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Monodispersed magnesium ferrite nanoparticles with enhanced magnetic properties were successfully
fabricated by a simple solvothermal method without employing any templates, complex apparatus or
techniques. The structure, morphology, composition, and magnetic properties of the products were
tuned and characterized by X-ray powder diffraction, transmission electron microscopy, scanning
electron microscopy and vibrating sample magnetometry. The results show that the reaction time and
temperature have an important influence on the morphology, composition, structure and particle size of
the synthesized MgFe,O,4 nanoparticles. Not only the size, size distribution, crystallization, but also the

atomic ratio of Mg : Fe has a decisive effect on their magnetic properties. The MgFe,O, magnetic
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crystallinity and a Mg : Fe atomic ratio of approximately 1 : 4.53 and an average particle size of 114.3 nm,

DOI: 10.1035/c8ra07487a thus the highest saturation magnetization of 67.35 emu g~1. It provides a reliable synthesis method for

rsc.li/rsc-advances

1. Introduction

Spinel ferrite nanoparticles attract considerable attention due
to their lower density, higher specific surface area, distinct
optical property, catalytic and magnetic properties." Among the
spinel ferrites, ecofriendly MgFe,O, nanoparticles have various
potential applications in magnetic diagnosis and treatment
devices,” magnetorheological fluids,® gas sensors,* catalysts,’
lithium-ion batteries® and SO, adsorbents.” As we all know, the
magnetic properties of spinel ferrite nanoparticles depend on
the microstructure and cation distribution.® The ferrite powders
synthesized by different methods also affect the crystallite size
and shape,’ size distribution, state of agglomeration, chemical
and phase composition.' The variation of the microstructure
will lead to cation redistribution, which further affects the
magnetic properties of the ferrite nanoparticles.” The distri-
bution uniformity and size of magnetic nanoparticles also
determine their application range.">"* Fortunately, the structure
and cation distribution in ferrite nanoparticles can be well
controlled by using a suitable synthetic method.**
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the better application of spinel structure magnesium ferrite nanoparticles in the future.

For MgFe,0, nanoparticles, there are many works focused
on its nanostructures and properties. Huang et al.'® synthe-
sized MgFe,0, nanocrystallites with a particle size of about
10 nm and a saturation magnetization of 30.6 emu g ' using
a sol-gel/combustion method. But the nanoparticles were
aggregated after combustion. Shen et al'® synthesized
MgFe,0, nanospheres with a diameter of about 370 nm by
one-pot solvothermal method. Sivakumar et al'” obtained
nanocrystalline MgFe,O0, with grain size of 19-72 nm and
particle size of 220-340 nm using ceramic method plus
mechanical milling. The sample with a grain size of 72 nm got
the highest saturation magnetization of 36 emu g~ " at 293 K.
Sepelak et al.'® used one-step mechanochemical route and
obtained nanocrystalline MgFe,O, with a saturation magnet-
isation of 50 emu g~ ". They found that the high-energy milling
process leads to the decrease of the fraction of iron cations on
tetrahedral sites from x ~ 0.9 (for bulk sample) to x ~ 0.76,
inducing redistribution of cations between tetrahedral and
octahedral sites. In addition, they also found that the milled
MgFe,0, is magnetically disordered due to spin canting.
Durrani et al*® synthesized crystalline magnesium ferrite
spinel oxide powders by nitrate-citrate sol-gel auto-
combustion process. They found that the calcined powder
had an optical band gap of 2.17 eV. Hankare et al.>® prepared
polycrystalline magnesium ferrite by co-precipitation method
and measured its gas-sensation. They found that the MgFe,0,
based sensor exhibited a fast response and a good recovery
towards petrol at 250 °C. Chen et al.** used ultrasonic wave-
assisted ball milling with magnesium carbonate and iron
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oxide and directly synthesized nano-sized MgFe,O, that got
a saturation magnetization of 54.84 emu g~ .

But up to date, there is less report about the relationship
between the composition, process and properties that is very
important for its applications.”* In the present paper, single
phase, spinel magnesium ferrite nanoparticles were prepared
by a simple solvothermal synthesis method. Particularly, it is
worth to point out that changing the solvothermal reaction
temperature and time will greatly affect the structure, compo-
sition and thus the magnetic properties of the obtained spinel
magnesium ferrite nanoparticles. The properties of the
synthesized magnesium ferrite nanoparticles have strong
dependence on their morphology, composition and structure.
This work will play a greater role in the wider application in the
future.

