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a b s t r a c t

Iron oxide nanocubes were prepared by thermal decomposition of iron oleate complex in the presence
of oleic acid via microwave-assisted solvolthermal method, followed by Ostwald ripening procedures.
X-ray powder diffraction and transmission electron microscopy were used to characterize the structure
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and morphology of the products. The results revealed that the primary nanoparticles synthesized by
microwave heating were low crystalline spheres with an average diameter of about 6 nm. After aging at
180 ◦C, these iron oxides transform to crystalline �-Fe2O3 and trace amount of Fe3O4. The influence
of aging time on the size and morphology of �-Fe2O3 nanocrystals was studied. Room temperature
magnetization curves measured to study the magnetic properties of as-synthesized nanoparticles.
olvolthermal
stwald ripening

. Introduction

In recent years, magnetic nanoparticles have attracted consider-
ble attention not only for fundamental research, but also for broad
ange of applications, such as magnetic fluids [1], catalysis [2,3],
iotechnology and biomedicine [4], magnetic resonance imaging
5–7], etc. Among these magnetic materials, iron oxides (Fe2O3
nd Fe3O4) have been extensively investigated due to its excellent
erformance. The synthesis of uniform iron oxide nanoparticles is

mportant because the properties of these nanoparticles depend
trongly on their dimensions [7].

Various chemical routes to synthesize iron oxide nanoparticles
ave been developed, such as coprecipitation [8,9], hydrolysis of

ron salt [10,11], decomposition of organic iron precursor [12–15],
icroemulsion [16], hydrothermal and solvolthermal methods

17–19]. However, the relatively poor size uniformity and low
rystallinity of obtained nanoparticles strongly deteriorate their
erformance. Hence, the synthesis of monodisperse iron oxide
anoparticles with uniform size and high crystallinity remains a
hallenge.

Microwave can homogeneously heat the reaction medium

apidly, resulting in a blooming of nucleation, which is favorable
or small particle size and narrow particle size distribution. The
se of microwave in conventional hydrothermal system developed
new technique named microwave-hydrothermal method [20]. Yu
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et al. reported the synthesis of monodisperse �-Fe2O3 nanocrystals
with continuous aspect-ratio tuning and fine shape control by such
a method [21].

Herein, we report a simple solvolthermal method to prepare
uniform �-Fe2O3 nanocubes with high crystallinity. In our exper-
iments, a mild microwave-assisted solvolthermal method is used,
and an economic and environmentally friendly reagent, FeCl3
serves as Fe source.

2. Experimental

The Fe(oleate)3 complex was synthesized by the reaction between ferric chlo-
ride and sodium oleate. In a typical synthesis, 19.00 g of sodium oleate was mixed
with 6.38 g of oleic acid, 10 mL of ethanol and 10 mL of water. Subsequently, 28.00 g
triethylene glycol was added to above mixture under vigorous stirring to form a
homogeneous solution. Then a mixture solution composed of 2.00 g anhydrous fer-
ric chloride (FeCl3, 98%), 10 mL of ethanol and 10 mL of water was added to the
above solution dropwise. The mixture was heated to 80 ◦C and maintained at this
temperature for 6 h under continuous stirring. Two phases occurred in the reaction
system. The upper layer was henna organic layer containing Fe(oleate)3 complex
and oleic acid, whereas the bottom layer was aqueous solution.

The decomposition of Fe(oleate)3 was conducted by a microwave digestion sys-
tem. The obtained mixture solution was transferred into a Teflon-lined digestion
vessel, and subjected to microwave treatment operating at 2.45 GHz with a power
of 400 W for 6 min, then cooled down to room temperature naturally. Fine iron
oxide nanoparticles can be collected by centrifugation and washed with ethanol
three times.

The Ostwald ripening procedure was carried out by transferring the microwave-

treated mixture into a Teflon-lined stainless autoclave, and aging in an oven at
180 ◦C for 10 h and 20 h respectively. When it was cooled to room temperature, the
precipitate was collected by centrifugation and washed with ethanol three times.

X-ray diffraction (XRD) patterns were collected on an X’Pert Pro X-ray diffraction
meter with Cu K� radiation (� = 0.154 nm) operating at 40 kV and 30 mA. The scan
range (2�) was from 10◦ to 60◦ with a step of 0.08◦ and scan speed of 5.00◦/min.
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ig. 1. XRD patterns of iron oxide nanoparticles synthesized via microwave heating
a), and microwave heating followed by aging at 180 ◦C for 10 h (b) and 20 h (c)
espectively.

ransmission electron microscopy (TEM) observation was carried out on JEOL-
00CX operating at 100 kV. The samples for TEM observation were prepared by
ropping one or two droplets of cyclohexane dispersion of as-synthesized nanopar-
icles on the carbon-coated copper grids and drying at room temperature. The

agnetization curves of as-synthesized nanoparticles were acquired on a LakeShore
ibrating sample magnetometer (VSM, model 7037/9509-P) at room temperature.

