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Large-scale cauliflower-like Fes04 architectures consist of well-assembled magnetite nanocrystal
clusters have been synthesized by a simple solvothermal process. The as-synthesized Fe;04 samples
were characterized by XRD, XPS, FT-IR, SEM, TEM, etc. The results show that the samples exhibit
cauliflower-like hierarchical microstructures. The influences of synthesis parameters on the morphol-
ogy of the samples were experimentally investigated. Magnetic properties of the Fe;04 cauliflower-like
hierarchical microstructures have been detected by VSM at room temperature, showing a relatively low
saturation magnetization of 65 emu/g and an enhanced coercive force of 247 Oe.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

During the past few years, the synthesis and characterization
of nanoscale magnetic materials have aroused extensive attention
as the materials in this size would allow investigating the
fundamental aspects of magnetic-ordering phenomena in mag-
netic materials with reduced dimensions and could also lead to
new potential applications such as high-density recording media,
magnetic sensors, and so forth [1]. Magnetite (Fes0,) is one of the
most important magnetic materials and has been widely used in
electronic devices, information storage, magnetic resonance ima-
ging (MRI), and drug-delivery technology [2-6]. To date, various
nanostructures of magnetites, such as nanorods [7,8], nanowires
[9,10], nanotubes [11], nanopyramids [12], nanooctahedra
[13-15], hollow microspheres [16,17], and flower-like nanostruc-
tures [18-21] have been prepared by a variety of methods,
including reverse-micelle transition, hydro/solvothermal treat-
ment, magnetic-field induction, wet-chemical etching, chemical
vapor deposition, and polyol-mediated process. Although Fe304
nanocrystallites with different morphologies [7-23] were synthe-
sized previously, to the best of our knowledge, there are few
reports on the synthesis of complex structure Fe;04 architectures
without any surfactants or templates through a solution-based
approach. The exploration of mild synthetic methods of magnetic
materials with controllable size and morphology at moderate
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temperature without surfactants or templates remains an impor-
tant challenge.

In this study, we present a facile solution-phase approach to
cauliflower-like Fe30,4 hierarchical microstructures in ethylene gly-
col (EG) solution without employing any surfactants or templates.
The advantages of this method are that long time is not required for
crystal growth, cheap inorganic salts are used as raw materials, and
reaction conditions is easily controlled for mass production. The
phase purity, shape, size, and structure of the as-prepared samples
are characterized using XRD, SEM, TEM, etc. Magnetic measure-
ments at room temperature indicate that the saturation magnetiza-
tion and the coercivity of cauliflower-like FesO, hierarchical
microstructures are 65emu/g and 247 Oe, respectively. These
Fe30,4 architectures may have potential applications in catalysis,
magnetic, biological, and sensing related fields.

2. Experimental

Iron(Ill) chloride hexahydrate (FeCls-6H,0), ethylenediamine
(EDA), ethylene glycol (EG), and ethanol were purchased from
Beijing Chemical Reagent Ltd. (Beijing, China) and used as
received without further purification. In a typical experiment,
30 mL solution consisting of FeCl; - 6H,0 was prepared by dissol-
ving FeCls-6H,0(1.35 g) in EG. Subsequently, 6 mL ethylenedia-
mine (EDA) was added drop-wise into the above solution and the
mixture was stirred for an additional 1 h at room temperature.
Then, the mixture was transferred into a Teflon-lined stainless-
steel autoclave of 50 mL capacity. The autoclave was sealed and
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maintained at 200 °C for 12 h and then was cooled to room
temperature. A sample in powder form was obtained by centrifu-
ging, sequentially rinsing with ethanol for several times, and then
dried in a vacuum oven at 60 °C for 6 h.

