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The Oriented Self-Assembly of Magnetic Fe;O, Nanoparticles into
Monodisperse Microspheres and Their Use as Substrates in the Formation of
Fe;O4 Nanorods
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We describe a facile solvothermal route for the large-scale
preparation of ferromagnetic Fe;O, sub-micrometer spheres
and nanorods by using FeCl; as the iron source, oleic acid as
the surfactant, and ethylene glycol as the reducing agent and
solvent. The as-synthesized Fe3;O, microspheres are com-
posed of a mess of Fe;O, nanoparticles with a size of 10 nm
and have nearly monodisperse diameters that can be con-
trolled in the range 100-410 nm. HRTEM images and SAED
patterns show that these microspheres present a “single-
crystalline” nature, which can be attributed to the highly ori-
ented assembly of the small Fe;O, nanoparticles. Interest-
ingly, by using the pre-synthesized Fe;O, microspheres as

the growth substrate, single-crystalline Fe;O, nanorods can
be formed on the surfaces of the microspheres. These nano-
rods are about 7-20 nm in diameter and 120-400 nm in
length, and have smooth surfaces. The formation mecha-
nisms of the Fe;O, microspheres and nanorods have been
investigated and discussed. Furthermore, the magnetic prop-
erties of the as-synthesized microspheres and nanorods have
also been investigated and the magnetization saturation val-
ues are 74.6 and 92.3 emu/q, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Nanocrystalline materials have attracted a great deal of
attention from researchers in various areas because of both
their fundamental size-dependent properties and their many
important technological applications. Intensive research has
been focused on the synthesis of well-defined uniformly
sized nanocrystals in order to identify their size-dependent
properties. The size of certain monodisperse particles has
been demonstrated to affect their physical and chemical
properties, which provide a rational route by which their
electronic, optical, and magnetic properties can be tai-
lored.l'-®1 The self-assembly of uniform nanoparticles into
well-defined two- or three-dimensional superstructures has
recently attracted rapidly growing interest owing to their
important applications in nanoelectronics, magnetics, opto-
electronics, photonics, heterogeneous catalysis, and so forth.
More importantly, it allows the exploration of the collective
properties of assemblies of particles. Various synthetic
methods have been developed to fabricate superstructures
composed of nanoparticles.”!3! For example, monodis-
perse spherelike semiconductors with micrometer diameters
with novel optical, electronic, and photoelectronic proper-
ties have been prepared recently.['4]
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As a type of important functional material, magnetic
nanocrystals have been one of the most-intensively studied
owing to their broad applications, for example, in protein
separation,[’”] as magnetic carriers for drug targeting,['®l in
magnetic resonance imaging,['’! and as ultra-high-density
magnetic storage media.['81 Among magnetic particles, iron
oxides (such as y-Fe,O; and Fe;0,4) have been extensively
investigated. Monodisperse Fe;O4 and y-Fe,O; nanocrys-
tals with controlled size have been successfully synthesized
by various methods. Some of the synthetic routes reported
previously in the literature are summarized in Table 1.

Although the approaches to monodisperse iron oxides
nanocrystals with diameters below 20 nm have been re-
ported, the synthetic strategies for self-assembled iron oxide
superstructures have not attracted enough attention to date.
Recently, Shi and co-workers successfully synthesized Fe;O4
porous nanospheres with sizes in the range 50-100 nm
through a polyol reduction process.?* These porous
nanospheres are composed of a mess of Fe;O4 nanopar-
ticles with a size of 5 nm. In contrast to the random aggre-
gation structures of traditional nanoparticle assemblies,*]
these porous Fe;O4 nanospheres present an unusual highly
oriented attachment structure and display a “single-crystal-
line”-featured (selected area electron diffraction) SAED
pattern. Room-temperature magnetic measurements indi-
cate that the magnetic saturation value for these Fe;O, po-
rous nanospheres is higher than that for the monodisperse
Fe;0,4 nanoparticles with sizes in the range 4-6 nm!?®! and
lower than that for the single-crystalline Fe;O,4 sub-micro-
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Table 1. Some synthetic routes towards the preparation of iron oxide nanoparticles reported previously.

