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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Nanoparticles of NiY,Fe,, 0,
with low concentrations of Y3+
(x =0, 0.02, 0.06, and 0.12) were
synthesized via the co-precipitation
method.

* Different properties of the samples,
such as structural and magnetic
properties, have been obtained
using XRD, FE-SEM, FT-IR, and
VSM techniques.

* The Y content was found to have
a significant influence on magnetic
properties of the Ni-Y ferrites.
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In this paper, yttrium-substituted nickel ferrite (NiY,Fe,, O,) nanostructures were
synthesized via the co-precipitation method with different concentrations of yttrium (x
=0.00, 0.02, 0.06, and 0.12 %, where x is the dopant concentration in molar percent)
after calcination at 500 °C. Structural studies of the samples were analyzed using X-ray
diffractometry (XRD) technique. XRD results showed that the addition of Y led to an
increase in synthesized nanoparticles. Molecular studies have been done using Fourier
transform infrared (FT-IR) spectroscopy. FT-IR results showed that the bands at about
550-560 and 433 cm! are associated with tetrahedral and octahedral Metal-O bonds,
respectively. Field emission scanning electron microscopy (FE-SEM) exhibit that adding
Y?** ions dopant up to x = 0.06 led to a considerable decrease in the powders’ particle
size. Adding more dopant up to x = 0.12 led to an amorphous and crystalline phase
formation. The size of nanoparticles before substitution estimated from FE-SEM images
were 39.49, 36.49, and 50.78 nm, which increased to 63.07, 64.02, and 73.56 nm after
the substitution, respectively. The magnetic behavior of the samples was investigated
using vibrating sample magnetometry (VSM) at room temperature (RT). VSM results
showed that the saturation magnetization and coercivity (H,) values decreased with the
increase of yttrium contents up to x = 0.12. This was referred to as the redistribution of
cations on the octahedral bonds.
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1. Introduction

Most ferrites, especially spinel ferrites such as
nickel ferrites doped with different elements, have
been developed to meet demands in the microwave
engineering field [1]. The application of nickel ferrite in
the electronic industry is associated with transition metal
oxides that can connect to the spinel structure. Nickel
ferrite substitutions have been studied extensively due
to their wide range of applications [2].

Nickel ferrites have low coercivity and high specific
electric resistivity, making them suitable cores
for power electronic converters in electronic and
communication industries. For example, Salavati-
Niasari et al. reported that the magnetic properties of
nanocrystalline nickel ferrite showed ferromagnetic
behavior at room temperature [3]. Manikandan et al.
showed the hysteresis loop of a soft magnetic nature,
and the relevant parameters (M,, M, and H,) had low
values for nickel ferrites, confirming the nature of the
material [4].

Khan et al. synthesized yttrium-doped nickel ferrite
and detected a single-phase cubic spinel structure for
x < 0.06 %; however, for x > 0.08 %, a dual-phase
structure was observed [5]. They found that the lattice
constant increased for all doped samples due to the
difference between the ionic radius of Fe’" and Y, but
particle size decreased after yttrium substitution.

Kumbhar et al. examined the structural and magnetic
properties of thin zinc-nickel ferrite (Ni Zn, Fe,O,)
films with different nickel concentrations (x = 0.00,
0.2, 0.4, 0.6, and 0.8 %) [6]. Using the spray pyrolysis
method for thin film deposition, they obtained 28-38
nm crystallites. In addition, they found that the XRD
peak intensity increased as the nickel concentration
increased. SEM images showed smooth and compact
layers composed of spherical particles in the range of
0.12 - 0.22 um. Finally, the coercivity (H,) of the ferrite
increased while the saturation magnetization (M)
decreased due to the formation of nanocrystalline grains
with more grain boundaries.

Ishaque et al. examined the effects of yttrium
substitution on FMR line width and magnetic properties
They found that the
octahedral distribution of cations results in a decrease

of nickel spinel ferrites [7].

in saturation magnetization. On the other hand, grain
size decreased, and coercivity increased by increasing
the yttrium content.

