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ABSTRACT: Sub-micrometer-sized magnesium ferrite spheres con-
sisting of uniform small particles have been prepared using a facile,
large-scale solid-state reaction employing a molten salt technique.
Extensive structural characterization of the as-prepared samples has
been performed using scanning electron microscope, transmission
electron microscopy, high-resolution transmission electron microscopy,
selected area electron diffraction, and X-ray diffraction. The yield of the
magnesium ferrite sub-micrometer spheres is up to 90%, and these sub-
micrometer spheres are made up of square and rectangular nanosheets.
The magnetic properties of magnesium ferrite sub-micrometer spheres
are investigated, and the magnetization saturation value is about 24.96 emu/g. Moreover, the possible growth mechanism is
proposed based on the experimental results.

■ INTRODUCTION

Monodisperse nano-/microspheres exhibit a variety of unique
properties, making them suitable for many potential uses.1−6

For example, their applications have been demonstrated in
optical and photonic crystals,7,8 sensors,9,10 colloidal lithog-
raphy,11 porous membranes,12,13 seed particles for the core−
shell and hollow spheres,3,14 catalyst support,15 etc. As a result,
novel synthetic strategies have been intensively pursued.
Monodisperse nanostructured magnetic materials have

attracted much attention due to their unique magnetic features
and important applications as advanced magnetic materials,
catalysts, colored pigments, high-density magnetic recording
media, drug delivery, and cancer detection.16−25 Magnesium
ferrite (MgFe2O4), as a soft magnetic n-type semiconducting
material, is an important member of the spinel family. Apart
from magnetic and electronic applications, it has been widely
applied in heterogeneous catalysis, adsorption26,27 and sensor
technology.28−30

Monodisperse ferrite materials can be prepared by various
methods, such as coprecipitation, reverse micelle method,
ultrasound irradiation, hydrothermal method, laser pyrolysis
techniques, thermal decomposition of organometallic com-
pounds.31−37 However, most of these methods require multiple
steps and handling of large amounts of organic reagents,
solvents and surfactants, which raises synthetic costs and causes
environmental pollution, making them not suitable for large-
scale applications. Molten salt synthesis (MSS) is one of the
simplest, most versatile, environmentally friendly, and cost-
effective routes for the synthesis of crystalline, pure, and single-
phase powders.38 Recently, MSS has been demonstrated to
prepare nanomaterials with different morphologies.39 Herein,

we report the preparation of monodisperse magnesium ferrite
crystalline microspheres through MSS using NaCl and KCl
molten salt at 800 °C. NaCl and KCl were chosen because they
are cheap, harmless to human beings and the environment, and
easily removed from the final products. More important, they
provide a favorable growth environment for the magnesium
ferrite.

■ EXPERIMENTS
Stoichiometric amounts of Fe(NO3)3, Mg(NO3)2, NaCl, and KCl
were mixed (in molar ratios of 2:1:30M:10M, 0 < M < 7, for
generation of varying structural motifs), thoroughly ground in an agate
mortar. In a typical synthesis, 2 mmol of Fe(NO3)3 and 1 mmol of
Mg(NO3)2 along with 90 mmol of NaCl and 30 mmol of KCl were
mixed thoroughly. The mixture was ground for at least 30 min. The
processed mixture was ultimately placed in a ceramic crucible, inserted
into a quartz tube, heated at a ramp rate of 5 °C per minute up to an
annealing temperature at 800 °C for 4 h, and cooled thereafter to
room temperature. The as-prepared material was washed several times
with distilled water, collected by centrifugation, and dried at 80 °C
overnight in a drying oven.

■ CHARACTERIZATION
The X-ray diffraction (XRD) analysis was performed using a Rigaku
(Japan) D/max-γA X-ray diffractometer equipped with graphite
monochromatized Cu Kα radiation (λ = 1.54178 Å). The morphology
and the size distribution of the samples were investigated by scanning
electron microscopy (SEM) with a Hitachi S-5200 microscope
operating at 30 kV. The morphology of the samples and energy
dispersive X-ray analysis (EDX) were taken on a field emission
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scanning electron microscope (FESEM) (JEOL-6300F, 15 kV).
Transmission electron microscopic (TEM) images were taken on a
Hitachi H-800 transmission electron microscope. The microstructure
of the samples and selected area electron diffraction (SAED) patterns
were analyzed by high-resolution transmission electron microscopy
(HRTEM), which was performed on a JEOL-2010 transmission
electron microscope using an accelerating voltage of 200 kV. N2
adsorption−desorption studies were carried out at 77 K with a static
volumetric instrument Autosorb-1 (Quantachrome) to examine the
porous properties of the sample. Samples were pretreated by
outgassing in a vacuum at 200 °C for at least 5 h, and the pore size
distribution was evaluated from the desorption isotherms using the
BJH method. The magnetic properties of the products were
investigated using a Physical Property Measurement System
(Quantum Design, PPMS).

