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Abstract: Zinc ferrite with composition (ZnixCoxFe20s4) (x =0, 0.3, 0.4, 0.5, and 0.6) has been prepared
using the sol-gel technique. The samples prepared were characterized using X-ray diffractometry (XRD)
and transmission electron microscopy (TEM) techniques. The nanocrystallites have been found to have
a size range of 63.023-99.036 nm. The optical properties for all samples' absorbance and energy band
gap (Eg) were measured by the design of Tauc’s diagram. The indirect and (direct) optical band gaps of
the synthesized (ZnixCoxFe20s) ferrite increased from 2.65 eV to 3.40 eV and 4.07 eV to 4.60 eV with
increasing the doping percentage of Co as x = 0-0.6. The increase in energy gaps (Eg) value with Co ions
doping is possible because of sub-bandgap energy level formation.
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1. Introduction

The properties of crystalline spinel ferrites at the nano- and sub-nanoscale are heavily dependent on
their synthesis pathway, chemical composition, and cation distribution in the crystal lattice [1]. Spinel
ferrites are ferrimagnetic semiconducting metal oxides made using a general formula MFe:04, where M
is a divalent metal ion. Their ferrimagnetic response occurs based upon the unequal magnitude
antiparalle] magnetic moments at tetrahedral (A) and octahedral (B) sites, producing spontaneous
magnetization in the absence of an external magnetic field [2,3].

Due to the high electrical resistivity, low dielectric losses, strong mechanical stability, and high
magnetic permeability, spinel ferrites have drawn much study for applications such as electronics,
energy conversion, and electromagnetic devices [4,5]. Of spinel ferrites, cobalt ferrite (CoFe204) and zinc
ferrite (ZnFe:04) are the two most prominent end members that have a unique distribution of cations and
physical properties [6,7]. Cobalt ferrite typically crystallizes in an inverse spinel where Co?" ions
dominate the octahedral (B) regions and Fe® ions are scattered between both the locations of the A and
B sites. By contrast, zinc ferrite possesses a normal spinel structure, where Zn?* ions are concentrated at
the tetrahedral (A) sites, and Fe®* ions take place in the octahedral (B). Such differences in cation
conformation are essential for the structural, magnetic, electrical, and optical properties of ferrite
materials [8,9].
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Ferrimagnetic spinel ferrites are represented by the chemical formula A?B;*O,, where A denotes
divalent metal ions such as Zn?, Co?*, Ni**, Mn?*, or Mg?, and B signifies trivalent ions like Fe**. The
substitution of metal ions at specific crystallographic sites is a prevalent technique for modifying the
physicochemical properties of ferrite nanoparticles [10]. Such ionic substitution would produce lattice
distortion, change the size of the crystal, affect the concentration of cation distribution, and therefore can
lead to changes in the electronic band structure and the optical response of a material [11,12]. Spinel
ferrite films have attracted special attention in optical and optoelectronic applications in the past few
years owing to semiconducting properties and adjustable energy band gaps. These materials exhibit
robust optical properties, largely because many structural parameters, such as lattice strain, crystallite
size and defect concentration, are controlled through selective doping [13]. Alterations in the composition
and concentration of the substituted metal ions can considerably alter the density of electronic states and
transition probabilities of the electronic states and thus the optical absorption behavior and band gap
energy, significantly different. It is, therefore, believed that doped spinel ferrites are flexible for band gap
design, and therefore are promising materials for various applications in photocatalysis, UV-responsive
devices and optoelectronic systems [14,15].

Although there have been numerous studies focusing on Co-doped zinc ferrites, there is a lack of
clear knowledge regarding the interaction of the high levels of cobalt replacement on the structural
parameters and on the evolution of optical band gap, especially for materials prepared by the sol-gel
method. While numerous previous investigations have concentrated on low doping concentrations or
highlighted the magnetic behavior of the materials, systematic studies correlating the structural elements
to optical properties over a larger Co substitution range are still rare. This is a critical research gap that
drives the current study. In spite of different factors of the crystallization method, this work seeks to
investigate the effects of Zn?* ion substitution, in which Co?" ion is substituted within the span of 0 to 0.6,
of zinc ferrite (Zn1xCoxFe20s), synthesized with sol-gel method. Particular focus is given to the impact of
cobalt incorporation on the structural and optical properties of the ferrite system as a means of
elucidating the composition-structure—property mechanism and evaluating the possible properties of
Co-doped ZnFe20sfor advanced optical applications.

