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Abstract
The current study investigates the impact of vanadium substitution on the structural, magnetic, and optical properties of
NiFe2−xVxO4 (x ≤ 0.3) nanoparticles (NPs) produced by the cost-effective sol-gel route. The as-prepared spinel ceramic
powders were examined by X-ray diffraction (XRD), UV-visible diffuse reflectance spectroscopy (DRS), Fourier transform
infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), and vibrating sample magnetometry (VSM). The
functional groups, spinel phase, and crystal structure were confirmed by XRD and FT-IR, respectively. The crystallites size
decreased from 45.24 to 36.56 nm as the doping process increases. The plots of Tauc were drawn to determine optical band
gap magnitudes of 1.291, 1.302, and 1.312 eV for x = 0.0, 0.2, and 0.3, respectively. The estimated saturation magnetization
is maximum for pristine NiFe2O4 NPs and decreases to minimum for NiFe1.7V0.3O4 NPs. The σ -H hysteresis loops have
finite coercivity (between 125 and 169 Oe) and retentivity (between 9.36 and 14.04 emu/g) values. The calculated σr/σs

ratios are lower than 0.500, assigning the uniaxial anisotropy for NiFe2−xVxO4. The effective anisotropy constants (Keff)
are in the range of 0.824 × 105 and 1.303 ×105 Erg/g. The magnetocrystalline anisotropy field (Ha) values are around 5.0
kOe. The characteristics of hysteresis (σ -H) curves and the order of magnetic data reveal the soft ferrimagnetic feature of
as-prepared nanoparticle samples. From Mossbauer analysis, the variations in hyperfine magnetic field, quadrupole splitting,
line width, and isomer shift have been evaluated. The distribution of cations showed that the octahedral B sites are occupied
by all the ions of V3+. Mossbauer spectra are composed of four Zeeman sextets and one doublet.

Keywords Vanadium substitution · Nickel ferrites · Magnetic properties · Mossbauer spectroscopy · Optical properties ·
Cation distribution

� Y. Slimani
yaslimani@iau.edu.sa; slimaniyassine18@gmail.com

1 Department of Chemistry, Istanbul Medeniyet University,
Uskudar, 34700 Istanbul, Turkey

2 Institute of Inorganic Chemistry, RWTH Aachen University,
Landoltweg 1, 52074 Aachen, Germany

3 Department of Biophysics, Institute for Research and Medical
Consultations (IRMC), Imam Abdulrahman Bin Faisal
University, P.O. Box 1982, Dammam 31441, Saudi Arabia

4 Department of Physics, Hitit University, Çevre Yolu Bulvaı,
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1 Introduction

Magnetic nanoparticles (MNPs) are used in a wide area
of advanced scientific research due to their potential
applications in several fields such as catalysis, wastewater
treatment, microwave devices, and magnetic pigments
as well as in biomedical applications, for example in
magnetic resonance imaging (MRI) and cancer therapy
[1–5]. Cubic spinel ferrites, MFe2O4 (M = Fe2+, Cu2+,
Zn2+, etc.), are well known as one of the significantly
studied magnetic nanomaterials [6]. They crystallize in a
cubic crystal structure and Fd3m space group. The unit
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cell includes 8 formula units with four metal cations and
32 oxygen ions that are distributed in various two types
of non-equivalent interstitial sites: 64 tetrahedral (A) and
32 octahedral (B) sites where four and six oxygen ions
surround metal cations, respectively [7, 8]. The spinel
MFe2O4 adopts one of the three kinds of the structure:
inverse, normal, or mixed cubic spinel structure. The bulk-
and nano-sized NiFe2O4 have an inverse spinel structure
(8 Ni2+ are distributed in B sites, while 16 Fe3+ occupied
equally the A and B sites) [9, 10]. Some studies have
reported that Ni ferrite nanoparticles (NPs) smaller than a
few nanometers exhibit a mixed structure [11]. Ni ferrite

