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In this work, the effect of synthesizing process on the morphology, structure, and magnetic properties of Fes04
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magnetic nanoparticles have been studied by performing X-ray diffraction, scanning electronic microscopy,
and vibrating sample magnetometer measurements. FesOs nanoparticles were synthesized by hydrothermal
and solvothermal methods. X-ray diffraction analysis revealed that both samples have cubic crystal phase.

However, Fe;0s impurity peaks were observed in the sample synthesized by hydrothermal method. The
crystallite sizes of samples synthesized by hydrothermal and solvothermal methods were approximately 38
and 24 nm, respectively. The scanning electron microscope images show that spherical porous and cubic shape
Fes04 nanoparticles were obtained by solvothermal and hydrothermal method, respectively. The average
particle sizes of FesOs samples synthesized by hydrothermal and solvothermal methods were determined as
220 and 450 nm, respectively. Both samples behave a soft ferromagnetic characteristic having almost zero
coercive field. The magnetic saturation values of FesOs nanoparticles synthesized by hydrothermal and
solvothermal methods were determined as 28.78 and 77.31 emu/g, respectively. As a result of the

Copyright

@l BY NC ND
©2023 Faculty of Science,
Sivas Cumhuriyet University

method.

ifﬁ cemalakaa@gmail.com @ https.//orcid.org/0009-0009-3780-0822

Introduction

Magnetic materials have an important place in
modern technology. One of the most commonly used
magnetic material is magnetite (FesO4) due to its low
cost, low toxicity and good magnetic properties [1]. Itis a
ferrimagnetic material because its crystal lattice is
composed of FeO and Fe,03 that means its Fe (ll) and Fe
(1) ions are unequal in magnitude and aligned in
antiparallel direction. In addition, Fe304 exhibits better
conductivity at room temperature than some other
metal oxides in the same category [2-4]. Generally,
physical and chemical properties of magnetic
nanomaterials depend on their morphology and size [5].
As a result of the tuning physical and chemical
properties, many usage areas of Fes3O; nanoparticles
have emerged in technology. Fe3O4 nanoparticles can be
used as catalysts [6], drug delivery systems [7], magnetic
resonance imaging [8], antibacterial agents [9], heavy
metal absorbers [10], and for solar thermal energy
harvesting [11]. In addition, nanocomposite materials
including Fes0O; nanoparticles can be used as
electrochemical sensors and radar absorbing materials
[12-14]. Various synthesis methods have been developed
to increase the magnetic properties and application
areas of Fes04 nanoparticles. Some of synthesis methods
of Fes0, nanoparticles can be listed as hydrothermal
[15], co-precipitation [16], thermal decomposition [17]
and sol-gel [18]. Co-precipitation method is a simple,
inexpensive and easy way to synthesize Fes04 [19]. In the
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characterizations, porous Fe:0s nanoparticles synthesized by solvothermal method show better crystal
structure, morphological and magnetic properties than FesOs4 nanoparticles synthesized by hydrothermal
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co-precipitation method, FesO; can be obtained by
precipitating Fe (ll) and Fe (lll) ions in an alkaline medium
(1:2 ratio). As a result of the reaction, single and
multicomponent Fes304 particles can be synthesized [20].
Thermal decomposition method is known as one of the
best ways to synthesize nanomaterials with controllable
size and morphology. However, the compounds used in
the synthesis are toxic and additionally require relatively
high temperatures [21, 22]. Hydrothermal and
solvothermal methods are almost identical, but there is a
fundamental difference. Hydrothermal synthesis is
synthesis through chemical reactions in an aqueous
solution above the boiling point of water. On the other
hand, solvothermal synthesis is a synthesis that takes
place in a non-aqueous solution at relatively high
temperatures. Hydrothermal/solvothermal synthesis
methods have more advantageous than other listed
methods above. Although these methods are generally
considered low-efficiency, this problem can be solved by
adjusting the critical temperature and pressure value of
almost all materials and solvent systems [23].
Nanomaterials can be synthesized under high vapor
pressure with minimum material loss. Thus, high quality
nanostructured materials can be synthesized by
hydrothermal and/or solvothermal methods [23]. Radori
et al. investigated the structure and optical properties of
Fes04 nanoparticles synthesized by co-precipitation with
different organic modifiers [24]. They synthesized Fes04
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nanoparticles with different crystal size in the range of
2.9-12.2 nm and band gap ranging from 2.6-3.01 eV by
co-precipitation method. Ahmadi et al. synthesized Fe304
nanocrystals using the hydrothermal approach and
studied some of their structural and physical properties
[25]. They found that crystallite size, particle size and

