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The aim of this study was to investigate nickel ferrite (NiFe,O,) plate
nanoparticles synthesized by the co-precipitation method. The effects of
parameters such as solution pH and Fe**/Ni®** mole ratio of nickel ferrite
nanoparticles were analyzed. The nanoparticles synthesized by the co-pre-
cipitation method were calcined at 650°C. The samples were characterized by
x-ray diffraction (XRD), scanning electron microscopy (SEM), energy disper-
sive x-ray analysis (EDAX), and Fourier-transform infrared spectroscopy
(FTIR). The remanent magnetization, saturated magnetism, and coercivity
properties of the samples were measured with a vibrating sample magne-
tometer (VSM). In a synthesis process with Fe®*/Ni** =1 mole ratio, a
Ni; 43Fe; 704 compound was formed where NiFe,O, was expected to form.
NiFe;O4 plate nanoparticles with 108-nm particle size were successfully

synthesized using the Fe?*/Ni%* = 2 mole ratio.

INTRODUCTION

Nanocrystal ferrites, which have the general
formula MFe,O4 (M: Ni, Co, Mn, Cu, Mg, Cd, Zn,
etc.), constitute one of the most striking material
classes in technological applications.™? Nickel fer-
rites (NiFeysO4) crystallize in the cubic crystal
system and are reverse spinel materials with the
general formula A%B3702-. Cation distributions
are found in octahedral and tetrahedral regions.?
Due to their high electrical resistance, high perme-
ability, and low eddy losses in the electromagnetic
field, nickel ferrites are used in many technological
applications, such as high-density magnetic storage
devices, microwave devices, telecommunication
equipment, magnetic fluids, pharmaceutical pro-
duction, gas sensors,*’ moisture sensitive sensors,
and electrical, electronic, and catalytic applica-
tions.® In addition, ferrite nanoparticles decrease
water pollution due to their photocatalytic effect
gained by absorbing UV rays.?

Nickel ferrites have various magnetic properties,
such as paramagnetic, superparamagnetic, and
ferrimagnetic, depending on particle size and

(Received April 22, 2021; accepted October 6, 2021;
published online November 2, 2021)

3702

shape.'®11 As the cation type changes, the particle
size decreases to nanolevels, and ferrites with
unexpected Ph%rsical and chemical properties can
be produced.®'3 The reduction in particle size leads
to changes, such as the Neel temperature, higher
coercivity, smaller saturation magnetization, and
reduced or enhanced magnetic moments.!* 7
Nickel ferrites are an important soft ferrite material
due to their ferrimagnetic properties, low coercivity,
low saturation magnetization, and high electro-
chemical stability.'®2°

The methods and conditions of the synthesis of
ferrite materials strongly affect the properties of the
sample, such as its size, shape, and morphology, and
change the physical and chemical properties of the
sample obtained.?"?2> Many methods are used in the
synthesis of nickel ferrites. These include copreci}z)-
itation,?*?* hydrothermal methods,?*?® sol-gel,?"*
solid-state reaction,'®?° microemulsion,*® combus-
tion,>! solvothermal,?? sonochemical,? ultrasonic,>?
thermal decomposition (polyol),>* and mechanical
milling.®® The co-precipitation method includes
nucleation, growth, and coarsening and/or agglom-
eration processes. In this process, the nucleation of
a large number of particles occurs after the solution
is over-saturated. Another process, called Ostwald
coarsening or agglomeration, dramatically affects
the size, morphology, and properties of the samples.
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This method can generate high-quality, high-purity,
single- or multi-component metal oxides. If param-
eters such as the solution pH, reaction temperature,
stirring speed, metal salt concentration, and sur-
factant concentration are carefully controlled, metal
oxide particles of the desired shape and size can be
produced without the need for any extra treatment,
such as microwave heating or mechanical meth-
0ds.?® There are common problems, such as high
temperature and low efficiency, in complex produc-
tion processes, and the method used in production is
one of the factors that most affects the composition
and microstructure of the samples. The chemical co-
precipitation method is simple and provides good
particle size control.?”

The aim of this study was to synthesize pure
nanosized nickel ferrite particles. The critical effects
of garameters such as solution pH and mole ratio of
Fe?*/Ni?* on the sample were investigated in detail
to control the shape and size of the nickel ferrites
nanoparticles. The remanent magnetization, satu-
rated magnetism, and coercivity properties of the
samples were measured with a vibrating sample
magnetometer (VSM).