is expressed as
(

Ni2+
1−iFe3+

i

)
A

(
Ni2+

i Fe3+
2−i

)
B

O4 where i

refers to the inversion grade (the mixed spinel, 0 < i < 1).
A synthesis situation may influence the degree of inversion
[12]. Due to the large magnetic moment and magneto-optic
and magneto-electric effects, NiFe2O4 NPs are considered
an important member of NiFe2O4 inverse spinel ferrites
with the ferrimagnetic type and exhibit interesting magnetic
properties compared to their corresponding bulk compounds
[13]. The chemical manipulation of spinel soft ferrites
plays a key role to control properties of the structure.
Recently, the researchers have shown that the vanadium-
substituted and vanadium-doped ferrites have an interesting
impact on the magnetic properties and crystallographic of
the soft ferrites [14]. CoFe2−1.67xVxO4 (x = 0.1 and 0.2)
and CoFe2−xVxO4 (0 < x < 0.25) were fabricated by
Heiba et al. [15] via the sol-gel method. They found that
the vanadium in CoFe2−1.67xVxO4 samples was distributed
equally between A and B sites. Furthermore, due to ionic
size mismatch between cations, when the concentration
of vanadium increases, the microstrain grows markedly.
However, pure CoFe2O4 has a saturation magnetization
higher than the samples with V substitution; the amount
of Co2+ cations in the tetrahedral site influences on the
magnetocrystalline anisotropy, and this results in altering
the coercive field with an increasing amount of V [15].
Maisnam et al. [16] displayed that the porosity and grain
size of the Li0.5+tCo0.2Ti0.2VtFe2.1−2tO4 initially grow and
then reduce when the concentration of vanadium increases
up to t = 0.1, while with rising vanadium concentration, the
saturation magnetization and Curie temperature decreased.
The melting point of V2O5 is low (670 ◦C), and when it is in
a liquid phase, it increases sintering on the grain boundaries.
However, during prolonged sintering, it evaporates and
makes the grain boundaries of the ferrite without a
significant increase of a V2O5-rich phase [17]. Moreover,
the sintering temperature and increasing densification with
grain growth decrease when doping of V2O5 to some ferrite
systems, like Mn-Zn ferrite, Li ferrite, and Ni-Cu-Zn ferrite
[18]. Jain et al. [19] studied the impact of V2O5 inclusion
on electrical and magnetic properties of Ni-Zn ferrites.

In the present study, the new uniaxial anisotropy
magnetic NiFe2−xVxO4 NPs (0.0 ≤ x ≤ 0.3) were
produced through a cost-effective sol-gel route, and to
our knowledge, their structural, magnetic, Mossbauer, and
optical characterizations were presented for the first time.

2 Experimental Procedures

2.1 Synthesis Details

Sol-gel technique has been employed for the preparation of
NiFe2−xVxO4 (x ≤ 0.3) NPs. Iron(III) nitrate (Fe(NO3)3),
nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O), and
ammonium metavanadate (NH4VO3) were dissolved in sto-
ichiometric amounts in distilled water (50 mL) where 2 g
of citric acid was as employed as fuel. Then, 30% ammonia
solution was added to the mixture drop by drop to regulate
the pH at 7. The solution was heated till 80 ◦C under con-
tinuous stirring and kept at this temperature for 7 h. After
cooling to room temperature (RT), the sample was collected
by magnetic separation with the aid of a permanent magnet.
Finally, the sample was grinded and annealed at 1000 ◦C for
6 h. The above procedure was repeated for x = 0.0, 0.2, and
0.3 substitutions.

The structure was examined by X-ray diffraction
(XRD; Rigaku D/Max-IIIC) with Cu α radiationand
Fourier transform infrared (FT-IR) spectrometry (ATR
Bruker α-P). The morphology was confirmed via JEOL
JSM-6490 scanning electron microscopy (SEM) coupled
with EDXS. The percent diffuse reflectance (%DR) was
studied via a Thermo Scientific Evolution 300 PC model
spectrophotometer along with Praying Mantis Diffuse
Reflectance Accessory. The magnetic properties were
carried out by vibrating sample magnetometer (VSM)
(BHV-50 of Riken Danish Company). The Mössbauer
spectra was carried out using a spectrometer working with
the use of 25 mCi 57Co (Rh matrix).

3 Results and Discussions

3.1 Structure Examination

The XRD patterns of NiFe2−xVxO4 (x ≤ 0.3) NPs are
depicted in Fig. 1 and confirm that the various fabricated
samples are singlephase spinel ferrite. Bragg reflections
were indexed to NiFe2O4 (JCPDS File no. 10-0325) of the
space group Fd3m [20, 21]. No any peak of impurity or
intermediate phases (NiO or Fe2O3) is observed. The results
of Rietveld refinement are summarized in Table 1. The
crystallite sizes are determined from the XRD pattern by the
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Fig. 1 Powder XRD patterns of NiFe2−xVxO4 (x ≤ 0.3) NPs

line profile fitting method by means of (1) in references [22]
and [23] (Table 1). The lattice parameter goes on increasing
from 8.3248 to 8.3455 Å with increasing x. The increase of
a0 with x linearly was due to the replacement of Fe3+ (0.67
Å) by V3+ (0.78 Å).