The phase purity of the product was examined by X-ray
diffraction (XRD) using a Rigaku D/max 2500 diffractometer with
Cu-Kao: radiation (1=1.5406 A). X-ray photoelectron spectroscopy
(XPS) data were obtained with an ESCALab220i-XL electron
spectrometer from VG Scientific using 300 W Al Ko radiation.
The binding energies were referenced to the Cls line at 284.8 eV
from adventitious carbon. Scanning electron microscopy (SEM)
images and X-ray energy dispersive spectroscopy (EDS) analyses
were performed using a Hitachi S-4800 microscope (Japan).
Transmission electron microscopy (TEM) images and the corre-
sponding selected area electron diffraction (SAED) pattern were
taken on a FEI Tecnai G2 20 transmission electron microscope.
Fourier transform infrared (FT-IR) spectrum was recorded with a
Varian 3100 FT-IR spectrometer using a KBr wafer. Magnetic
measurement for the samples in the powder form was carried out
at room temperature using a vibrating sample magnetometer (VSM,
Lakeshore 7307, USA) with a maximum magnetic field of 10 kOe.

3. Results and discussion

Fig. 1a is the typical XRD pattern of the sample obtained at
200 °C for 12 h in ethylene glycol (EG) solution, using FeCls - 6H,0
and EDA as the starting materials. It is clearly noticed that all
diffraction peaks in the XRD pattern can be perfectly indexed as
face-centered cubic Fes04 with lattice constant a=0.8390 nm,
which is very close to the reported data (JCPDS 85-1436). No
other peaks of impurities could be found in the XRD pattern. The
peaks shown in the XRD pattern are sharp and intense, indicating
good crystallinity. Fig. 1b shows representative XPS spectrum of
the prepared product. The photoelectron peaks at 711.7 and
725.2 eV are the characteristic doublet of Fe 2ps;> and 2pqp
core-level spectra of iron oxide, respectively, which is consistent
with the oxidation state of Fe in Fe304. Fig. 1c exhibits FT-IR
spectrum of as-synthesized cauliflower-like Fe;04 hierarchical
microstructures. The strong absorption band around 575 cm ™!
is assigned to Fe-O stretching vibration modes, proving the
existence of Fe;04 [24,25]. The band at 1627.4cm~' (—NH,)
found in Fig. 1c indicates the existence of the free —NH, group on
the magnetites.

a b
12000 -
1 o
10000 4 7117 725.2
8000 - .
= ]
;i 1 S oA
> 6000 = z
2 | < c
5} S ~ T 2
y= & —~ = S 2
= 4000 N = @ S
. — -~ X —
~ N N
2000 by 8 g
] 0 200 400 600 800 1000 1200
0 Binding Energy (eV)
T T v T v T v T v T T T T T T T T
10 20 30 40 50 60 70 700 710 720 730 740
2Theta (degree) Binding Energy (eV)
C
50
40 H
E)
)
o 30 -
[&]
C
S
5 20
)
'_
10 +
0

T
2000

T
1500

T T T
1000 500

Wave number (cm-1)

Fig. 1. (a) XRD pattern and (b) X-ray photoelectron spectra of the as-prepared samples in the presence of EDA at 200 °C for 12 h, (c¢) FT-IR spectrum of the magnetites

obtained in the presence of EDA.
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Fig. 2. (a) Low-magnification SEM image of the large-scale self-assembled cauliflower-like Fe;04 hierarchical microstructures dispersing harmoniously. Inset of (a): the
size distribution of the as-synthesized samples, (b) high-magnification SEM image of the cauliflower-like Fe304 hierarchical microstructures, (c) EDS result of the
cauliflower-like Fe304 hierarchical microstructures. The inset photographs in (c) show that the as-synthesized Fe;04 sample can be easily dispersed in water and also be

drawn from the solution to the sidewall of the vial by an assistant magnet field.

