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A B S T R A C T

Nickel ferrite nanoparticles doped with zinc were synthesized at a lower reaction temperature of 180 ◦C.
The research delved into their structural, optical, dielectric, and magnetic properties. These nanoparticles
exhibited a distinct cubic spinel structure, with crystallite sizes ranging from 33 to 51 nm. FTIR analysis
revealed metal oxide stretching vibrations between 400–600 nm. FESEM and HR-TEM examinations unveiled
irregularly shaped nano-particles. XPS analysis disclosed the chemical states of Zn2+, Fe3+, and Ni2+ ions.
Mossbauer spectra exhibited two sextet patterns related to tetrahedral (A) and octahedral (B) sites, plus a
weak doublet pattern. Magnetic tests showed a decrease in saturation magnetization (Ms) but an increase in
remanent magnetization (Mr) and coercivity (Hc) values upon doping.
Introduction and preliminaries

In contemporary research, there is a concerted focus on ferrite mate-
rials owing to their distinctive physical attributes encompassing optical,
electrical, and magnetic characteristics. Ferrites play a crucial role in
various applications such as ferrofluids, devices with high and low
permeability, microwave devices, high-density storage units, and mag-
netic drug delivery systems, highlighting their versatility and diverse
utility [1–16,16–58]. The significance of ferrites in magnetic materials
s underscored by their diverse applications, ranging from ferrofluids,
igh and low permeability devices and microwave devices to high-
ensity storage units and systems for magnetic drug delivery marks a
hift with no commonality in their nature and purpose [1]. However,
he current scholarly curiosity about ferrites. is particularly oriented
owards investigating their gas sensing capabilities. Ferrites, composite
aterials composed of iron and metal oxides, exhibit notable proper-

ies such as dielectric behavior and high electrical resistivity, coupled
ith inherent ferrimagnetic traits. Classifiable into four categories—
exagonal, orthoferrite, spinel, and garnets—ferrites present a spec-
rum of structural variations. Notably, spinel ferrites stand out for their
istinctive attributes, including substantial, coercivity (Hc), magne-
ocrystalline anisotropyelevated, saturation magnetization (Ms), and an
levated Curie temperature [1]. The magnetic and structural attributes

of spinel ferrites are intricately influenced by magnetic interactions and
the distribution of cations across B and A sites. Within the category of
inverse spinel, nickel ferrite exhibits ferromagnetic behavior, character-
ized by the general formula [Fe3+]A[Ni2+ Fe3+]BO4. In this formulation,
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Fe3+ is situated at both the B-site and A-site, while Ni2+ exclusively
takes up the B-site. Notably, nickel ferrite manifests elevated electrical
resistivity, coupled with reduced eddy current dissipation [2]. The
introduction of Zinc doping into nickel ferrite results in enhanced
electrical conductivity, tunable behavior, and broad-ranging applica-
tions across diverse fields such as catalysis, biomedicine, and energy
storage [3]. The substitution of nickel ferrites with various elements
such as Cu, Zn, Co, Ce, among others, imparts remarkable versatility
and technological significance to this soft ferrite material. The height-
ened importance arises from their remarkable ferromagnetic attributes.,
minimal dissipation due to eddy currents., chemical resistance under
electrical conditions, and noteworthy sensor capabilities [4–6]. When
Zinc (Zn) is introduced as a dopant into the matrix of NiFe2O4 at the
nickel location. (A site), it has the potential to partially occupy the B
site at the nano level. The presence of cations distributed across both
A and B sites distinctly impacts the magnetic attributes [10]. Further-
more, during the sintering/calcination process of ferrite materials, zinc
ions within the matrix may lose Their placement, leading to the occur-
rence of unsaturated oxygen ions or cation vacancies. These changes
can subsequently impact the overall magnetism of the ferrites [11,12].
Notably, Ni–Zn ferrites are known for their strong magnetic saturation,
minimal coercivity, and strong permeability [13], making them par-
ticularly suitable for various industrial applications. Several synthesis
techniques have been explored for Ni–Zn ferrites, including simultane-
ous precipitation [14], milling by ball impacts [15], methods involving
mechanical action and micro-emulsion pathways [16], solid-state re-
action [18], sol–gel [15–61], and techniques employing combustion
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in a solution [19]. Among these methods, the solution combustion
approach stands out due to its simplicity, ease of processability, and
cost-effectiveness in achieving good stoichiometry [19]. In this study,
we employed the solution combustion method to fabricate nanopar-
ticles of Ni–Zn ferrite, utilizing as a fuel oxylyl-dehydrazide (ODH).
ODH, chosen for its minimal ignition temperature and combustibility
attributed to the presence of the N–N bond, undergoes an exothermic
decomposition to produce N2 (N ≡ N). This method was deemed
uitable for the synthesis of ferrites. The hydrothermal method, char-
cterized by utilizing water at elevated temperatures and pressures to
onduct chemical reactions, emerges as a versatile and widely adopted
echnique. Its advantages include exact management over pressure,
emperature, and other parameters, suppression of impurities and by-
roducts leading to a pure final product, reduced energy requirements
ompared to high-temperature methods, environmental friendliness
y minimizing dangerous solvents and the generation of waste, and
calability for industrial production. The hydrothermal method proves
nvaluable for large-scale synthesis of diverse materials, offering bene-
its regarding regulation or management, purity, and tailoring material
haracteristics for particular applications. Thomas Dippong and col-
eagues found that Ni0.5Mn0.5Fe2O4 has excellent sonophotocatalytic
ctivity against RhB solution [62]. They discovered that samples with
ow Ni content have pores of 100 Å, while those with high Ni content
ave pores of 50 Å. Additionally, they observed that the SiO2 matrix
ehaves diamagnetically with a small ferromagnetic fraction, but when
i0.6Mn0.4Fe2O4 is embedded in the SiO2 matrix, it exhibits super-
aramagnetic behavior, contrasting with its high-quality ferromagnetic
ehavior when unembedded [63]. Recent research has concentrated on
lectrochemical supercapacitors due to their promising applications in
nergy storage devices, given their excellent reversibility, high cycling
tability, and power density. Transition metal oxides, exhibiting re-
ersible and fast faradaic redox reactions involving chemical processes
ith electron and ion participation in charge/discharge storage mech-
nisms, serve as promising electrode materials for supercapacitors.
n the realm of gas sensing applications, ferrite-based sensors play