. Results and discussion

Fig. 1a shows the XRD pattern of as-synthesized products by
icrowave heating. No clear peaks can be identified except weak

eaks located at 2� values of 36◦ and 41◦, due to its low crystallinity
n the fast nucleation process. The broadening of peak widths indi-
ates the smaller size of the particles.

After aging at 180 ◦C, diffraction peaks in Fig. 1b and c show
he evolution of �-Fe2O3 with characteristic peaks of (0 1 2), (1 0 4),
1 1 0), (1 1 3), (0 2 4), (1 1 6) and (1 2 2) (JCPDS 86-0550), which also
oincide with the appearance of cubic shaped nanoparticles shown
n TEM images. Impure peaks located at 2� values of 31◦, 43◦ can be

ssigned to magnetite (Fe3O4). Usually, the thermal decomposition
f metal carboxylates result in the formation of metal oxide along
ith other byproducts such as CO, CO2, H2, ketones, esters, and
ydrocarbons with various chain lengths. Consequently, it seems
hat a trace amount of CO, H2, and carbon produced by the thermal

ig. 3. TEM images of iron oxide nanoparticles synthesized via microwave heating follow
Fig. 2. TEM image of iron oxide nanoparticles synthesized via microwave heating
(scale bar: 90 nm).

decomposition of iron oleate complex is responsible for the reduc-
tion of Fe3+ to Fe2+, that lead to the appearance of Fe3O4. The ratio of
integral intensity of Fe3O4 diffraction peaks to that of �-Fe2O3 for
aging 10 h and 20 h are about 0.078 and 0.082, respectively, which
indicates that �-Fe2O3 is the major product. The peak position and
relative intensity of the two ripened samples match well to each
other, suggesting that they have the same crystal structure. With
an aging time of 20 h, the intensity of peaks increased significantly
compared to that of 10 h, indicating the increase of crystallinity and
grain size of the nanoparticles.

Fig. 2 shows the TEM image of particles synthesized via
microwave heating. During microwave irradiation processes, the
rapid nucleation produced relatively uniform small spherical iron
oxide nanoparticles with average diameter of about 6 nm. These
small nanoparticles have low crystallinity as indicated by XRD
results (Fig. 1a).

After aging at 180 ◦C for 10 h, it has been observed that most

particles were cubic with the size of 13 nm and larded with small
spherical particles (Fig. 3a). During the aging progress, the small
spherical particles change their morphologies gradually through
Oswald ripening, in which smaller nanoparticles dissolved and

ed by aging at 180 ◦C for (a) 10 h (scale bar: 90 nm) and (b) 20 h (scale bar: 200 nm).
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ig. 4. Room temperature magnetization curves of iron oxide nanoparticles synthe-
ized via microwave heating (a) and microwave heating followed by aging at 180 ◦C
or 20 h (b). Insets are closer look of traces (a) and (b).

edeposited on the surface of bigger nanoparticles. The appear-
nce of cubic nanoparticles coincide with the evolution of �-Fe2O3
haracteristic peaks in XRD pattern (Fig. 1b and c).

When the aging time was prolonged to 20 h, small particles
lmost disappeared and the size of cubic particles increased to
8 nm with high crystalline nature (Fig. 3b). But a small amount
f large and irregular shaped particles also appeared. So a proper
ging time is necessary to obtain uniform nanocubes.

The magnetization curves of as-synthesized iron oxide nanopar-
icles measured at room temperature are shown in Fig. 4. The
aturation magnetization increases from 8 emu/g to 30 emu/g
hen aging at 180 ◦C for 20 h. This can be attributed to the growth

f particles size and the improvement of crystallinity. Since the
ematite (�-Fe2O3) is weakly magnetic at room temperature, the
elative higher saturation magnetization can be attributed to the
resence of Fe3O4, which was confirmed by XRD results (Fig. 1).
ue to the small particle size, the iron oxide nanoparticles syn-

hesized by microwave heating (Fig. 4(a)) is superparamagnetic
t room temperature, but when aging at 180 ◦C for 20 h, the iron
xide nanoparticles become ferromagnetic that exhibit an obvious
ysteresis phenomenon. This is because the particle size already
xceeds the critical size of superparamagnetic.
. Conclusions

Cubic iron oxide nanoparticles were prepared via microwave-
ssisted solvolthermal method followed by Ostwald ripening

[
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procedures. Microwave-solvolthermal produced primary small
spherical particles with low crystallinity due to a fast nucleation
process. These small particles exhibit superparamagnetic charac-
ter at room temperature. At the early stage of aging process, cubic
shaped crystalline �-Fe2O3 with a trace amount of Fe3O4 formed,
larded with small spherical particles. With the prolonging of aging
time, small spherical particles transformed into cubic particles
mostly, and a small amount of large and irregular shaped parti-
cles appeared, the corresponding magnetic properties change from
superparamagnetic to ferromagnetic.
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