EXPERIMENTAL
Materials

Analytically pure anhydrous iron (III) chloride
(FeCls, Merck), nickel chloride hexahydrate (97%,
NiCl,6H0; Merck), monoethanolamine (98%,
HOCH,CH,NH,; GPR), sodium chloride (NaCl;
Merck), and sodium hydroxide (NaOH; Merck) were
used to produced nickel ferrite nanoparticles.
Deionized water was used in all the experiments.
A thermometer (Isolab) with an accuracy of 1°C was
used for measuring the temperature (-10 to 150°C).
The temperature value was kept constant at 90°C in
all the experiments.

Experimental Procedure

Experiments were conducted in a three-necked
glass reactor placed in a water bath at 90°C. The
solution was mixed with a mechanical stirrer at
atmospheric pressure, and a condenser was used to
prevent evaporation. The other neck of the reactor
was closed with a stopper. The temperature of the
solution in the reactor was continuously measured
with a portable digital thermometer.

Synthesis of Nickel Ferrite Nanoparticles

A stoichiometric amount of ferric (III) chloride
(FeCls) solid was added to distilled water at 90°C in
a typical process. This solution was stirred at 500
rpm for 2 h to obtain ferric chloride solution. A
stoichiometric amount of nickel (IT) chloride hex-
ahydrate (NiCly'6H,0) was added to the iron chlo-
ride solution. This solution was stirred for 1 h at 500
rpm. After stirring for 1 h, a 5-M solution of sodium
hydroxide (NaOH) was prepared and slowly

dropped into the mixture to adjust to the desired
pH value. A dark brown precipitate appeared in the
aqueous solution of Fe®* and Ni?* jons at a value of
pH > 7. A 5-M solution and 20 mL of ethanolamine
solution was dropped into the mixture.

The reaction is described by Eq. 1:

NiCl, - 6H,0 + 2FeCl; + 8NaOH
= NiFe;0y4 + 10H,0 + 8NaCl (1)

Filtration was performed, and the sample as
precipitation was washed several times with dis-
tilled water and finally dried in an oven at a
temperature of 50°C for 12 h. The dried samples
were calcined at 650°C for 4 h.

CHARACTERIZATION

The crystalline structure of the NiFe;O4 nanopar-
ticles was performed by x-ray diffraction (XRD)
analysis on a Rigaku Ultima IV at a scanning rate of
1°/min with Cu—Ku radiation in the range of 20-0
from 10 to 90°. Scanning electron microscopy (SEM)
and energy dispersive x-ray analysis (EDAX) were
performed with an FEI Quanta-400F instrument.
Magnetic measurements were carried out at room
temperature using a Cryogenic PP MS VSM instru-
ment. The function groups of the sample were
investigated by Fourier-transform infrared spec-
troscopy (FTIR) spectra with a Perkin Elmer brand
spectrum BX model in the range of 4000—400 cm™
wavelength. The KBr solid pelletization method was
used for the spectra.

RESULTS AND DISCUSSION
Effect of pH

The effect of the solution pH on the properties of
morphology and shape of the nickel ferrite nanopar-
ticles was investigated at pH values of 7, 8, 9, and
10. In the experiments, constant conditions of the
solution were used, with a Fe*3/Ni*2 mole ratio of 2,
a temperature of 90°C, and a 5-M ethanol amine
concentration of 20 mL. The XRD patterns of the
samples obtained from various pH values at 90°C
are shown in Fig. 1. There are two phases, NiFe,O,
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Fig. 1. XRD patterns at pH values: (a) pH =7, (b) pH = 8, (c)
pH =9, and (d) pH = 10.
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and Fe;0s3, in Fig. 1a and d, respectively. Addition-
ally, the mixture of Ni;osFe;5504 and NaCl is
shown in Fig. 1b. It can be seen in Fig. la-—d,
respectively, that the four samples were obtained at
different pH values and exhibited characteristic
XRD peaks.

Figure la indicates the crystallinity and structure
of the NiFe;0,4 and Fe;03 phases. The XRD pattern
at pH = 7 has the impurity Fe;O3 as a by-product.
In Fig. la, it can be seen that the ICDD card
number of the NiFe;O4 peak is 540694, while the
ICDD card number of the Fe,O3 peak is 330664. The
first pH of the mixture is —0.20. The pH slowly rises
after NaOH is added drop by drop, and the color of
the mixture changes from orange to brown as the
pH of the solution is increased. As the pH reaches 7,
the sample contains two phases.