crucial function in both quantitative and qualitative assessment of
armful and scentless gases, with the goal of overseeing acceptable
evels in the nearby surroundings and bolstering safety via integrated
larm systems. The limited specificity of unfettered ferrite concerning
articular gases can be addressed through the process of choosing
ppropriate dopants, co-dopants, and formation routes. Diverse spinel
errites, encompassing a range of types, NiFe2O4, ZnFe2O4, CuFe2O4,
nd CdFe2O4, have been extensively investigated for varied applica-
ions for detecting gases. Notably, nickel ferrite nanoparticles, while
arnering recognition due to their improved magnetic characteristics,
ave limited information available concerning their aptitude for gas
etection, especially in the identification of reducing gases. Reducing
ases, such as liquified petroleum gas, have practical implications in
arious settings, including homes, cars, and storage tanks, necessitating
dvanced sensors for leak detection. Ferrite materials find utility in
emote sensing, magnetic sensing, gas sensors and rotational speed
ensors. The global ferrite magnetic material market is poised for
ubstantial growth in the foreseeable future. This growth is primar-
ly propelled by the escalating demand for ferrite magnets across
iverse applications including electric motors, magnetic separators,
oudspeakers, and computer hard drives. The expansion of the auto-
otive industry, particularly in emerging markets, further augments
arket demand as ferrite magnetic materials find extensive usage

n automotive components like sensors, motors, and power steering
ystems. Additionally, the surge in renewable energy sources like wind
nergy drives the need for ferrite magnets in wind turbines. Moreover,
he burgeoning electronics sector and the rising adoption of consumer
lectronics devices contribute to market growth. The market is wit-
essing a transition towards energy-efficient ferrite magnets, spurred
y environmental regulations and the pursuit of sustainable solutions.
2

anufacturers are investing in research and development endeavors to
Table 1
The number of moles of all reagents used in the synthesis.

Sample 𝑥 Zn(NO3)26H2 O Ni(NO3)26H2 O Fe(NO3)29H2 O

NiFe2O4 0 0.005 0.995 1
Zn0.11 Ni0.89Fe2 O4 0.11 0.112 0.888 1
Zn0.33 Ni0.67Fe2 O4 0.33 0.331 0.669 1
Zn0.52 Ni0.48Fe2 O4 0.52 0.520 0.480 1

enhance ferrite magnetic materials’ performance characteristics while
simultaneously reducing their weight and size. Furthermore, there is a
notable uptick in the adoption of soft ferrite materials, offering superior
magnetic properties and enhanced frequency performance compared
to traditional hard ferrite materials. This trend is propelled by the
escalating demand for high-frequency applications in various sectors
including telecommunications, consumer electronics, and medical de-
vices. Overall, driven by global imperatives such as sustainability,
energy efficiency, and technological advancements, the ferrite magnetic
material market is poised to sustain robust growth. Market projections
suggest a compounded annual growth rate (CAGR) of The innovation
in this research involves creating nanoparticles of Zinc-substituted
NiFe2O4 through a straightforward hydrothermal method at a reduced
reaction temperature and a brief duration. The size and form of the
particles are regulated by various operational factors such as tempera-
ture, level of dopant, and pH. This investigation seeks to enhance the
chemical makeup of Zinc-replaced nickel ferrite nanoparticles with spe-
cific structural, microstructural, and physicochemical attributes suited
for use in supercapacitors and gas sensors. The particles produced
are examined using X-ray Diffraction (XRD), Fourier Transform In-
frared Spectroscopy (FTIR), Raman spectroscopy, X-ray Photoelectron
Spectroscopy (XPS), Field Emission Scanning Electron Microscopy (FE-
SEM), High-Resolution Transmission Electron Microscopy (HR-TEM),
in addition to evaluations of their optical, magnetic, and dielectric
characteristics.

Empirical investigation

Experimental details

The precursor compounds, namely Iron nitrate nonahydrate (99%
pure), nickel nitrate hexahydrate (99% pure), and zinc nitrate hex-
ahydrate (99% pure) were utilized, were procured from Sigma Aldrich
(India) with a certified purity of 99.9%. The acquired chemicals were
employ acquired ed without undergoing supplementary purification
processes.