Authors Material Reaction Route Reference
1 A. P Alivisatos et al. y-Fe,O3 nanocrystals  thermal decomposition of an iron cupferron complex in octylamine (9]
2 S. Sun et al. Fe;04 nanocrystals high-temperature solution phase reaction of iron(IIl) acetylacetonate in 2]

the presence of oleic acid and oleylamine

3 V. L. Colvin et al.
4 T. Hyeon et al.

Fe;04 nanocrystals

v-Fe,O3 nanocrystals
and octyl ether

5 G. Markovich et al.  Fe;O4 nanocrystals

and FeCl,

pyrolysis of iron carboxylate salts
thermal decomposition of Fe(CO)s in oleic acid, trimethylamine oxide,

aqueous ammonia reaction with an aqueous solution containing FeCly

[21]
[22]

23]

meter spheres.’”] These results show that the magnetic
properties of Fe;O,4 nanocrystals are strongly affected not
only by their size but also by their attachment structures.
Therefore, it is very important to find practical synthetic
methods for the size-controlled preparation of Fe;O4 nano-
particle assemblies with highly oriented attachment struc-
tures. However, to the best of our knowledge, the synthesis
of monodisperse sub-micrometer Fe;0,4 spheres by oriented
attachment of small nanoparticles has not been reported
until now, which limits the exploration of the collective
properties of assemblies of particles.

In this paper, we describe a facile solvothermal route for
the size-controlled preparation of sub-micrometer Fe;Oy
spheres that are ferromagnetic and that may find wide ap-
plications in biomedicine and biotechnology. The present
approach involves the formation of small magnetic nano-
particles and the subsequent oriented assembly of the nano-
particles to form microspheres with a remarkable “single
crystalline” feature. The ferromagnetic microspheres have
monodisperse diameters that can be controlled in the range
100410 nm. Furthermore, the experimental results demon-
strate that the spherical Fe;O,4 aggregates could serve as
substrates to grow Fe;O4 nanorods, which provides an alter-
native method for the preparation of Fe;O, one-dimen-
sional (1D) nanostructures.

Results and Discussion

Figure 1 shows a typical XRD pattern of the sample pre-
pared at 200 °C after 20 h under solvothermal conditions,
which can be indexed to Fe;O4 (JCPDS no. 19-629). No
other crystalline materials were detected. It is should be
noted that y-Fe,Os; (JCPDS no. 39-1346) has a similar
XRD pattern to that of Fe;Oy, therefore, the XRD patterns
could not be used to exactly distinguish the two materi-
als.?®1 Recent studies demonstrated that Raman spec-
troscopy could be an effective method to distinguish iron
oxides with different structural phases.l*”! For Fe;O, nano-
crystals, the spectrum has a main band centered at 668 cm!
(Ayy), while the spectrum for y-Fe,O; nanocrystals show
several bands around 700, 500, and 350 cm!. The Raman
426
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spectrum of the sample is shown as curve a in Figure 2.
There is a main and strong peak centered at 667 cm™' and
two low-strength peaks centered at 527 and 309 cm!. In
comparison, the Raman spectrum of commercial y-Fe,O3
powders is shown as curve b in Figure 2; three main peaks
in the range of 200-800 cm™! are shown. Compared with
the strong peak in curve b, the two low-strength peaks in
curve a are relatively weak. Recently, Shebanova et al. re-
ported that Fe;O,4 nanocrystals could be transformed into
v-Fe>O5 nanocrystals by laser irradiation after a short time.
Their results also indicated that if the irradiation time was
long enough, Fe;O4 would transform completely into a-
Fe>05.12°1 These phenomena have also been observed by
Pinna et al.[?33 Therefore, the formation of the two low-
strength peaks in our Raman spectrum (curve a) probably
arise as a result of laser irradiation during the measure-
ment. It is therefore rational to deduce that the sample is
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Figure 1. XRD pattern of the as-synthesized Fe;O4 microspheres.
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Figure 2. Raman spectra of : (a) the as-synthesized Fe;O4 micro-
spheres, (b) the commercial y-Fe,O3 powders, (c) the Fe;04 micro-
spheres irradiated over a long time.
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composed of Fe;O, nanocrystals. Furthermore, when the
irradiation time was increased to 30 min, the two low-
strength peaks evolved into strong peaks, which clearly
demonstrates the transformation process from Fe;O4 nano-
crystals into Fe,Os. XPS was used to further detect the pu-
rity of the sample. Figure 3 shows the spectrum in which
binding energies of 710.4 and 724.2 eV, corresponding to
Fe2ps» and Fe2py,,, respectively, can be deduced. From the
combined XRD, Raman spectroscopic, and XPS analyses,
it can be concluded that highly crystalline Fe;O,4 has been
synthesized by the present route.

