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Homogeneous magnetite (Fe304) microparticles with adjustable morphologies and sizes were success-
fully prepared using a simple hydrothermal method. The resulting products were pure Fe3;04 with
face-centered cubic structures. The morphology and size of Fe304 depended on the concentration of
sodium hydroxide (NaOH) and ethanediol (C;HgO;). Fe304 microoctahedrons were formed when the
concentration of NaOH ranged from 0.30 to 0.75 M. The size of the octahedral Fe;04 particles decreased
and the morphology changed from octahedral to cubic when the amount of C;HgO; was increased. The
octahedral and cubic Fe;04 exhibited single-crystal features. The as-prepared Fe;04 microparticles with
various morphologies and sizes displayed ferromagnetic behaviors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Magnetite (Fe304) has been widely studied because of its fas-
cinating properties and wide range of potential applications in
magnetic recording media, ferrofluids, and as a catalyst [1-4]. The
shape and size of Fe304 crystals determine their chemical and
physical properties, which may serve as a foundation for the devel-
opment of new fields [5,6]. The exploration of the methods for
synthesizing magnetic microcrystals with desired morphology and
size has been of scientific and technological interest [7]. Employ-
ing various methods, the Fe304 with different morphologies have
been successfully synthesized, such as spheres [8-11], octahedrons
[12-17], cubes [18,7], tetrakaidecahedrons [19], wires [20,21],
fractals [22], dendrites [23], hollow structures [24], urchin-like
structures [5], nanosheets [1,25], and nanoprisms [26]. However,
fine shape control of Fe304 microparticles through a simple synthe-
sis process with good size and shape-dependent properties remains
adifficult task [27]. Recently, Zhao and co-workers [28] synthesized
different morphological single-crystal Fe304 by a polyol method
in ethylene glycol at 200°C. Zhang et al. [15] prepared different
morphological Fe304 by a thermal decomposition method using
Fe(acac); precursor. Although well-defined Fe304 crystals with
different morphologies have been synthesized by relative simple
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methods [15,27-29], it is still a great challenge to further develop
simple and low-cost approaches for the synthesis of homogeneous
Fe304 microparticles with variable shapes and sizes. To the best
of our knowledge, the controlled preparation of Fe304 microparti-
cles with adjustable morphologies and sizes by changing the ratio
between NaOH and C;HgO, in aqueous solution has not hitherto
been reported.

In the current study, homogeneous Fe304 microparticles with
adjustable sizes and morphologies were prepared by a simple,
cheap and harmless ethanediol (C;HgO,)-assisted hydrother-
mal process using potassium ferricyanide (K3Fe(CN)g), hydrazine
hydrate (NyH4-H;0), and sodium hydroxide (NaOH). Well-defined
Fe304 microcrystals with different sizes and morphologies (octa-
hedral and cubic) have been successfully synthesized by adjusting
the concentration of NaOH and C,HgO5.

2. Experimental
2.1. Materials

Potassium ferricyanide (Ks;Fe(CN)s), sodium hydroxide (NaOH), ethanediol
(C2Hg02) and hydrazine hydrate (N,H4-H20) were purchased from Tianjin Chem-
ical Reagents Company (the purities are 99%), and were used as received without
further purification. Distilled water was used as solvent for the reactions.

2.2. Synthesis of Fe304 microparticles

K3Fe(CN)s (1.6463 g) was dissolved in 50 mL distilled water under stirring. The
resulting solution was mixed with 0-10 mL NaOH solution (6 M), 5mLN;H4-H;0,
and an appropriate amount of C;HgO, solution (0-20 mL). The concentration range
of NaOH in the mixtures was 0-1.00 M. The mixtures were stirred for 10 min, and
then transferred into a 100 mL Teflon-lined stainless steel autoclave, which was
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Fig. 1. XRD patterns of octahedral and cubic Fe304 microcrystals obtained in the
presence of 0.50 M NaOH and different volumes of C;HgO, (5mL and 20mL) (a:
octahedral; b: cubic).

sealed and maintained at 180°C for 4-16 h. The black-colored solid product was
collected via magnetic filtration and washed several times with distilled water and
ethanol. The final product was dried in a vacuum oven at 50°C for 12 h.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained on a Bruker diffractometer D8
ADVANCE using a Cu Ka radiation. The field emission scanning electron microscopy
(FESEM) were conducted on a Philips XL-30 field-emission scanning electron micro-
scope operated at 20 kV, while the transmission electron microscopy (TEM) and the
selected area electron diffraction (SAED) were carried out on a JEOL-JEM-2010 at
200 kV. The magnetic measurement of the products was carried out in a vibrating
sample magnetometer (VSM-7310, Lakeshore, USA). Magnetic hysteresis loops were
recorded at room temperature by first saturating the sample in a field of 10,000.0 Oe,
and then the saturation magnetization (M), the remanent magnetization (M, ), and
the coercivity (H.) were determined for the sample.

