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Abstract: ZnFe:04/a-Fe20;3 nanoparticles were synthesized by a co-precipitation method and annealed at 400 and 500 °C. X-ray
diffiraction confirmed the formation of a crystalline spinel ZnFe:O4 phase, along with a minor a-Fe:03 impurity phase. The crystallite
size decreased from 19.5 nm at 400 °C (ZF1) to 15.0 nm at 500 °C (ZF2), indicating a reduction in the coherent diffraction domain size
with increasing annealing temperature. FTIR spectra confirmed the characteristic tetrahedral and octahedral M-O vibrations of the spinel
structure. SEM analysis showed irregular as well as some spherical agglomerated particles of ZF1, while the ZF2 sample exhibited more
well-defined as well as compact spherical, short needle like and agglomerated particles with a uniform particle-size distribution. Overall,
the ZF?2 annealed sample demonstrated better crystallinity, structural perfection, and morphological development than the ZF1.
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1. Introduction

Ferrite materials are technologically important magnetic
oxides because of their high electrical resistivity, chemical
and thermal stability, moderate magnetic response, and low
eddy-current losses [1-4]. These properties make ferrites
suitable for a wide range of applications, including
transformers, inductors, filters, electromagnetic-interference
suppression devices, microwave absorbers, antennas, sensors,
magnetic recording, catalysis, water treatment, and
biomedical technologies [5-8]. At the nanoscale, ferrites
exhibit enhanced surface area and size-dependent structural,
magnetic, optical, and electrical properties, allowing their
performance to be tailored through particle size, morphology,
crystallinity, cation distribution, and synthesis conditions [4-
6].

ZnFe,04 is an important cubic spinel ferrite with the general
formula AB20Oa. In the ideal normal-spinel arrangement, Zn?*
ions occupy the tetrahedral sites, whereas Fe** ions occupy the
octahedral sites. However, partial redistribution of Zn?* and
Fe** ions between these sites may occur depending on the
synthesis route, annealing temperature, crystallite size, and
defect concentration [9-11]. Such structural variations
strongly influence the magnetic, optical, electrical,
photocatalytic, and dielectric properties of ZnFe,O4 [12-15].
Due to its chemical stability, relatively low cost, low toxicity,
semiconducting nature, and tenable physicochemical
properties, ZnFe;O4 has attracted considerable attention for
photocatalytic degradation of pollutants, wastewater
treatment, hydrogen production, lithium-ion batteries,
supercapacitors, microwave absorption, gas sensing,
catalysis, and biomedical applications [16-22].

The properties of ZnFe,Os4 nanoparticles are strongly
dependent on the preparation method. Among the available
techniques, co-precipitation is attractive because it is simple,

economical, chemically homogeneous, and suitable for large-
scale production. Nevertheless, parameters such as pH,
precursor concentration, precipitation conditions, drying, and
annealing temperature affect the phase purity, crystallite size,
lattice strain, morphology, and agglomeration of the final
product [23,24]. Thermal annealing promotes crystallization
and structural ordering but may also increase crystallite
growth and particle agglomeration (25). Therefore, the
present work investigates ZnFe,Os/a-Fe,O3 nanoparticles
synthesized by the co-precipitation method and annealed at
400 °C and 500 °C. The influence of annealing temperature
was examined using X-ray diffraction, Fourier-transform
infrared spectroscopy, scanning electron microscopy, and
particle-size histogram analysis. The crystallite size and
structural parameters were evaluated from the XRD data. The
results showed that the sample ZF2 exhibited improved
crystallinity and greater structural perfection compared with
the ZF1. In addition to the ZnFe;Os spinel phase, some
diffraction peaks were assigned to a minor a-Fe20Os secondary
phase. The study therefore clarifies the role of annealing
temperature in controlling the structural and morphological
characteristics of co-precipitated ZnFe.O4 nanoparticles.

2. Materials and Methods
2.1 Materials

Analytical reagent (AR) grade zinc chloride (ZnCl), ferric
chloride (FeCls), and sodium hydroxide (NaOH) supplied by
LOBA Chemie Pvt. Ltd. were used as starting materials for
the synthesis of ZnFe.Os nanoparticles. Whatman No. 42
filter paper was used for filtration and separation of the
precipitate. Ethanol was used for washing the precipitate
during the purification process. All chemicals were used as
received without further purification (26).
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2.2 Preparation of ZnFe:04/a-Fe203 Nanoparticles

