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Abstract
In this work, the sol-gel and dc reactive magnetron sputtering techniques were used to prepare nickel
ferrite nanoparticles (NiFe2O4 NPs). In the sol-gel method, citric acid was used as a fuel to decompose
metal complexes at a low temperature. The nanoparticle size of NiFe2O4 structures prepared by the dc
reactive magnetron sputtering was smaller (∼31 nm) than those prepared by the sol-gel method
(∼47 nm). The effects of the structural characteristics on the magnetic behavior of these nanoparticles
were introduced by the vibrating sample magnetometer (VSM) measurements performed at room
temperature. It was found that the nanoparticles synthesized by the sol-gel process exhibit ferromagnetic
properties with a saturation magnetization 30.02 emu/g, while those synthesized by dc reactive
magnetron sputtering exhibit superparamagnetic properties with a saturation magnetization of 27.05
emu/g. This difference is attributed to the quantum size effect resulted from the decrease in nanoparticle
size.

1. Introduction
The �eld of nanotechnology has developed in the last few decades, especially in the physical sciences
[1]. Many methods have emerged to produce nanomaterials, and these methods have a clear effect on
the physical and mechanical properties of materials. These methods are divided into physical and
chemical. Among the most important chemical methods is the sol-gel method, which is characterized by
good chemical uniformity, high purity, crystallization, �ne particle size, and simple equipment [2–4].

Physical vapor deposition (PVD) methods and techniques, such as plasma sputtering, pulsed-laser
deposition (PLD), laser ablation, used for thin �lm deposition are mainly described as easy to assemble,
reliable, very cheap, highly e�cient, fast in performance and free of contaminations [5, 6].

Magnetic nanoparticles have important applications in color imaging, high-intensity recording, iron �uids,
and magnetic refrigerators because of their unique properties. One of the most important uses of ceramic
nanomaterials is to pass drugs to particular areas in the human body, alternative of radioactive materials
utilized as tracers, and contrast agents in magnetic resonance imaging (MRI). Ferrites are the main
component of magnetic ceramic materials. Among these ferrites, nickel ferrite (NiFe2O4) has distinctive
properties for application as low-loss materials at high frequencies and soft magnets [5]. When the
nanoparticles are small enough, the superparamagnetic behavior appears. Because Superparamagnetic
nanoparticles have unique properties including their good colloidal stability, most importantly biological
compatibility, high magnetization saturation, and high speci�c absorption rate (SAR) they are used in
magnetic �uid hyperthermia (MFH) cancer therapy and magnetic resonance imaging (MRI) [7].

In this work, nickel ferrite (NiFe2O4) nanoparticles were prepared using two different methods: sol-gel and
dc reactive magnetron sputtering. The differences in the structural characteristics and their effects on the
magnetic behavior of the prepared nanostructures were studied.
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2. Experimental Part
Nickel ferrite (NiFe2O4) nanomaterials were prepared by the sol-gel process by dissolving the citric acid
(C6H6O7) and the iron nitrate (Fe(NO3)3.9H2O) in distilled water with continuous mixing with a magnetic
stirrer. Hence, nickel nitrate (Ni(NO3)2.6H2O) was added with a gradual increase in temperature. In order to
make the solution neutral (pH), a few drops of ammonium hydroxide (NH4OH) were added with
continuous mixing, with the solution's density increasing clearly, the mixing was stopped and the
temperature was �xed at 80 ℃. Then the solution turned into a gel (gel) and then bubbles increased and
height in the beaker, and in the end, the mixture dried and became powdered from gray color. After that,
the solution was burned at a temperature of 700 ℃ for two and a half hours with an increased rate of 5.6
℃/min. The protocol of the sol-gel method used for preparation is shown in Fig. (1).

A dc reactive magnetron sputtering (DCRMS) system was used to prepare nickel ferrite nanoparticles. The
deposition chamber was initially emptied down to 0.001 mbar by a rotatory pump while lower vacuum
pressures (~ 10− 5 mbar) could be reached by a diffusion pump. The �rst vacuum was limited by the
scope of the removal process. Argon at the maximum pressure of 0.8 mbar was utilized as the removal
gas and its pressure was �nely regulated by the needle valve. During system operation, it is easy to
change the inter-electrode distance from 0 to 10 cm. In order to prevent secondary electron emission, the
cathode was cooled to 10 °C while the anode can be heated by an under heater or maintained at room
temperature. The substrates on which �lms are deposited were placed on the surface of the anode, while
the two highly-pure (99.99%) targets (Ni and Fe) were mounted on the surface of the cathode. To prepare
a nickel ferrite compound, oxygen gas was used as reactive gas by mixing it with argon before pumped
into the deposition chamber. More details on the DCRMS system and operation parameters can be found
elsewhere [8–13].

After the deposition process, the nanomaterial was extracted as a powder from the thin �lms deposited
on glass substrates by the conjunctional freezing-assisted ultrasonic extraction method [6]. This step
would highly assist to determine the characteristics of the nanomaterial without any interference with the
background from the substrate material.