Nanoparticle synthesis protocol for Zn𝑥Ni1−𝑥Fe2 O4

The synthesis of Zinc-substituted NiFe2O4(Zn𝑥Ni1−𝑥Fe2O4)
nanoparticles with varying concentrations of 𝑥 was conducted through
a hydrothermal route. The precursors, Iron nitrate nonahydrate, nickel
nitrate hexahydrate, were separately dissolved in distinct beakers and
stirred thoroughly for a duration of 30 min. Following the stirring
process, the liquid mixtures were combined in a single beaker, and
sodium hydroxide (NaOH, 1.1 M) was gradually added slowly in drops.
The resultant mixture underwent stirring for approximately 35 min
before being exposed to a heat of 180 ◦C for a duration of 7 h within
a hot air oven. Subsequently, the brown-colored purified sediment was
subjected to drying at 85 ◦C for approximately 4 h. The synthesis of
Zinc-doped NiFe O nanoparticles are listed in Table 1.
2 4
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Fig. 1. XRD diagram of Zn𝑥Ni1−𝑥Fe2 O4 nanoparticles for different 𝑥 (𝑥 = 0.0, 0.11, 0.33 and 0.52).
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Analytical methods for characterization

The evaluation of Zinc-substituted NiFe2O4 nanoparticles encom-
passed a comprehensive analysis of their crystal structure, phase purity,
and degree of crystallinity through X-ray Diffraction (XRD), utilizing
CuK𝛼 radiation with a wavelength of 1.5414 Å(XPertProPW3050/60).
The identification of operative groups was studied using Fourier Trans-
form Infrared (FTIR) spectroscopy on a Thermo Nicolet iS5 instru-
ment. Raman spectroscopy, performed on a WiTech alpha 300 within
the range of 100–800 cm−1, was employed to investigate Raman-
active modes. The particle surface morphology and size were examined
utilizing Field Emission Scanning Electron Microscopy (FESEM) with
a Zeiss SUPRASS-SEM instrument and High-Resolution Transmission
Electron Microscopy (HR-TEM) with a FEI-TECNAI G2Twin instru-
ment, respectively. Optical characteristics were acquired utilizing a
SHIMADZU 2600 instrument. The X-ray Photoelectron Spectroscopy
(XPS) measurements were executed utilizing an electron spectrometer
(PHI5000). Dielectric characteristics were explored at typical ambi-
ent temperature utilizing the Hio-Ki-Im356 model. isomer shift (IS),
magnetic hyperfine fields (Hin), and quadrupole shifting (QS) were
determined via 57Fe Mössbauer spectroscopy, employing the AVFTB
which named Advanced Variable Field Translation Balance instrument.
Magnetic behavior was ascertained using the AVFTB instrument.

Finding and discussion

Analysis of structure and functional groups

The X-ray Diffraction (XRD) spectra of Zinc-doped NiFe2O4 nanopar-
ticles, as illustrated in Fig. 1, reveal distinct peaks at 2𝜃 values of
30.68◦, 36.63◦, 37.65◦, 43.89◦,54.39◦, 57.69◦ and 64.15◦, correspond-
ing to the plan(220), plan (311),plan (222), plan (400), plan (422),
plan (511), and plan(440), respectively. These peaks are indicative
of a characteristic structure of cubic spinel. The observed diffraction
peaks align consistently utilizing the identification number from the
Joint Committee on Powder Diffraction Standards (JCPDS) card (85–
4929), affirming the symmetry group Fd3m (No. 225). The increase
in Zinc content is accompanied by a corresponding augmentation in
the intensity of the significant peaks, signifying the inclusion of Zinc
with the NiFe2O4 change lattice. This augmentation is attributed to
the higher atomic number of Zinc (30) in comparison to nickel (28).
The distinct diffraction peaks observed for NiFe2O4 Zn𝑥Ni1−𝑥Fe2 O4
anoparticles are indicative of good crystallinity particles [24]. Addi-
ionally, the lack of any supplementary peaks attests to the purity of
3

he obtained nanoparticles. The A subtle alteration in the location of
eaks is discernible with an increase in zinc content, as depicted in
he inset of Fig. 1. This shift is attributed to the modest variance in

ionic radii in the middle the replacing constituent Zn2+ and the host
element Ni2+, amounting to 4.36%. The most prominent observation
among the reflections is the dominance of the (311) reflection, serving
as confirmation of the formation of the spinel phase during combustion.
Additionally, a notable trend emerges as the concentration of Zn
increases: the peak corresponding to (311) exhibits a discernible shift
towards lower diffraction angles (2𝜃). The application of Scherrer’s for-
mula allows for determining the size of the crystal particles, following
the expression [7]:

= 0.891𝜆
𝛽 cos 𝜃

(1)

In the aforementioned expressions, ε𝜆ε represents the wavelength,
ε𝛽ε denotes the FWHM (full width at half maximum), ‘‘D’’ signifies
the size of crystallite size, and ε𝜃ε corresponds to Bragg’s angle. It
is noteworthy that the escalation in zinc content contributes to a
diminution in grain growth, primarily attributed to the segregation of
grain boundaries, which in turn impedes the mobility of grains [23].
The lattice parameter was established through the application of the
following equation[4]:

𝑎 =
√

ℎ2 +
√

𝑘2 +
√

𝑙2 (2)

In the aforementioned equation, ‘‘a’’ represents the lattice constant,
‘‘d’’ signifies the interplanar spacing, and ‘‘hkl’’ presents the Miller
indices. The lattice constant undergoes a marginal large from 8.3692 to
8.4957 Å, as evidenced by the experimental data. As per the findings
reported by Mahalakshmi et al. the observed augmentation in lattice
constant is primarily associated with the comparatively increased ionic
radius of Zn2+ (0.76 Å) in contrast to Ni2+ (0.68 Å) [25]. The substi-
tution of Ni2+ with Zn2+ induces an escalation in regional structural
irregularity, consequently resulting in a decrease in crystal size. The
parameters of dislocation density 𝛿, microstrain, and 𝜖 X-ray density 𝜌
are ascertained through the following relations [16]:

𝛿 = 1
𝐷2

(3)

𝜌 = 8𝑀
𝑁 × 𝑎3

(4)

𝜖 =
𝛽 cos 𝜃 (5)
4
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Fig. 2. FTIR spectrum of Zn𝑥Ni1−𝑥Fe2 O4.
Fig. 3. Raman spectra for Zn𝑥Ni1−𝑥Fe2 O4 nanoparticles for different 𝑥 (𝑥 = 0.0, 0.11, 0.33 and 0.52).
Table 2
The parameters of structural, encompassing lattice constant, dislocation density, crystallite size, and strain, are characterized
by their respective values. These values are contingent upon the doping content of the samples.

