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Abstract

Magnetic Nickel Ferrite Nanoparticles (MNFNPs), a kind of
soft materials possess amazing and attractive properties
and have vital technological applications such as a contract
agent for magnetic resonance imaging, as an anode in the
lithium-ion battery, as a catalyst, sensors and magnetic
memory devices and so on. The present study concentrates
on the synthesis of Magnetic Nickel Ferrite Nanoparticles
(MNFNPs) by the co-precipitation method at different
ratios. The elemental composition, structure, and
morphology of these nanoparticles were characterized
using Energy-Dispersive X-ray Spectroscopy (EDS), X-Ray
Diffraction (XRD), and scanning electron microscope (SEM)
while magnetic properties were determined using a
Vibrating Sagnetic Spectrometer (VSM). The resulting nickel
ferrite NPs exhibit very interesting properties. The size of
NPs was found to be in the range of 11.7 nm to 260 nm
depending upon annealing temperature. It has been
observed that size of NPs increasing linearly with
temperatures for 700°C and 900°C only. These particles are
super paramagnetic at room temperature. The coercivity of
these nanoparticles was found to be 0.03 kOe, 0.013 kOe,
and 0.003 kOe while saturation magnetization is reported
as 36.53 emu/g, 33.29 emu/g and 37.23 emu/g respectively.
The low saturation magnetization is attributed to the inert/
dead layer or disordered surface spin of these MNFNPs.

Introduction

Magnetic and structural properties of ferrite Nanoparticles
(NPs) have exploited the scientific community during the last
few years. It is well established fact that these Nanoparticles
(NPs) have novel properties at the nanometer scale.
Nanostructured materials can be fabricated from this small
group of atoms. Nanoparticles are in effect a bridge between
molecular or atomic structures and bulk materials. The size and
shape-dependent properties are observed at Nano scale
dimensions which separate them from bulk materials having the
same physical properties regardless of shape and size. The large
surface area of these NPs is attributed to unexpected and
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interesting properties. These findings create a new and exciting
possibility to alter the different properties of NPs by controlling
the shape and size [1].

Ferrite Nanoparticles (MFNPs) show special
structural, chemical, electrical, and mechanical
properties and have a variety of favorable innovative
applications in color imaging, hyperthermia, biomedical
applications, optical devices, high-frequency devices, Ferro
fluids, high-density magnetic memory devices, and magneto
caloric devices [2,3]. Accordingly, ferrite (Fe,04) can be
synthesized with different metallic cations (A: Ni, Cr, Co, Zn) and
different synthesis methods. These compounds show a spinel
structure. It consists of a cubic compact package of oxanions
where octahedral and tetrahedral sites are occupied by different
cations. The general formula for these compounds is AB,O,
where A and B are metallic cations with different oxidation
states. For spinel structure, the general formula obtained is [A;-
i2*B3%] C [A** B4-i%* B3*] DO, where C and D are suffixes for the
tetrahedral and octahedral sites. The subscript i is used for
inversion grade or rate. Hence, the spinel structure is termed
normal for i=0, inverse for i=1, and mixed for O<i<l. The
evidence shows that the synthesis method or size of particles
influences the type of spinel. Particularly, in the case of the
ferrite spinel structure, the inversion grade depends on metallic
cation A [4-10].

Magnetic
magnetic,

Nickel ferrite is soft ferromagnetic material having high
electrical resistivity, low coercivity and low value of
magnetization saturation. This results in making it a suitable
material for the magneto-optical and magnetic applications.
Nanostructured nickel ferrites can be used in telecommunication
and electronic applications because it is the best core material
having nearly zero hysteresis loss [11]. Nickel ferrites NPs
possess high conductivity and high permeability at high
frequency [12]. Nickel ferrites are well known for their catalytic,
electrical, electronic, gas and humidity sensing properties
[13,14]. The properties of these nickel ferrite NPs strongly
depend upon crystallite size. It can be used as an anode in
lithium-ion battery, contrast agents for magnetic resonance
imaging and acts as a catalyst [15,16].
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The structural and magnetic properties of nickel ferrite
nanoparticles depend upon annealing temperature. It means
that there is correlation between the magnetic and structural
properties which are termed as Magneto structural properties.
The nickel ferrite nanoparticles usually possess inverse or cubic
spinal structure. The Ni2* cations occupy the octahedral sites
while Fe3* ions are equally shared among the C and D sites. The
final properties (magnetization saturation, coercivity, and
remenant magnetization etc.) of material are determined on the
basis of the composition of nickel ferrite nanoparticles and
structure (inversion grade). Taking the different ratios of nickel
ferrite nanoparticles during synthesis all the above properties
can be tuned with different annealing temperatures for different
applications.

