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A novel and simple method to prepare Fe3O4 tetrakaidecahedral microcrystals has been
demonstrated using a two-step refluxing and calcination process. Firstly, Fe(NO3)3∙9H2Owas
dissolved in diethylene glycol by refluxing at 190 °C for 3 h. Secondly, the above solutions
were injected into covered quartz crucibles and placed in a tube furnace, and the as-
prepared Fe3O4 tetrakaidecahedra were obtained after calcination at 800 °C in an N2

atmosphere for 3 h. Fe3O4 tetrakaidecahedra were studied with Raman scattering
spectroscopy, and a clear direct phase transition from magnetite to hematite (α-Fe2O3)
due to laser irradiation was observed in the Raman scattering measurements. This
oxidation route is specific to magnetite of larger crystalline size, which is coincident with
the microcrystalline feature revealed by scanning electron microscopy measurements.
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1. Introduction

Magnetic monocrystals have attracted considerable interests
because of their potential applications in many fields, such as
magnetic storage media [1], ferrofluids [2], magnetic reso-
nance imaging [3,4], catalyst [5], sensor [6], magnetically
guided drug delivery [7,8], biological separation [9], and
water purification [10,11].

Because of the comparable size ofmagnetic microcrystals to
important biological entities such as cells (10~100 μm) and
viruses (20~450 nm) [12], the exploration of a facile method for
synthesizing hydrophilic and biocompatible magnetic micro-
crystals with desired size andmorphology has been of scientific
and technological interest. Very recently, Fe3O4 monocrystals
with various shapes were synthesized using a variety of
mediated agents or surfactants, such as polyethylene glycol
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(PEG), L-arginine, cetyltrimethyammoniumbromide (CTAB), etc.
[13–15]. However, it is still a challenge to develop simple and
reliable synthetic methods for the synthesis of magnetite
microcrystals with controlled morphologies and without using
surfactant or ligand, which are of high purity and particularly
suitable for magnetic and electronic materials.

Herein, we present a novel and simple method to prepare
Fe3O4 tetrakaidecahedra using a two-step refluxing and
calcination procedure. First, Fe(NO3)3∙9H2O was dissolved in
diethylene glycol (DEG) by refluxing at 190 °C for 3 h. Second,
the above solutions were injected into covered quartz
crucibles and placed in a tube furnace, and the as-prepared
Fe3O4 tetrakaidecahedra were obtained after calcination at
800 °C in an N2 atmosphere for 3 h. Thismethod demonstrates
the preparation of magnetic polyhedra without catalysts,
surfactants, templates, complex metal ligands or fatty-acids.
.
(S. Xu).
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Fe3O4 tetrakaidecahedra were studied by Raman scattering
spectroscopy and the results clearly showed the characteristic
Ramanmodes ofmagnetite, and also revealed the oxidation of
magnetite into hematite caused by laser irradiation.
Fig. 1 – XRD patterns of prepared Fe3O4 tetrakaidecahedra.
2. Experimental

All chemicals used in this experiment were of analysis grade
and no further purification was performed. In a typical
synthesis procedure, 0.101 g of Fe(NO3)3∙9H2O was dispersed
in 50 ml of DEG to form a homogeneous solution under
vigorous magnetic stirring at room temperature. Then, the
solutions were transferred into a round bottom flask and
refluxed in an oil bath at 190 °C for at least 3 h before cooling to
room temperature. Subsequently, the above solutions were
injected into covered quartz crucibles and placed in a tube
furnace. The final products were obtained after calcination at
800 °C in an N2 atmosphere for 3 h with a heating rate of
5 °C min−1. After calcination, the black precipitates were
collected and washed with absolute ethanol, 0.1 M of nitric
acid solution, and distilled water in sequence. Finally, the as-
prepared samples were dried in vacuum at 60 °C for 6 h.

Powder X-ray diffraction (XRD) measurement of the product
was carried out using a Philips PW3040/60 with Cu Kα radiation
(λ=1.54178 Å) at a scan rate of 0.04 s−1. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS)were performedon theCu platewith aHitachi S-4800 field
emission machine with an accelerating voltage of 5 KeV. The
Raman scattering measurements were conducted at room
temperature under a backscattering geometric configuration
using a WITec-Alpha confocal micro-Raman system. The
excitation light was the 514.5 nm line of an Ar+ laser with
maximumoutputpower of 30mW.The laser powers applied for
the measurements of curves a, b, and c were 5.2, 6.6, and
8.2 mW, respectively. The size of the laser spot is less than 2 μm,
and the acquisition time for all spectra is 20 s.
3. Results and Discussion

The composition and phase purity of the as-prepared product
was established by powder XRD. The XRD pattern is shown in
Fig. 1 and the Miller indices are designated for each diffraction
peak. All of these peaks can be indexed to face-centered
structured Fe3O4 (JCPDS card no. 89-3854) with cell parameters
a=8.394 Å. The strong and clear peaks reveal the high purity
and crystallinity of the as-obtained product. No characteristic
peaks of impurities were present in detectable quantities.