Alves et al investigated the effect of Y*" ions
substitution on the structural, optical band-gap, and
magnetic properties of cobalt ferrite nanoparticles
[8]. They obtained crystallites in the range of 16-35
nm. Cation distribution analysis showed that Y** ions
occupy octahedral B sites, followed by the migration of
Co?"ions to tetrahedral A sites, while Fe** ions distribute
both in A and B sites. They also found that the presence
of yttrium affects the magnetic properties of the cobalt
ferrite. In other words, saturation magnetization and
coercivity depend on the temperature and concentration
of Y3' ions; saturation magnetization decreased while
coercivity increased by increasing the yttrium content,
making it a suitable candidate for application in
electronic devices, such as magnetic receivers, at room
temperature.

Although several researchers have reported Y** ions
substitution to ferrite spinels in the range of x > 0.2%,
based on the authors’ knowledge, the addition of Y
in low concentration ranges has not received enough
attention in the literature. Therefore, in the present
study, diferent amounts of Y** ions, as a dopant, were
added to nickel ferrite (NiY,,Fe,, O,, x = 0.00, 0.02,
0.06, and 0.12) during the synthesis process, and the
structure, microstructure, molecular, and magnetic
properties of the powders were investigated. Another
aim of the present research was to investigate yttrium
nickel ferrite applications in different fields.

2. Experimental

Nickel the
precipitation route using Iron (III) nitrate nonahydrate
(Fe(NO;),.9H,0, Merck), Nickel (II) nitrate hexahydrate
(Ni(NO,),.6H,0, Merck), and citric acid (C.H,O,,
Merck) as starting materials with yttrium (III) nitrate
tetrahydrate (Y(NO,);.4H,0, Merck) as the dopant
source.

ferrite was synthesized via co-

First, nickel nitrate, iron nitrate, and yttrium nitrate
were dissolved in 100 ml double distilled water with
different primary molar concentrations of yttrium nitrate
(x=0.00, 0.02, 0.06, and 0.12), as listed in Table 1. The
prepared solutions were then added dropwise to 9 ml citric
acid under magnetic stirring. Next, an ammonia solution
(NH,OH) was added dropwise to the original solution
under magnetic stirring at 50 °C to obtain a brownish-
orange solution. After 1 hour of stirring and heating, a
dark brown precipitate was obtained. The precipitate
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Table 1. Ferrite nickel samples with different yttrium contents.

Sample Y Concentration (x, %) Formula
M1 0.00 NiFe,0,
M2 0.02 NiY,o.Fe, 60,
M3 0.06 NiY, ,Fe, 40,
M4 0.12 NiY,.,.Fe, 0,

was dried at 80 °C in an electric oven for two hours and
was then calcined under a nitrogen atmosphere at 500
°C for four hours in an electric furnace. The heating was
increased to 500 °C at 20 °C.min"".

Structural characterization of the samples was
performed using X-ray diffraction technique (XRD)
(Philips X’Pert X-ray diffractometer with graphite
monochromatic Cu-Ka radiation). The mean nickel
ferrite crystallite diameter (d,,,.,) Wwas determined
from the half-height width (f) of the (311) diffraction
peak of nickel ferrite using the Scherrer Eq. (1), where
@ is the diffraction peak angle [9-11].

d

Scherrer

=0.94/ fcosf (1)

The microstructure of the samples was studied using a
field emission scanning electron microscope (FE-SEM,
MIRA3, TESCAN). Molecular studies were performed
using a Fourier transform infrared spectroscope (FT-IR,
Bruker TENSOR 1I) equipped with a platinum ATR
accessory with a robust diamond crystal. The magnetic
properties of the samples were studied with a vibrating
sample magnetometry (VSM, Meghnatis Daghigh Kavir
Co., IRAN model) at room temperature. The range of
the applied magnetic field was kept at —15 to +15 kOe.

3. Results and discussion
3.1. Structural Studies

Fig. 1 shows the XRD patterns of M1 to M4 powders.
As shown, NiFe,O, (Trevolite, card no. 00-044-1485)
with a spinel structure was formed as the dominant
phase for all the samples.

The lattice parameter of NiFe,O, was calculated based
on the XRD patterns for the (311) diffracted plane using
‘d’ spacing using Eq. (2) as follows [10,12]:
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Fig. 1. XRD pattern of the synthesized powders.

The highest peak at (311) confirms the preparation of
spinel ferrites [13].