In Fig. 1b, the sample was obtained at pH = 8,
and two phases were observed, NiFe,O, and NaCl.
All the peaks of NiFe;O,4 characterized are present:
30.30° (220), 35.76° (311), 37.33° (222), 43.45° (400),
53.80° (422), 57.52° (511), 62.92° (440), and 74.64°
(5633). The strong sharp peaks seen in Fig. 1b
revealed that NiFe,O, has a high crystallinity.
The Fe,Os; phase which existed at pH =8 has
disappeared, and has been transformed to NiFe,O,
by increasing the alkalinity of the solution. It can be
thought that NaCl is formed as an impurity in the
sample, and that this is due to insufficient washing
of the precipitate. In Fig. 1b of the pH = 8 samples, it
can be seen that it was in good agreement with the
NiFe,O, ICDD 540964 card number and NaCl
ICDD 750306 card number. The sample obtained
at pH =8 consisted of pure NiFey;O4. Salavati-
Nasari et al.,>* in a study which synthesized nickel
ferrite nanoparticles, ensured the removal of NaCl
from the environment by washing the precipitate
with distilled water and ethanol until the free
sodium and chloride ions formed in the reaction
medium were removed.

Figure 1lc shows the XRD plot of the sample
synthesized at pH = 9.Pure NiFe;O,4 peaks can be
observed, and no impurity peaks are detected. In
the XRD analysis results of the sample, 18.37° (111),
30.30° (220), 35.76° (311), 37.33° (222), 43.45° (400),
57.52° (511), and 63.07° (440) planes can be
observed. These planes are confirmed by the
NiFe;O4 ICDD card number 540964 obtained from
the XRD analysis belonging to the NiFe,O4 crystal.
Sharp narrow peaks indicate that the sample
crystallizes well. Impurity peaks were not observed
in the XRD analysis. This can be attributed to the
pure NiFe,O, crystals that were synthesized. At pH
= 8, NaCl is present as an impurity. During this
experiment, pure NiFe,O4 crystals were obtained by
washing the precipitate sufficiently. Therefore, pH
= 8 and pH = 9 can be considered as optimal
experimental conditions.

The pH value is a crucial factor affecting the
morphologies, the crystal growth directions, and
even the compositions of the samples. Shan et al.?®
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investigated the effects of pH =5, 7, 12, and 13 on
the phase transformations and morphologies of
NiFe;O,4 particles. It was stated that Fe3* ions in
the FeCl; compound in a pH = 5 acidic environment
preferred a more stable state by forming «-FesOs,
and had rhombohedral morphology. However, it has
been reported that Ni®* ions in solution with the
addition of NaOH prefer to form nickel ferrite, and
show preferential growth during -crystallization
depending on the concentration of Ni?* jons. It
was observed that spherical NiFe,O4 nanoparticles
were formed at pH = 7, nanorod particles at pH = 12
and nano=octahedron particles at pH = 13. Kumar
and Bhownik? stated that Ni; sFe; 504 and a small
amount of ¢-Fe,O3 were formed at pH = 12 with the
precipitation method, and that the most stable in-
verse spinel ferrites were stable between pH = 8 and
10, but surface defects occurred at extremely low
and extremely high pH values. It has been reported
that the distribution of Ni®** and Fe®* ions plays a
crucial role in the formation of pH-dependent
samples.

In Flg 1d, Ni1,25Fe1.85O4 ICDD (880380) and a
small amount of «-FesOs3 ICDD (850599) were
obtained at pH = 10, which is in agreement with
the literature values.

In the literature, the solution pH affects the grain
growth kinetics of the grains synthesized from the
metal solution. However, there is no clear mecha-
nism explaining the effect of pH change on the
solution. Nonetheless, particle growth kinetics are
controlled by the solution pH. The nucleation of
particles is influenced by the existence of different
types of cations, the Neel temperature, anions, their
concentration, the composition and nature of the
precipitated particles, and the interactions between
the ions present in the solution. In an acidic
environment, the concentration of H* ions is high,
while, in an alkaline medium, the concentration of
Na™ ions is high. Since the mass and electric charge
of H* ions are lower than those of Na* ions, the
mobility of the H* ions is greater than that of the
Na® ions. These differences affect the repulsive
forces that control the nucleation and agglomera-
tion of the particles.?