saturation magnetization increase with reaction
temperature. Lemine et al. synthesized Fes0q
nanoparticles by sol-gel method and studied their
magnetic properties [26]. The synthesized Fes04

nanoparticles have a particle size of 8 nm. Since it is the
lower than the critical size for superparamagnetic
property, the Fes304 nanoparticles have a for
hyperthermia applications.

In this study, FesO4 nanoparticles were synthesized by
hydrothermal and solvothermal methods. The
differences between these two very similar methods are
revealed by examining their crystal structure,
morphology, and magnetic properties. The results
showed that the solvothermal method has better crystal
structure, morphology, and magnetic properties than the
hydrothermal method.

Experimental Procedure

Materials

Iron (lll) chloride hexahydrate-FeCl36H,0 (Sigma-
Aldrich), Iron (ll) chloride tetrahydrate-FeCl,4H,0
(Sigma-Aldrich), Sodium hydroxide-NaOH (Sigma-Aldrich)
were used to hydrothermal synthesis method. Iron (lll)
chloride hexahydrate-FeCl;6H,0 (Sigma-Aldrich),
Polyvinylpyrrolidone (PVP)- (C¢HsNO), (BioShop), Sodium
acetate- NaAc, Ethylene glycol-C;HgO; (ISOLAB chemicals)
were used to solvothermal synthesis method.

Synthesis of Fe30,

Hydrothermal synthesis

The hydrothermal method was used to synthesize
Fes04 nanoparticles. Figure 1 shows the schematically
illustrated synthesizing procedure (blue arrows) of Fe;04
nanoparticles. FeCl,4H,0 (0.288 g) and FeCl;'6H,0 (0.799
g) were dissolved in 50 ml distilled water. Then, 0.8 g
NaOH was dissolved in 10 ml of distilled water to obtain
a 2M NaOH solution. 2M NaOH solution was slowly
added dropwise to mixture [25]. The mixture was
transferred into a 100 ml Teflon and then into the Teflon-
lined stainless-steel autoclave and sealed for heating at
200 °C for 8 h. As a result of the reaction, Fes04
nanoparticles were obtained and washed with ethanol
several times. Finally, it was dried at 75 2C for 24 h and
brown color FesO0, nanoparticles were obtained. This
sample is called as #1-Fe30,.

Solvothermal synthesis

Here, the FesO, nanoparticles were synthesized by
the following procedure as green color arrows shown in
Fig.1. FeCls6H,0 (1.5 g), PVP (1.0 g), and NaAc (2.0 g)
were added into 30 mL of ethylene glycol [15]. To make

sure all the ingredients completely dissolved, the liquid
was rapidly mixed for 2 hours. Then, the mixture was
transferred to a 100 ml Teflon-lined stainless-steel
autoclave and sealed for heating at 200 °C for 8 h. As a
result of the reaction, Fes04 nanoparticles were obtained
and washed with ethanol several times. Finally, it was
dried at 75 °C for 24 h and black color Fes04
nanoparticles were obtained. This sample is called as #2-
FE304.
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Figure 1. Schematically illustrated synthesizing process of
Fes04 magnetic nanoparticles.