Several methods have been taken into account for the design
of magnetic NPs including the egg white method
hydrothermal process, spray pyrolysis, micro emulsion
technique, sol-gel method, reverse micelle technique
evaporation condensation and  combustion method
temple-assisted  electrochemical method [17-24]. The major
drawbacks of these methods are that precise control over the
particle size is quite difficult [25]. The co-precipitation method is
a wet-chemical method and has a certain edge over the other
synthesis methods due to its simplicity, low cost, easily available
and controllable synthesis parameters. This method has been
utilized for the synthesis of magnetic NPs, as the precise control
over the particle size and shape can help to the production of
materials with attractive properties [26]. Due to control over the
particle size of the sample, freedom from contamination, energy
efficient, low temperature, does not involve use of organic
solvents and homogenous mixing of components this method
show superiority over the other synthesis methods [27]. That is
why the co-precipitation method is adopted in this work for the
synthesis of nickel ferrite NPs.

Materials and Methods

Following chemicals were used for the preparation of
MNFNPs. All the chemicals were free from contaminations and
were used without further purification.

* Nickel chloride (NiCl,.6H,0)
e Ferric chloride (FeCl;.6H,0)
e Sodium hydroxide (NaOH)

® Oleic acid (C;g H340,)

e Ethanol (C,H;OH)

Preparation of Magnetic Nickel Ferrite Nanoparticles
(MNFNPs)

The starting materials were Nickel chloride and Iron chloride
while sodium hydroxide was used as a precipitating agent. To
prepare the solution 1.1879 g of nickel chloride was dissolved in
25 ml of distilled water to make 25 ml of solution and 2.719 g of
ferric chloride was dissolved in 25 ml of distilled water. Both the
solution was properly mixed on a magnetic stirrer at 80°C for 40
minutes. Sodium hydroxide (precipitating agent) 3 g was mixed
in 25 ml of distilled water and then it is added drop wise to the
solution until a pH of greater than 12 is achieved. 3-4 drops of
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Oleic acid were added to the solution to avoid agglomeration.
A ter stirring the brown precipitate was cooled to room
temperature and washed several times with distilled water. The
precipitate is then washed and centrifuged at 2000 rpm with
ethanol for 15 minutes to remove extra impurities. The acquired
precipitate is then placed in the oven and dried overnight at
80°C. The inal product is then ground into powder and
annealed at 500°C, 700°C, and 900°C for 10 hours to study
particle size dependency, saturation magnetization and
coercivity of these nanoparticles.

Results and Discussion

The crystal structure of prepared Magnetic Nickel Ferrite
Nanoparticles (MNFNPs) in the range of 5°C to 90°C is shown in
Figure 1. The peaks reported at 26 correspond to the cubic spinal
structure of MNFNPs. The diffraction peaks correspond to lattice
planes (111), (220), (311), (400) and (511).

XRD spectrum shows that the sample has good crystallinity
and no impurity peaks. The average particle size was calculated
by Debye Scherer equation (D=0.9A\/Bcos ©), where D is
crystallite size, B is line broadening at Full Width at Half
Maximum (FWHM) of intense peak (311), A is the wavelength of
x rays and O is Bragg's angle.

The average crystallite size for 1:1 sample of MNFNPs
was reported to be 11.7 nm, 11.7 nm, and 36.0 nm
annealed at 500°C, 700°C, and 900°C however for 1:2 sample of
MNFNPs the average crystallite size was found to be about 260
nm, 75.98 nm and 100 nm annealed at 500°C, 700°C, and 900°C.
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Figure 1: XRD pattern o f synthesized MNFNPs annealed at
900°C.
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Energy-Dispersive X-ray Spectroscopy (EDS) is the
technique used to carry out chemical characterization or
to find out the elemental composition of the sample.

The existence of nickel, iron, and oxygen in the
structure of prepared Magnetic Nickel Ferrite
Nanoparticles (MNFNPs) was confirmed by this technique.

Spectrum 2

Figure 2 depicts the elemental composition of nickel, iron,

and oxygen is 25.74%, 70.83%, and 3.43% respectively

Full Scale 2370 cts Cursor: 19.903 keV (0 cts) keV]

which are illustrated in table 1.

nanoparticles annealed at 900°C.