710.5 724.6

Intensity [a.u.]

700 710 720 730 740
Binding Energy [eV]

Figure 3. XPS spectrum of the as-synthesized Fe;O, microspheres.

The size and shape of the products were examined by
field-emission scanning electron microscopy (FSEM) and
transmission electron microscopy (TEM). Figure 4a shows
a low-magnification FSEM image of the sample. It can be
seen that the sample is composed of densely packed spheri-
cal particles with a relatively uniform diameter of about
315 nm. The FSEM image at high magnification shows that
the individual spheres are composed of irregular nanopar-
ticles with a size of 10 nm (Figure 4b). Figure 4c shows a
typical TEM image of the as-prepared Fe;O4 microspheres
and shows that the microspheres are composed of a large
quantity of small nanoparticles. Interestingly, SAED pat-
terns of the microspheres show bright and regularly arrayed
diffractive dots, which indicate that these microspheres were
formed by the oriented assembly of the small Fe;O4 nano-
particles, i.e. these microspheres are “single crystalline”. A
typical HRTEM image recorded from the edge of an aggre-
gated sphere is shown in Figure 4d, which clearly demon-
strates that all the primary nanoparticles have parallel lat-
tice fringes. On the basis of the above analyses, it can be
concluded that the spherelike aggregates are fabricated by
oriented assembly.

To understand the formation mechanism of the Fe;O4
microspheres under the present experimental conditions, we
surveyed the growth process by analyzing the samples at
different growth stages. Figure 5 shows the TEM images of
three intermediary samples that were taken at different
stages of the solvothermal reaction: 2, 8, 15, and 20 h. After
2 h of reaction, the initial product formed was Fe;O4 nano-
particles with a size of about 10 nm (Figure 5a), which did
not self assemble into aggregated particles. After 8 h, small
aggregated particles formed from the self assembly of these
nanoparticles; however, the small aggregated particles do
not have a distinct (Figure 5b). After 15h, most of the
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Figure 4. (a, b) Low- and high-magnification FSEM images of the
as-synthesized Fe;O4 microspheres, respectively (c) TEM image of
the Fe;04 microspheres (inset: SAED pattern of one single sphere),
(d) HRTEM image of the Fe;O,4 microspheres.

nanoparticles self assembled into spherelike particles; how-
ever, the size distribution of the spherelike congeries is
broad (Figure 5¢). Finally, as the solvothermal reaction was
allowed to proceed for a long time (20 h), the almost com-
plete formation of uniform microspheres was observed with
almost no Fe;O4 nanoparticles (Figure 5d). From the above
experimental observations, we believe that the formation of
the Fe;O4 microspheres can be rationally expressed as an
oriented assembled mechanism. Firstly, when the reduction