In conclusion, the pH strongly affects the struc-
ture of the sample obtained, with 108-nm nanopar-
ticles obtained at pH =8 in the presence of
ethanolamine. In this study, it was decided that
pH = 8 was the most suitable value.

Here, NaOH was used as a precipitation rea§ent
to obtain nickel ferrite.?® Fe3* in FeCl; and Ni** in
NiCly,2H50 transform to Fe(OH); and Ni(OH),,
respectively, by adding NaOH. The solubility g)rod—
ucts of Fe(OH); and Ni(OH), are 2.79 x 1073 and
2 x 10715, respectively (Egs. 2-7).

Fe(pq +30H ) = Fe(OH)y, | (2)

Fe(OH),(, = FeO - OH + Hy0 (3)



Preparation and Magnetic Properties of NiFe,O4 Plate Nanoparticles 3705

2FeOOH = o — Fe303 + H.O pH<6.7 (4)
Ni;% +20H, = Ni(OH),| pH>6.7  (5)
Fe(OH)y, = FeO - OH + H,O pH>6.7  (6)

2FeOOH(aq) + Nl(OH)2: NiFesOy4
| +2H2E 5q) calcination

(7)

It is known that Fe®* and Ni?* begin to precipitate
as Fe(OH)3; and Ni(OH),, respectively, at pH = 1.5
and pH = 6.7. At a pH value of 5, Fe(OH)3 trans-
forms to FeO.OH. Above a pH of 7, the concentra-
tion of Ni*? increases and Ni(OH)y occurs in the
reaction mixture. The Ni(OH), reacts with the
FeO.OH to form crystalline NiFe,O, particles.®®
The color of the mixture is orange at the beginning
but changes to light brown with the increasing pH
value. Above a pH of 7, the color transforms to deep
brown and precipitation occurs.

Effect of the Mole Ratio of Fe3*/NiZ*

Several experiments were carried out to examine
the effect of mole ratios of Fe3*/Ni%* of 1.0, 1.5, 2.0,
and 2.5. The pH and ethanolamine volume were
kept constant at 8 and 20 mL, respectively. The
samples obtained at different mole ratios of Fe®*/
Ni2?* are shown in Fig. 2a—d.

Figure 2a shows the XRD analysis results of the
Fe*3/Ni*2 = 1 sample. This sample consisted of pure
Ni; 43Fe; ;04 with the ICDD number 800072. It can
be expected that NiFe,O, is formed instead of
Ni; 43Fe; 704. This can be explained by the mole
ratio of Fe*®/Ni*2 = 1 being inadequate to form
NiFe,0,4 particles.

The XRD results of the sample with a mole ratio
of Fe*3/Ni*? = 1.5 are given in Fig. 2b. The NiFe,04
compound with the ICDD card number 540964 is
seen in Fig. 2b. It was determined by XRD analysis
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Fig. 2. XRD patterns of the mole ratio of Fe*3/Ni*2: (a) 1.0, (b) 1.5,
(c) 2.0, and (d) 2.5.

that single-phase nickel ferrite was obtained. The
average crystallite size (D) of the particle of the
sample is determined by using the Scherrer formula
(Eq. 8).%°

09)
~ BcosO

(8)

where D is the mean dimension of the crystallite, 5
is the full width at half-maximum in radians, and 1
is the x-ray wavelength, and 0 is the Bragg diffrac-
tion angle for the actual peak. Utilizing the sharp
peak (3 1 1) of NiFesO4 in the form of XRD
belonging to the sample with the mole ratio Fe*?/
Ni*? = 1.5, the mean crystal size was calculated as
108 nm.

Figure 2¢ shows the XRD peaks of the Fe3*/Ni** =
2 sample. In this graph, NiFe,O, with the ICDD
card number 540964 and NaCl compounds with the
ICDD number 750306 were observed. NaCl formed
as a result of the reaction sample of nickel chloride
and iron chloride causing excessive salt formation.
NaCl was found as an impurity when it is not
washed sufficiently because it is difficult to remove
this salt from the precipitate.