Figure 2: Energy dispersive x-ray spectroscopy of NiFe,04

Table 1: Elemental composition of nickel, iron and oxygen.

Nickel ferrite na| Nickel Iron
noparticles

(NiF9204)

Oxygen

Weight% Atomic% Weight%

Atomic% Weight% Atomic%

Tann = 900°C 25.74 22.82 70.83

66.03 3.43 11.15

Figure 3and 4 depict the scanning electron micrograph of

synthesized Magnetic Nickel Ferrite Nanoparticles (MNFNPs) for
a 1:1 and 1:2 sample annealed at 900°C. SEM micrographs show
that samples contain an aggregation of minute particles with
elongated morphology, frequently distributed in the whole area
and high dense agglomeration. Some separated particles are also
indicated in the micrographs. This high dense agglomeration is
due to the fact that NPs possess high surface energies. The
average particle size of NPs for both the ratio was observed to be
less than 100 nm however for 1:2 500°C sample the average
particle size is 260 nm. The average particle size of 1:1 NiFe,0,
NPs annealed at 500°C, 700°C, and 900°C for 10 hours is about
11.7 nm, 13.8 nm, and 36.0 nm respectively while the average
particle size of 1:2 NiFe,0 4 NPs annealed at 500°C, 700°C and

900°C for 10 hours is about 260 nm, 75.98 nm, and 100 nm
respectively. Figure 5 and 6 depict the plot of particle size versus
annealing temperature. It also clearly presents that the size of
NPs increases with an increase in annealing temperature for 1:1
and 1:2 samples annealed at 700°C and 900°C only. Also, the
average size of NPs is larger for 1:2 samples as compared to 1:1
samples. Moreover, the linear dependency is not obeyed at 500°
C for both 1:1 and 1:2 samples. Previously it has been observed
that an increase in annealing time and annealing temperature
produce coalescence of small grains that result in an increase in
average particle size. Thus it is reported that particle size may be
controlled by varying iron content in the sample, annealing time
or annealing temperature during the preparation of
nanoparticles.
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Figure: 3 and 4 show scanning electron micrographs for 1:1
and1:2 samples of nickel ferrite nanoparticles annealed at 900°C.
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Figure: 5 and 6 Show plots of annealing temperature versus
particle size for 1:1 and 1:2 NiFe, 04 NPs.

The magnetic measurements of the particles were performed
using a Vibrating Sample Magnetometer (VSM) at a maximum
applied field of 5 kOe. Figure 7 shows M (H) loops obtained
from VSM for Magnetic Nickel Ferrite Nanoparticles(MNFNPs)
at room temperature 300 K. Themagnetic nature of NiFe, O 4
NPs is very sensitive to particle size and crystallinity. The
saturation magnetization (Ms),Remanet magnetizatio (Mr) and
Coercivity (Hc) for 11.7 nm particles at an annealing
temperature of 500°C as derived from the M (H) curve was
36.53 emu/g, 8.92 emu/g and 0.03 kOe. However, the Ms, Mr,
and Hc values for 13.8 nm particles annealed at 700°C were
33.29 emu/g, 9.99 emu/g and 0.013 kOe while for 36.0 nm
particles annealed at 900°C the Ms, Mr, and Hc values were
37.23 emu/g, 16.99 emu/g, and 0.003 kOe respectively. These
magnetic parameters are listed in Table 2 given below. We have
observed that the coercivity decreases with an increase in
annealing temperature while saturation magnetization show the
linear relationship with annealing temperature for 700°C and
900°C only. The values of Ms for NiFe,O4 NPs are significantly
smaller than multi domain bulk particles (55 emu/g) Wijin et al.
have observed Ms equal to 50 emu/g for bulk NiFe204 [28]. The
negligible coercivity (Hc=0.03 kOe), (Hc=0.013 kOe), (Hc=0.003
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kOe) and S shape of the M (H) loops is evident for the presence
of magnetic particles possessing super paramagnetic nature
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[29]. The difference in magnetic parameters is attributed to the
difference in structural morphology of magnetic nanoparticles.

Table 2: Magnetic parameters of NiFe,0, nanoparticles samples (1:1).

Temperature Magnetic saturation(Ms) Remenant magnetization(Mr) | Coercivity(Hc)
500°C 36.53 emu/g 8.92 emu/g 0.03 kOe
700°C 33.29 emu/g 9.99 emu/g 0.013 kOe
900°C 37.23 emu/g 16.99 emu/g 0.003 kOe
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