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Abstract

Flower-like magnetite (Fe3O4) microstructures have been successfully prepared through a novel single-microemulsion-mediated solvothermal
route at a relatively low temperature. X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM) were employed to characterize the samples. The time-dependent experiments were conducted to explore the growth
mechanism. Room temperature magnetic measurement reveals that the as-obtained Fe3O4 flower-like structures possess a high saturation
magnetization and exhibit a superparamagnetic nature, making them potentially useful in environmental and biomedical applications.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Magnetic properties; Magnetite; Flower-like structures; Growth from solutions
1. Introduction

In the past decades, iron oxides have received much attention
because of their low cost, abundance, and environmental
friendliness [1,2]. Fe3O4 is one of the most important crystal
phases among iron oxides. It is a kind of significant magnetic
material with the bulk saturation magnetization of about 85–
100 emu/g [3]. Micro/nanostructured Fe3O4 is of great impor-
tance in various fields, including biomaterials diagnostics,
catalysis, ferrofluids, magnetic resonance imaging, immuno-
assay, drug and gene delivery [4–7]. To date, a series of
solution-based routes and vapor-phase process have been
developed for the synthesis of Fe3O4. Numerous Fe3O4 micro/
nanostructures, such as nanoparticles [8], one-dimensional (1D)
nanorods [9,10], nanowires [11], nanotubes [12], nanobelts [13],
nanochains [14], two-dimensional (2D) nanosheets [15], three-
dimensional (3D) dendrite-like [16], dandelion-like [17], wafer-
like [18] nanostructures have been fabricated by these strategies.
However, to the best of our knowledge, there are only limited
publications on the preparation of hierarchical Fe3O4 flower-like
micro/nanostructures, which have high specific surface areas are
the most suitable candidates for sensors and wastewater treat-
ment. For example, flower-shaped Fe3O4 structures prepared
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through an ethylene-glycol-mediated self-assembly process
demonstrated excellent ability to remove various pollutants
from water [19]. Fe3O4 flower-like structures formed by a
microwave-assisted ethylene glycol approach in the presence of
the PEO-PPO-PEO block copolymers displayed attractive
magnetic and gas sensing properties [20]. Hierarchical Fe3O4

flower-like structures obtained via an ultrasound-assisted hydro-
thermal route and subsequent calcining process exhibited a
strong capability to get rid of organic contaminants [21].
Although much progress has been made in synthesis of

hierarchical magnetite architectures, mild synthetic routes
under moderate temperature are still required. Herein, we
report a novel and facile single-microemulsion-based sol-
vothermal method to fabricate Fe3O4 micrometer-scale crystals
with flower-like morphologies. The Fe3O4 microflowers can be
fast easily formed at solvothermal temperature as low as
140 1C. Growth mechanism and magnetic properties of these
Fe3O4 microflowers were also investigated.

2. Experimental section

2.1. Synthesis

All reagents are analytically pure and used as-received without
further purification. In a typical procedure, FeCl3 � 6H2O (0.27 g)
was dissolved into ethylene glycol (EG, 50 mL) to form a stable
ghts reserved.
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orange solution. Then, a reverse microemulsion solution was
prepared by adding 0.6 mL of 0.05 M KOH aqueous solution
into OP/cyclohexane/n-octanol system (according to the mass
ratio OP/cyclohexane/n-octanol¼5/16/4), the mixing solution
was stirred for 10 min until it became transparent. Subsequently,
0.6 mL of the above stable orange solution was added dropwise
into the microemulsion and kept under stirring for another
30 min. Afterwards, the resulting solution was transferred to a
30-mL Teflon-lined stainless-steel autoclave and maintained at
140 1C for 10 h. After cooling to the room temperature naturally,
black precipitates were collected by centrifugation, and washed
with deionized water and absolute ethanol repeatedly and dried in
vacuum at 50 1C for 4 h.
2.2. Characterization

Phase identification was done by the powder X-ray diffraction
(XRD) using an X-ray diffractometer (the Philips X'Pert) with Cu
Kα radiation (λ¼1.5406 Å). Field emission scanning electron
microscopy (FE-SEM) images and X-ray energy dispersive
spectroscopy (EDS) analyses were obtained using a Sirion 200
FEG microscope, and the as-synthesized products were dispersed
on the Si substrate. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) observations were
carried out on a JEM-200CX instrument (operated at 200 kV).
The magnetic hysteresis loops were measured by a vibrating
sample magnetometer (VSM, Lake Shore 7410).
Fig. 1. FE-SEM images (a, b), TEM image (c) and SAED pattern
3. Results and discussion

