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: magnetic properties, high chemical stability, and well-ordered crystalline
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article online i Methods: In this study, a citrate-nitrate method combined with sonication was
. : employed to synthesize magnetic nickel ferrite nanoparticles. The synthesized

=] E_! : magnetic nanopowders were characterized using scanning electron microscopy
af: 1] ¢ (SEM), X-ray diffraction (XRD), diffuse reflectance spectroscopy (DRS), and
Ok : vibrating sample magnetometry (VSM). The photocatalytic activity of nickel

: ferrite in the degradation of methyl orange was evaluated.

: Findings: X-ray diffraction data confirmed the successful synthesis of nickel
¢ ferrite with a spinel structure. The crystallite size and strain of the samples were
: measured using the Scherrer and Williamson-Hall methods. The crystallite size
. calculated by Williamson-Hall was larger than that obtained from the Scherrer

Keywords: : formula. The lattice parameter was determined via the Nelson-Riley
Nickel ferrite; Nanoparticles; : extrapolation method to be 8.3466 A. According to microstructural analyses, the
Citrate-nitrate method, : produced nanoparticles had particle sizes ranging from 20 to 200 nm. Magnetic
Ultrasound, Photocatalyst : measurements indicated that the nickel ferrite nanoparticles exhibited a

: saturation magnetization of 41.5 emu/g. The optical band gap of the produced
: nickel ferrite, attributed to the crystal field splitting of the 3d orbitals, was
: measured at 1.75 eV, which is well aligned with the solar spectrum.

¢ Conclusion: The results indicate the successful formation of nickel ferrite with
: a pure spinel structure without unwanted phases. The formed nanoparticles
: showed photocatalytic properties in the photodegradation of methyl orange dye.
: The catalytic activity of the produced nanoparticles is attributed to the formation
: of radical active species upon light irradiation of the samples.
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Extended Abstract

Introduction:

Water pollution represents one of the most
significant environmental challenges facing human
societies worldwide. An important contributor to
this pollution is the discharge of synthetic dyes,
commonly used in textile and other industries,
which contaminate water and pose severe health
risks. Among these, methyl orange is a widely used
azo dye well-known for its color and chemical
stability, but it also exhibits considerable toxicity.
Exposure to methyl orange has been associated with
adverse health effects, ranging from respiratory
irritation and skin allergies to potential mutagenic
and carcinogenic impacts upon prolonged contact or
ingestion. Due to the persistence and harmful nature
of such dyes, various purification methods have
been developed to remediate dye-contaminated
wastewater. Several treatment techniques, such as
physical adsorption, chemical oxidation,
coagulation, and biological processes, have been
used for water treatment. (1-3)

The method of synthesis has an important effect on
the magnetic and structural properties of spinel
ferrites. Therefore, this study used a combination of
citrate-nitrate method approach and sonication to
produce nickel ferrite nanoparticles. The ability of
synthesized nickel ferrite for photocatalytic
applications was also investigated.

Methodology

Magnetic nanostructures were produced using sol-
gel combustion. NiFe.O4 samples were prepared
using citric acid (CsHgO7) (Merck), Ni(NO3),.6H,0
(Merck), and Fe(NOs3)3.9H,0O (Merck). The molar
ratio of metal salts to citric acid was 1. For this aim,
the metal salts were dissolved in deionized water,
and the pH was adjusted to 7 by adding an
ammonium hydroxide solution. The solution was
heated at 80 °C. The solution was sonicated by using
a probe sonicator. A frequency of 20 kHz was
used. A gel was created by heating the sample. After
that, the gel was dried and calcined at 1000 °C.
XRD analysis was used to determine the crystal
structure of the NiFe.O4 samples (XRD, PW1730
PHILIPS). The microstructural studies of the
NiFe,Os specimens were studied using a field
emission scanning electron microscope (FESEM,
model MIRA Il TESCAN). The materials'
magnetic properties were assessed using a vibrating
sample magnetometer (VSM, MDK, IRIN). Diffuse
Reflectance Spectroscopy (DRS) measurements
were carried out using an Avantes-Avaspec-2048
spectrometer. DRS was used to determine band gap
energies and assess the light absorption
characteristics of samples.

