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Article info Abstract
Keywords: This research aimed to identify the effect of the sintering temperature on the morphology
Cobalt ferrite and magnetic properties of CoFe204using sonochemical methods. The prepared CoFe204 was
Sonochemical method characterized by X-ray diffraction (XRD) for phase identification, scanning electron
Hyperthermia sensor microscope (SEM) for morphology, and magnetic properties using a vibrating sample
Sintering temperature magnetometer (VSM). Phase identification analysis showed that single phase CoFe204 with
Nanosphere crystallite size of unsintered and sintered at 500, 600, and 700 °C were 24, 18, 21, and 27 nm,

respectively. In the morphological analysis, the sample showed a nanosphere and an
agglomerated form. The sample with the largest grain size was 34.11 nm sintered at 700 °C.
Saturation magnetization, remanent magnetization, and coercivity field had more substantial
values of 75.24 emu/g, 39.39 emu/g, and 0.198 T, respectively.

1. Introduction

In recent years, nanoparticles have become a thought-provoking subject since the material in the nanodimension carries particles with
more exceptional chemical or physical properties than material with more sizeable dimensions, such as the 1-100-nm particles. In addition,
their natures can be altered through controlling the material dimension, adjusting the chemical composition, modifying the surface, and particle
interaction of the particles. The cobalt ferrite (CoFe204) nanoparticle is one of the potential materials [1]. It has the potential for
superparamagnetic characteristics [2], high coercivity [3], electrical resistivity, and high saturation magnetization [4]. Therefore, cobalt ferrite
can be applied in the biomedical field as a drug administrator, magnetic resonance imaging (MRI), hyperthermia for cancer treatment, and an
excellent material for high-density magnetic storage [5].

One of the most effective and efficient nanoparticle synthesis methods is a sonochemical method [6]. The principle of the sonochemical
process is the use of a high-frequency ultrasound wave radiated to the liquid medium. If a solution is radiated using an ultrasonic wave,
collisions among high-pressure particles compose the solution. In addition to its practicality and fast reaction rate, the sonochemical method
can also properly increase the reaction results, accelerate the reaction rate, break down the massive crystal aggregate into smaller pieces (up
to nanosize), and facilitate the catalytic process [7].

Cobalt ferrite can also applicate to medical applications because of its magnetic properties. Hyperthermia is one the modality cancer
treatments with elevated temperature between 41 °C and 45 °C and treatment time of at least 30 minutes, has been paid considerable attention
due to its clinical efficacy, such as minimizing clinical side effects and can selectively destroy a localized or deep seated cancer tumor by heating
with magnetic field [8]. Well-dispersed cobalt nanoparticles in hyperthermia application give effective and controlled heat generation [9].

To date, studies on effective synthesis methods to obtain single-phase CoFe204 resulted in the best magnetic properties seem sparse. This
research describes how the magnetic properties change from hard magnetic to soft magnetic material as the sintering conditions vary and also
study the sintering temperature in term of physical and magnetic properties. The sintering temperature should be modified in the synthesis
process using the sonochemical method. Adjustment of the temperature in the magnetic nanoparticle synthesis using the sonochemical method
affects the size and morphology. Therefore, temperature adjustment becomes one of the determinant factors in concluding the size and
magnetic feature in nanoparticle synthesis using the sonochemical method. This study investigates four variations in the sintering temperature
used in the synthesis of cobalt ferrite through the sonochemical process.

2. Materials and Methods
2.1 Material Preparation

This study was experimental research that aimed to obtain descriptive data on the phase characteristic, magnetic characteristic, and
morphology of cobalt ferrite powder prepared using the sonochemical method. It sought to identify the effects of sintering temperatures in the
phase, morphology, and magnetic feature of CoFez04. The raw material for cobalt ferrite is cobalt nitrate hexahydrate (Co(NO3)-6H20) with
99% purity, iron (III) nitrate nonahydrate (Fe(NO3)-9H20) with 99% purity that were bought from Merck and deionized water as the solvent.

2.2 Sonochemical Synthesis

Cobalt nitrate hexahydrate and iron (III) nitrate nonahydrate were mixed in the deionized water with a 1:10 ratio (material: solvent). In
addition, this study also used a magnetic stirrer for the blending process with 200 rpm. The ultrasonic process was carried out for five minutes,
followed by dropwise NaOH (1:1) with the solvent and another ultrasonic method for 30 minutes. In the next stage, it was placed in a centrifuge
for 10 minutes at 4000 rpm until the solution agglomerated. Then, it was washed using distilled water until it reached pH 7. After that, the
sample was dried and crushed to transform it into powder. After that, the samples were sintered at temperature of 500, 600, and 700 °C, and
one sample was unsintered with a holding time of one hour.
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2.3 Characterizations

The samples were tested using X-ray diffraction (XRD) PAN Analytical Cu-Ka (A = 1.54 A) to identify the formulated phase and the crystallite
size. Meanwhile, the scanning electron microscopy (SEM) of Phenom was used to decide the grain size and morphology, and the vibrating
sample magnetometer (VSM) of Oxford 1.2H at room temperature was used to determine the magnetic properties of the samples.