3. Results and discussion
3.1. Structural features

X-ray diffraction (XRD) was performed to investigate the crys-
talline structure of the octahedral and cubic Fe304 microcrystals.
The octahedral and cubic Fe304 microcrystals were obtained at
180°C for 16 h in the presence of 0.50 M NaOH and different vol-
umes of C;HgO; solution (5mL and 20 mL). Fig. 1 shows the XRD
patterns of the octahedral and cubic Fe304 microcrystals. The
reflection peaks match the reported peaks of pure Fe3;04 (JCPDS
No. 82-1533) and can be ascribed to its face-centered cubic (fcc)
structure. The corresponding values of the refined unit cell param-
eter, 8.394 and 8.397 A, are in good agreement with the reported
data for Fe304 (8.396 A) [30-32].

3.2. Effects of the morphology and size of Fe304 microparticles

A series of contrastive experiments was conducted at 180°C
for 16 h to investigate the formation of Fe304 with an adjustable
morphology.

The concentration of NaOH in the reaction system is an impor-
tant factor that determines the morphology of the final product.
The scanning electron microscopy (SEM) images of the products
in the absence of C;HgO, and different NaOH concentrations are
shown in Fig. 2.

Fig. 2a shows the irregularly shaped particles obtained when the
concentration of NaOH is 0.15 M. Increasing the NaOH concentra-
tion to 0.30 M leads to the formation of inhomogeneous octahedral

particles (Fig. 2b). A 0.50 M NaOH concentration produces homo-
geneous Fe304 microoctahedrons consisting of eight equilateral
triangular sheets (Fig. 2c). And the statistical edge size distribu-
tion of Fe30,4 octahedrons is illustrated in Fig. 3a. It shows that
most of the grains have sizes in the range of 3-4 wm. With the
further increase of NaOH concentration (0.75 M), the size distri-
bution of the octahedral Fe30,4 particles becomes wider (data not
shown). Based on these experimental results, Fe304 microoctahe-
drons can be formed when the concentration of NaOH ranges from
0.30 to 0.75M, and the optimal concentration is 0.5 M. However,
very high concentrations of NaOH (>0.75 M) produce different mor-
phologies, including octahedrons, sheets, and irregularly shaped
particles (Fig. 2d).

It canbe seen that the NaOH concentration in the reaction plays a
key role in determining the shapes of the products. The pH possibly
changes the chemical potential in the reaction system and affects
the growth rate of the Fe3 04 crystals in different directions [33,34],
leading to the difference in morphologies. Zhao and co-workers
reported that the chemical potential of octahedra should be gen-
erally higher than that of other morphologies if the unit cell of the
corresponding crystal structure was not highly distorted along a
certain axis [28]. In our experiment, the higher chemical potential
can be obtained by increasing the concentration of OH™ ions [23]. At
relative low concentration of NaOH (0.30 M), the chemical poten-
tial cannot be high enough in the reaction, leading to the formation
of inhomogeneous octahedral particles. With the increase of NaOH
concentration (0.50 M), the chemical potential is enhanced and the
homogeneous Fe304 microoctahedrons are obtained. Furthermore,
the OH™~ ions can also change the crystal surface energy. It has been
reported that at relative high concentration of OH™ ions, the {111}
lattice planes of Fe304 had a higher energy than other planes. Sim-
ilarly, the growth rate of the {11 1} lattice planes was slower than
that of other planes because the {11 1} planes had been selectively
covered by the hydrazine hydrate molecules. Consequently, octa-
hedral Fe;04 enclosed by {11 1} lattice planes could be produced
[23]. In our current study, with the further increase of NaOH con-
centration (0.75 M), the crystal seeds of Fe304 are formed rapidly,
and the crystal seeds are too many to grow uniformly in aque-
ous solution, leading to the formation of Fe304 microoctahedrons
with a broad size distribution. The nucleation rate of Fe304 crys-
tal seeds is further accelerated in the very high concentrations of
NaOH (>0.75 M). And the growth rate of Fe304 crystals in different
lattice facets may be affected. As a result, the Fe304 microparticles
with different morphologies are obtained.

C,HgO, also affects the shape of Fe304 in the current reac-
tion system. Fig. 4 shows the SEM images of the Fe304 samples
obtained at 180°C for 16h in the presence of 0.50 M NaOH and
different amounts of C;HgO,. The morphology of Fe304 becomes
octahedral (Fig. 4a) when 5mL C;HgO; is added to the solution,
and the edge size of the octahedral particles is about 2-2.5 pm,
which is less than that of the particles obtained in the absence of
C,HgO, (Fig. 2c). This result can be attributed to the adsorption of
C,HgO, on the surface of the Fe304 crystals, which restrains parti-
cle growth. The increase in C;HgO- in the reaction system increases
the formation of cubic particles (Fig. 4b and c). A 20 mL solution of
C,HgO, produces homogeneous cubic particles. The statistical edge
size distributions of octahedral and cubic particles are illustrated
in Fig. 3b and c. It shows that most of the octahedral and cubic
grains have sizes in the range of 2.0-2.5 wm with a uniform shape.
Meanwhile, the selected area electron diffraction (SAED) patterns
of the edges of the octahedral and cubic Fe304 obtained using dif-
ferent volumes of C;HgO, solution (5 and 20mL) are shown in
Fig. 5. The octahedral (Fig. 5a) and cubic (Fig. 5b) Fe304 both exhibit
single-crystal features, and the spots for the octahedral or cubic
Fe304 reveal the {111} or {100} lattice planes as basal surfaces,
respectively.
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Fig. 2. SEM images of the products prepared in the absence of C;HgO, and different NaOH concentrations (a: 0.15M; b: 0.30 M; c: 0.50 M; d: 1.00 M).