■ RESULTS AND DISCUSSION
The crystallinity and structure of the as-synthesized product
were characterized by powder X-ray diffraction (PXRD). As
shown in Figure 1, all diffraction peaks can be indexed to a

cubic lattice, matching with standard Fd3m cubic spinel
structured MgFe2O4 powder diffraction data (JCPDS 17-
0464). The calculated lattice parameter is 8.375 Å, and no
impurity phase can be found in the pattern.
The morphology of the product was examined by SEM and

TEM. The obtained product is ubiquitous sub-micrometer
spheres (more than 90% based on SEM analysis) with
diameters ranging from 600 to 700 nm (Figure 2A,B). Nearly
perfect spheres, broken spheres, and incomplete spheres with a
rough surface can be clearly observed.
Energy dispersive spectrometry (EDS) analysis was utilized

to determine the chemical composition of the magnesium
ferrite sub-micrometer spheres. As shown in Figure 2C, the
sample is composed of only magnesium, iron, copper, gold, and
oxygen (copper and gold are coated on the surface of
magnesium ferrite spheres to improve conductivity in SEM
observations). No Na or K was observed, suggesting the
efficient removal of the salts from the washing. The dynamic
light scattering (DLS) results (Figure 2D) showed that the
average hydrodynamic diameters of the spheres are about (650
± 50) nm, which are consistent with the SEM results.
TEM image (Figure 3A) showed that the particles in the

sample appear to be of nearly perfect spheres, and the sample
contains large quantities of spheres range from 600 to 700 nm,
which is in agreement with the result of SEM observation. In
addition, a few small ones with a size of around 250 nm are also
found present in the product. The spheres consisted of
relatively uniform small particles, and the connecting interstices

as shown in the enlarged TEM image (Figure 3B). Currently,
we were not able to determine whether these small particles are
thin flakes or small cubes. Most of the small particles are
rectangular, with width ranging from 20 to 60 nm and length
ranging from 50 to 200 nm. The SAED pattern (Figure 3C)
contains six discernible diffraction rings, matching standard
MgFe2O4 powder diffraction data. A more detailed inves-
tigation of as-prepared products was carried out by HRTEM.
An HRTEM image of an individual small particle (Figure 3D)
indicates an interplanar distance of 0.253 nm, which are
characteristic of (311) spinel plane. The unique structures of
these monodisperse magnetic sub-micrometer spheres make
them potentially useful for selectively permeable capsules,40

catalysis, drug-deliverym and advanced nanoelectronics.
The nitrogen adsorption isotherms of the magnesium ferrite

sub-micrometer spheres obtained at 77 K are shown in Figure
4. The isotherms of the sample appears typically in Type IV
characteristic, according to the IUPAC classification, with
hysteresis loops initiating from the medium relative pressures
(P/P0 ∼ 0.40) and closing near P/P0 ∼ 1. BJH cumulative
desorption surface area is 73.54 m2 g−1. The surface area is
relatively high, which is in agreement with the HRTEM results.
These results confirmed the porous nature of these sub-
micrometer spheres.
Figure 5 shows the magnetization curves measured at 300 K.

The magnetic saturation value was measured to be 24.96 emu/
g, which is lower than that of bulk magnesium ferrite (about
26.9 emu/g)41 and in accordance with the size determined
saturation magnetization, and typical superparamagnetic ‘S’-like
shape of hysteresis loops was observed. Our results are
consistent with that of Sun and co-workers and Chandradass
and co-workers.42 Detailed investigations of the magnetic
properties of these products are in progress.
To investigate the effect of reaction conditions on the

formation of magnesium ferrite sub-micrometer spheres, a
series of control experiments were carried out. It was found that
the amount of molten salt played a critical role in the formation
of these sub-micrometer spheres. In a reaction at 800 °C
without the addition of the NaCl and KCl molten salt, only
amorphous magnesium ferrite was formed (Figure 6A),
suggesting magnesium ferrite sub-micrometer spheres forma-
tion is related to the NaCl and KCl molten salts. At 800 °C, the
reaction with 30 mmol of NaCl and 10 mmol of KCl produced
random particulate (Figure 6B). The reaction using 60 mmol of
NaCl and 20 mmol of KCl led to 50% of the magnesium ferrite
sub-micrometer spheres (Figure 6C). As shown in Figures 2
and 3, the reaction using 90 mmol of NaCl and 30 mmol of
KCl afforded a large amount of the magnesium ferrite sub-
micrometer spheres. Interestingly, 150 mmol of NaCl and 50
mmol of KCl led to a mixture of flakes, spheres, and particles
(Figure 6D). As the amount of molten salt was further
increased, using 180 mmol of NaCl and 60 mmol of KCl as
reactant, flakes became the major products (Figure 6E).
Probably, it is simply a concentration issue. A higher Fe(NO3)3
and Mg(NO3)2 concentration (lower salt amount) leads to
amorphous products, and a lower Fe(NO3)3 and Mg(NO3)2
concentration (higher salt amount) leads to flakes.
Reaction temperature also plays an important role. The

reaction at 760 °C generated magnesium ferrite sub-micro-
meter spheres at 60% yield (Figure 6F). When the reaction was
carried out at 860 °C, the yield of the magnesium ferrite sub-
micrometer spheres was up to 75% (Figure 6G). At 900 °C, the
main products were particulate and spheres (Figure 6H).

