnFe:04. The diffraction peaks at angles of 30.09°, 35.25°, 36.84°, 42.90°, 53.37°, 56.65°, 62.28°,
64.01°, and 73.57°, corresponding to the indices 220, 311, 222, 400, 422, 511, 440, 531 and 533,
align with the cubic spinel structure of zinc ferrite in the Fd3m space group, consistent with the
JCPDS card No: 22-1012. Additionally, the presence of extra peaks at 24.15°, 32.21°, 35.56°,
40.87°, 49.47°, and 54.15°, indexed as 012, 104, 110, 113, 024, and 116, indicates the
rhombohedral phase of Fe.0s, as confirmed by JCPDS card No: 80-2377. The crystallite sizes
were determined to be 11, 16, 22, and 29 nm, respectively [16, 17].
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Fig. 1. XRD pattern of Co and Ni doped ZnFe;O4 nanoparticles.

The average crystallite size (L) was calculated using the given in equation (3).

I 0.891 (1)
pcosd

where L represents the crystallite size, 0.89 is the Debye-Scherrer constant, A denotes the X-ray

wavelength, 20 is the diffraction angle, and f is the full width at half maximum (FWHM) of the
diffraction peak.

al =d i+ B+ @)

The inter-planer spacing, duq, is determined by equation (1). It is associated with the
Miller indices h, k, and 1, dny spacing, and lattice constant (a) are displayed in Table 1. The lattice
parameter values exhibit a rising trend as the cobalt and nickel percentage values increase. This is
due to the replacement of cobalt and nickel ions, which have greater ionic radii (200 and 163 pm,
respectively), in the zinc ion sites (139 pm).

3.2. FE-SEM / EDX analysis

Figure 4 displays the SEM images of ZnFe.O. nanoparticles that are pure, as well as
doped with Co and Ni. The pure and zinc ferrite sample has a uniform and spherical grain
morphology. Increasing the dopant concentration leads to the fragmentation of the grain shape.
This impact is fully assimilated in all the samples.
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Fig. 2. SEM analysis of Co and Ni doped ZnFe;O, nanoparticles.

3.3. PL analysis

PL spectra were collected to learn more about sub-band gap, photogenerated charge
carriers, and the emission process. The PL spectra were recorded at room temperature for all the
samples and the excitation wavelength 414 nm are shown in Fig. 3. The emission peaks at 361 to
372 nm is due to the recombination of excited electrons and holes pairs. The emissions peaks are
observed at 389 and 416 nm correspond to violet emissions caused by grain boundaries and
oxygen for Co and Ni doped ZnFe,O4 nanoparticles [16]. Furthermore, as the increase the
concentration of Co?" and Ni?* ions in the zinc ferrite, but the luminescence intensity decreases due
to the recombination rate of electron-hole pairs [19].
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Fig. 3. PL analysis of Co and Ni doped ZnFe;O4 nanoparticles.

3.4. UV analysis

Spectra of diffuse reflectance were obtained for nanoparticles of ZnFe,O4 doped with Co
and Ni. Applying the Kubelka-Munk function in conjunction with a modified Tauc relation. Figure
4 displays the linear segment of the figure depicting the relationship between hv and (F(R)hv)?, as
well as the expanded Y axis for all the Co and Ni doped zinc ferrite samples. When extrapolating
the linear sections, the values of direct band gap may be obtained using the equation (F(R)hv)? = 0.
The pronounced energy peaks observed in zinc ferrite nanoparticles result from electron transitions
between fully occupied O-2p orbitals and vacant Fe-3d orbitals, representing the fundamental
band-to-band transition. These peaks are closely related to the energy gap values. The Kubelka-
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Munk (K-M) function, which is commonly used for powder samples, converts the absorption
coefficient (a) as described in Eq. (3).

a=HRJ=(1:—R):

2R (3)

In this context, R represents reflectance, a denotes the absorption coefficient, and F(R) is
the K-M function. The energy band gap values for cobalt and nickel-doped zinc ferrite are 1.97 eV
and 1.75 eV, respectively. These values are lower than those reported in previous studies for zinc
ferrite. The energy band gap may be affected by factors such as the surface area-to-volume ratio,
microstructural defects, and particle size [13, 14].
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Fig. 4. DRS-UV analysis of Co and Ni doped ZnFe;04 nanoparticles.

3.5. VSM analysis

The zinc ferrite nanoparticles exhibit ferromagnetic characteristics and reach saturation
when exposed to a magnetic field within a specific range. The inclusion of non-magnetic Zn leads
to a noticeable shift in both coercive and magnetization fields, suggesting that Zn** ions are
incorporated into the iron lattice, influencing the magnetic exchange interactions between cations.
The saturation magnetization and remanent magnetization (Mr) values range from 8.41 to 52.11
emu/g and 1.15 to 12.94 emu/g, respectively, while coercivity (Hc) values vary from 178.55 to
27423 Oe (Table 1). These values demonstrate enhanced magnetic properties in ZnFe.Oa
nanoparticles doped with Co and Ni, while still retaining the soft ferrite characteristics of zinc. The
coercivity (Hc) is significantly influenced by factors such as anisotropy, temperature, particle size,
dopants, and composition [14]. Additionally, increasing concentrations of Co and Ni ions have
been shown to slightly increase lattice parameters.

Table 1. Magnetic properties of Co and Ni doped ZnFe;Oy spinel nanoparticles.

Sample Sample code Oe M: (emu/g) M; (emu/g)

ZnFe>O4 a 178.5 4.5 28.7
COo‘osNio‘05Zn0,9F6204 b 192.5 1.1 8.4
C00‘15Ni0‘15Zn0,7F6204 C 209.7 7.0 42.7
C00A25Ni0A252n0A5F6204 d 2742 129 521
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4. Conclusion

The Znj.,Co:Ni,Fe:Os (0 < x & y < 0.25) nanoparticles were successfully synthesized
using the direct microwave combustion method. The resulting samples of Co and Ni-doped
ZnFe:04 exhibit a cubic spinel structure with an Fd3m space group. Field emission scanning
electron microscopy (FE-SEM) images showed a uniform grain morphology, while energy-
dispersive X-ray (EDX) analysis detected only the Zn, Ni, Co, Fe, and O elements. The energy
band gap values for the synthesized cobalt and nickel-doped zinc ferrite samples are 1.97 eV, 1.89
eV, 1.81 eV, and 1.75 eV, respectively. The incorporation of cobalt (Co) and nickel (Ni) into zinc
ferrites improves their optical properties, making them highly suitable for optical device
applications.
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