3.2 Spectral Analysis

The results of spectral analysis of NiFe2−xVxO4 (x ≤
0.3) NPs are depicted in Fig. 2. It is known that two
main metal-oxygen bands caused by the vibrations at the
Oh site (ν1) occurred in the frequency 430–385 cm−1

range, and those caused by the vibrations at the Td site
(ν2) occurred in the frequency 600–500 cm−1 range which
appear in spinel ferrite systems [24]. In this study, the
symmetrical stretching vibrations of Fe-O band at the td
site are detected at around 550 cm−1 [24]. Due to the
shorter M–O bond length in the Td site than that in the Oh

site, the Td stretching vibrations are observed at a higher
wavenumber in comparison to the Oh stretching vibrations
[25], and because of the spectral resolution of our FT-
IR device, it was not possible to observe the peak below
450 cm−1.

Table 1 Structural parameters for NiFe2−xVxO4 (x ≤ 0.3) NPs with
space group Fd3m (single-phase cubic spinel structure of NiFe2O4
NPs)

x D (nm) a0 (Å)

0.0 45.24 8.3248

0.2 39.85 8.3312

0.3 36.56 8.3455

Fig. 2 FT-IR spectra of NiFe2−xVxO4 (x ≤ 0.3) NPs

3.3 Morphological Analysis

Figure 3a, b shows the SEM images, elemental mapping,
and EDX spectra of NiFe2O4 (x = 0.0) and NiFe1.7V0.3O4

(x = 0.3) NPs, respectively. The average grain size
is around 150 nm for each product. The final samples
exhibit fluffy, porous, and sponge-like structure, which is
a consequence of the generation of substantial amounts of
gas in the autocombustion approach. As the ratio of the
vanadium substitution increases, the structure becomes less
porous. This can be explained by the lower melting point
(670 ◦C) of vanadium; as the vanadium amount increases,
it affects the microstructure by densification [26]. The
existence of V in uniaxial NiFe2O4 NPs is demonstrated
by the elemental mapping and EDX spectra in Fig. 4a,
b, respectively. The EDX spectra confirmed that products
consist of V, Ni, Fe, and O elements, and no other elements
were observed which confirmed the purity of the sample.

3.4 Optical Properties

Optical analyses were based on %DR measurements. The
spectra are collected for different products in the 200–800
nm wavelength range of light. The recorded spectra are
given in Fig. 5. All samples absorb at least 75% of the light
along the sweep range. The electrons in the valence band
absorb energy and jump to the conduction band upon the
exposure of the powder samples to light. The difference
between those bands is called as the optical energy band gap
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Fig. 3 SEM micrographs of NiFe2−xVxO4 NPs. a x = 0.0. b x = 0.2. c x = 0.3

(Eg) and can be estimated from the known Tauc equation
[27–29]

αhυ=A(hυ − Eg)
n (1)

where α is the linear absorption coefficient, υ is the
frequency of the electromagnetic wave, A is constant and

varies for different transitions, and n is equal to 1/2 for direct
band gap. The graphs of (αυ)2 vs υ were plotted for all
three samples (Fig. 6). The extrapolation of the linear part
to the υ axis determines the magnitude of Eg. The specified
Eg magnitudes are equal 1.291, 1.302, and 1.312 eV for
x = 0.0, 0.2, and 0.3, respectively. A remarkable increase
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Fig. 5 %DR spectra of NiFe2−xVxO4 (x ≤ 0.3) NPs

of Eg was detected for both doped samples with respect
to the band gap of pristine NiFe2O4. In the literature, no
report about the Eg values based on %DR investigations for
NiFe2−xVxO4 (x ≤ 0.3) NPs is determined. The increasing
quantum confinement size effect due to decreasing particle
(or grain) dimensions might be assigned as the reason for a
slightly higher magnitude of Eg for vanadium ion-doped NPs.
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Fig. 7 Magnetization curves of NiFe2−xVxO4 (x ≤ 0.3) NPs

3.5 MagnetizationMeasurements

Magnetization vs magnetic field (σ -H) hysteresis curves
of NiFe2−xVxO4 (x ≤ 0.3) NPs are displayed in Fig. 7.
The σH curves were performed by the VSM device at
300 K with an externally applied field up to ± 10.0
kOe. The maximum magnetization corresponding to H =