Doping
concentration

0.00 0.11 0.33 0.52

Samples NiFe2 O4 Zn0.11 Ni0.89Fe2 O4 Zn0.33 Ni0.67Fe2 O4 Zn0.52 Ni0.48Fe2 O4
Lattice a (∀)
In literature
[64]

8.34562 8.37106 8.38466 8.40019

Obtained
Lattice a Å

8.3692 8.3927 8.4136 8.4957

D±1 nm 43 39 35 31
𝛿 ×
1015(𝑙𝑖𝑛𝑒𝑠∕𝑚2)

5.6726 6.2657 6.5640 6.8345

𝜌(𝑔𝑚∕𝑐𝑚3) 5.33 5.31 5.29 5.27
𝜖 × 10−3 0.58 0.74 0.85 1.04
b

In accordance with Table 2, the weight of the molecular sample denoted
as ‘‘M’’ and the Avogadro number represented by ‘‘N’’ are significant pa-
rameters. Upon the introduction of Zinc (Zn) as a substitute, the density
of NiFe2O4 exhibits a decline attributable to the larger ionic radii [7].

oncurrently, the dislocation microstrain and density experience an
scalation concomitant with the reduction in crystallite size. The deter-
ined lattice constants for the various samples exceed those reported

y Anupama MK et al. [64], thus affirming the successful incorporation
f Zn into Ni and the attainment of a well-defined crystalline structure.
4

Wherein 𝑟1 and 𝑟2 denote the radii of sites, 𝑑𝑇 and 𝑑0 represent the
ond lengths of the B-site and A-site, respectively, 𝐻2 and 𝐻1 signify

the hopping lengths, 𝑑1 indicates the common border in the A-site, and
𝑑2 and 𝑑12 denote the common and exclusive edges in the B-site. The
negative ion parameter is established at 0.383 Å, while 𝑟0 signifies the
ion radius of oxygen at 1.31 Å. The computed values for Zn-substituted
NiFe2O4 are tabulated in Table 3. The observed augmentation in lattice
values with an escalating zinc percentage primarily arises from the
disparity in ionic radii in the middle of Ni2+ and Zn2+ ions, along



Results in Physics 59 (2024) 107549E.A. Alghamdi and R. Sai

u
i
s
c
r
d
a
o
a
Z
Z
s
i
f
b
o
a
1

p
4
i
s
t
n
t
a
a
c
a
i
t
R
a
a
o
N

w
p
o

a
i
a
d
i
d
F

Table 3
Progression of Structural Parameters for Zn𝑥Ni1−𝑥Fe2 O4 in Relation to the Variation
in Zinc Content.

Dopant percentage 0.00 0.11 0.33 0.52

Sites radii (∀) 𝑟1 = 𝑎
√

3(𝑈 − 0.25) − 𝑟0 0.253 0.267 0.276 0.296
Sites radii (∀) 𝑟1 = 𝑎(0.625 − 𝑈 ) − 𝑟0 0.567 0.579 0.587 0.623
Bond length (∀) 𝑑𝑇 = 𝑎

√

3(𝑈 − 0.25) 1.481 1.491 1.497 1.508
Bond length (∀) 𝑑0 = 𝑎

√

3𝑈 2 − 11
4
+ 43

64
3.234 3.237 3.311 3.335

Hoping length (∀) 𝐻1 = 𝑎
√

3 × 0.25 2,627 2.681 2.695 2.710
Hoping length (∀) 𝐻2 = 𝑎

√

2 × 0.25 2.144 2.153 2.178 2.187
Sites edges (∀) 𝑑1 = 𝑎 × 1.414(2𝑈 − 0.5) 2.421 2.427 2.435 2.451
Sites edges (∀) 𝑑2 = 𝑎 × 1.414(1 − 2𝑈 ) 1.731 1.841 1.854 1.871
Sites edges (∀) 𝑑12 = 𝑎

√

4𝑈 2 − 3𝑈 + 11
16

2.090 2.141 2.153 2.174

with the ensuing cation redistribution [26]. Notably, the radii of site
(𝑟1 and 𝑟2) and hopping lengths (𝐻1 and 𝐻2) exhibit an increase
pon zinc substitution due to the redistribution of cations character-
zed by distinct ionic radii [8]. The FTIR (Fourier-transform infrared
pectroscopy) analysis, depicted in Fig. 2, delineates the vibrational
haracteristics of Zn-substituted NiFe2O4 nanoparticles under normal
oom conditions within the spectral from 4000 to 450 cm−1. The
iscerned broad and attenuated bands at approximately 3439 cm−1

nd 1645 cm−1 correspond to bending vibrations and the elongation
f H–O–H, signifying the presence of water absorbed from the ambient
tmosphere. At 2925–2937 cm−1, the band observed is attributed to
n–H vibration, while the range of 1370–1410 cm−1 is associated with
n–O elongation vibration. The FTIR analysis validates the preferential
tabilization of Ni2+ ions within octahedral crystal fields, while Zn2+

ons tend to occupy tetrahedral sites due to their inclination towards
orming covalent bonds. The spectra exhibit distinctive absorption
ands characteristic of spinels, with bands attributed to tetrahedral and
ctahedral metal stretching observed around 650–570 cm−1 for Zn2+

nd Ni2+ ions, respectively, while the remaining positions are filled by
6 Fe3+ ions.