180nm

[—180nm —f

180nm G Y : " 560,

—180nm - — 560nm_—|

Figure 5. TEM images of the Fe;O4 microspheres formed at dif-
ferent reaction times while all other reaction parameters remain
unchanged: (a) 2 h, (b) 8 h, (c) 15 h, (d) 20 h.
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reaction was carried out in the solvothermal system at
200 °C, it directly gave Fe;O, nanocrystals, which were
formed in solution by the reduction of FeCl; with ethylene
glycol. To reduce the high surface energy, these initially
formed Fe;O,4 nanoparticles tend to form aggregates by ori-
ented assembly. This phenomenon is similar to that ob-
served by Shi et al.,* but in contrast to that observed by
Li et al.?7! Shi et al. synthesized porous Fe;0, aggregated
spheres with diameters of 50-100 nm by using iron acetyl-
acetonate as the iron source, ethylene glycol as the reducing
agent, and poly(vinylpyrrolidone) (PVP) as the surfactant.
In contrast, Li et al. prepared single-crystalline Fe;Oy4
microspheres by using FeCl; as the iron source and ethylene
glycol as the reducing agent; no surfactant was added.
Therefore, it is rational to conclude that the surfactant plays
an important role in the formation of aggregated micro-
spheres of Fe;Oy4. In our experiments, oleic acid was used
as the surfactant, and it may have had a similar effect to
that of PVP reported by Shi et al. During the reaction pro-
cess, oleic acid molecules cover the surfaces of the initially
generated Fe;O,4 nanoparticles; this stabilizes the nanopar-
ticles and effectively confines their random Brownian move-
ments and various rotations. As a result, highly ordered ag-
gregates are formed by oriented assembly of the Fe;O,
nanoparticles that are coated with oleic acid molecules. By
keeping the other reaction parameters unchanged, the con-
trol experiments demonstrated that rhombic Fe;O,4 nano-
particles are the products when no oleic acid was added
into the reaction mixture (Figure 6). This demonstrates that
oleic acid plays an important role in the formation of the
assembled microspheres. The exact mechanism for the for-
mation of the assembled Fe;04 microspheres by the method
presented herein needs further probing.

30nm
=30nm

Figure 6. TEM image of the sample prepared under a similar syn-
thetic route, whithout the addition of oleic acid to the reaction
mixture.

Furthermore, the diameters of the Fe;O4 microspheres
are influenced by the concentration of the starting materi-
als. For example, by keeping other reaction parameters un-
changed and as the precursor concentration of Fe*" was
increased from 30 to 57, 139, 173, and 243 mw, the average
diameter of the resulting microspheres increased gradually.
The TEM images and histograms of the particle size distri-
bution are presented in Figure 7.

428 www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2

70 80 90

100 110
Diameter [nm]

120 130

0.0
240 250 260 270 280 290 300 310
Diameter [nm]

0.6
05
0.4
03
0.2
0.1

0.0+
300 310 320 330 340 350 360

Diameter [nm]

ol

o

0.04
340 350 360 370 380 390 400
Diameter [nm]

0.7
0.6
0.5
0.4
0.3
0.2
0.1

Counts

=

0.0+
380 390 400 410 420 430 440
Diameter [nm]

280nm

Figure 7. TEM images of Fe;O4 microspheres synthesized with dif-
ferent initial concentrations of Fe3* while all other reaction param-
eters remain unchanged: (a) 30 mm, (c) 57 mm, (e) 139 mmM, (g)
173 mm, (i) 243 mm. Histograms of the size distributions for each
corresponding TEM image are also shown (b, d, f, h, j, respec-
tively).

Interestingly, by using these Fe;O4 microspheres as
growth substrates, Fe;04 nanorods could be formed at the
surfaces of the microspheres. Figure 8a, b shows the low-
and high-magnification FSEM image of the Fe;O, nano-
rods, respectively, which reveal that the nanorods are
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straight and aligned at the surface of the microsphere. The
experimental results indicate that the nanorods are loosely
attached to the surfaces of the microspheres, and they could
be collected by ultrasonic treatment. The TEM image
shows that the free nanorods are about 7-20 nm in diameter
and 120400 nm in length and that the surfaces of the
nanorods are very smooth (Figure 8c). The HRTEM image
of one single nanorod shows that the nanorod is a structur-
ally uniform single crystal. The two spacings of 0.29 nm are
consistent with the planes (022) and (202), which suggests
that the growth direction of the nanorod is [110]. The
SAED pattern of the nanorod (inset in Figure 8d) further
demonstrates its single-crystalline nature. EDS analysis was
performed on an isolated single rod, with a local probe dia-
meter of 25 nm. Figure 8e shows a representative EDS spec-
trum of the central part of a rod. Iron and oxide peaks can
clearly be observed in this spectrum. The Cu and C peaks
arise from the copper TEM grid used in the measurements.
Figure 9 shows a histogram with the size distribution of the
as-synthesized Fe;O,4 nanorods.
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Figure 8. (a, b) Low- and high-magnification FSEM images of the
as-synthesized Fe;O4 nanorods, (¢) TEM image of the Fe;O4 nano-
rods, (d) HRTEM image of one single Fe;O,4 nanorod (inset: the
corresponding SAED pattern), (¢) EDS spectrum of one single
Fe;04 nanorod.