2. Experimental

Spinel magnesium ferrite nanoparticles have been synthesized
by the following method. FeCl;-6H,O (1.35 g, 5 mmol),
MgCl,-6H,0 (0.51 g, 0.25 mmol) and 0.02 g polyvinyl pyrroli-
done (PVP) were dissolved in ethylene glycol (50 mL) until
a homogeneous solution was formed. Then 3.20 g NaOH were
added slowly into the above solution under strongly agitation.
The mixture was stirred vigorously for 60 min and then sealed in
a Teflon-lined stainless-steel autoclave. The autoclave was
heated to different temperatures (160 °C, 180 °C, 200 °C),
maintained for 3 h, 6 h, 12 h and cooled to room temperature.
The black products were separated with a magnet and washed
three times with absolute deionized water and ethanol. The
resulting magnetic materials were then dried at 80 °C for 6 h.

The structure of MgFe,0, powders was determined by X-ray
diffractometer (XRD). The morphology and microstructure of
MgFe,0, nanoparticles were observed by transmission electron
microscopy (TEM) and high resolution TEM (HRTEM) using
a JEOL 2100 transmission electron microscope. The TEM
samples were made by placing a drop of powder solution on
a carbon-coated copper grid. Scanning electron microscopy
(SEM) was used to perform EDS composition analysis. Magnetic
properties were measured by vibrating sample magnetometer
(VSM).

3. Results and discussion

The preparation procedure of MgFe,O, nanoparticles, a sol-
vothermal synthesis method, is shown in Fig. 1. This biocom-
patible polymer of PVP is regarded as an ideal candidate for
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Fig. 1 Schematic illustration of the synthesis process of MgFe,O,4
nanoparticles.
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Fig. 2 XRD patterns of MgFe,O4 magnetic nanoparticles synthesized
at (a) different temperatures for 6 h, (b) 180 °C for different times.

surface modification of nanoparticles, which is benefit for
MgFe,0, nanoparticles to deal with the dispersion and
biocompatibility problems.** As NaOH solution was added into
the mixing salt solution, the color changed rapidly from initially
yellow to dark black. In our work, we firstly tried to stabilize the
reaction time as 6 h, and synthesized MgFe,0, by changing the
reaction temperature as 160 °C, 180 °C and 200 °C, respectively.
After that, 180 °C was selected as the fixed reaction temperature,
and MgFe,0, was synthesized by changing the reaction time as
3 h, 6 h and 12 h, respectively.

The crystalline structure of the MgFe,O, nanoparticles
functionalized with PVP was determined by XRD and HRTEM.
As shown in Fig. 2, it is found that the d-spacing values of
significant diffraction peaks match well with data from the
JCPDS card (88-1942) for MgFe,0,. The characteristic peaks at
26 of 18.28, 30.07, 35.41, 37.04, 43.04, 53.39, 56.91, 62.50 and
73.93 are corresponding to (111), (220), (311), (222), (400), (422),
(511), (440), and (533) crystallographic planes of spinel phase,
respectively. Only the sample synthesized at 200 °C for 6 h has
some impurities like Fe,O; or FeO, showing small peaks at
33.06 and 36.04 degrees. For other samples, except some
remaining NaCl, no other crystalline impurities are detected. In
addition, as shown in Fig. 2a, the intensities of the diffraction
peaks of the samples increase with increasing synthesizing
temperature when the reaction time is 6 h. On the other hand,
at the same reaction temperature, the intensities of the
diffraction peaks of the samples increase with reaction time
(shown in Fig. 2b). This indicates that the reaction temperature
and time have some effect on the synthesis of MgFe,0,
magnetic nanoparticles. The lowest peak intensity of MgFe,O,
nanoparticles synthesized at 160 °C for 6 h indicates that the
crystallinity of the MgFe,O, nanoparticles may be relatively
poor. The peak intensity of MgFe,0, nanoparticles synthesized
at 180 °C for 12 h indicates that the sample has good crystal-
linity, which is the best synthesis condition of MgFe,0,
magnetic nanoparticles in this work. We have obtained the
crystallite sizes from the XRD data through Rietveld refinement
(shown in Table 1).