The bands of metal oxide originating from the B and A sites of
ristine NiFe2O4 nanoparticles are represented by peaks at 589 and
22 cm−1, respectively. Upon substituting Zn2+ for the host Ni2+, the
nherent elongation vibrations of the oxide-metal in the B-site and A-
ite undergo upward shifts to greater wavenumbers, specifically within
he ranges of 594–605 and 426–431 cm−1, respectively. This phe-
omenon is ascribed to the greater mass atomic of Zinc ions compared
o Ni2+ ions [27]. Bid et al. posited that alterations in peak positions
nd relative intensities are attributable to variations in lattice values
nd the crystalline effect resulting from the substitution of primary
onstituents with foreign elements possessing disparate ionic radii and
tomic numbers [30]. The heightened intensity of peaks with augment-
ng Zn percentage is attributed to alterations in the Fe–O band upon
he addition of Ni by Zn [28]. Within the 39 vibrational forms of
aman for the structure of mono-phase spinel, particularly 3 𝑇2𝑔 , 𝐴1𝑔 ,
nd 𝐸𝑔 , aligned with the space group (Fd-3 m), five are discerned as
ctive. In the inverse spinel structure, A-sites (tetrahedral) are partially
ccupied by Fe3+ and Zn2+, while B-sites are filled with Fe3+, Zn2+ and
i2+. Fig. 3(a-d) illustrates the obtained Raman spectrum for both pure

and zinc-doped NiFe2O4 nanoparticles, with corresponding calculated
parameters detailed in Table 3. The topmost band of frequency band,
𝐴1𝑔 modes, is credited to the elongation motion of ions of oxygen
with Fe–O bonds in the A-site. The symmetrical flexing of M ions
alongside oxygen atoms is associated with 𝐸𝑔 forms. 𝑇2𝑔 (1) forms arise
from the movement in translation of four oxygen atoms connected to
metal ions in the tetrahedral site. 𝑇2𝑔 (3) and 𝑇2𝑔 (2) are ascribed
to bending vibrations and asymmetric elongation of metal ions and
oxygen atoms in the octahedral site. The obtained peak shifts towards
greater wave numbers are attributed for the rearrangement of cations
within octahedral and tetrahedral sites [1]. The shifts in peaks, coupled

ith increases in intensity and width, as outlined in Table 3, are
rimarily ascribed for the rearrangement of cations and the influence
f particle dimension (size).
5

T

Fig. 4. FESEM images of Zn𝑥Ni1−𝑥Fe2 O4.

Analyses on morphology

Fig. 4 presents the characterization of particle morphology and
size within the Zn𝑥Ni1−𝑥Fe2 O4 system as a function of zinc content.
The field-emission scanning electron microscopy (FESEM) graphs in
Fig. 4 (a–d) depict irregularly shaped particles exhibiting an uneven
size distribution and a propensity for clustering [28]. The observed
gglomeration can be attributed to higher surface energy and the
nfluence of the dehydration process during nanoparticle fabrication,
s elucidated in literature [29]. The distribution of particle sizes,as
epicted in Fig. 4(e–h), showcases a relatively tight average size rang-
ng from 37 to 51 nm. Notably, the particle size and morphology
istribution remain largely unaffected by zinc doping and its content.
ig. 5 provides high-resolution transmission electron microscopy (HR-
EM) graphs of representative Zn Ni Fe O nanoparticles, along
0.52 0.48 2 4
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Fig. 5. (a) HR-TEM images of representative Zn0.52Ni0.48Fe2O4 nanoparticles for 𝑥 = 0.5, (b) particle size distribution and (c) Fringe pattern.
l
s
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with the corresponding the distribution of particle size, selected are
of electron diffraction (SAED) diagram, and fringe diagram. Within
the confines of Fig. 5(a), a lone nanoparticle is displayed. Upon closer
examination of Fig. 5(a), a notable pattern emerges: the nanoparticles
exhibit a uniform dispersion within the nano-scale spectrum, ranging
from 30 to 165 nanometers, with an average particle dimension of 51
nanometers, as depicted in Fig. 5(b). This observation underscores the
consistent distribution of particles across the nano-scale spectrum. In
Fig. 5a, nanosized cubic-shaped particles are discerned, with evidence
of agglomeration where smaller particles adhere to larger ones. This
agglomeration phenomenon is attributed to weak Vander Waals forces
and magnetic interactions between particles, where each nanoparticle
acts as a magnet, leading to mutual attraction [28]. The average size of
grain for the Zn-NF3 sample is determined to be approximately 38 nm,
as inferred from the histogram in Fig. 5b. This grain size measurement
from HR-TEM aligns within the particle size values Found from FESEM
and the crystal size determined by XRD studies [28].

The SAED diagram (Fig. 5c) exhibits diffraction circles associated
with various planes, affirming the polycrystalline characteristics of the
examined powder, a finding consistent with the XRD diagram. The
patterns of fringes, with distinct d-spacing values of 0.298, 0.251, and
0.146 nm (Fig. 5d), align with the plane (220), plane (311), and plane
(440) for structure cubic, further confirming the crystalline nature as
corroborated by XRD studies. The TEM image elucidates the high-
quality crystalline structure of Zn-doped ferrite, particularly in the case
of Zn0.52 Ni0.48 Fe2 O4. This underscores the favorable characteristics
of Zn-doped ferrite, rendering it a promising candidate for various
applications.