The SEM images of the as-synthesized Fe304 samples obtained
at 200 °C for 12 h are shown in Fig. 2. Clearly, the products consist
of a high yield of uniform Fe304 particles ranging in size from 200
to 300 nm (Fig. 2a), showing a relatively narrow size distribution
(inset of Fig. 2a). The magnified SEM image showed in Fig. 2b
displays that the Fe;0,4 particles have cauliflower-like hierarchical
microstructures, which are built from several dozen of nanocrys-
tal clusters with size of 20-50 nm. The as-prepared products were
also determined by EDS analysis under N, atmosphere. The EDS
result shown in Fig. 2c demonstrates that the as-prepared
samples contain Fe and O with the Fe/O atomic ratio of ~3:4,
which agrees well with the expected stoichiometry. The presence
of C could come from the conducting resin during measurements.

Further observation on the structure of the as-synthesized
Fe304 samples was conducted by TEM (Fig. 3a). In agreement with
the above SEM findings, a cauliflower-like hierarchical micro-
structure can be seen from the image. The corresponding SAED
pattern taken from an individual cauliflower-like Fe30,4 hierarch-
ical microstructure is shown in Fig. 3b. It is interesting that the
assembled structure with nanocrystal clusters exhibits an almost
single-crystalline diffraction pattern, which can be indexed to the
face-centered cubic structure with phase purity [26,27]. Fig. 3c
shows the enlarged TEM image of the edge area of one individual
cauliflower-like Fe;04 hierarchical microstructure. The high-reso-
lution TEM (HRTEM) images of the different areas marked by
rectangles are demonstrated in Fig. 3d and e. The clear lattice
image indicates the high crystallinity and single-crystalline nat-
ure of the Fe304 hierarchical microstructure. A lattice spacing of
0.49 nm for the (11 1) planes can be readily resolved.

The morphology of as-synthesized Fe;04 samples is distinctly
different from the nanotubes, nanowires, and nanorods. Template
synthesis is a general approach to obtain complex structured
micro/nanomaterials. However, in this work, cauliflower-like
Fe304 hierarchical microstructures were synthesized in EG solu-
tion without employing any surfactants or templates, thus EDA
may play an important role in the formation of cauliflower-like
hierarchical structures. As we known, EDA is an important ligand
for metal ions and has been widely employed as a shape
controller and stabilizer in the synthesis of fine handkerchief-like
Ni and NiCo nanoalloys [28], ZnSe flowerlike nanoarchitectures
[29], hollow CdS nanoboxes [30], hexagonal, star-shaped and
snowflake-shaped Cu structures [31], dendrite-like SnS [32],
nanorods and flowerlike ZnO structures [33].

In order to investigate the effect of EDA on the formation,
morphology, and structure of the as-obtained products, controlled
experiments were conducted. With other synthetic conditions
held constant, adjusting the amount of EDA led to an obvious
shape evolution of Fe;0, particles from solid microspheres to
hollow microspheres, cauliflower-like hierarchical microstruc-
tures and inhomogeneous micro/nanoparticles as shown in
Fig. 4. It has been proved that the concentration or amount of
surfactant can dramatically affect the evolution of the shape of
inorganic crystals. When the amount of EDA was 0.8 mL in the
solution, the Fe304 solid spheres were obtained as dominant
product (Fig. 4a). When the amount of EDA increased up to
3.0 mL, the high yield of Fe;04 hollow spheres was obtained
(Fig. 4b). When the EDA amount was increased to 6.0 mL, the
nanoparticles serving as building blocks began to exhibit a strong
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(220)

Fig. 3. (a) TEM image of cauliflower-like Fe;04 hierarchical microstructures, (b) the corresponding SAED pattern taken from an individual cauliflower-like Fe304
hierarchical microstructure, (c) enlarged TEM image obtained from the edge area of one individual cauliflower-like Fe;04 hierarchical microstructure, (d) HRTEM image of
A area (indicated by a rectangle in c¢), and (e) HRTEM image of B area (indicated by a rectangle in c).

tendency to assemble into cauliflower-like hierarchical micro-
structures under the experimental conditions (see Fig. 4c). How-
ever, when the amount of EDA was more than 6 mlL, the
cauliflower-like hierarchical microstructures disappeared, and
inhomogeneous micro/nanoparticles were also obtained (Fig. 4d).