Fig. 1(a) and (b) displays the FE-SEM images of the as-
prepared products, which depict that the products are well-
grown flower-like structures with diameter of �5 μm. The
assembly of flower-like microstructures consisted of tens of
hundreds of nanosheets, whose surface is rough with the
thickness of �25 nm. Fig. 1(c) presents the TEM image of an
individual nanosheet, from which we can see that the
nanosheet is made up of numerous small nanoparticles whose
size is about 10 nm. The SAED rings (Fig. 1(d)), taken from
the microflower, exhibit the high polycrystalline nature of the
product. Fig. 2(a) describes XRD patterns of the flower-like
microstructures. All detectable peaks can be assigned to a pure
cubic structured Fe3O4 (JCPDS no. 65-3107). The EDS data
(Fig. 2(b)) have also been recorded with the microflower,
where signals from Fe, O and Si were detected, among which
Si comes from the substrate, Fe and O come from the product.
It can further confirm the Fe3O4 compositions of the sample.
For better understanding the formation mechanism of the

flower-like microstructures, reaction products prepared at differ-
ent growth times were examined by XRD and FE-SEM
observations. Fig. 3 lists representative XRD patterns of the
samples generated at selected intervals, the results depict that all
the peaks can be indexed to cubic structure of magnetite
according to JCPDS card no. 65-3107. Noticeably, the inten-
sities of the peaks are gradually increased with increasing the
reaction time, suggesting that the longer reaction time favors the
crystallization of Fe3O4 phase. Fig. 4 plots the FE-SEM images
(d) of the flower-like magnetite synthesized at 140 1C for 10 h.



Fig. 2. XRD pattern (a) and EDS data (b) of the flower-like magnetite obtained at 140 1C for 10 h.

Fig. 3. XRD patterns of magnetite samples at different stages: (a) 2 h, (b) 4 h
and (c) 8 h. The inset photographs show that the as-synthesized magnetite
sample can be easily dispersed in absolute ethanol and also be drawn from the
solution to the sidewall of the vial by an assistant magnet field.
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of the same samples as listed in Fig. 3. At the early stage, the
nanoparticles with diameter of �30 nm were formed when
dropping the stable orange FeCl3 ethylene glycol solution into
the KOH microemulsion and the subsequent solvothermal treat-
ment at 140 1C for 2 h, as a result of the homogeneous
nucleation and crystallization in the system (Fig. 4(a)). As the
reaction time was prolonged to 4 h, some nanosheets began to
appear in the restricted water pools with the help of the nano-
particles, as marked by white rings (Fig. 4(b)). When the reac-
tion proceeded to 8 h, more nanosheets developed (Fig. 4(c)).
This observation is based on the oriented growth habit of Fe3O4

crystals and the selective absorption of surfactant molecules on
the faces of the prime crystals [22–24]. After the formation of
nanosheets, the main nanobuilding blocks of microflowers has
been built. While the aging time was extended to 10 h, the
perfectly flower-like microstructures fully received as a conse-
quence of the self-assembly process (see Fig. 1(a)). On the basis
of shape evolution discussed above, we believe that the
preparation of flower-like Fe3O4 experienced a nanobuilding
blocks self-assembly process on account of the oriented growth
behavior of Fe3O4 crystals. The schematic diagram of the
proposed growth mechanism of Fe3O4 microflowers is shown
in Fig. 5.
The magnetic properties of the well-defined Fe3O4 micro-

flowers were measured at 300 K using VSM from �20,000 to
20,000 Oe. Fig. 6 shows the hysteresis loops of the flower-like
Fe3O4 microstructures. The result indicates that the reversible
characteristic with no hysteresis, illustrating that the sample is
superparamagnetic at room temperature. Generally, magnetite
particles with sizes below 30 nm can have superparamagnetic
properties [25]. The size of flower-like Fe3O4 is more than
1 μm, but they still exhibit superparamagnetic behavior, which
can be attributed to the fact that the flowers are assembled by
nanosheets, while the nanosheets are composed of primary
nanoparticles about 10 nm, less than the critical value 30 nm.
Superparamagnetic magnetite nanoparticles always have low
saturation magnetization because of their small size [26]. But,
our superparamagnetic Fe3O4 microflowers show relative high
saturation magnetization (69.1 emu/g), which possibly for their
self-assembly structure and small amount of nanoparticles
existing in the sample [23,27,28]. More detailed investigations
on the magnetic properties and the factors influencing forma-
tion of this sample are in progress.
4. Conclusions

In summary, flower-like Fe3O4 microstructures have been
successfully synthesized by a facile single-microemulsion-
based solvothermal route. The growth mechanism of the as-
made Fe3O4 microflowers was proposed, which includes the
formation of nanoparticles and their oriented growth as well as
the self-assembly process. The magnetism analysis elucidates
that the as-grown sample is superparamagnetic with a satura-
tion magnetization of 69.1 emu/g. It is expected that these
flower-like structures will offer more opportunities for both
fundamental research and a crucial object for building blocks



Fig. 4. FE-SEM images of magnetite products at different times: (a) 2 h, (b) 4 h and (c) 8 h.

Fig. 5. Schematic illustration of the morphological evolution process of magnetite microflowers.

Fig. 6. Magnetic hysteresis loops of magnetite microflowers at room
temperature.

Y. Li et al. / Ceramics International 40 (2014) 4791–47954794
for nanodevices in the future. Additionally, the present work
may open a novel convenient and effective way to prepare
other metal oxide hierarchical structured micro/nanomaterials.
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