3. Results and Discussion
3.1 Phase Identification of Cobalt Ferrite

The results of the cobalt ferrite XRD test results with different sintering temperatures using the sonochemical method are illustrated in
Figure 1. The figure shows that the sintered and unsintered samples have peaks and form a single phase. From the highest peak in the 311
indexes, the sintering temperature of 700 °C produces the highest peak. Consequently, the sample with 700 °C sintering temperature also has
the highest degree of crystallinity. The high degree of crystallinity is affected by the swift and simultaneous nucleation and crystal growth
process due to the high degree of oversaturation when the temperature was increased during the synthesis process [10, 11]. The crystallite
size of the cobalt ferrite nanoparticles was determined using the Scherrer formula [12] as shown in Equation (1).
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Fig. 1. X-ray diffraction patterns of cobalt ferrite at different sintering conditions

The results of the analysis on the XRD data at 311 peak using the sintering temperature of 500, 600, 700 °C, and the unsintered sample are
illustrated in Figure 1. The results of the Scherer analysis show that the crystallite sizes of the sintering temperature of 500, 600, and 700 °C
are 18, 21, and 27 nm, respectively. The increasing size of the crystallite due to the higher sintering temperature that causes the agglomeration
of non-uniform particle increases [13]. Meanwhile, the unsintered sample has a crystallite size of 24 nm. Table 1 shows that a higher sintering
temperature produces a greater crystallite size caused by increasing heat treatment that simultaneously accelerates the crystallite formulation
but generates a larger grain size [14]. In addition, the cobalt ferrite synthesis using sonochemical processes has peaks and creates a single
phase.

Table 1. Results of the XRD analysis on cobalt ferrite at the peak [311]

No Sintering Temperature Pos. [°2Th.] Height [cts] FWHM [°2Th.] d-spacing [A] Crystallite size (nm)
1 500°C 35.62 85.95 0.47 2.52055 18

2 600°C 35.50 115.63 0.39 2.52833 21

3 700°C 35.47 166.87 0.31 2.53030 27

4 Unsintered 35.48 103.91 0.35 2.52977 24

3.2 Morphology of Cobalt Ferrite

Figure 2 illustrates the morphology of the SEM test results in all samples. The SEM test aims to analyze and compare the morphology of
the cobalt ferrite with different treatments. This test used a 100,000 times of magnification. The morphology of the unsintered sample, samples
with sintering temperatures of 500, 600, and 700 °C, are presented in Figures 2a-2d, respectively. In the material characterization stage, to
analyze the morphology, the average distribution of the crystallite size was also examined. The grain size can be measured on the surface using
SEM.

According to the illustration in Figure 2, the grain size is 33.87 nm, while samples that have been sintered with 500 °C and 600 °C generate
the smallest grain size of 31.85. Additionally, the sample that has been sintered with a temperature of 700 °C has an enormous grain size of
34.11 nm. The data illustrated in Figure 2 also shows that the unsintered sample and the samples sintered with a temperature of 500- 600, and
700 °C temperature have no significant difference, while all samples have a homogeneous form. Also, the results of SEM synthesis on cobalt
ferrite using a sonochemical shows no agglomeration, even with various sintering temperatures. It means that the particles of cobalt ferrite
particles will adjust, connect, and form a single phase in a new lattice structure [4, 15].
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Fig. 2. Morphology of cobalt ferrite under different sintering conditions (a) unsintered, (b) 500 °C, (c) 600 °C, and (d) 700 °C

3.3 Magnetic Properties of Cobalt Ferrite

The graphic of the results of the VSM test presented in Figure 3 show the results of the VSM test on the unsintered sample and the samples
sintered at temperatures of 500, 600, and 700° C temperature. The data indicate a transformation in the samples’ magnetic features of the
samples. The magnetization saturation (Ms), magnetization remanent (Mr), and coercivity field (Hc) of the four samples show that they have
impressive alteration with changing magnetic nature after treatment.
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Fig. 3. Hysteresis curves of cobalt ferrite at different sintering condition
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The results of cobalt ferrite synthesis with the sonochemical method with different sintering temperature variations indicate that the
increase of the temperature causes acceleration on the crystallite and particle size, along with higher and more robust magnetic properties.
According to Figure 3, the unsintered sample is classified as a hard magnet with high saturation, with a broad curve and a high magnetic
saturation value, and a high magnetic coercivity value. Additionally, the sample that has been sintered at 500 °C temperature encounters a
decrease in its Ms, Mr, and Mc, as shown by the narrow curve. Thus, this sample has soft magnetic characteristics. In addition, the hysteresis
loop of the sample with a sintering temperature of 600 °C is similar to the sample sintered with a temperature of 500 °C. Therefore, that sample
also has a soft magnetic characteristic. However, different from the sample with 500°C sintering temperature, the sample with 600 °C sintering
temperature becomes a soft magnet with high saturation, represented with the insignificantly different curve shape and coercivity value, but
with high magnetic saturation value. After the sintering temperature is accelerated to 700 °C, the sample becomes a hard magnet with high
saturation and high coercivity, as shown from a wider curve in Figure 3 and higher coercivity. However, compared to unsintered samples that
have the hard magnet characteristic, the sample with a sintering temperature of 700 °C has a more significant coercivity value. Therefore, the
sample with sintering temperature has a more excellent hard magnet characteristic than the unsintered sample with a lower coercivity value.
Similarly to the features of the hard magnet material, a greater coercivity value/(BH) max represents a harder magnetic characteristic [6, 10, 16].