2. Experimental Method

The preparation Cobalt substituted zinc ferrite process is done by Auto combustion method mixing
metal nitrates as cobalt nitrate (Co (NOs).. 6H20), zinc nitrate (Zn (NOs)z2. 6H20), iron nitrate (Fe (NOs)s.
9H20) and one mole of citric acid monohydrate (CsHsO7. H20). were dissolved in distilled water. After
that, Ammonia was added to the prepared solution to adjust the pH value to (7) .Mix the solution in a
heat-resistant beaker using a magnetic stirrer for (50 min) at room temperature to ensure complete
homogeneity of the solution. We noticed the formation of a high-viscosity gel after intense stirring and
evaporation at (100 °C). Then, the resulting gel was heated at a temperature of (250 °C). The gel
underwent self-combustion, forming a xerogel. The resulting powder was placed in a high-heat resistant
porcelain bowl, then placed inside an oven for calcination at a temperature of (900 °C) for two hours to
get rid of impurities resulting from the annealing process (carbon oxide) and water residue, thus
completing the preparation of (ZnixCoxFe:0s) powder. The calcination temperature of 900 °C was
selected to ensure complete decomposition of the xerogel precursor and formation of a well-crystallized
single-phase spinel structure. Lower temperatures resulted in poor crystallinity, while higher
temperatures may cause excessive grain growth. The increase in crystallite size with Co content is
discussed in terms of enhanced diffusion and grain coalescence at high temperature.
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3. Results and Discussion

3.1. X-ray Diffraction
X-ray powder diffraction characteristics of the synthetic (x =0, 0.3, 0.4, 0.5 and 0.6) samples were
shown in Figure 1(a). It shows the X-ray diffraction results for samples broad profile prominent peaks
which correspond to (111), (220), (311), (222), (400), (422), (511), (440), (620), (533), (622), (444), (642) and
(731) lattice plane reflection [16]. The diffraction peak positions were completely matched with single
phase (Zni-«CoxFe204) without any secondary phase profile given in powder diffraction file (PDF) No. 89-
1012 [17]. The impact of substituting Fe*? for Co*? on the physical and chemical properties of Co-Zn ferrite
is among the most prevalent substitutions that do not alter the cubic Fd3m spinel structure. Moreover,
we noticed a change in the intensity of the peaks, especially the peak (311), where its intensity decreased
with increasing doping ratios and a full width at half maximum (FWHM). This indicates that the crystal
structure is affected by the process of replacing the Zn ion with a Co ion, whereby the normal spin
structure is transformed into an inverse spinel structure while maintaining the face-centered cubic (FCC)

crystal structure [18].
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Figure 1. X-ray diffraction patterns of (Znl1-xCoxFe204) for all samples (x =0, 0.3, 0.4, 0.5 and 0.6). (a) Full
pattern; (b) (311) peak.

Figure 1(b) reveals the position of the X-ray diffraction peak has been observed to be shifted towards

a higher angle for a sample (x =0.4, 0.5, 0.6).
In this case, zinc ionic radii (0.64 A), which is less than the 0.66 A cobalt ionic radii. The X-ray

diffraction peak may shift towards a higher angle that is contradictory for samples (x =0, 0.3) or the cobalt
ionic Co or zinc ionic is present in more than one valence state, depending on the difference in the values
of the ionic radii. This shows that the lattice shrinks as the Co concentration rises [19,20].
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3.2. Crystallite Size, Lattice Parameter, Dislocation Density, and Micro-Strain Analysis

The broadening of X-ray diffraction peaks indicates the presence of numerous measures, including
micro-strain, wavelength selection, instrumental broadening, and crystallite size. Using a Williamson-
Hall (W-H) Equation (1) for calculating average crystallite size from the full width half maxima of an X-
Ray diffraction peak [21,22].

Brii = <%>+4esin9 @)

where K is the shape factor (~0.94), A is the X-ray's wavelength of Cu Ka radiation, 3 is the XRD
peak's full width at half maximum (FWHM), and 0O is the Bragg angle, (¢) micro-strain.