Optic properties

The optic characteristics of the obtained Zn-substituted NiFe2O4
nanoparticles are scrutinized through UV-DRS, as depicted in Fig. 6a.
Examination of the absorption spectra reveals a discernible move to-
ward shorter wavelengths, indicative of an augmentation in the value
of band gap [15]. We have Tauc’s equation, expressed in [31] as

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸 ),
6

𝑔

where A is the factor of proportionality (constant), ℎ𝜈 denotes the
energy of the photon, 𝛼 represents the coefficient of absorption, and
𝐸𝑔 signifies the energy of band-gap, is employed to calculate the
band-gap energy. Extending the curve graphed between (𝛼ℎ𝜈)2 and
(ℎ𝜈) yields the band-gap values, as illustrated in Fig. 6(b–e). The
computed optical band-gap obtained for NiFe2 O4, Zn0.11 Ni0.89Fe2 O4,
Zn0.33 Ni0.67Fe2 O4, Zn0.52 Ni0.48Fe2 O4 are 1.57, 1.65, 1.73, and 1.96
eV. Notably, a conspicuous escalation in energy band gap is observed
with an increase in Zn content. The widening of the bandgap is
attributed to the reduction in crystallite size and the consequential
quantum confinement effect [32]. The bandgap values derived from
Fig. 6(b–e) are consistent with obtained measurement explained in the
iterature [23]. The discerned small band-gap values underscore the
uitability of the investigated Zn𝑥Ni1−𝑥Fe2 O4 sequence of compounds
or applications in opto-electronic devices.

-ray photoelectron spectroscopy (XPS) finding

To validate the elemental makeup and ascertain the oxidation con-
itions of the constituent elements, X-ray photoelectron spectroscopy
XPS) analysis was conducted on the specified composition Zn0.52Ni0.48
e2 O4, as illustrated in Fig. 7. Notable signals with binding energies

at 285.6, 531.5, 713.8, 723, 858, 877.5, 899.5, and 905 eV were
noticed and recognized as O1s,Zn1s,Fe2p3∕2, Fe2p1∕2, Ni2p3∕2, Ni2p1∕2,
Zn2p3∕2, and Zn2p1∕2 emissions. Peaks corresponding to Fe2p3∕2 at
711.58 and 713.70 eV suggested the existence of Fe3+ in B and A sites,
with the additional peak at 723.88 eV ascribed to Fe2p1∕2. The exis-
tence of the peak of satellite between Fe2p3∕2 and Fe2p1∕2 exclusively
pertained to Fe3+ ions [16]. The Ni 2p signal exhibited deconvolution
with several peaks at 854.8, 857.7, 858.6, 874.5, and 875.6 eV. Satel-
lite peaks noticed at 862.3, 878.5, and 881.9 eV were indicative of
Ni2+ [32]. Peaks noticed at 931.3, 933.1, and 934.6 eV, together with
peaks of satellite at 941.6 and 942.5 eV, were attributed to Zn2p3∕2.
Peaks noticed at 953.7 and 955.3 eV, together with a peak of satellite
at 961.7 eV, associated to Zn2p1∕2, confirming the presence of Zn2+,
in alignment with previous in written works [32]. The peak of Zn1s at
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Fig. 6. (a)absorption spectra of Zn𝑥Ni1−𝑥Fe2 O4 nanoparticles and their graph of band gap (b–e).
285.6 eV served as a benchmark for the ongoing XPS assessment [33].
n a manner completely dissimilar, the significant peak at 528.95 eV
s ascribed to the presence of atoms of oxygen, while the peak of O3
t 530.37 eV corresponds to the oxygen containing a hydroxyl group
acancy on the nanoparticle surface. The peak denoted as O3 indicates
xygen that has been absorbed, featuring an energy values about of
32.12 eV [16,34]. The wide peak at 975 eV is typically assigned to

Auger, OKLL. No other significant peaks are detected in the XPS
pectrum, suggesting the absence of additional elemental compositions
nd thus confirming the purity of the Zn Ni Fe O system.
7

𝑥 1−𝑥 2 4
Dielectric analysis

The dielectric constant of the synthesized nanoparticles is assessed
in terms of frequency under normal room conditions, as illustrated in
Fig. 8a. The calculation of 𝜖′ is conducted utilizing the equation

𝜖′ = 𝐶d𝜖0A,

where ‘‘C’’ represents the pellet capacitance, ‘‘d’’ denotes thickness,
‘‘𝜖0’’ signifies the dielectric constant of free space, and ‘‘A’’ signifies
the area of cross-section [7]. The dielectric constant exhibits a notable
increase at low frequency and subsequently decreases with an elevation
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n frequency (Fig. 8a). At higher frequencies, the dielectric constant
eaches a constant value. This frequency-dependent behavior can be
lucidated by the polarization due to space charge arising from the
nhomogeneous dielectric character of the material. It stems from the
xistence of well-conducting grains isolated by inadequately conductive
nter-grain boundaries. As the frequency of the imposed field increases,
he exchange of electrons in the middle of Fe ions may lag behind the
pplied alternating field, resulting in a decrease in the 𝜖′ value. The
levated 𝜖′ value at small frequency is attributed to the existence of
icrostructural defects and other structure and dislocations [36]. The
amping coefficient, arising from the lag in polarization relative to the
pplied alternating field, is examined in Fig. 8b. The variation of tan 𝛿
s function of frequency is expressed as

an 𝛿 = 1
2𝜋𝑓𝐶𝑝𝑅𝑝

,

here ‘‘𝐶𝑝’’ denotes the capacitor with parallel plates and ‘‘𝑅𝑝’’ signifies
he resistance of parallel plates [7]. The obtained values for the loss