From HRTEM (shown in ESI Fig. S11), we find that all the
MgFe,0, samples synthesized in the work are single-crystal
nanoparticles. TEM images and size distributions of the PVP-
treated MgFe,O, magnetic nanoparticles synthesized under
different conditions are shown in Fig. 3. From Fig. 3 left
column, it can be clearly observed that all the synthesized
nanoparticles have good and cuboid shape. The particle size

This journal is © The Royal Society of Chemistry 2018
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Table 1 The average particle size, atomic ratio of Mg and Fe and saturation magnetizations of the MgFe,O,4 nanoparticles synthesized under

different reaction conditions

Average particle Crystallite Saturation magnetization
Reaction condition size (nm) size (nm) Mg : Fe (at%) (emu g™)
160 °C, 6 h 114.4 76.4 1:5.05 51.8
180 °C, 6 h 143.1 82.0 1:4.42 55.1
200 °C, 6 h 159.9 62.6 1:3.69 60.2
180 °C, 3 h 111.8 82.5 1:2.34 41.3
180°C, 12 h 114.3 66.7 1:4.53 67.4

Average diameter: 114.4
Standard deviation: 38.4
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Fig.3 TEM images of MgFe,O4 magnetic nanoparticles synthesized at
(a) 160 °C, (b) 180 °C and (c) 200 °C for 6 h, (d) 180 °C for 3 h and (e)
180 °C for 12 h. The right figures show the size distribution of the
corresponding left samples.

distributions (Fig. 3 right column) were obtained by counting
the 100 particles taken from the TEM images. The average
particle sizes of the MgFe,0, nanoparticles synthesized for 6 h
increased from 114.4 nm to 159.9 nm when the temperature
increased from 160 °C to 200 °C (shown in Fig. 3a—c). The
sample synthesized at 160 °C for 6 h have a standard deviation

This journal is © The Royal Society of Chemistry 2018

of 38.4 nm, showing a wide size distribution and non-uniform.
When the synthesis temperature increased to 200 °C, the
MgFe,0, nanoparticles grew large, have a small standard
deviation of 22.2 nm and became more uniform. Fig. 3b, d and e
are TEM images of MgFe,O, magnetic nanoparticles synthe-
sized at 180 °C for different times. From the results, we can see
that the average particle sizes increased from 111.8 nm to
143.1 nm, and then decreased to 114.3 nm, the standard devi-
ations increased from 17 to 24.7 and then decreased to 16.9 with
the increase of reaction time. As we know, the particles grow
with reaction time. So the average particle size increased when
the reaction time increased from 3 hours to 6 hours. But, we
also noted that the reaction was performed under strongly
agitation that has the function of grinding. With the increase of
reaction time, the agitation time also increased and the particle
became small when the reaction time increased to 12 hours.

Fig. 4 shows the SEM images of MgFe,O, magnetic nano-
particles and the EDS spectrum of the MgFe,O, powders
synthesized under different conditions. We can see that the
particle sizes of the MgFe,0, magnetic nanoparticles obtained
at different reaction conditions are relatively uniform, which are
consistent with the TEM analysis. The EDS spectrum images of
MgFe,0, magnetic nanoparticles show that the main elements
of the synthesized MgFe,0, powder are Mg, Fe and O, and no
other impurity elements are found. To better analyze the
composition of the constituent elements of MgFe,0, magnetic
nanoparticles, we calculated the atomic ratio of Mg and Fe
elements. We found that the atomic ratio of Mg and Fe of the
synthesized MgFe,0, nanoparticles gradually increased from
1:5.05 to 1:3.69 when the reaction temperature increased
from 160 °C to 200 °C and the reaction time was 6 h (Fig. 4a—c).
When the synthesis temperature was 180 °C, the atomic ratios
of Mg and Fe decreased from 1:2.34 to 1: 4.53 with the reac-
tion time (Fig. 4b, d and e). Only the sample synthesized at
180 °C for 3 h had an atomic ratio of Mg : Fe that is nearly 1 : 2.
The Mg substitution in ferrite decreased with the reaction time
increased or the reaction temperatures were lower or higher
than 180 °C. As we all know, composition is one of the critical
factors influencing the properties and performance of the
synthesized MgFe,O, magnetic nanoparticles.