Fig. 6 [F(R)υ]2 against photon
energy (υ) plots for
NiFe2−xVxO4 (x ≤ 0.3) NPs. A
regression line to the υ axis
specifies the Eg
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10.0 kOe is 53.86 emu/g and corresponds to NiFe2O4

product (x = 0.0). V3+ coordination causes remarkable
decrements at corresponding magnetizations. The saturation
magnetization (σs) was specified by the Stoner-Wohlfarth
(S-W) theory by extrapolating the plot of σ vs 1 / H 2

to approach zero [30–32]. The plots σ vs 1 / H 2 for
NiFe2−xVxO4 (x ≤ 0.3) NPs are presented with saturation
magnetization values in Fig. 8. Magnetic hysteresis curves
registered from all NPs have coercive fields (Hc) in the
125–169 Oe range and remanent magnetizations (σr) in the
9.36–14.04 emu/g range. Hence, we can say that all pristine
and V3+-doped samples exhibit a ferrimagnetic behavior
at room temperature. All corresponding magnetizations (σ)

for 10 kOe; molecular weights (Hc); σr, σs, and σr/σs ratios;
and nB values which depend on vanadium ion content are
listed in Table 2.

The experimental magnetic moments per formula in
the unit of Bohr magnetons (μB) were estimated using
the expression, nB= (Molecularweight×σs)/5585. Inverse
spinel structured NiFe2O4 ferrite is found to have theoretical
values of nB= 2μB and σs= 50emu/g at 293 K [33,
34]. However, NiFe2O4 NPs in our study have larger
experimental σs and nB values. The values of σs are very
comparable to those deduced from the σ(H) loops in
H = ± 10 kOe. The highest value of σs, about 54.28
emu/g, belongs to the pristine sample. With increasing V3+

content, σs decreases. A similar trend has been observed for
CoFe2−xVxO4 and CoFe2−1.67xVxO4 [35]. The reducing of
σs is most probably ascribed to the weakening of exchange
interactions because of the substitution of Fe3+ ions by
V3+ ions and by the preferred site occupancy [36, 37]. The
variations of σr display the same tendency of the one for
σs. σr reaches the maximum for the pure one then shows
a decrease as the V concentration increases. Similar results
have been observed for other substituted spinel ferrites
[35, 38]. The squareness ratio (σr/σs) takes approximate
values of 0.83 and 0.50 for cubic and uniaxial anisotropy,
respectively [28]. In our study, σr/σs ratios are lower than
0.50, suggesting the uniaxial anisotropy for NiFe2−xVxO4

NPs instead of expected cubic anisotropy [28].
In Fig. 8, the slope of linear fit provides a constant b value

which is associated with the magnetocrystalline anisotropy
in addition to extrapolated σs magnitudes. The expression
that relates σ and the constant b is given, for high enough
fields, by (2)

σ=σs

(
1 − b

H2

)
(2)

The effective anisotropy constant (Keff) can be evaluated as
[39]

Keff=σs

(
15b

4

)0.5

(3)

The evaluated Keff values enable us to calculate the
anisotropy field (Ha). The expression which depends on
Keff and σs is

Ha=2Keff

σs
(4)

The coercive field equation for non-interacting single-
domain NPs is expressed as

Hc = 0.48

[(
2Keff

μ0σs

)
− Nσs

]
(5)

where N is the demagnetizing factor. We used this equation
to calculate the demagnetizing factors of NiFe2−xVxO4

(x ≤ 0.3) NPs. The magnitudes of b constants N , Ha, and
Keff for all NPs are given in Table 3.

The value of Keff for the pure NiFe2O4 was found to
be 1.30 ×105 Erg/g. Then, Keff decreases as the V content
increases. This is ascribed to the replacement of Fe3+ ions
by V3+ ions. The coercive fields (σc) obtained in our
study (Table 2) are greatly altered by the V content. As

Table 2 Molecular weight and
magnetic properties of
NiFe2−xVxO4 (x ≤ 0.3) NPs

x Molecular weight Hc (Oe) σ (emu/g) σr (emu/g) σs (emu/g) σr/σs nBμB)

0.0 234.38 125 53.86 14.04 54.28 0.25 2.2

0.2 233.40 154 38.90 11.51 39.69 0.29 1.6

0.3 232.92 169 29.83 9.36 30.82 0.30 1.2
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Table 3 V content (x), b, Keff,
Ha, and N values for
NiFe2−xVxO4 (x ≤ 0.3) NPs

x b (Oe2) Keff (Erg/g) Ha (Oe) N (Oe2/g/Erg)