factor are 21.43 for NiFe2 O4, 16.05 for Zn0.11 Ni0.89Fe2 O4, 5.86 for
Zn0.33 Ni0.67Fe2 O4, and 3.83 for Zn0.52 Ni0.48Fe2 O4. Fig. 8b displays
for all samples the emergence of a peak in the frequency area of 5–7
MHz. This peak occurs when the frequency of a condition coincides
with the oscillating electric field and the inherent electric charges.
The observed peak change towards diminish frequency, coupled with
diminish dielectric loss for the Zn0.52 Ni0.48Fe2 O4 sample, suggests
favorable characteristics for potential applications in antennas and
waveguides [37]. The elevated dielectric reduces the maximum number
of electrons of pure NiFe2O4, which is attributed to electrons exchanged
in middle of Ni2+ and Fe3+ ions at the B-site [38]. The observed
discrepancies in the reduced element may be attributed to the increase
resistive nature of grain boundaries, that has a role a pivotal role in the
minimal frequency area. In this area, a certain higher level of energy
is needed for electron exchange. between Fe ions, resulting in a higher
loss factor. Conversely, at higher frequencies, low-resistance grains play
a more significant role in the conduction process, leading to a minimal
loss [38]. The connection or association between frequency and AC
onductivity is depicted in Fig. 8c. In materials ferrite, the conduction

process is driven by the exchange of electrons between Fe2+ and Fe3+
ion Rotational rate s. The AC conductivity is determined using the
relation

𝜎𝑎𝑐 = 𝜔𝜖0𝜖′ tan 𝛿,

where ‘‘𝜔’’ represents angular frequency and ‘‘𝜖0’’ signifies the elec-
trical permittivity within a vacuum or free space [39]. In the low-
frequency region, grain boundaries exhibit increased activity, result-
ing in a lower exchange of electrons between Fe2+ and Fe3+, and
8

m

consequently, smaller conductivity is observed. When the frequency
increases, the rate of transition or movement between charge carriers
also rises, leading to an increase in conductivity. Fig. 8: Dielectric
roperties of Zn𝑥Ni1−𝑥Fe2 O4 nanoparticles with respect to frequency
or different concentration 𝑥 = 0.0, 0.11, 0.33 and 0.52 (a) Dielectric
onstant, (b) Tangent loss, and (c) AC conductivity

agnetic analysis

Fig. 9 illustrates the Mössbauer spectra of Zn0.52Ni0.48Fe2 O4
anoparticles captured under ambient temperature conditions. Möss-
auer spectra provides crucial data regarding the occupancy and va-
ency of iron among B and A sites. The figure shows two sextet
atterns which relate to one only weak doublet diagram. The distinct
ppearance of a robust sextet configuration indicates the structured and
alanced ferrimagnetic condition of the produced nanoparticles [40].
dditionally, the detection of a subtle pair pattern suggests that the

imeframe for the magnetic orientation change within the created
anoparticles is under 12 ns. [40]. The doublet, with an isomer shift
IS) value of 0.22 mm/s and a quadrupole splitting (QS) value of
.42 mm/s, is attributed to Fe3+. The two distinctive sets of six-
old configurations discovered in this investigation, characterized by
S values of 0.29 and 0.36 mm/s, and Hin values of 46.7 and 49.8
, are attributed to the presence of Fe3+ ions occupying A and B
ites correspondingly. The existence of Fe3+ in both B and A sites
onfirms the inverse spinel ferrite structure. The discrepancy in IS
alues, with the octahedral site registering at 0.38 mm/s and the
etrahedral site at 0.28 mm/s, results from the wider band gap between
e3+–O2− bonds situated at the B site compared to those at the A
ite. Consequently, the decrease in co-valency impact results in an
ncrease in the isomer change value observed at the B-site [41–48].
he lack of a dual pattern associated with ferrous Fe2+ ions signal the
ingular existence of Fe3+ ions, confirming the unadulterated nature
f the synthesized nanoparticles. Notably, the minute proportion of
pproximately 1.72% Fe2+ identified through XPS analysis does not
orrelate with the findings obtained from the Mössbauer. In the realm
f Ni–Zn ferrite, the minimal isomer shift value indicates a reduced
f significant charge impact from s electrons on the tetrahedral Fe3+
tom. The assessed isomer shift and quadrupole splittings affirm the
rivalent state of Fe in both octahedral and tetrahedral sites, alongside
ts predominantly high-spin nature. The magnetic characteristics of
n-substituted NiFe2O4 nanoparticles are additional explored utilizing
lternating field vibrating sample magnetometry (AVFTB) measure-

ents. The hysteresis loops of Zn𝑥Ni1−𝑥Fe2 O4, depicted in Fig. 10a,
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Fig. 8. Dielectric properties of Zn𝑥Ni1−𝑥Fe2 O4 nanoparticles with respect to frequency
for different concentration 𝑥 = 0.0, 0.11, 0.33 and 0.52 (a) Dielectric constant, (b)

angent loss, and (c) AC conductivity.

ndicate a gentle ferromagnetic property. The parameters, including
aturation magnetization (M𝑠), remanent loop squareness (M𝑟∕M𝑠),

magnetization (M𝑟), coercivity (H𝑐), Bohr magneton (μB), remanence
oercivity (H𝑐𝑟), and the calculated constant of anisotropy (K) from the
ysteresis curves. It has been noted that the saturation of magnetization
Ms) diminishes with the rise in zinc content. This decline is due to
he fact that the magnetic moment of zinc (2 μB) is smaller compared

to that of nickel (3 μB). prevalence of zinc ions mainly resides in the
B-sites, although some may also be found in the A-sites. This scenario
leads to the migration of Fe3+ ions to the octahedral B-sites, ensuring
9