In order to further analyze the relationship between the
different reaction conditions and the magnetic properties of
MgFe,0, magnetic nanoparticles, the magnetic properties of
the MgFe,0, magnetic nanoparticles synthesized under
different reaction conditions are shown in Fig. 5. From Fig. 5a,

RSC Adv., 2018, 8, 39177-39181 | 39179
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Fig.4 SEMimages of MgFe,O4 magnetic nanoparticles synthesized at
(a) 160 °C, (b) 180 °C and (c) 200 °C for 6 h, (d) 180 °C for 3 h and (e)
180 °C for 12 h. The right figures show the EDS spectrum images of the
corresponding left samples.

we can see that the saturation magnetizations are increased
from 51.8 emu g~ ' to 60.2 emu g~ ' when the reaction temper-
ature increased from 160 °C to 200 °C and reaction time was 6 h.
When the synthesis temperature was 180 °C, the saturation
magnetizations of the MgFe,O, nanoparticles gradually
increased from 41.3 emu g ' to 67.4 emu g ' as the reaction
time is prolonged from 3 h to 12 h (shown in Fig. 5 b). Satura-
tion magnetization is one of the important properties of the soft
magnetic nanoparticles. Magnetic nanoparticles with excellent
magnetic properties can be better and more widely used.** For
the synthesized MgFe,O, magnetic nanoparticles, the
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Fig.5 Magnetization curves of MgFe,O,4 nanoparticles synthesized (a)
for 6 h at different temperatures, (b) at 180 °C for different times.

saturation magnetization of the spinel magnesium ferrite
nanoparticles obtained at 180 °C for 12 hours is as high as 67.4
emu g ..

To explore the dependence of the morphology, composition
and magnetic properties, we compare the particle size, Mg : Fe
ratio and saturation magnetization of the MgFe,O, nano-
particles synthesized under different reaction conditions in
Table 1. It can be seen intuitively that the average particle sizes
of the samples gradually increased and became uniform with
the reaction temperature when synthesis time was 6 h, indi-
cating that the reaction temperature have a certain influence on
the particle size. From XRD analysis, when the reaction time is 6
hours, the intensity of the diffraction peak of the MgFe,O,
nanoparticles gradually increased as the reaction temperatures
increased from 160 °C to 200 °C (shown in Fig. 2a). Therefore, as
the reaction temperature increases, the nanoparticles grow and
the intensities of the diffraction peak increase, contributing to
an increase of the magnetic properties of the synthesized
MgFe,0, nanoparticles.

From Table 1, we can see that the amount of Fe element
reduced as the reaction temperature increases when the reac-
tion time was 6 h and increased with the reaction time when the
temperature was fixed at 180 °C, but the change is not large. The
sample synthesized at 180 °C for 3 h and with the lowest Fe
amount obtained the lowest saturation magnetization, indi-
cating that Fe amount is very important for the magnetic
properties of MgFe,O,4 nanoparticles. The sample synthesized at
180 °C for 12 h got the highest saturation magnetization of 67.4
emu g~ ". This sample has a narrower size distribution than that
of the sample synthesized at 160 °C for 6 h that had a similar
average particle size and lower Fe amount. This result indicate
that size distribution also has critical effect on the magnetic
properties. Thus, there is a strong dependence between the
particle size, composition, crystallization and magnetic prop-
erties and MgFe,0, nanoparticles with narrow size distribution,
good crystallinity, appropriate Mg : Fe ratio has the highest
saturation magnetization.

4. Conclusions

In summary, we synthesized monodispersed, single crystal
magnesium ferrite nanoparticles by simple solvothermal
method. We have found that the reaction time and temperature
have an important influence on the particle size, size distribu-
tion, composition and magnetic properties of the synthesized

This journal is © The Royal Society of Chemistry 2018
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MgFe,0, nanoparticles and there is a strong dependence
between the particle size, composition, crystallization and
magnetic properties. The MgFe,O, magnetic nanoparticles
synthesized at 180 °C for 12 hours have excellent dispersion,
rectangular shape, narrow particle size distribution and a satu-
ration magnetization of 67.35 emu g '. This work provides
a convenient and good controlling synthesis method for the
application of single crystal spinel magnesium ferrite
nanoparticles.
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