The surface morphology can be illustrated by SEM images,
which are shown in Fig. 2. A perfect Fe3O4 tetrakaidecahedron
is shown in Fig. 2a, which reveals the tetrakaidecahedral
morphology, made of eight hexagonal faces and six quadri-
lateral faces, about 2 μm in diameter. From Fig. 2b, we can see
that a lot of Fe3O4 tetrakaidecahedra were inset in amorphous
graphite before purification. After purifyingwith 0.1 M of nitric
acid for 4 h, we obtain Fe3O4 tetrakaidecahedra (Fig. 2c). The
EDS pattern (Fig. 2d) confirms that the tetrakaidecahedronwas
composed of Fe and O, which agrees with the result from the
XRD results. The growth mechanism may be similar to that of
Fe3O4 truncated octahedra reported by Duan et al. [15]. In
addition, ferric nitrate with crystal water hydrolyzed in the
presence of DEG by heating and refluxing, and iron-containing
hydroxy compounds nanoplate were formed [16]. DEG is also a
weak reducing agent, which could partly reduce Fe3+ to Fe2+ in
an N2 atmosphere. As a result, Fe3O4 species were produced.
Meanwhile, the DEG molecule may bridge the surface hydrox-
yl groups of the neighboring, just-synthesized particles, thus
bonding the aggregates of the primary particles into agglom-
erates during the low temperature sintering. The particle
shape is closely related to crystallographic surfaces that
enclose the particle [17]. Fe3O4 is based on a fcc close packed
oxygen lattice, where oxygen layers are closely packed in a
sequence of ABCABC. DEG has the polar –OH groups in each
end of its structure, which was selectively adsorbed on
different faces, resulting in differences between the surface
energies of the facets. It reduces gradually, changing the
growth rate of crystal planes along with the particle growth
during the high temperature sintering, and forming Fe3O4

tetrakaidecahedra in the end.
Raman spectroscopy is a powerful experimental technique

for distinguishing the species of iron oxides. It is hard to identify
the ironoxides basingonXRD results in somecasesdue to some
similar lattice characteristics among different species. Since
different phases of these oxides show distinct characteristic
Ramanmodes, the ironoxides canbe readilydistinguished. Line
a in Fig. 3 depicts a typical Raman spectrum of as-prepared
magnetite microcrystals. Three dominant Raman bands at 295,
524, and 655 cm−1 are observed, which correspond to the Eg, T2g

(2), and A1g mode of magnetite [18], respectively. The Raman
scattering result unambiguously confirms that the as-prepared
tetrakaidecahedralmicrocrystals observed in the SEMmeasure-
ments are magnetite, which is consistent with the XRD results.
Transformation of magnetite into hematite is very common in
nature. Under experimental conditions, magnetite is easily
prone to oxidationwhen exposed to heating or laser irradiation.
Actually, during the measurement of the Raman scattering
spectra upon the as-preparedmagnetitemicrocrystals the laser
powermustbe adjusted as lowaspossible to avoid oxidation.As
shown in Fig. 3, when the laser power was continuously
increased, the Raman spectra changed gradually from line a to
c, with new Raman modes observed which are distinct from
those of magnetite. To clarify the new Raman modes, after the



Fig. 2 – SEM images of (a) a perfect of tetrakaidecahedron; (b) the product without purifying; (c) the purified sample and (d) the
EDS pattern of tetrakaidecahedron Fe3O4.

Fig. 3 – Raman scattering spectra of the as-preparedmagnetite
microcrystalswithdifferent laserpower (Pa=Pd<Pb<Pc), andall
the spectra were recorded from the same focus spot of laser
irradiation.
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acquisitionof linec,we reduced the laserpower to the levelused
for recording line a, and acquired line d.We can see that the line
d exhibits the characteristic Raman modes of hematite [19].
Thuswecanconclude that theRamanmodesappearing in lineb
and c originate from hematite and the phase transition from
magnetite to hematite took place during the course of increas-
ing the laser power.We can see that theRamancharacteristic of
magnetite (depicted by a vertical arrow) is still observable in line
b, which suggests the coexistence of magnetite and hematite
under that intensity of laser irradiation. Compared with line d,
theRamanpeaks are broadened and red-shifted in lines b and c.
These features arise from the effect of local heating due to
relatively higher laser power, which enhances anharmonic
interactions. It is worth pointing out that the Raman spectra
from a to c document the direct transition from magnetite to
hematite when the laser power was continuously increased. In
other words, no other phase of iron oxides was detectable
during the oxidation ofmagnetite due to laser irradiation. In the
oxidation of magnetite, the crystal size is a crucial factor
determining the kinetics of oxidation and therefore different
oxidation mechanisms [20]. For small crystals (less than
300 nm), an intermediate phase, maghemite (γ-Fe2O3), is
produced before the final product α-Fe2O3 is formed. As for
larger crystals, magnetite goes directly to α-Fe2O3 with a
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continuous temperature increase, and no γ-Fe2O3 is formed
during the whole oxidation process. Therefore, the Raman
result of observed direct transition ofmagnetite to hematite can
be explained by the size of our magnetite product. As observed
from our SEM measurements, the typical size of the magnetite
microcrystals is about 2.0 μm, and no other phase of iron oxides
is expected to be formed during the oxidation of magnetite.
4. Conclusion

In summary, a novel and simple method to prepare Fe3O4

tetrakaidecahedra has been demonstrated using a two-step
refluxing and calcination procedure. The size of tetrakaideca-
hedral Fe3O4 was about 2.0 μm and a possible growth
mechanism has also been proposed. The Fe3O4 microcrystals
were studied by Raman scattering spectroscopy as well. The
results obtained show the unambiguous presence of magne-
tite. Moreover, direction transition of magnetite to hematite
due to laser irradiation was observed, which confirms the size
effect of the magnetite microcrystals revealed in SEM mea-
surements. This workmay lead to a wider consideration of the
unique properties of these structures and expand their
potential applications.
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