Introducing Y** ions dopant of x = 0.00 (M1) to
x = 0.02 (M2) caused the substitution of Y** (» =
104 pm) with Fe** (»r = 69 pm) ions, resulting in
considerable lattice distortion; consequently, Y** ions
significantly decreased peak intensities. Moreover, the
lattice parameter increased from 8.3564 to 8.3612 A.
However, increasing Y** ions up to x =0.12 (M4) led to
the formation of a minor phase of FeYO; (card no. 01-
086-0170), along with the NiFe,O, spinel main phase.
The XRD pattern of sample M3 showed narrower
peaks than that of M2, and it seems that sample M3
is between the distorted lattice of M2 and the two
crystalline phases of M4.

3.2. Molecular studies

FT-IR spectra obtained at room temperature in the
wave number range 400 - 4000 cm™! shows the splitting
of the two fundamental absorption bands, thereby
confirming the completion of the solid-state reaction.

Fig. 2 shows the FT-IR spectra of samples M1-M4.
As illustrated, the bands at about 550-560 and 433 cm’!
are associated with tetrahedral and octahedral Metal—O
bonds, respectively [14-16].

Ferrites are crystallized in a spinel structure. Because
the tetrahedral bond length is smaller than the octahedral
bond length, the vibration frequency of the tetrahedral
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Fig. 2. FT-IR spectra of the synthesized powders.

bond will be higher [17-19].

Fig. 3 shows the FT-IR spectra of the M1 sample
(x = 0.00). The insets show the adsorption bands at
higher magnification. There are two adsorption bands at
548.27 and 466.37 cm’', which can be attributed to iron
adsorption. The band at 434.10 cm™' can be assigned to
nickel adsorption.

Fig. 4 shows the FT-IR spectra of the M2 sample
(x = 0.02). It can be seen that the adsorption of iron
and nickel have occurred at 573.54 and 435.06 cm™.
However, after yttrium addition, the OH adsorption band
shifts to 1371.09 cm™'. Due to its low concentration, no
adsorption band is seen for yttrium in this sample.
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Fig. 3. FT-IR spectra of M1 sample. The insets show adsorption
bands at higher magnification: (a) adsorption of nickel and iron at
434.10 and 466.37 cm’!, respectively, and (b) adsorption of iron at
548.27 cm™.
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Fig. 4. FT-IR spectra of M2 sample. The insets show adsorption
bands at higher magnification: (a) adsorption of iron at 573.54 cm'!
and (b) adsorption of nickel at 435.06 cm'.

Fig. 5 shows the FT-IR spectra of the M3 sample (x
= 0.06). It can be seen that the adsorption of iron and
nickel have occurred at 566.86 (Fig. 5(a)) and 435.12
cm! (Fig. 5(b)). Due to its low concentration, this
sample also shows no adsorption band for yttrium.

Fig. 6 shows the FT-IR spectra of the M4 sample (x
= 0.12). It can be seen that the adsorption of yttrium
and nickel has occurred at 404.43 and 435.34 cm’,
respectively (Fig. 6(a)), while the bands at 552.65 and
671.41 cm™ are related to the iron adsorption (Figs. 6(b)
and 6(c)). The adsorption band of the OH group with
"W-shape" behaviour is also observed at 1500 cm™.

3.3. Microstructure characterization

Figs. 7(a) - 7(d) show the FE-SEM micrographs of
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Fig. 5. FT-IR spectra of M3 sample. The insets show adsorption
bands at higher magnification: (a) adsorption of iron at 566.86 cm'!
and (b) adsorption of nickel at 435.12 cm’'.
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Fig. 6. FT-IR spectra of M4 sample. The insets show adsorption
bands at higher magnification: (a) adsorption of yttrium and nickel
at 404.43 and 435.34 cm’!, respectively, (b) and (c) adsorption of
iron at 552.65 and 671.41 cm™, respectively.

samples M1 to M4. As illustrated, all samples contained
nano-size particles, which were highly agglomerated.
Moreover, adding Y** ions dopant up to x = 0.06 led
to a considerable decrease in the powders’ particle
size (Figs. 7(a): M1, 7(b): M2, 7(c): M3, and 7(d):
M4). This is due to the strong distortion of the NiFe,O,
lattice caused by introducing larger Y** ions. The larger
ions were replaced with iron ions. Adding dopant up
to x = 0.12 led to the formation of an amorphous and
crystalline phase (Fig. 7(d)). XRD patterns (Fig. 1)
revealed that two crystalline phases were obtained:
NiFe,0, and FeYO,. It seems that Y** ions caused the
formation of an amorphous phase and then preferred
to combine with Fe** and O* ions to form a FeYO,
phase instead of substituting in the NiFe,O,. Therefore,
amorphous NiFe,O, and FeYO, were synthesized in the
M4 sample.