Appropriate amounts of the Zinc Chloride (0.1 M) and Iron
Chloride (0.2) precursor salts were dissolved separately by
volumetric ratio (1:1) in deionized water to obtain
homogeneous solutions. The precursor solutions were mixed
under continuous magnetic stirring heat up to 40 °C. The
precipitating agent, NaOH, was added dropwise to the
precursor solution under continuous stirring until the pH
reached approximately 9. Subsequently, the temperature of
the reaction mixture was increased to 80 °C, resulting in the
formation of a visible precipitate. The suspension was
maintained under continuous stirring at 80 °C to promote the
precipitation and formation of ZnFe,O4/a-Fe,O3 precursor
particles. Then the precipitate was several times filter DI
water and Ethanol to remove soluble impurities and residual
ions. The washed material was dried to obtain the precursor
powder. The dried precursor was subsequently annealed at
400 °C and 500 °C for 3 h in a muffle furnace to obtain
crystalline ZnFe,Os/0-Fe,O3 nanoparticles these all steps
illustrated in schematic of methodology in fig.1. Thus, the
difference between the two samples was attributed primarily
to the annealing temperature. The use of controlled heat
treatment is important because thermal treatment can
influence phase formation, crystallinity, crystallite growth and
morphology in ZnFe:04(27)
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Fig.1 Schematic of ZnFe 2 O 4 /a-Fe 2 O 3 by nanoparticle
synthesis by the co-precipitation method

3. Results and Discussion
3.1 XRD Structural Analysis

The phase composition and crystal structure of the
synthesized ZnFe.Os powders were investigated by X-ray
diffraction (XRD) using Cu Ka radiation (A = 1.5406 A). The
diffraction patterns of ZF1 and ZF2 show the characteristic
reflections of cubic spinel ZnFe:O4, indexed to the (111),
(220), (311), (222), (400), (422), (511), and (440) planes,

temperature. The intense reflection of ZF1 at 35.58°(Fig.1-a),
corresponding to the (311) plane, confirms the formation of
cubic spinel ZnFe:Oa, therefore, this region requires careful
consideration during peak-broadening analysis.
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Fig.1. (a) XRD patterns of ZF1 and ZF2 with the
corresponding crystallographic planes indexed, and (b) FTIR
spectra of ZF1 and ZF2 recorded over the respective
temperature range

The mean coherent crystallite size was determined from the
broadening of the X-ray diffraction peaks using the Scherrer
method (equation 1). The crystallite size represents the
average size of coherently diffracting regions within the
material. The micro strain indicates lattice distortion caused
by structural defects, vacancies, substitutions, and other
imperfections (Equation 2). The dislocation density
represents the number of dislocations per unit volume and
provides information about the defect concentration in the
crystal (equation 3). Generally, smaller crystallite sizes are
associated with higher micro strain and dislocation density
shown in table 1(28).
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where D is the crystallite size, K is the shape factor, generally
taken as 0.9, A is the wavelength of the X-ray radiation, f is
the corrected full width at half maximum (FWHM) in radians,
and 0 is the Bragg angle. The macrostrain (g) is
dimensionless, while the dislocation density (§), is usually
expressed in m™2. Fig. la: reveals the structural analysis of
ZnFe;04 powder of ZF1 and ZF2

Table 1: Crystallite size (D), microstrain (¢), and dislocation
density (8) of ZF1 and ZF2 samples

respectively. The observed reflections are consistent with Sample Cr}(lls)tiﬂlins)lze mlcrz)sitram Delr?;istlo?t(lr?;]ﬁ)
cubic ZnFe04 (JCPDS Ref. No. 22-1012). Weak additional 7F 1 18.102 1721 x 103 3.0531 <103
reflections observed at approximately .26 1s 24, 33.49°, 7F 2 14.053 5138 x 103 5063 x 107
41.15°, 49.79°, and 64.30° are attributed to o-Fe20s
(hematite), corresponding mainly to the (012), (104), (113),
(024), and (300) planes. ZF1 were additional weak diffraction
peak at 32.15°, is observed, which can be assigned to the (100)
plane of hexagonal wurtzite ZnO, suggesting the presence of
a minor ZnO secondary phase. The ZF2 were diffraction
peaks become more prominent and the ZnO-related peak is
significantly reduced, indicating improved phase formation
and crystallinity of ZnFe.O. at the higher annealing
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Fig. 2. W-H plots of the prepared ZnFe.O4 samples: (a) ZF1
and (b) ZF2

In fig. 2 (a) and (b) reveals the study of W-H plot for ZnFe;O4
powder material which show the Williamson—Hall (W-H)
analysis was employed to distinguish the contributions of
crystallite size and lattice microstrain to the broadening of the
XRD diffraction peaks. The W-H plot of the ZnFe>O4 sample
ZF1 exhibited a positive slope, indicating the presence of
tensile microstrain in the crystallites. This tensile strain can be
associated with residual lattice distortions, defects, vacancies,
and surface/grain-boundary effects generated during the
initial crystallization of the spinel phase. Similar positive W—
H slopes have been reported for ZnFe,O4/a-Fe>Os and related
ferrite nanoparticles and have been attributed to tensile
microstrain. In contrast, the ZF2 exhibited a negative W-H
slope, corresponding to compressive microstrain. The reversal
in the sign of the W-H slope suggests a modification of the
residual stress state during thermal treatment rather than a
simple decrease in strain magnitude. The higher thermal
energy at 500 °C promotes atomic diffusion, defect migration,
grain-boundary rearrangement and crystallite growth, thereby
allowing partial relaxation of the initially generated tensile
strain. Simultaneously, redistribution of cations within the
spinel lattice and rearrangement of lattice defects can generate
local compressive distortions. Therefore, the transition from a
positive slope at 400 °C to a negative slope at 500 °C can be
attributed to thermally activated structural relaxation and
reorganization of the defect/cation configuration in
ZnFe,04/0-Fe,03. Such temperature-dependent changes in
crystallite growth, grain-boundary migration and lattice strain
are consistent with previously reported thermal-annealing
studies of ZnFe»Oa.