Using “fullprof” software, the lattice constant was calculated of CoxZni-«Fe20s for the prominent
peak (311) using the following equation [23].

W2+ K2+ 12 )

where (hkl) is Miller indices and (d) is the perpendicular distance between two adjacent planes in
the crystal. The quality of the samples is estimated by calculating the dislocation density () using the
relation [24,25].

-1 ®)
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Table 1. The calculated values of the lattice parameter a (A), the crystallite size (D), the dislocation density (d), the

micro-strain (¢), and the lattice parameter (a) of Zn ferrite systems.

6

Composition a(A) ex103 0 x 10 Line /cm? D (nm)

Zn Fex0u4 8.4741 -0.3 0.25 63.023
Zno7Coo03Fex204 8.4766 -0.07 0.20 69.325
Zno6Coo04Fe204 8.4882 0.2 0.16 77.028
Zno5CoosFex204 8.4915 0.4 0.13 86.656
Zno4Coo.6Fe204 8.5022 0.5 0.10 99.036

Table 1 clearly shows the increase of the Co doping ratio from x = 0 to x = 0.6 increasing the strain
values from 0.3 x 103 to 0.5 x 103 and increasing the size of crystallites from 63.023 nm to 99.036 nm.
Thus, an inverse relationship between the micro-strain (&) exists and crystallite size (D) show that the
dislocation density () decreases with increasing Co ionic doping. This is explained by the fact that co-
doping has improved the crystallization process. The increase in the crystallite size (D) leads to a decrease
in the dislocation density (0) and a decrease in micro-strain (¢), as shown in Table [26].

Figure 2 represents Williamson—Hall plots for the Nanoparticle size of the two samples with x =0
and x = 0.3 showed negative micro-strain, which may be due to lattice shrinkage [27]. When Co?* ions are
doped at the Zn site, a positive micro-strain is introduced. This micro-strain increases as the concentration
of Co? ions (x) increases because of the larger crystallites [28]. Lattice parameter a (A) was found to
increase with cobalt concentration and this may be because of the biggest ionic radius of the cobalt
ion [29].
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Figure 2. The Williamson-Hall (W-H) plots for the present CoxZni-xFe20s ferrite (x =0, 0.3, 0.4, 0.5

3.3. TEM Analysis

Figure 3 shows the TEM images of the ferrite structure ZnixCoxFe2Os nano ferrites. The
agglomeration of the nano ferrite particles at a wide scale is observed. The particle agglomeration is
linked to high-temperature calcination and magnetic dipole—dipole interactions. The agglomeration is
attributed to sintering effects at 900 °C and increased interparticle attraction with increasing Co
concentration [30]. An average particle size ranging from 54.84 to 84.07 nm is observed by the TEM
images. The particle size measurement of Zni«CoxFe204 using X-ray diffraction analysis was found to be

larger than that with TEM measurement.

and 0.6).
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Figure 3. TEM images and size distributions of CoxZni-~Fe:04 nano ferrite (x =0, 0.3, 0.4, 0.5 and 0.6). The
scale bar shown in the TEM images represents 200 nm.

3.4. Optical Properties

The optical characteristics are very important in the ferrites through which the fields of several can
be determined. Figure 4 shows the variation that the optical absorbance spectra of Co-substituted Zn
ferrites as a function of wavelength (nm) [31], i.e., the absorbance decreases as the Co doping increases
the maximum at x = 0, but decreases for all samples (x = 0.3, 0.4, 0.5, 0.6) [32]. The desired band gaps for
all samples can be calculated from Tauc’s equation [33].
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Figure 4. UV-visible absorbance spectra of ZnixCoxFe204 nanoparticles.

Here, (Eg) stands for optical band gap, (a) for coefficient of absorption, (n) 2 or %2 for indirect or
direct energy band gap for hexaferrite material, (A) for a constant dependent on the transition
probability, and (hv) for photon energy. (@) The coefficient of absorption can be obtained using this
relation [34].

a=2 ©)

where k is the absorption index and 4 is the wavelength (nm).
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Figure 5. Tauc’s plots optical band gap determination of Zni«CoxFe204 nanoferrites for (a)
direct (n = 2) and (b) indirect (n = 1/2) allowed transitions.
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Figure 6. The Co-content dependence of the estimated indirect and direct energy gaps.

