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Abstract

Shuttle-like o-Fe,O3 nanoparticles have been successfully synthesized via a new soft-template route using polyethylene glycol
(PEG) as polymer, cetyltrimethylammonium bromide (CTAB) as surfactant and FeCl; - 6H,O as iron source materials. Meanwhile,
spherical «-Fe,O3; nanoparticles are also fabricated under the similar conditions without surfactant and polymer. The resultant
products are characterized by means of thermalgravimetric analysis (TGA), powder X-ray diffraction (XRD), infrared (IR)
spectroscopy, transmission electron micrograph (TEM), X-ray photoelectron spectra (XPS) and magnetization measurements. The
homogeneous a-Fe,O3 nanoparticles with shuttle-like shape have an average length of 120 nm and a mean diameter of about 50 nm
in the middle part (an average aspect ratio of about 2.5) whereas spherical a-Fe,O; nanoparticles have a mean particle diameter of
about 35nm. Magnetic hysteresis measurements reveal that shuttle-like «-Fe,O; nanoparticles display normal ferromagnetic
behaviors while spherical a-Fe,O3; nanoparticles exhibit weak ferromagnetic behaviors at room temperature. The two types of
a-Fe,O3 exhibit hysteretic features with the remanence and coercivity of 0.156 emu/g and 664 Oe, 0.048 emu/g and 110 Qe,
respectively. The higher remanent magnetization and coercivity of shuttle-like a-Fe,O5; nanoparticles may be associated with the

aspect ratio of a-Fe,Oj; since shape anisotropy would exert a tremendous influence on their magnetic properties.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nanostructures have received steadily growing interests
because of their special electronic, optical, magnetic, and
physicochemical properties superior to their bulk counter-
parts [1-3]. Iron oxides have been widely used for a long
time due to their excellent ferromagnetic properties.
Among them, a-Fe,O; is the most researched polymorph
existing in nature as the mineral hematite. Hematite has a
rhombohedrally centered hexagonal structure of the
corundum type with a close-packed oxygen lattice in
which two-thirds of the octahedral sites are occupied by Fe
(I11) ions [4]. Additionally, bulk «-Fe,O5 is an antiferro-
magnetic material with the Néel temperature (950 K) and
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the Morin transition temperature (263 K). The unusual
magnetic behavior of «-Fe,Os has recently been studied
extensively [5,6]. As stimulated by both the promising
applications of iron oxide and the novel properties of
nano-scaled materials, synthesis of «-Fe,O; with nan-
ometer dimension is the subject of considerable topical
importance. Nanostructured hematite, such as shuttle-like
[7,8], nanowire [9-11], nanorod [12] and nanotube [13] has
been reported. However, the magnetic properties of those
nanostructures have almost never been discussed. These
artificial structures can be manipulated to achieve tailored
materials for applications and for exploration of physical
phenomena, as the magnetic properties of this kind of
materials should differ from those of both individual
nanoparticles and bulk materials.

Recently, it has been displayed that polymer—surfac-
tant complexes are promising candidates for the
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synthesis of various nanostructures because their syner-
gic structure is totally different from that of pure
surfactant systems or pure water-soluble polymers
[14,15]. First, the surfactants associated with the
polymer chains form micellar aggregates at a critical
association concentration, which is often considerably
lower than the critical micellar concentration of the
surfactants in the pure water. Second, both the polymer
and surfactant can act as stabilizers for the crystals,
preventing their direct precipitation and aggregation. In
addition, the polymer can help to connect the crystals
into loose flocs, through a bridging mechanism [14-16].
Third, the electrostatic interaction, strong hydrophobic
interactions and van der Waals force between the
surfactant and polymer are advantageous to maintain-
ing the stable structure of the template which plays a
critical role in the monodispersity and regular shape of
the product [17,18]. For example, CTAB associated with
the polymer chains could facilitate the formation of rod-
shaped micelles. Cao et al. [19] reported that copper
nanorods with a high yield and uniform morphology
were prepared using PEG and CTAB as the soft
template. Polycrystalline nickel nanowires were synthe-
sized by the same soft-template route under magnetic
induction [20]. However, this method has not been used
to prepare nanostructured iron oxides though it has
been exhibited to have many advantages in synthesis of
nanomaterials as shown above.