Table 2. Magnetic characteristic analysis of cobalt ferrite samples

No. Sintering Temperature Crystallite Size (nm) Ms (emu/g) Mr (emu/g) R (Mr/Ms) Hc (T)
1 Unsintered 24 70.73 33.83 0.48 0.127
2 500 °C 18 54.12 13.95 0.26 0.021
3 600 °C 21 75.76 25.95 0.34 0.038
4 700 °C 27 75.24 39.39 0.52 0.198

Each sample demonstrates an uncommon magnetic characteristic transformation. The unsintered sample shows hard magnet
characteristics with very high saturation, represented by its high saturation and coercivity values. However, the sintered cobalt ferrite with a
sintering temperature of 700 °C has a harder magnetic feature, as shown in Table 2. The sample with 700 °C sintering temperature has a higher
coercivity value of 0.198 T, compared to the unsintered sample with a coercivity value of 0.127 T. Therefore, the cobalt ferrite synthesis with
a sonochemical method does not require any other sintering process ata lower temperature than 700 °C because a lower temperature produces
cobalt ferrite with soft magnetic material. Itis caused by the proper heat treatment of cobalt ferrite creates a minimal and very magnetic single
domain [17, 18]. With increasing temperatures at sintering conditions, the anisotropy field of CoFe204 decreases markedly, so the average
reversal field of the hard and soft phases may be occur. The decrease in coercivity caused by thermal activation of particle moments over the
anisotropy barriers [19].

The transition change was caused by the critical diameter of CoFe204 that was 40 nm and therefore, after passing the critical diameter, the
coercivity was reduced [20, 21]. With the decrease in Hc, there was an increase of Ms from 54.12 emu/g to 75.76 emu/g following the Brown
equation as shown in Equation (2) [22, 23].
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The increase in sintering temperature from 500 °C to 700 °C changed the Hc value from 0.021 T to 0.198 T and the curve was inclined. The
sonochemical sample was thought to have a paramagnetic curve because the NaOH titration did not entirely disappeared in the sample. The
remanence ratio is a function of the particle size and is somewhat similar to the coercivity. The random distribution of noninteracting uniaxial
particles resulted in a Mr/Ms value of 0.5 [24]. All samples had a close remanence ratio and of to 0.5, thus, if R < 0.5, there was a static magneto
interaction between the granules [23]. The low coercivity and proximity to superparamagnetic behaviour make this material suitable for
hyperthermia sensor application. In this case, CoFe204 sintered at 500 °C is the best sample.

4. Conclusions

Based on the phase identification through XRD testing, the synthesis of cobalt ferrite using the sonochemical method on the unsintered
and sintered samples with sintering temperatures of 500, 600, and 700 °C results in a single phase in a single lattice. From this process, the
identified crystallite size of the sintered samples at 500, 600, and 700 °C are 18, 21, and 27 nm, respectively. Therefore, a higher sintering
temperature produces a larger crystallite size. The morphology identification carried out by SEM test shows that all samples are homogeneous,
and the cobalt ferrite synthesis with the sonochemical method and different sintering temperatures results in no agglomeration. In addition,
the increase in the sintering temperature brings a greater bulk size on the 500, 600, and 700 °C temperatures of 32.95, 31.85, and 34.11 nm,
respectively. Meanwhile, the recorded bulk size of the unsintered sample is 33.87 nm. It is caused by the particle rearrangement and bonds
with each other, formulating a single phase in a new lattice structure that causes a more substantial bulk size. The magnetic characteristic of
the cobalt ferrite was identified using the VSM test. The results show that cobalt ferrite synthesis using the sonochemical method on the un-
sintered sample and the sintered samples with sintering temperatures of 500, 600, d 700° C result in contrasting characteristic magnetic
changes. The unsintered sample that initially has a hard magnet with high saturation characteristics becomes a soft magnet at a sintering
temperature of 500 °C. Then, it transforms into a soft magnet with high saturation at a sintering temperature of 600 °C. After the temperature
is increased to 700 °C, the sample turns back into a hard magnet with high saturation and high coercivity. The ferromagnetic behaviour was
confirmed by a hysteresis curve which was comparable to the condition by sintered and unsintered process. Therefore, the prepared CoFe204
has been proven to be a potential candidate for hyperthermia sensor application.
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