Optical investigations of the ZnixCoxFe20s combination (x = 0-0.6) demonstrate a distinct alteration
in both the absorption spectra and the optical gap threshold with increasing cobalt concentration,
indicating the profound structural and electronic influence of Co? doping on the ferrite's spin
configuration. Initially, absorption spectra within the 200-700 nm wavelength range indicated that all
samples demonstrated significant absorption in the ultraviolet area, which then diminished towards the
visible spectrum. The undoped sample was found to have the highest absorption, while absorption
values gradually decreased with increasing doping, indicating a redshift in the absorption curve towards
higher wavelengths. This behavior is attributed to modifications in the energy levels resulting from the
introduction of Co?*, which carries d electrons capable of rearranging electron beams and reducing the
density of states available for electron transitions in the shortwave region [35,36] as shown in Figure 4.

To better understand these changes, the energy gap was analyzed using Tauc diagrams for both
direct and indirect allowed transitions as shown in Figure 5. These curves showed that the linear part of
the relationship between (ahv)" and hv shifts uniformly with increasing cobalt content, indicating a
significant change in the material's electronic structure. The direct energy gap showed a general decrease
in light doping, while high doping (x > 0.5) showed a greater change in the slope of the lines, indicating
a cumulative effect of cobalt in narrowing the valence and conduction bands. The indirect gap exhibited
similar behavior with slightly lower values than the direct gap, which is expected due to the spin nature

126



Journal of Ovonic Research, 2026, 22,1

of ferrite and the phonon-dependent electronic transitions. The robustness of this change in both the
direct and indirect Eg reflects the redistribution of cations between tetragonal and octahedral crystalline
sites, leading to a modification in the energy range of the electron bands [37,38].

The picture becomes clearer when examining the relationship between Eg values and the cobalt
content (x). Figure 6 shows a clear upward trend in the optical gap with increasing doping. This behavior
indicates that the introduction of Co?* reduces structural defects and localized electronic states at higher
concentrations, resulting in more ordered electron beams and widening, rather than narrowing, the
optical gap. Samples at x = 0.5 also exhibit a sharp increase in Eg, suggesting gradual structural
modifications within the spin lattice that contribute to raising the energy required for electron transitions.
This aligns perfectly with the observed decrease in absorption at shorter wavelengths in the first
curves [39,40]. In general, the increase in the optical band gap with Co doping is attributed to the
combined effects of increased crystallite size, modification of lattice strain, reduced defect density, and
changes in cation distribution between tetrahedral and octahedral sites, which alter the electronic band
structure and transition probabilities [41].

Overall, the integrated analysis of the three figures clearly demonstrates that cobalt doping of
ZnFe:04 is an effective tool for tuning its optical properties through its direct influence on the electronic
structure and cation arrangement within the spin lattice. Doping leads to a decrease in absorption in the
ultraviolet region, a regular change in Tauc curves, and a gradual increase in Eg values with increasing
x, making this material a suitable candidate for applications that require a wide optical gap and low
absorption in the visible region, such as photovoltaic and photoelectric materials and catalysts under UV
irradiation [42].

4. Conclusions

Zinc ferrite (CoxZni-xFe204) nanoparticles were successfully prepared using the sol-gel method. The
effect of Co ions on the structural and optical parameters was investigated, and crystallite size was
observed in the range of 63.023 to 99.036 nm, revealed by X-ray diffraction, which is comparable with the
particle sizes observed in SEM images. Lattice parameter (a) was found to increase with cobalt
concentration, and this may be because of the larger ionic radius of the cobalt ion. Moreover, we noticed
a change in the intensity of the peaks, especially the peak (311), where its intensity decreased with
increasing doping ratios and a widening in the peak width (FWHM). This indicates that the crystal
structure is affected by the process of replacing the Zn ion with a Co ion, whereby the normal spin
structure is transformed into an inverse spinel structure while maintaining the ferrites are materials that
have a magnetic moment spontaneously and face-centered cubic (FCC) crystal structure. A gradual
increase in the optical energy gap and decrease in absorbance spectra imply sub-bandgap energy level
formation; UV-vis absorbance measurements have not observed any differences in structural
composition due to the Co substitution.
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