In this paper, the novel soft-template route has been
adapted to synthesize a¢-Fe,O3 nanoparticles. First, the
precursor, shuttle-like f-FeOOH, was prepared using
FeCls - 6H,O as iron source material under the control
of PEG and CTAB aggregates. Then, shuttle-like -
Fe,O3 nanoparticles were obtained by calcination of the
as-prepared -FeOOH. In the meantime, spherical o-
Fe,O5 nanoparticles were also fabricated without super-
molecular template. Finally, a plausible mechanism for
the formation of these nanostructures was proposed and
the dependence of magnetic properties on the particles
morphology was discussed.

2. Experimental

All reagents were analytic grade from Beijing Chemi-
cal Reagent Ltd. and were used without further
purification. Poly (ethylene glycol) (PEG, average
M.W. 10000) was used as the polymer, and cetyltri-
methylammonium bromide (CTAB) was used as the
surfactant. Manipulations and reactions were carried
out in air without the protection of nitrogen or inert gas.
In a typical experiment, 1 g PEG, 0.36g CTABand 1.0 g
FeCls - 6H,O were dissolved in 100 ml de-ionized water
in a flask at room temperature. A yellow color was
observed in the solution after strongly stirring for half
an hour. A 30-min ultrasound treatment is necessary to

ensure that all the reagents are homogeneously dispersed
in the solution. The solution was stirred at ambient
temperature for several hours, which was advantageous
to the interaction of ferric ions within the super-
molecular template. Then the temperature was increased
to 90-100 °C and 20 ml of 28% ammonia solution was
added drop wise into the ferric and polymer—surfactant
solution. The solution turned yellow immediately and
was allowed to stir for an additional 2h at this
temperature. After being cooled to the room tempera-
ture, the yellow precipitate was collected and washed
with hot water and absolute alcohol several times to
remove the remaining CTAB, PEG and other impu-
rities. It was then dried in air at 80 °C for 8 h. Finally,
shuttle-like «-Fe,O; nanoparticles were obtained by
calcination of the precipitate at 500 °C for 4 h. For the
purpose of comparison, spherical a-Fe,O3 nanoparticles
without the supermolecular templates were also pre-
pared under the similar conditions.

Thermogravimetry (TG) investigation (TA-5000 ap-
paratus, USA) was performed with samples in platinum
crucibles and heating rates of 10 K/min. XRD analysis
was carried out on a Rigaku D/max2500 diffractometer
at a voltage of 40kV and a current of 200mA with Cu-
Ko radiation (A = 1.5406 A), employing a scanning rate
0.02°/s in the 26 ranging from 5 to 80°. TEM images
and the electron diffraction (ED) patterns were recorded
on a Hitachi-600 transmission electron microscope
(TEM) at an accelerating voltage of 200kV. The
infrared (IR) spectra were recorded on a Bruker
Equinox-55 spectrometer on the samples palletized with
KBr powder. X-ray photoelectron spectroscopy data
were obtained with an ESCALab220i-XL electron
spectrometer from VG Scientific using 300 W AlKo
radiation. The base pressure was about 3 x 10~° mbar.
Magnetic measurements for the samples in the powder
form were 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

A schematic diagram of the proposed growth
mechanism is shown in Fig. 1. The formation of
shuttle-like «-Fe>O3; nanoparticles involves four primary
steps: formation of supermolecular template, nucleation
of inner FeEOOH nanostructures, washing shuttle-like f3-
FeOOH nanoparticles and calcination of shuttle-like -
FeOOH to obtain shuttle-like a-Fe>O; nanocrystalline
particles. Initially, FeCls-6H>O, CTAB and PEG are
dissolved in deionized water, which results in a clear and
homogeneous solution. Since there exist interactions
between water-soluble polymer and cationic surfactant
[18], the surfactants associating with the polymer chains
form micellar aggregates at a rather low concentration.
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Fig. 1. Schematic representation of the supermolecular-template
preparation route of shuttle-like a-Fe,O;.

Thus the supermolecular aggregates form in the solution
with the coils of PEG chains as the core, around which
are the rod-shaped CTAB micelles. Ferric ions react
with the supermolecular template under ambient condi-
tion. As the solution is heated, ammonia is added and
the FeOOH nanostructures nucleate under the control
of this template. Then, shuttle-like f-FeOOH nanopar-
ticles are collected and washed to remove the remaining
CTAB, PEG and other impurities. Finally, shuttle-like
a-Fe,O3 nanoparticles can be obtained by calcination of
shuttle-like f-FeOOH nanoparticles at 500 °C for 4 h.