Findings and Discussion
XRD was used to investigate crystal structure of
samples. The crystal planes of (220), (311), (222),
(400), (422), (511), (440), (620), (533), (622), and
(444) are related to cubic NiFe,O4 with spinel
structure (JCPDS card No: 01-074-2081), and the
peaks at the angles of 30.3°, 35.63°, 37.27°, 43.3°,
53.73°,57.28°, 63.1°, 71.6°, 74.5°, 75.4°, and 79.4°
correspond to these planes. Coordination of a wide
range of metal cations in either octahedral (B sub-
lattice) sites or tetrahedral (A sub-lattice) is possible
in the spinel structure, which belongs to the cubic
space group Fd3m. Two general types of spinel
exist, inverse spinel and normal spinel. NiFe,O4has
an inverse cubic spinel structure. In this structure, Ni
ions occupy the octahedral sites of inverse spinel,
while Fe ions share in the octahedral and tetrahedral
sites. The mechanism of synthesis can be proposed
as follows. First, stoichiometric amounts of nickel
and ferric nitrates dissolve in water, and citric acid
is introduced as a chelating ligand, which
coordinates with the Ni?* and Fe3* ions, creating
stable metal-citrate complexes. This complexation is
crucial as it ensures homogeneity of the metal ions'
distribution at the molecular level, preventing
precipitation or inhomogeneous nucleation. Upon
heating, the solution evaporates to form a viscous
gel matrix in which metal ions remain immobilized
within the citrate network. As the temperature
increases reaction occurs, which induces nitrates to
decompose the organic citrate component to oxidize.
This exothermic reaction rapidly generates high
local temperatures that facilitate the nucleation and
crystallization  of  spinel-structured  NiFe;O4
nanoparticles.
Scherrer formula (Equation 1) was used to calculate
the crystallite size of the sample. For this aim, the
peaks at 30.3°, 35.63°, 43.3°, 57.28°, and 63.1°
which have the higher intensity were chosen.
kA 1
- Bcos(0) @
where d is the crystallite size, k is a constant, 6 is the
Bragg angle, and J is the peak broadening of XRD
peaks. The average value is about 28.6 nm with a
standard deviation of 5.1 nm. The average
crystallite size was also estimated via Williamson-
hall equation. The crystallite size calculated by the
Williamson-Hall method was larger than that
estimated by the Scherrer formula, because the
Scherrer formula only considers the broadening of
the X-ray diffraction peaks due to crystallite size. In
contrast, the Williamson-Hall approach considers
both size- and strain-induced broadening,
effectively separating the contributions of
microstrain and crystallite size.
SEM analysis equipped with energy dispersive
spectroscopy (EDS) was employed to study the
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synthesized powders. The particles had spherical
morphology and most of them were agglomerated.
Inside the agglomerates, there are lots of
nanoparticles. Particle size distribution of the
samples shows that many of the particles have sizes
between 20 to 200 nm. This large range of sizes
results from particle agglomeration. Aggregated
nanoparticle formation is a frequent phenomenon in
powders containing nanosized particles. Due to their
large surface area, nanoparticles exhibit a high
surface energy. Consequently, in order to lower their
surface energy, particles adhere to one another. EDS
analysis was performed on the samples to study their
chemical composition. Ni, Fe, and O elements were
detected in the nanoparticles, which are related to
NiFe204. No impurities were detected in the EDS
analysis, which confirms the purity of the samples.

The magnetic properties of the synthesized powders
were obtained. The specimen shows ferrimagnetic
characteristics.  Ferrimagnetism  results  from
complex  exchange interactions  between
neighboring atoms. These interactions cause the
magnetic moments of different sublattices to align in
opposite directions, but not cancel out completely
due to unequal magnitudes. It was reported that the
magnetic saturation (Ms) of a ferrimagnetic material
depends on both external (microstructural) and
internal (compositional) parameters. Ms of the
synthesized sample is about 41.1 emu/g.

Conclusion

A citrate-nitrate sol-gel combustion combined with
sonication was used to produce nickel ferrite cubic
spinel magnetic nanoparticles. The average

crystallite size value based on Scherrer method is
about 28.6 nm with a standard deviation of +5.1 nm.
The estimated crystallite size and strain according to
Williamson-Hall formula were determined to be
35.5 nmand 0.065 %, respectively. According to the
VSM data, NiFe,O4 nanoparticles calcined at 1000
°C displayed a saturation magnetization of 41.5
emu/g. Particle sizes in the SEM micrograph range
widely, from 20 to 200 nm. The Kinetic rate of the
synthesized nickel ferrite for the photodegradation
of methyl orange was 0.0028.
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