r

charge equilibrium and maintaining the stoichiometry of the chemical
composition. Consequently, a decline in the superexchange interaction
between the A and B sites results in a reduction in the magnetization of
the B-site sublattice as the zinc content increases [49,50]. As the grain
size decreases, the rise in domain walls impedes the material’s demag-
netization, consequently leading to an escalation in coercivity [51,52].
The developed nanoparticles of magnetic ternary/quaternary oxides
are considered appropriate for utilization in various fields, such as
microwave technologies, transformer systems, and applications requir-
ing magnetic shielding [42,43]. Backfield assessments were utilized to
stablish the H𝑐𝑟 values. Subsequently, the ratios of M𝑟∕M𝑠 and H𝑐𝑟∕H𝑐
ere graphically represented in a Day plot diagram [53] to analyze

he characteristics of domains within the nanoparticles (Fig. 10b). The
indings reveal that all specimens fall within the pseudo-single domain
ategory. The M𝑟∕M𝑠 ratio, termed as loop squareness, fluctuates based
n the zinc content. This variation can be linked to magnetic field
ttributes, imperfections, and anisotropy in the crystal structure [54].
he magnetic momentum and anisotropy constant are derived through
he equations 𝜇B = M × M𝑠∕5586 and K = H𝑐 × M𝑠∕0.97, wherein
‘M’’ denotes the molecular weight of nanoparticles composed of zinc-
ubstituted nickel ferrite. All magnetic properties are listed in Table 4.
he escalation in values of anisotropy constant correlates with the rise

n coercivity, a change primarily linked to phase development and the
nlargement of grain structures [55]. As the coercivity value increased,
o did the anisotropy constant values, a phenomenon attributed to the
volution of phases and the growth of grains. Specifically, saturation
agnetization initially rises with Zn concentration until 𝑥 = 0.52. At
= 0.52, the maximum saturation is observed, indicating a limit to

he presence of impurities detectable via XRD. Additionally, param-
gnetic contributions are noted alongside ferromagnetic properties in
n-doped Ni ferrite samples, with net magnetization decreasing beyond
= 0.52 Zn substitution. The anisotropic constant (K) increases with

ncreasing Zn concentration, suggesting suppression of ferromagnetic
ature by paramagnetic influence. The observed ferromagnetism in
iFe2O4 samples may stem from cation distribution and superexchange

nteractions between Ni and Fe at tetrahedral A and octahedral B sites.
ubstitution of non-magnetic ions like Zn alters exchange interactions,
nfluencing spin arrangements and magnetic properties. In our study,
e observed an increase in the anisotropy constant K with rising Zn

ontent, contrary to the findings of Anupama MK et al. [64], who
eported a decrease in this constant with increasing Zn content. These
esults collectively highlight the favorable surface characteristics and
igh-quality crystalline structure achieved in our work.

onclusion

Zinc-doped NiFe2O4 nanoparticles (0 ≤ 𝑥 ≤ 0.52) were synthe-
ized effectively using a hydrothermal method at reduced reaction
emperatures and durations. X-ray diffraction (XRD) analysis revealed
decrease in the lattice parameter (D value) from 51 to 37 nm with

ncreasing Zn content. Raman spectroscopy confirmed the presence
f five active modes (A1 g + Eg + 3T2 g). High-resolution trans-
ission electron microscopy (HR-TEM) illustrated a cubic structure
ith an average particle size of 37 nm. Notably, there was a signif-

cant increase in the energy bandgap value from 1.57 to 1.96 eV,
ccompanied by a decrease in crystallite size from 51 to 37 nm. The
onsistently low dielectric loss observed across the entire frequency
ange of Zn0.52 Ni0.48 Fe2O4 suggests its potential application in mi-
rowave devices. Furthermore, the hysteresis magnetization-field curve
xhibited a soft ferromagnetic behavior, accompanied by a notable
ecrease in saturation magnetization from 98.37 to 75.50 emu/g. These
indings collectively underscore the favorable surface characteristics
nd high-quality crystalline structure achieved in our study. We suc-
essfully achieved an enlargement of the band gap to 1.96 eV through
ur methodology, which involved preparing samples at a low temper-
ture of 180 ◦C. Additionally, our findings revealed an increase in the
agnetic constant K with rising Zn content, in contrast to findings
eported in other studies.
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Fig. 9. Mössbauer spectrum of Zn0.52Ni0.48Fe2O4.

Fig. 10. Room temperature variations of magnetization of Zn𝑥Ni1−𝑥Fe2 O4 nanoparticles with applied magnetic field (a) Hysteresis curve for 𝑥 = 0.0, 0.11, 0.33 and 0.52 and (b)
Day plot graph for all samples.
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Table 4
Magnetic characteristic of Zn Dopped ferrite nanoparticles (0 ≤ 𝑥 ≤ 0.52).
Sample 𝑀𝑠(𝑒𝑚𝑢∕𝑔) 𝑀𝑟 𝐻𝑐 (𝑂𝑒) 𝐻𝑐𝑟(𝑂𝑒) 𝑀𝑟

𝑀𝑠

𝐻𝑐 𝑟
𝐻𝑐

𝜇𝐵 𝐾 × 10−3((𝑒𝑚𝑢.𝑂𝑒)∕𝑔)

NiFe2 O4 98 ± 0.37 11 ± 0.37 45 ± 0.3 115 ± 0.49 0.13 2.5 4.27 4.67
Zn0.11 Ni0.89Fe2 O4 92 ± 0.15 13 ± 0.65 50 ± 0.5 123 ± 0.52 0.15 2.46 4.16 5.02
Zn0.33 Ni0.67Fe2 O4 87 ± 0.78 13 ± 0.78 56 ± 0.50 130 ± 0.35 0.57 2.32 4.01 5.61
Zn0.52 Ni0.48Fe2 O4 75 ± 0.50 13 ± 0.92 82 ± 0.52 144 ± 0.62 0.24 1.7 3.42 6.16
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