The XRD peaks of Fe?*/Ni®** = 2.5 sample are
given in Fig. 2d. NiFe,O, with the ICDD card
number 540964 and Fe;O3 compounds with the
ICDD card number 330664 were determined. The
formation of NiFe,O,4 and Fe;O3 compounds instead
of pure NiFe;0, can be attributed to the high Fe3*/
Ni“* mole ratio. Because of the high mole ratio, the
iron also increased.

SEM and EDAX Analysis

Morphology, particle size, and elemental compo-
sition of NiFey;O4 synthesized via co-precipitation
were investigated using SEM. It can be seen from
Fig. 3 that plate-shaped NiFe;O, nanoparticles
were obtained. In this analysis, the SEM image of

Fig. 3. SEM images of NiFe,O, nanoplate particles calcined at
650°C.
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the sample is magnified 100,000 times compared to
the original. As a result of the SEM analysis, it was
determined that the sample, NiFe,O, was nanome-
ter-sized. This is in good agreement with the results
of the XRD analysis. The average particle size of the
NiFe;O, nanoparticles was calculated by XRD
analysis as 108 nm. The large plate supports the
finding that pure NiFe;O4 crystals were formed.
Iron and nickel chloride salts were successfully
converted to nickel ferrite via the calcination pro-
cess at 650°C. In this SEM analysis, some agglom-
eration was observed.

Jacob et al.*! and Li et al.** reported that cluster-
like structures are formed due to agglomeration on
the surface of plate-shaped crystalline particles.
Lattice disorder and strains decrease during the
calcination process carried out at high temperature.
This results in the coalescence of smaller grains and
an increase in the average grain size of the
nanoparticles with a wide size distribution. Khan
et al.*® stated that one of the factors that gives rise
to agglomeration may be electrostatic magnetic
attraction.

Solid crystal NiFe,O4 formation from solution can
be explained by the Ostwald ripening mechanism.
Nuclei are formed when the diameter of the parti-
cles in the medium is larger than the critical
diameter. An embryo is formed when the diameter
of the particles in the medium is smaller than the
critical diameter. These embryos dissolve again and
accumulate on the surface of the nuclei. The sur-
face/volume ratio of the embryos is higher and their
surface energy is greater. The surface/volume ratio
of the nuclei is small, and therefore their surface
energy is lower. Nucleus formation is a reasonable
result, since, thermodynamically, systems have a
tendency to transform into structures with lower
surface energy. In the solution medium, the con-
centration of large particles at the solution—particle
interface is less than the average concentration, and
the concentration of small particles at the solution—
particle interface is higher than the average con-
centration. In this case, they diffuse from the dense
medium to the less dense environment and collect
on the surface, and nucleus growth and subsequent
crystal formation takes place. As a result, large-
diameter particles use small-diameter particles as
“fuel” in crystal formation.***°

The results of EDAX analysis is shown in Fig. 4.
The spectrum of EDAX of the prepared NiFe;O,4
nanoparticles indicates that the sample only con-
tains oxygen (O), iron (Fe), and nickel (Ni) atoms,
and no impurity was observed. The theoretical mole
ratio of Ni:Fe:O = 1:2:4 is close to the EDAX mole
ratio of Ni:Fe:O = 1.01:2.03:3.84. That is, the molec-
ular formula of the sample derived from co-precip-
itation is equal to its theoretical value. Table I gives
the comparison between the theoretical mole ratio
and the mole ratio of the EDAX analysis of NiFe;O,.
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Functional Groups Analysis (FTIR)

The FTIR spectrum of the NiFe,O4 nanoparticles
was taken to determine the chemical structure of
the sample. The FTIR spectrum was observed above
the frequency range of 4000—400 cm™, as shown in
Fig. 5. In this study, stress vibration frequencies of
metal-oxygen bonds formed in tetrahedral and
octahedral regions which were found at K1 = 590
em™ and K2 = 408 cm™!, respectively. The broad
band near 3456 cm™! and the sharp peak near 1638
em™! correspond to the symmetric stretching and
bending vibrations of H-O-H, respectively, due to
free or adsorbed water in the form of synthesized
NiFe,0,. The peak observed at 802 cm™ is assigned
to the deformation vibration of Fe—~OH groups. The
bands near 1470, 1034, and 2333 cm ™ are attributed
to in-plane and out-plane bending vibrations of O—H
bonds, respectively.