Comparing Fig. 7(d) (M4) with other samples showed
different microstructures. The continuous phase, which
surrounds the particles, is amorphous.

3.4. Magnetic properties

The magnetic hysteresis loops for samples M1 - M4
are shown in Figs. 8(a) and 8(b). As illustrated, the
magnetic hysteresis loop for the M2 sample from which
M_ and H, are determined is 3.904 emu.g"' and 57 Oe,
respectively. Thus, it can be concluded that the M2
sample is a soft ferromagnetic material.

Likewise, M, = 7.522 emu.g™" and H, = 51.015 Oe can
be determined for the M3 sample from Figs. 8(a) and
8(b). According to these values, it can be concluded

Fig. 7. FE-SEM micrographs of samples (a) M1, (b) M2, (c) M3
and (d) M4.

that the M3 sample, like the M2 sample, is also a soft
ferromagnetic material. Therefore, all the samples
belong to the family of soft ferrites. As Al-Garalleh
et al. mentioned, soft magnetic materials are widely
used in transformers, multilayer chip inductors, and
magnetic recording heads [23]. In addition, ferrite
magnetic oxides with favorable magnetic and electrical
properties, thermal and chemical stability, and cost-
effectiveness have largely replaced metallic magnetic
materials in a wide range of technological applications,
such as transformer cores, electronic inductors, high-
quality filters, and electronic devices.

As seen in Figs. 8(a) and 8(b), M, and H, values for
the M4 sample are determined as 16.719 emu.g"' and
184.715 Oe, respectively. Thus, similar to the M2 and
M3 samples, M4 is also a soft ferromagnetic material.
However, when H, < 200 Oe, the material is a soft
ferromagnetic, while for H, > 200 Oe, the material
is considered as a hard ferromagnetic. When the
hysteresis curve is "S-shape" and intercepts the origin,
the material is considered as superparamagnetic. The
M and H, values obtained for M1 to M4 samples are
summarized in Table 2.

Sharifitabar et al. [21] and Qing Li et al. [22] showed
that a decrease in particle size led to a decrease in
coercivity. However, it seems that in the present study,
lattice distortion due to the substitution of Y** ions
(Fig. 1) resulted in a considerable coercivity decline for
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Fig. 8. (a) Magnetic hysteresis loops for M1 to M4 samples and (b) at higher magnification.

samples M2 and M3 (Figs. 8(a) and 8(b)), and the higher
crystallinity of M4 led to an increase in coercivity for
M4. Similar behavior has been reported by Mozaffari
et al. for M and H, [23] and also by Ishaque et al. [7]
for M.

4. Conclusions

Nickel ferrite particles were successfully prepared
via the co-precipitation synthesis route, and the effect
of Y?" ions addition on the structure, molecular,
microstructure, and magnetic behavior of particles were
studied. The main results can be concluded as follows:
1) NiFe,O, with a spinel structure was formed as the

dominant phase for all the samples.

2) Adding different amounts of Y*" ions dopant from
x =0 (M1) to x = 0.02 (M2) caused considerable
lattice distortion and, consequently, a significant
decrease in peak intensities. However, the increase
of Y** ions up to x = 0.12 (M4) led to forming of
a minor phase of FeYO,, together with the NiFe,O,
spinel main phase. Also, lattice distortion occurred

Table 2. M, and H_ values for M1 to M4 samples.

Sample Y Concentration Formula M, H,

(x, %) (emu.g™) (Oe)
M1 0.00 NiFe,O, 19.973 310
M2 0.02 NiY,Fe o0,  13.904 57
M3 0.06 NiY, ,Fe O,  7.522 51.015
M4 0.12 NiY,,.Fe ;c0, 16.719  184.715

when adding Y3* ions up to x = 0.06, decreasing
XRD peak intensities.

3) Microstructure studies showed that adding Y3* ions
dopant up to x = 0.06 led to a considerable decrease in
the particle size of powders, and adding more dopant
up to x = 0.12 led to the formation of an amorphous
and crystalline phase.

4) Magnetic studies demonstrated that lattice distortion
due to the substitution of Y?**
considerable decrease in coercivity when adding Y**
ions up to x = 0.06. The higher crystallinity of the

ions caused a

samples with more Y** ions (x = 0.12) led to increased
coercivity.
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