The dehydration process of synthetic f-FeOOH was
carried out from 30 to 900 °C. The mass decrease of the
samples (Fig. 2) is derived from the dehydration of
nanostructured f-FeOOH powders. During the whole
dehydration process, the total weight loss is 15.30%
which is larger than the theoretical value (10.1%),
indicating ~5.2% excess hydroxyl units were present in
the synthetic f-FeOOH. The powders exhibit thermo-
gravimetric transitions that are likely due to the loss of
physisorbed and structural water. The initial weight loss
from 30 to 120°C is attributed to the loss of surface
adsorbed water and ethanol. The weight loss in the
range of 120-325°C is due to the removal of the
crystalline water molecules, which maintained normally
the channels of akaganeite, and the dehydroxylation of
the sample akaganeite. After 325°C, the weight loss
continued but gradually slowed at 400 °C and almost
ceased at 500 °C. As a consequence, the stable residue
can reasonably be ascribed to «-Fe,Os.

Fig. 3 shows XRD patterns of the samples. The peaks
of the as-prepared FeOOH (Fig. 3A) are in agreement
with the theoretical data of the JCPDS card no. 34-1266,
indicating the presence of f-FeOOH. However, some
impure peaks attributed to a-Fe,O3 appear in the XRD
pattern of p-FeOOH, indicating that a very small
amount of a-Fe,O; impurities might be yielded during
the drying process. When f[-FeOOH powders were
calcined at 500 °C for 2 or 4h (Fig. 3B), all peaks are
in agreement with the theoretical data of hematite
(JCPDS card no. 33-0664). It indicates that f-FeOOH
powders have completely transformed into hematite. At
the moment, the color of samples changes from yellow
to red and the XRD peaks become narrow and sharp.
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Fig. 2. TG curve of shuttle-like f-FeOOH.
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Fig. 3. XRD patterns of the samples. (A) shuttle-like p-FeOOH;
(B) shuttle-like a-Fe,O5 calcined at 500 °C for 2 and 4 h.

When the thermal transformation is nearly completed
and the crystallinity of hematite is improved at 500 °C,
the intensity of the (104) peak is larger than that of (110)
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peak, which corresponds to the standard XRD pattern
of hematite. In addition, the intensity of the peaks
increases with the increase of the time.

Fig. 4 shows the morphology of the samples. The
morphology of -FeOOH appears shuttle-like, while a-
Fe,O; calcined at 500°C for 4h also contains largely
shuttle-like nanostructures with an average length of
120 nm and diameter of about 50 nm in the middle part.
The results indicate that the existence of the polymer-
surfactant can effectively affect the size and shape of
ferric oxide nanocrystallites with certain aspect ratio. To
further reveal the fine structure of the nanostructured -
Fe,O5 shown in Fig. 4C, ED analysis was also carried
out. It can be concluded that the shuttle-like materials
consist of polycrystals of ferric oxide. It is interesting
that some mesopores are developed inside the shuttle-
like B-FeOOH nanocrystals (Fig. 4A). When the
temperature has reached to 500 °C, the coalescence of
the pores and the recrystallization process are still in
progress. The size of hematite decreases a little but the
shape of hematite almost remains the same as that of the
shuttle-like f-FeOOH.

To understand well the effect of the polymer—surfac-
tant on the formation feature of shuttle-like nanoparti-
cles, a synthetic experiment without polymer—surfactant
was carried out. It is observed that the spherical
nanoparticles were formed; no shuttle-like materials that

Fig. 4. TEM images and ED pattern of the samples. (A) shuttle-like 8-
FeOOH; (B) shuttle-like a-Fe,O5 calcined at 500 °C for 4h; (C) ED
pattern of shuttle-like a-Fe,O; calcined at 500 °C for 4 h.

appeared in the experiment with polymer—surfactant were
observed. Fig. 5 shows the images of the spherical
samples. The spherical «-Fe,Os; nanoparticles are
20-50 nm in diameter. It is found that the dipole magnetic
interactions of these nanoparticles in the nanostructures
are quite strong. As a rule, the samples must be sonicated
continuously for more than half an hour to prepare a
sample for TEM observation; however, the nanostruc-
tures have not been destroyed, indicating that the
polycrystalline nanostructures are rather stable as a result
of the soft-template process.