To understand the growth process of Fe;O, nanorods
prepared in a solvothermal system, the Fe;O, nanostruc-
tures were characterized at various stages of the growth
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Figure 9. Histogram of the size distribution of the Fe;0, nanorods.

process by FSEM. Figure 10a—h shows images of the sam-
ples that were taken from the reaction mixture after an
aging time of 3, 6, 9, and 12 h at 200 °C. After 3 h of reac-
tion, many small Fe;O, protuberant arrays were found
growing upright from the surface of the microspheres (Fig-
ure 10a, b). After 6 h, some of the small protuberances were
transformed into short nanorods (Figure 10c, d). After 9 h,
most of the small protuberances were transformed into
short nanorods (Figure 10e, f). Finally, as the reaction was
allowed to proceed for a long time (12 h), the short nano-
rods evolved into relatively longer nanorods (Figure 10g, h).
Although the exact formation mechanism of the nanorods
is unclear at this moment, we believe that these pre-synthe-
sized Fe;O,4 microspheres play an important role during the
growth of the nanorods. It should be noted that there are
many small Fe;O4 nanoparticles on the surfaces of the
microspheres, which offer a large quantity of nucleation
sites in the nonaqueous system. When Fe" iron atoms are
reduced to Fe;O4 by ethylene glycol, the newly formed
Fe;0, clusters tend to nucleate and grow bigger on the nu-
cleation sites. Therefore, FesO, nanorods grow epitaxially
on the surfaces, as is shown in the images. The process for
the transition from microspheres to nanorods is summa-
rized in Figure 11.

The magnetic properties of the Fe;O, microspheres and
nanorods were investigated at room temperature. The mag-
netic saturation values are 74.6 and 92.3 emu/g for the
Fe;0,4 microspheres and nanorods, respectively (Figure 12).
Recently, Shi et al. reported that monodisperse Fe;O4
nanoporous spheres composed of nanoparticles with a size
of 5nm were synthesized. The nanoporous spheres are
about 50 nm in diameter and show a magnetic saturation
value of 42.8 emu/g. The magnetic saturation value of the
present Fe;O,4 microspheres is higher than that of the nano-
porous spheres reported by Shi et al. Generally, magnetic
Fe;O, nanocrystals show superparamagnetic properties
when the nanocrystal size decreases to below 20 nm, i.e. the
magnetic saturation value of the nanoparticles increases
with an increase in the size of the nanoparticles. Therefore,
we believe that the difference in the magnetic saturation
value of the present Fe;O, microspheres and that of the
nanoporous spheres reported by Shi et al. could rationally
be attributed to the different sizes of nanoparticles that
make up the spherelike aggregates. Further, the highly ori-
ented self-assembled structure of the Fe;O4 microspheres
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Figure 10. FSEM images of Fe;O,4 nanorods formed at different
reaction times while all other reaction parameters remain un-
EG/OA = 3, Fe¥*

changed: (a, b) 3h, (c,d) 6 h, (e, f) 9h, (g, h) 12 h.
%
. Hydrothermal, 200°C, 12h *

Figure 11. Schematic illustration of the formation of Fe;0, micro-
spheres and nanorods.