Besides the amount of EDA, the shape, and structure of as-
synthesized samples were also affected by other synthesis para-
meters such as synthesis temperature, time, etc. For example,
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Fig. 4. TEM micrographs of the samples prepared at 200 °C for different amount of EDA: (a) 0.8 mL, (b) 3 mL, (c) 6 mL, and (d) 10 mL.

when the temperature was lower than 200 °C, no magnetite can
be obtained. To investigate the formation process of the cauli-
flower-like hierarchical microstructures, time-dependent experi-
ments were carried out. The results showed that the reaction
duration was also found to be an another important factor. Our
time-dependent experiments revealed that only yellow rather
than black precipitates could be obtained when the reaction time
was less than or equal to 8 h (Fig. 5a). The TEM image shown in
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Fig. 5. (a) Suspension, (b) TEM image, and (c) XRD pattern of the as-prepared
samples in the presence of EDA at 200 °C for 6 h.
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Fig. 6. XRD patterns of the products obtained at different reaction times: (a) 8.5 h,
(b) 10 h, (c) 12 h, and (d) 16 h.

Fig. 5b displays that the samples obtained in the presence of EDA
at 200 °C for 6 h have a rod-like structure. Based on the XRD result
(see Fig. 5c), the above-obtained yellow sample shows the pure
phase of a-FeOOH. When the time was increased to 8.5h we
could acquire brownish-black precipitation. The peaks belonged
to spinel Fe304 appeared on the XRD pattern (Fig. 6a), implying
the start of crystallization. The TEM image shown in Fig. 7a
displays the product consisted of solid spheres with diameters
about 150 nm. Extending the time to 10 h, the crystallinity of the
product was increased (Fig. 6b), at the same time, we could
observe that the spheres grew larger continuously (Fig. 7b),

indicating that assembly is still underway. Careful observation
of a single sphere revealed that the sphere was constructed of a
large number of nanoparticles. As the reaction time went on to
12 h, the products were completely transformed into well-crys-
tallized cauliflower-like hierarchical microstructures (Figs. 6¢ and
7¢). Further prolonging the reaction time to 16 h, the intensity of
all the peaks belonging to the spinel Fe;04 increased (Fig. 6d),
suggesting that the longer reaction time favors the crystallization
of the Fe304 phase. Careful comparison of Fig. 7c and d revealed
that the microstructures were increased to about 250 nm and the
sizes of nanocrystal clusters obviously became larger (Fig. 7d). Of
course, similar to the previous reports in the literature, all the
parameters for the controlled synthesis of nanocrystals under
solvothermal conditions should be interdependent, thus resulting
in interesting combinations for the shape-selective synthesis of
various Fe30,4 particles.

On the basis of the above results, a possible formation process
can be schematically illustrated in Fig. 8. In our synthesis, Fe3* in
EG solution reacted first with EDA to form a relatively stable
octahedral structure of Fe>*-EDA complex under ambient con-
ditions. The formation of Fe(EDA)$* sharply decreased the free
Fe>* concentration in the solution, resulting in a relatively slow
formation rate of FeOOH. A slow formation rate led to the
separation of nucleation and growth steps, which is crucial for
synthesis of high-quality crystal. Afterwards, at a relatively high
temperature and auto-generated vapor pressure, the complex
decomposed and released EDA. As a result, the rod-like FefOOH
was firstly formed. As the reaction proceeded, the FeOOH nano-
particles may re-dissolve in the solution and react with Fe?* from
the reduction of Fe3* in EG solution at 200 °C to form Fes0,
nanoparticles. The nanoparticles tend to aggregate and form
Fes04 nanocrystal clusters, driven by the minimization of inter-
facial energy [34] and the magnetic dipole-dipole interaction.
Due to the obvious difference of polarity between EDA and EG,
EDA can act as the surfactant in EG to form a layer on the surface
of Fe304 nanocrystals and induce the assembly and growth of
Fes04 nanocrystal clusters, similar to those surfactants used in the
hydrothermal system to control the growth of nanostructures. As
a result, cauliflower-like Fe;04 hierarchical microstructures in EG
solution might form under solvothermal conditions.