Figure 1. XRD pattern of the products.
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Reaction time also played a critical role in the synthesis. When
the reaction was stopped after 180 min, ca. 60% of the sub-
micrometer spheres were generated (Figure 6I). These results
suggested that the growth of the sub-micrometer spheres is
relatively slow. The influence of reaction conditions is
summarized in Table 1. The average diameter of the sub-
micrometer spheres can be tuned from 500 to 800 nm by
varying the annealing temperature, time, and the amount of

molten salt. In particular, the amount of molten salt played a
critical role in the formation of these sub-micrometer spheres.
The melting point of NaCl and KCl is 805 °C and 774°, and

the melting point of 3:1 NaCl−KCl mixture is 725 °C,
according to the phase diagram of NaCl−KCl.43 On the basis of
our experimental results, possible growth mechanism was
proposed. Upon heating of the initial mixture, the reactants
were dissolved into the molten flux and gradually form
MgFe2O4, which has limited solubility. As the concentration
of MgFe2O4 increases, supersaturated solution was formed.

Figure 2. SEM image of the as-prepared product. (A) SEM image of sub-micrometer spheres and (B) the enlarged SEM image of sub-micrometer
spheres shown in the rectangular area in (B). (C) EDS of magnesium ferrite spheres. (D) The dynamic light scattering size-distribution diagram.

Figure 3. Images and electron diffraction pattern of the as-prepared
sample taken on an HRTEM: (A) the typical TEM image; (B) the
enlarged TEM image; (C) selected area electron-diffraction pattern;
(D) HRTEM image.

Figure 4. Nitrogen physisorption results of the magnesium ferrite sub-
micrometer spheres: adsorption/desorption isotherms.
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Above the critical point, the initial nuclei of the cubic form can
be generated.44 Numerous magnesium ferrite small particles
grow simultaneously. At high temperature (>750 °C), the
thermal movement of the small particles leads to aggregation
and eventually the formation of sub-micrometer solid sphere
containing a small amount of molten salt. The molten salt is
removed by treating with distilled water. Investigations on the
detailed growth mechanism are still underway.

■ CONCLUSIONS
In summary, monodisperse magnesium ferrite sub-micrometer
spheres consisting of rectangular small particles have been
prepared on a large scale using a simple, one step solid-state
chemical reaction in the presence of NaCl and KCl. The
morphology of the product was investigated by SEM, TEM,

and HRTEM. These monodisperse magnesium ferrite sub-
micrometer spheres with unique structures may find
applications in permeable capsules for drug delivery, catalysis,
biomedicine, and biotechnology. Because of the simplicity, high
yield, and green nature of this route, it may potentially be
applied on large-scale industrial production. In addition, this

Figure 5. Magnetization curves of MgFe2O4 sub-micrometer spheres
measured at 300 K.

Figure 6. FESEM image of the as-prepared product at 800 °C using, no salt (A); using 30 mmol of NaCl and 10 mmol of KCl (B); using 60 mmol
of NaCl and 20 mmol of KCl (C); using 150 mmol of NaCl and 50 mmol of KCl (D); using 180 mmol of NaCl and 60 mmol of KCl (E). The
FESEM image of the sample produced by the reaction of 2 mmol of Fe(NO3)3 and 1 mmol of Mg(NO3)2 along with 90 mmol of NaCl and 30 mmol
of KCl at 760 °C (F); at 860 °C (G); at 900 °C (H). The FESEM image of the sample produced by the reaction of 2 mmol of Fe(NO3)3 and 1
mmol of Mg(NO3)2 along with 90 mmol of NaCl and 30 mmol of KCl at 800 °C, the reaction time is 180 min (I).

Table 1. MgFe2O4 Samples Systematically Prepared with
Different Processing Parameters at a Constant Heating Rate
of 5 °C/min

sample
annealing

temperature/°C

NaCl and KCl
molar ratio

(30M:10M) M/
mmol

time
(min)

sample description
(average particle size;

morphology
distribute)

A 800 0 (no salt) 240 no nanostructures
B 800 1 240 random particulate
C 800 2 240 600−750 nm spheres

(50%)
expt
cond

800 3 240 600−700 nm spheres
(90%)

D 800 5 240 spheres (20%), flakes
(60%), particles
(20%)

E 800 6 240 flakes (80%)
F 760 3 240 500−700 nm spheres

(70%)
G 860 3 240 600−800 nm spheres

(75%)
H 900 3 240 700−800 nm spheres

(10%), particulate
(90%)

I 800 3 180 500−700 nm spheres
(60%)
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strategy may offer a potential alterative for the synthesis of
other nanostructured materials.
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