IR spectra of the samples in the range of
4000-400cm~' are shown in Fig. 6. There is a
distinguished adsorption band at 3430 and 1650cm™',
except three absorbance bands located at 667, 588 and
441 cm™' for p-FeOOH (Fig. 6A). The bands at 3430
and 1650 cm ' were attributed to the stretching vibration
and bending vibration adsorption of OH™, while three
absorbance bands at 667, 588 and 44l1cm™' were
assigned to the absorptions associated with the char-
acteristic Fe—O stretching modes, suggesting that there is
only -FeOOH single phase existing in the system [21].
It gives further evidence of formation of «-Fe,Os phase
from Fig. 6B. After f-FeOOH was calcined at 500 °C for
4h, the bands at 540 and 462cm™" belong to character-
istic bands of polycrystal a-Fe,O3 in the IR spectrum
[22]. And the intensity of these two peaks was in the
order of 540>462cm . It indicates that a-Fe,O; phase
has been formed.

We used XPS to examine the oxidation state of the
iron in the products, because core electron lines of ferric
ions can be detected in XPS [23,24]. The results of Fe
2p3,» and 2p,; electron binding energies are shown in
Fig. 7, which are very similar to the values recorded in
literature [25]. The binding energies at 711.5 and
725.5eV are the characteristic doublet from Fe 2ps;
and Fe 2p;,, core-level electrons, respectively. No other
iron signal was detected in the XPS spectra.

Fig. 5. TEM images of the samples. (A) spherical f-FeOOH;
(B) spherical a-Fe,O;5 calcined at 500 °C for 4 h.
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Fig. 6. IR spectra of the samples. (A) shuttle-like p-FeOOH;
(B) shuttle-like a-Fe,Oj5 calcined at 500 °C for 4 h.
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Fig. 7. XPS spectrum of shuttle-like a-Fe,O; calcined at 500 °C for 4 h.

Magnetic hysteresis maesurements for o-Fe,Os; were
carried out in applied magnetic field at room temperature,
with the field sweeping from —10 to 10 kOe. The hysteresis
loops of the samples (see Fig. 8) do not reach saturation up
to the maximum applied magnetic field. As shown in Fig.
8, the morphology would affect the magnetic properties of
a-Fe-Os nanoparticles. The magnetization measurements
of the two type a-Fe,O5 exhibit hysteretic feature with the
remanent magnetization and coercivity being determined
to be 0.156emu/g and 664 Oe, 0.048 emu/g and 110 Oe,
respectively, suggesting that shuttle-like «-Fe,O3 nanopar-
ticles are ferromagnetic while spherical «-Fe,O3; nanopar-
ticles exhibit weak ferromagnetic behaviors at room
temperature. It is found that the high remanent magne-
tization and coercivity may be associated with the aspect
ratio of a-Fe,O3 because shape anisotropy would exert a
tremendous influence on their magnetic properties. It is
well known that the magnetization of ferromagnetic
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Fig. 8. Hysteresis loops for the samples at room temperature.
(A) Shuttle-like a-Fe,O3 calcined at 500 °C for 4h; (B) spherical o-
Fe,O; calcined at 500 °C for 4 h.

materials is very sensitive to the microstructure of a
particular sample [25]. Symmetrically shaped nanoparti-
cles, such as spheres, do not have any net shape
anisotropy. However, shuttle-like nanoparticles have
shape anisotropy in addition to crystalline anisotropy,
which will increase the coercivity. This phenomenon can
be explained as follows: since the shuttle-like o-Fe,O3
nanoparticles are polycrystalline which consist of large
numbers of smaller subparticles inside them. The number
of the subparticles increases and changes from the
multidomain to single domain, which can result in the
enhancement in coercivity. In addition, it is generally
accepted that the change on the particle surface can result
in the variation in magnetic properties [26,27]. In our case,
IR of p-FeOOH (Fig. 6A) clearly shows absorptions due
to organic species. For example, around 2950 cm™", weak
C—H absorption can be observed. Thus, it is presumed that
the organic residues on the surface of o-Fe,O3; nanopar-
ticles may result in the spin pinning owing to the increase
of the magnetic surface anisotropy, and then influence the
magnetic behaviors.
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4. Conclusions

In summary, a new soft-template route has been
developed for the preparation of z-Fe,O3 nanoparticles.
The magnetization measurements of shuttle-like and
spherical a-Fe,O; exhibit hysteretic feature with the
remanent magnetization and coercivity of 0.156 emu/g
and 6640e¢, 0.048emu/g and 1100e, respectively,
suggesting that shuttle-like a-Fe,O3 nanoparticles show
ferromagnetic behaviors while spherical «-Fe,O3 nano-
particles exhibit weak ferromagnetic behaviors at room
temperature. Thus, it can be concluded that the super-
molecular template significantly influences the size and
shape of the o-Fe,O3; nanoparticles, and thus on their
magnetic properties as expected.
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