Fe3+ EG/0A = 3, NaAc
Hydrothermal, 200°C, 20h

may influence the magnetic properties. It should be noted
that the magnetic saturation value of the self-assembled
Fe;04 microspheres is similar to that of the single-crystal-
line Fe;O,4 microspheres reported by Li et al. Since the
SAED pattern of the present FesO, microspheres displays
their “single-crystalline” nature, it is rational to believe that
the highly oriented self-assembled structure probably en-
430
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hances the dipole-dipole interactions between the magnetic
nanocrystals. As a result of this effect, the magnetic satura-
tion value of the nanocrystals increases. As for the Fe;O4
nanorods, the magnetic saturation value of the nanorods is
higher than that of the microspheres, which could be attrib-
uted to the larger size of the nanorods.

1004 b
801
60+ a

4000 —2000 O 2000 4000

H[Oe]

Figure 12. Room-temperature magnetization curves for Fe;O,4 (a)
microspheres, (b) nanorods.

Conclusions

In summary, ferromagnetic Fe;O4 sub-micrometer
spheres and nanorods were synthesized by using FeCls as
an iron source, oleic acid as a surfactant, and ethylene
glycol as a reduction agent. The as-synthesized Fe;O,
microspheres have nearly monodisperse diameters that can
be controlled in the range 100-410 nm. The HRTEM
images and SAED patterns show that these microspheres
present a “single-crystalline” nature, which can be attrib-
uted to the highly oriented self assembly of the small Fe;O4
nanoparticles. Furthermore, by using the pre-synthesized
Fe;O4 microspheres as the growth substrate, single-crystal-
line Fe;O4 nanorods can be formed on the surfaces of the
microspheres, which provides an alternative method to the
preparation of Fe;O, 1D nanostructures. The magnetic
properties of the as-synthesized microspheres and nanorods
were also investigated and the magnetization saturation val-
ues are 74.6 and 92.3 emu/g, respectively.

Experimental Section

Materials: All reagents used were analytically pure, and were pur-
chased from Shanghai Chemical Reagent Company and were used
without further purification.

Synthesis of Fe;O4 Microspheres: In a typical synthetic process,
FeCl5+3H,0 (1 g), sodium acetate (NaAc, 3 g), oleic acid (10 mL),
and ethylene glycol (30 mL) were placed in a three-necked flask.
The reaction mixture was heated to 50 °C for 20 min, and a clear
saffron solution formed. The obtained solution was then transfer-
red to a Teflon-lined autoclave with a 60-mL capacity. The auto-
clave was sealed, heated to 200 °C for 20 h, and then cooled to
room temperature. The resulting black precipitate was retrieved by
centrifugation, washed several times with distilled water and abso-
lute ethanol, and dried under vacuum at 50 °C for 5 h.

Synthesis of Fe;O4 Nanorods: The pre-synthesized Fe;O4 micro-
spheres, FeCl;:3H,O (0.5 g), NaAc (3 g), oleic acid (10 mL), and
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ethylene glycol (30 mL) were placed in a three-necked flask and
stirred vigorously to form a black suspension. The obtained black
suspension was then transferred to a Teflon-lined autoclave with a
60-mL capacity. The autoclave was sealed, heated to 200 °C for
12 h, and then cooled to room temperature. The resulting black
precipitate was retrieved by centrifugation, washed several times
with distilled water and absolute ethanol, and dried under vacuum
at 50 °C for 5 h.

Characterization: XRD patterns of the products were recorded on
a Rigaku (Japan) D/max-yA X-ray diffractometer equipped with
graphite monochromatized Cu-K, radiation (1 = 1.54178 A).
FSEM images of the products were recorded on a JEOL-6300F
microscope. TEM images, SAED patterns, and HRTEM images
were recorded on a JEOL 2010 electron microscope. The Raman
spectra were recorded at room temperature on a Spex 1403 Raman
spectrometer with an argon-ion laser at an excitation wavelength
of 514.5 nm. The X-ray photoelectron spectra were performed on
a VGESCALAB MKII X-ray photoelectron spectrometer, by using
non-monochromatized Mg-K,, radiation as the excitation source.
The magnetic measurements were performed with a superconduct-
ing quantum interference device (SQUID) magnetometer (Quan-
tum Design MPMS XL-7).
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