The characterization and measurements included x-ray diffraction (XRD) patterns, �eld-emission
scanning electron microscopy (FE-SEM), energy-dispersive x-ray spectroscopy (EDS), and vibrating
sample magnetometer (VSM).

3. Results And Discussion
Figure (2) shows the diffraction patterns of the NiFe2O4 prepared by both methods: sol-gel and dc
reactive magnetron sputtering. Distinguished peaks ascribed to the crystal planes (220), (222), (311),
(400), (422), (440) and (511) were observed and they indicate the presence of cubic spinel NiFe2O4

structures in the prepared samples [14]. It is clear from these patterns that the nanoparticles prepared by
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the sol-gel method (Fig. 2a) include sharp peaks, which reveal better crystallization when compared to the
broadening observed in the patterns of the samples prepared by DCRMS [15].

The morphology of the prepared nanostructures was investigated by FE-SEM and those prepared by the
sol-gel method reasonably include agglomeration while those prepared by DCRMS approximately have a
spherical shape and uniform distribution. The nanoparticle size was determined to be within 33–62 and
22–40 nm for the samples prepared by sol-gel and dc reactive magnetron sputtering, respectively.

The elemental composition of the prepared NiFe2O4 samples was analyzed using EDS, as shown in
Fig. (4). It was observed that the main components of the sample prepared by sol-gel are Fe, O, Ni, and C
with 38.3, 19.3, 18.3, and 24 wt.%, respectively, as shown in Fig. (4a). On the other side, the elemental
composition of the sample prepared by dc reactive magnetron sputtering showed the same elements Fe,
O, Ni and C with the weight ratios of 37.5, 24.9, 23.2, and 13.5 wt.%, respectively, in addition to Mg of 0.9
wt.%. The increase of elemental contents of oxygen and nickel and decrease of carbon content in the
second sample is highly preferred as the total content of NiFe2O4 is accordingly increased. The existence
of carbon in the �nal product is unavoidable as the precursors in the sol-gel method include the
availability of citric acid, which is the source of carbon while in the sputtering system, the possible source
of carbon is using Te�on parts inside the deposition chamber. However, the content of carbon in the
second sample is about half that in the �rst sample.

Figure (5) indicates the hysteresis loop of the synthesized NiFe2O4 nanostructures. The saturation
magnetization (Ms) value in both methods is far lower from the recorded values for bulk nickel ferrite. The
decrease in saturation magnetization is mainly attributed to the decrease in particle size [16]. The lower
values of Ms associated with the crystalline nanoparticles (NiFe2O4) are due to the structural deformity of
the surface as opposed to the bulk particles. This can be explained by the existence of transition metal
ions to contain pure magnetic moment, which reacts through the oxygen atoms in the spinel lattice
leading to a situation in which the magnetic moments of ions in the metal oxides forming the ferrite are
aligned. The moments between the same metal oxide line up parallel, while the moments between
different metal oxides are anti-parallel to result in a ferromagnetic order. By distributing metal ions to
these sites, it is possible to calculate the net magnetic moment for each formula unit. Because the
particles are very small, as the specimen has a large ratio of surface-to-volume, the net magnetic moment
is decreased. Thus, on the surface of structural deformation particles, there is an availability of metal
ions. The lengths and angles of the bonds are different when compared to the bulk to give low magnetic
moments [17]. The saturation magnetization (Ms) and coercivity (Hc) of NiFe2O4 prepared by the sol-gel
method are 30.02 emu/g and 187.8 Oe, respectively. Figures (5b) explains the typical behavior of the
superparamagnetic behavior of the nanoparticles synthesized by DCRMS. It can be noticed that the
saturation magnetization is 27.05 emu/g and the area of hysteresis is absent. This means that the
coercivity is approximately zero. Because of the quantum size effect, the superparamagnetic behavior of
the NiFe2O4 nanoparticles indicates that they have a single domain structure [18]. The
superparamagnetic material in MRI in the absence of the applied magnetic �eld lose their magnetism, as



Page 5/11

well as become highly dispersed in the liquid, making them suitable for cancer treatment in clinical
treatments [19].

4. Conclusion
Two different methods: sol-gel and dc reactive magnetron sputtering, were used to prepare nickel ferrite
nanoparticles. The second method showed the possibility to prepare samples with smaller nanoparticle
size and higher structural purity. The magnetic behavior of the NiFe2O4 nanostructures prepared by dc
reactive magnetron sputtering was superparamagnetic. These results would highly encourage to employ
these nanostructures for developing instruments based on the magnetic properties of nanomaterials,
such as MRI.
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Figure 1

The protocol of sol-gel method
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Figure 2

The XRD patterns of NiFe2O4 nanoparticles prepared by (upper) sol-gel and (lower) DCRMS

Figure 3

The SEM images of NiFe2O4 nanoparticles prepared by (a) sol-gel and (b) DCRMS
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Figure 4

The EDS results of NiFe2O4 nanoparticles prepared by (a) sol-gel and (b) DCRMS
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Figure 5

Hysteresis loop of NiFe2O4 nanoparticles prepared by (a) sol–gel and (b) DCRMS methods. The inset on
the top in left corner is the part of the curve near the origin