Characterization Techniques

X-ray diffractometer (XRD) with Cu-Ka radiation was
used to analyze some structural properties of particles.
Morphology and surface properties of samples were
examined by scanning electron microscope (SEM).
Vibrating sample magnetometer (VSM) was used to
characterize the magnetic properties of magnetic
particles at room temperature.

Results and Discussions

Structural Analysis

The structural properties of Fes3O; nanoparticles
synthesized by different methods were investigated by
XRD. Figure 2 indicates the XRD patterns of Fe304
nanoparticles synthesized by different methods. The
diffraction peaks in both samples are at 20 = 18.38, 21.61
30.24, 35.58, 37.12, 42.96, 53.49, 56.92, 62.68, 71.28 and
74.05 angles which are corresponding to (111), (002),
(311), (222), (400), (422), (511), (440), (620) and (553)
planes, respectively. These peaks indicate the formation
of cubic Fes04 crystals. In the hydrothermal method, in
addition to main crystal peaks, two impurity peaks
belonging to Fe;0; phases which are indicated by *
symbol, have been observed in sample #1-Fe30,. These
impurity peaks might be occurred due to insufficient
reaction time. The lattice parameters of #1-Fe;0,4 and #2-
Fes0; samples are found as 8.376 A and 8.395 A,
respectively. The crystallite sizes of the samples were
calculated by using the basic Scherrer equation [27].

D KA
" B cosH

(1)

where D is the crystallite size, A is the x-ray
wavelength (CuKa = 1.5406 A), 8 is the width of the x-ray
peak on the 28 axis measured as full width at half
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maximum (FWHM), & is the Bragg angle, K is the so-
called Scherrer constant. K depends on the crystallite
shape and the size distribution, indices of the diffraction
line, and the actual definition used for 6 whether FWHM
or integral breadth [28]. K can have values anywhere
from 0.62 and 2.08. In this paper, K = 0.9 was used. The
calculated average crystallite sizes of #1-FesO4 and #2-
FesO, samples are found as 38 nm and 24 nm,
respectively.
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Figure 2. X-ray diffraction patterns of #1-FesO, and #2-
Fes0,4 samples.

Morphological Analysis

The morphologies of the synthesized samples
were analyzed by using the SEM imaging technique.
SEM images taken at various magnitudes and particle
size distribution histogram of Fes0; nanoparticles
produced by hydrothermal method are given in
Figs.3a-d. In Figs. 3a-c, it is seen that Fes04
nanoparticles were successfully synthesized by
hydrothermal method. The particles are formed as
cubic shape and they are almost uniformly and
homogenously distributed through the sample. The
particle size distribution histogram of #1-Fe;04
sample is given in Fig. 3d. The histogram was created
by randomly selected 100 particles in the SEM
images. The sizes of Fe;04 nanoparticles are between
100 and 500 nm. The average particle size was found
as 220 nm by taking lognormal fitting of experimental
data as shown a red color curve in Fig.3d.

Particle Number

T
0.1 0.2 0.3 0.4 0.5
Particle Size (um)

Figure 3. a-c) SEM images and d) particle size distribution
histogram of #1-Fe;04 sample.

506



Aka, Akyol / Cumhuriyet Sci. J., 44(3) (2023) 504-509

The images in Fig.3 show that the nanocrystals
synthesized by hydrothermal method form finite
aggregate crystals due to its high surface energy. The
particle size difference may be due to the variation of the
dropping rate of NaOH. Because of fast dropping of
NaOH solution, the Fe3;04 crystals form agglomerate and
stick together having different sizes.

o
-

25 #2-F9304

204

104

Particle Number
I
i %

0 &w N

T T T T
0.3 0.4 0.5 0.6 0.7
Particle Size (Lum)

Figure 4.a-c) SEM images and d) particle size distribution
histogram of #2-Fe;0,4 sample.