As one of the important crystal growth mechanisms, oriented
assembly has been extensively investigated in aqueous solutions.
Compared to the fast nucleation and aggregation growth in
aqueous solution, the nanocrystals aggregated in the EG solution
are kinetically slower due to fewer surface hydroxyls and greater
viscosity, thus allowing the nanocrystals to rotate adequately to
find the low-energy configuration interface and form perfectly
oriented assemblies [35]. As a result, the cauliflower-like Fe;04
hierarchitectures organized so well that they exhibited the
feature of single crystals. Furthermore, when the surface-capped
nanocrystals were used as building blocks, they were difficult to
assemble into compact single-crystal structure so that the pro-
ducts with mesoporous-like structure were obtained [36].

The magnetic properties of the as-obtained Fe;0,4 samples were
investigated with a vibrating sample magnetometer (VSM) at room
temperature in the applied magnetic field sweeping from —10 to
10 kOe. The hysteresis loops of the as-synthesized Fe30, samples
are exhibited in Fig. 9. It can be seen from Fig. 9 that the saturation
magnetizations (M;) are 85, 68 and 65emu/g for FesO4 solid
microspheres, hollow microspheres, and cauliflower-like hierarch-
ical microstructures, respectively. The saturation magnetization for
Fes04 hollow microspheres and cauliflower-like hierarchical
microstructures are also expected to be lower than for the
corresponding bulk (Ms=92 emu/g) [37]. Compared to the coer-
civity value (H.) of Fe30,4 solid microspheres (ca. 47 Oe) and hollow
microspheres (ca. 94 Oe), the cauliflower-like Fe304 hierarchical
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Fig. 7. TEM images of the products obtained at different reaction times: (a) 8.5 h, (b) 10 h, (c) 12 h, and (d) 16 h.
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Fig. 8. Schematic illustration of the formation of cauliflower-like Fe;04 hierarch-
ical microstructures.

100
80 -

60 -
40 -
20
.
20 4

M (emu/g)

40 -
-60 -

-80 -

-100 _—
-8000 -4000 0 4000 8000
H (Oe)

Fig. 9. Room temperature magnetization curves for the as-obtained samples:
(a) the solid spheres, (b) the hollow spheres, and (c) cauliflower-like Fe304
hierarchical microstructures.

microstructures exhibit an enhanced value (ca. 247 Oe), which
differ from that of the Fe;04 nanooctahedra (ca. 74 Oe), nanoroses
(ca. 225 Oe), dendritic microstructures (271.4 Oe), and so on. It is
well known that the size, structure, and shape may affect the
magnetic properties of the product. The different magnetizations
and coercivities of as-synthesized products may be attributed to
the different morphologies and structures of Fe304 particles.

4. Conclusion

In summary, cauliflower-like Fe;O4 hierarchical microstruc-
tures have been synthesized using a solvothermal growth
method. This method is based on a mild and direct reaction
between FeCls - 6H,0 and EDA in EG solution. The results of XRD,
SEM, and TEM show that the as-synthesized samples have cauli-
flower-like hierarchical microstructures with the average size of
about 240 m in diameter. This cauliflower-like hierarchical micro-
structure comprises of nanocrystal clusters that are 20-50 nm in
scale. According to the results, it is reasonable to assume that EDA
plays an important role in determining the shape of the Fe;04
architectures. Magnetic properties of cauliflower-like Fes04 hier-
archical microstructures show a relatively low saturation magne-
tization of 65 emu/g and an enhanced coercive force of 247 Oe,
which may be attributed to their morphology and structure. The
as-prepared Fe;04 hierarchical microstructures are expected to be
useful in catalysis, magnetic, biological, and sensing related fields.
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