3.2 FTIR Analysis

The FTIR spectra of ZF1 and ZF2 show in Fig.1(b) which
exhibits the characteristic vibrational bands of ZnFe;O4/a-
Fe;O; with the main bands are observed at 418.80 and 418.54
cm™! for ZF1 and ZF2, respectively. These bands are assigned
to the metal-oxygen (M—O) vibrations at the tetrahedral and
octahedral sites of the spinel ZnFe,O4/0-Fe,Os structure. The
small shift in the band positions from ZF1 to ZF2 indicates a
slight change in the local bonding environment with
increasing annealing temperature. A weak band is observed at
1217 cm™ for ZF1 and 1217 cm™ for ZF2, while bands at
1737 and 1734 cm™ are also observed for ZF1 and ZF2,
respectively. These weak bands can be related to surface-
adsorbed species or residual functional groups. The bands
near 2366 cm™! (ZF1) and 2363 cm™ (ZF2) are associated
mainly with atmospheric CO..

The FTIR results are consistent with the XRD analysis, which
confirms the formation of the cubic spinel ZnFe.Oa phase.
The slight shifts in the M—O vibration bands after annealing

indicate changes in the local structural environment, while the
basic spinel framework remains unchanged. Thus, the FTIR
results support the structural information obtained from XRD

3.3 Morphological Study

The surface morphology of the ZnFe,O4/a-Fe,O3 samples of
ZF1 and ZF2 were examined using SEM. As shown in Fig. 3
(a) and (b). Both samples exhibit predominantly spherical
particles with a relatively uniform morphology. The particles
are distributed fairly uniformly, after annealing, the particles
exhibit a finer and more well-defined morphology.

ZnFe204 nanoparticles prepared by different methods have
been reported to exhibit spherical, quasi-spherical and
agglomerated morphologies observed predominantly
spherical ZnFe.O. particles with agglomeration, while
reported nanoscale particles together with larger aggregates
(29). Annealing can modify particle morphology because
higher temperature increases atomic mobility and can
promote particle coalescence and grain growth. Temperature-
dependent morphological evolution has been observed in
several ZnFe20a4 studies (30).

3.4 Particle-Size Histogram Analysis

The particle-size distribution was evaluated from the SEM
micrographs using a histogram of count % versus particle size
(nm). Fig. 4(a-b) shows the particle-size distribution
histograms of the prepared ZnFe,Os/a-Fe,O3 samples, ZF1
and ZF2, obtained from the corresponding SEM images. The
histogram provides the mean particle size, standard deviation,
minimum particle size, maximum particle size, and total
number of particles analysed. The average particle size was
calculated using equation (4)

Ezza

(4)
where D; is the measured particle diameter and N is the total
number of particles. The histogram comparison is particularly
useful because XRD crystallite size and SEM particle size do
not represent exactly the same physical quantity. XRD gives
information about coherently diffracting crystalline domains,
whereas SEM provides the apparent particle or aggregate
dimensions visible in the micrograph. Recent ZnFe;O4/a-
Fe,O; studies have used XRD together with electron
microscopy to distinguish these structural and morphological
scales (31). The average particle size was approximately
186.22 nm for ZF1 and 136.60 nm for ZF2. Thus, an increase
in the annealing temperature from 400 to 500 °C resulted in a
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decrease in the average particle size. This reduction may be
associated with changes in the particle growth and structural
rearrangement during annealing. The relatively uniform and
spherical morphology observed for both samples indicates
good control over the particle formation during the synthesis
process.

(@) [z

2

186.22 nm (h) [zF2
136.60 nm

-

Count %

100 150 200 250
Particle Size (nm)

300 60 80 100 120 140 180 180 200
Particle Size (nm)

Figure 4: Histogram of analyzed SEM images which shows
the nature of the materials

4. Conclusion

ZnFe,04/0-Fe;O3  nanoparticles were successfully
synthesized by the co-precipitation method, and the effect of
annealing temperature was investigated using XRD, FTIR,
and SEM analyses. The XRD results confirmed the formation
of the cubic spinel ZnFe;O4/a-Fe,Oj3 structure. The crystallite
size decreased from approximately 18 nm for ZF1 to 14 nm
for ZF2, indicating a change in the structural characteristics
with increasing annealing temperature. The FTIR spectra
showed the characteristic M-O vibrational bands of
ZnFe,04/0-Fe,03, confirming the ferrite structure. SEM
analysis revealed predominantly spherical particles, with the
average particle size decreasing from ZF1 to ZF2. The
particle-size histograms further supported the observed
morphological refinement at higher annealing temperature.
Overall, the results demonstrate that annealing temperature
significantly influences the structural and morphological
properties of ZnFe;Os/0-Fe;O; nanoparticles, with ZF2
exhibiting finer particle morphology compared with ZF1.
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