SEM images taken at various magnitudes and particle
size distribution histogram of #2-Fes0, sample produced
by solvothermal method are given in Figs.4a-d. In Figs.
4a-c, in contrast to #1-Fe;04 sample, spherical and
porous shape Fe304 nanoparticles were successfully
synthesized by solvothermal method. Similarly, the
particle size distribution histogram of porous Fe;O4
nanoparticles were created by randomly selected 100
grains in the sample (see Fig.4d). The particle sizes of #2-
Fes04 sample are between 200 and 700 nm. The average
particle size was found as 450 nm by taking lognormal
fitting of experimental data as shown a red color curve in
Fig.4d. When the average particle size is compared
between two samples, it is clearly seen that the #2-Fe304
sample’s size is almost x2 larger than #1-Fe;04 sample.
The increment in the particle size might be related to the
lower atmosphere pressure in the solvothermal method
than the hydrothermal method. Zhu et al. studied the
reaction conditions such as precursor, capping agent,
precipitation agent concentration, reaction temperature
and reaction time to understand the formation
mechanism of porous FesO; nanospheres [15]. The
regularity of morphology and particle size can be
adjusted by changing the amount of FeCls, reaction
temperature and time, amount of NaAc and amount of
PVP [15].

Magnetic Analysis

Magnetic hysteresis (M(H)) measurements of the
synthesized Fe;04 nanoparticles were performed at room
temperature under F2T magnetic field range. M(H)
curves of #1-Fe304 and #2-Fe304 coded nanoparticles are
given in Fig.5. It is understood from the hysteresis curves
that the samples have no coercive field values and
behaves like a ferrimagnetic characteristic. It can be said
that the XRD and M(H) curves are consistent with each
other, since both samples were found as inverse spinel
structure. The saturation magnetization values were
determined as 28.78 emu/g and 77.31 emu/g for the #1-
FesO, and #2-FesO, coded samples, respectively. The
increase in magnetization with the increase of particle
size in the #2-Fe30, rather than #1-FesO, sample is
expected. In addition to size effect, since the
magnetization of the Fe,03 crystal which is observed in
#1-Fe304 sample, is very small compared to Fes0,, it is
thought to reduce the total magnetization [29].

Further, we calculate the effective magnetic moment
from the following equation,

MM )
‘Ll = ——
eff N,B
where M is the molecular weight, N, is the

Avogadro's number and f is the conversion factor
(9.27x10%% erg/Oe). The effective magnetic moment
values are found as 1.19 pg and 3.21 pg for #1-Fe304
and #2-Fe;0,4 coded samples, respectively. Since there is
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a linear relation between particle size and moment, the
reason of higher moment value of #2-Fe30, sample is
related to the relatively its large particle size. But it is still
lower than the theoretical value (4 uB)[30, 31]. The

calculated effective magnetic moments of Fes0,
magnetic nanoparticles are consistent with the
previously reported studies[30-32].
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Figure 5. Magnetic hysteresis curves of #1-Fes04 and #2-
Fes0,4 samples.

Table 1. Structural and magnetic parameters of #1-Fe304
and #2-Fe30, magnetic nanoparticles.

Sample D P M; Merr (1B)
Code (nm) (nm) (emu/g)
#1-Fes04 38 220 28.78 1.19
#2-Fe304 24 450 77.31 3.21
Conclusions

In summary, the effect of hydro-/solvothermal methods
on the structure, morphology, and magnetic properties of
Fes04 magnetic nanoparticles were studied in this work. It is
found that the synthesizing procedure affects the
morphology of the FesO, particles that cubic and porous
spherical shape Fe;04 nanoparticles were determined when
they are synthesized by hydrothermal and solvothermal
methods, respectively. In addition, although both samples
have similar magnetic characteristic, #2-Fes0, sample has
almost x2.5 higher magnetic saturation than #1-Fe;0,4
sample. The difference in saturation magnetization might
come from the particle size effect and/or Fe,Os; impurity
phases which is observed in #1-FesO, sample. It was
determined that the solvothermal method showed much
better crystal structure, morphology, and magnetic
properties than the hydrothermal method.
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