0.0 1.537 ×106 1.303×105 4802 83.65

0.2 1.952 ×106 1.074×105 5412 128.27

0.3 1.908 ×106 0.824×105 5349 162.07

the V3+ amount increases, σc increases too, designating
that the non-magnetic V3+ ions are very effective in the
increase of σc. This is mostly derived from the reduction
of magnetocrystalline anisotropy effect and crystallite size
[40–43]. In our study, XRD results show a reduction of
crystallite sizes with the increasing V content. Furthermore,
it is clear that the effective anisotropy constant is also
decreased with regard to V3+. These two reasons prove the

enhancement of σc in the current study. When σc augments,
a strong demagnetizing field is required to surpass the
magnetocrystalline anisotropy energy barrier. This is in
agreement with the obtained values of N , which increase
from 83.65 Oe2/g/Erg for the pristine NPs to 162.07
Oe2/g/Erg for x = 0.3. Another reason of the improvement
of σc is the rising of anisotropy field (Ha) [36]. In our study,
the values of Ha are smaller (around 5 kOe), proving that all

Fig. 9 Mossbauer spectra of
NiFe2−xVxO4 (x ≤ 0.3) NPs a
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obtained NPs are magnetically soft. Moreover, Ha increases
with rising V amount, which confirms the enhancement of
σc values with regard to V3+.

3.6 Mossbauer Study and Cation Distribution
Calculation

The Mossbauer spectra of NiFe2−xVxO4 (x ≤ 0.3) NPs are
depicted in Fig. 9. Different parameters estimated from the
fitting of these spectra are presented in Table 4. One doublet
and four sextets were used for the fitting procedure; A is
considered for the Td sites while B, B1, and B2 correspond
to the Oh sites. The highest hyperfine field (Bhf) with
lower isomer shift (IS) is characteristic of Fe3+ ions in
the Td site; however, the other three sextets with relatively
smaller hyperfine field represent Fe3+ ions at three different
environments in B site [44, 45]. The relative area (RA) of A
and B sites from obtained Mössbauer spectroscopy indicates
that the Ni ions are located in A and B sites. According to
Shannon, V3+ (0.78 Å) prefers to occupy the Oh sites [46].
Therefore, the cation distribution of NiFe2−xVxO4 was
done using the formula (NiyFe1−y)

A(Ni1−yVxFe1+y−x)
B.

The RA of Fe3+ ions is occupied by Td and Oh sites. The
distribution of Fe3+ ions over A and B sites is proportional
to the RA of A and B Mossbauer sub-spectra. The calculated
cation distribution from Mossbauer spectroscopy is also
given in Table 4. According to Table 4, Fe3+ cations
emigrated from B to A site with substitution. Also, the
Mossbauer spectral area of doublet increases linearly as the
V amount increases. The IS values vary between 0.088 and
0.391 mm/s. Such values are associated to the characteristic
high-spin Fe3+ charge state [47]. While the IS value of
A, B, and B1 sites decreases continuously, it increases in
the B2 site with the increase of x. These show that the
electron density around iron in all sites was affected by
the substitution. The value of quadrupole splitting (QS) of
B2 site continuously increases with the increase of x. This
shows that the B2 site is deviated from cubic symmetry with
the substitution. The value of Bhf at A site is nearly constant,
while in the other sites, it shows a decrease with the
substitution. The decrease of Bhf at B site may be ascribed
to the weakening of A-B superexchange interactions owing
to the presence of V3+ ions at the B site.

4 Conclusion

NiFe2−xVxO4 (x ≤ 0.3) NPs were produced using the sol-
gel route. The XRD analyses established the fabrication
of a specific product for each substitution. The porous
morphology with the average grain size of 150 nm was
observed by HR-SEM analysis. The Eg values increase
from 1.291 to 1.312 eV due to the slightly decreasing
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particle size caused by the vanadium ion substitution. The
pristine NiFe2O4 NPs have stronger σs = 53.86 emu/g and
nB = 2.2 μB values than the theoretical ones. However,
anisotropy fields around 5 kOe with the corresponding low
coercive fields in a 125–169-Oe interval and the remanent
magnetizations in the 9.36–14.04 emu/g range revealed the
soft ferrimagnetic nature of NiFe2−xVxO4 (x ≤ 0.3) NPs.
σr/σs ratios less than 0.500 suggest the uniaxial anisotropy
for as-prepared ceramic powders. From Mössbauer analysis,
the cation distribution of NiFe2−xVxO4 products was done
by means of the formula (NiyFe1−y)

A(Ni1−yVxFe1+yx)
B.
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43. Asiri, S., Güner, S., Korkmaz, A.D., Amir, Md., Batoo, K.M.,
Almessiere, M.A., Gungunes, H., Sözeri, H., Baykal, A.: J. Magn.
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