The absorption bands below 1000 cm™ belong to
the vibration of the metal-oxygen bands.*® In
reverse spinel nickel ferrites, there are two main
regions: the tetrahedral region and the octahedral
1"e%ion.2 Fe3* ions occupied both regions, and all the
Ni** ions were located in the B region.*” In the
tetrahedral region, Fe®* ions are surrounded by four
oxygen atoms and form an AO4 structure. In the
octahedral region, Ni®* ions are surrounded by six
oxygen atoms and the BO6 structure is formed. In
the FTIR spectrum of all the spinels, especially
nickel ferrites, metal-oxygen bonds are divided into
two lower absorption bands.*®

Vibrating Sample Magnetometer (VSM)
Analysis

Hysteresis loops of the synthesized NiFe,O4
nanoparticles are shown in Fig. 6. Saturation
magnetization (Ms) of the NiFe;O, nanoparticles
sample was measured as 14.6 emu/g. Smit and
Wijn?® reported bulk NiFe,0, saturation magneti-
zation values as 50 emu/g. The saturation magne-
tization values of NiFe;O4 nanoparticles were
reported as 18 emu/g,** 14.22 emu/g,*! 25 emu/g,”°
and 23.1 emu/g.24 The Ms value of NiFe;Oy4
nanoparticles is significantly lower than the Ms
value of bulk NiFe;O4 (565 emu/g). The decrease in
saturation magnetization of these samples relative
to the bulk material depends on different parame-
ters. In the calcination process, the heating rate of
the furnace is one of the most important parameters
that can increase or decrease the saturation mag-
netization. It is a high heating rate when the
heating rate of calcination is 10°C/min. It is possible
to obtain higher crystallization by calcination at a
slow heating rate. The lower Ms value of the
synthesized samples compared to the Ms value of
the bulk sample was attributed to the larger
fraction of the surface turns in these
nanoparticles.*?

Remanent magnetization of the sample was mea-
sured to be 2.3 emu/g. In the literature, remanent
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Fig. 4. EDAX analysis of nickel ferrite nanoparticles.

Table I. Theoretical mole ratio of NiFe;O4 and mole
ratio of EDAX analysis of the sample

Element Theoretical mole ratio EDAX mole ratio

Ni 1 1.0152
Fe 2 2.0292
o 4 3.8424

magnetization values of NiFe,O, nanoparticles
h%\{e been reported as 2.45 emu/g’ and 3.88 emu/

In this study, the coercivity of NiFe,O4 plate
nanoparticles was measured as 288 Oe. NiFeyO,
plate nanoparticles showed ferrimagnetic behavior
at room temperature. Many soft magnetic materials
are relatively easy to demagnetize, beginning to
demagnetize when the applied magnetic field is
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Fig. 5. FTIR spectra of NiFe,O, nanoparticles.
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Fig. 6. Hysteresis loops of synthesized NiFe,O, nanoparticles.

removed. Therefore, soft magnetic materials are
easily magnetized and demagnetized. Laokul
et al.’® reported the coercivity value of 26-nm
particle size NiFe;O4 nanoparticles synthesized by
the sol-gel method as 289 Oe. The coercivity of the
NiFe;O4 nanoparticles was determined as 245.5
Oe,** 205 Oe," and 675 Oe.”!

CONCLUSION

The synthesis and characterization of nickel
ferrite (NiFes0O,4) plate nanoparticles by co-precipi-
tation have been investigated. NiFe,O, plate
nanoparticles with 108-nm particle size were suc-
cessfully synthesized using the Fe?*/Ni%* = 2 mole
ratio. The resulting sample was confirmed to be
pure crystalline NiFe,O4 by EDAX and XRD anal-
yses. In the synthesis process with Fe?*/Ni%* =1
mole ratio, a Ni; 43Fe; 704 compound was formed
where NiFe,O, was expected to form. In the syn-
thesis process at pH = 7 and pH = 10, NiFe;O4 and
Fe;0O3 compounds were also formed. However, at pH
= 8 and pH = 9, only the NiFe,O, phase was formed
and no impurity was observed. SEM, XRD, and
EDAX analyses showed that samples calcined at
650°C were well-crystallized pure NiFe,O4 plate
nanoparticles. Magnetic analysis showed that the
synthesized NiFe;O, nanoplate particles had a
saturation magnetization value of 14.6 emu/g and
a coercivity of 288 Oe. Accordingly, synthesized
NiFeoO, plate nanoparticles have ferrimagnetic
properties, and NiFe,O,4 plate nanoparticles showed
soft magnetic behavior.
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