It is known that a single-crystal particle usually has a specific
shape because it has to been closed by lower-energy crystallo-
graphic facets [12]. The general sequence of the surface energies of
Fe304isy{110}>vy{100}>y{111}[18]. According to the surface
free energy minimization principle, a single-crystal Fe304 should
be enclosed by {111} planes. Generally, the ratio of the growth
rate in the <1 0 0> direction to that in <1 1 1> determines the shape
of the fcc crystal, and a faster growth on the <100> direction
can lead to the formation of octahedral crystals [35]. In the cur-
rent study, C;HgO,, which acts as a capping agent, is adsorbed on
the high-energy facets of the particles. The overall specific surface
energy of crystallographic facets is more or less reduced, leading
to the decrease of growth rate in the surface reaction. The ratio
of the growth rates in different directions can be affected by the
adsorption of C;HgO- onto particular crystallographic facets, which
inhibits the growth in a particular crystallographic direction [36].
Because the energy of {110} facets is higher than those of {100}

35

and {111} facets, a 5mL solution of C;HgO, can preferentially
adsorb on the {110} facets and then reduce the energy and growth
rates in these facets. By contrast, the growth rate of the formed
primary Fe;04 seeds in {100} faces are increased and faster than
that in {111}, which leads to the formation of octahedral Fe304
microparticles. A sufficiently high amount of C;HgO, can be fur-
ther adsorbed on the {100} facets and decrease the growth rate
in the <1 00> direction. As a result, the growth rate in the <111>
direction is higher than that in <1 00>, leading to the formation of
Fe304 cubic microparticles [35].

A time-dependent experiment was conducted to investi-
gate the mechanism of formation of the cubic structure.
Figs. 6 and 7 show the XRD patterns and SEM images, respec-
tively, of samples obtained at 180°C for 4, 8, and 12h. A cubic
spinel Fe304 structure is formed after 4h, and Fe304 particles
with higher crystallinity are obtained as the reaction proceeds
(Fig. 6b and c).
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Fig. 3. Edge size distribution histograms of the Fe304 microparticles (a: NaOH 0.5M, C;HgO, 0 mL; b: NaOH 0.5 M, C;HgO> 5mL: c: NaOH 0.5M, C;HgO2 20 mL).
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Fig. 4. SEM images of the Fe;04 samples obtained with different amount of C;HgO, solution (a: 5mL; b: 10mL; c: 15mL; d: 20 mL).

Prolonging the reaction time changes the morphologies of
the samples. Fe304 particles with a nearly spherical morphology
(Fig. 7a) appear after 4 h of growth reaction at 180°C. Some cubic
particles, with anumber of particles attached, are produced after 8 h
(Fig. 7b). Cubic particles dominate the products after 12 h (Fig. 7c),
and homogeneous cubic particles are obtained after 16 h (Fig. 4d).

This process of crystal growth and morphological evolution can
be described by Ostwald ripening, which involves the growth of
large particles at the expense of smaller ones. This process is driven
by the tendency of the solid phase in the system to adjust to achieve
a minimum total surface free energy. Thus, nearly spherical Fe;04
particles are formed first under hydrothermal conditions. When the
reaction time is prolonged, the initially spherical particles gradually
dissolve in the solution, and cubic particles eventually form and

grow. The formation and growth of the cubic Fe;04 may be via a
solid-solution-solid process.

3.3. Magnetic properties

The magnetic properties of Fe304 octahedrons with 3-4 pm
(01) and 2-2.5 pm (02) edge sizes and Fe3O4 cubes with 2-2.5
pm (C) edge sizes were investigated. The 01, 02 and C samples
were obtained at 180°C for 16 h in the presence of 0.50 M NaOH
and different amounts of C;HgO, (O1: 0mL; O2: 5mL; C: 20 mL).

Fig. 8 shows the M (H) curves for octahedral Fe30,4 with different
crystalline sizes (O1 and O2) and cubic Fe304 (C) at room temper-
ature. All samples exhibit ferromagnetic behaviors, although the
hysteresis loops in the saturation magnetization (Ms), remanent

irln 020
-

Fig. 5. SEM images and SAED patterns of the edges of the octahedral and cubic Fe;04 (a: octahedral; b: cubic).
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Fig. 6. XRD patterns of samples obtained at different times: (a)4 h; (b) 8 h; (c) 12 h.

Table 1
Magnetic parameters of octahedral Fe;04 with different crystalline size (O1 and 02)
and cubic Fe304 (C).

Samples M; (emu/g) M; (emu/g) H¢ (Oe)
01 101.3 12.2 120.2
02 81.9 104 1154
C 87.9 8.9 76.8

magnetization (M;), and coercivity (Hc) are different. The corre-
sponding magnetic parameters are listed in Table 1.

It can be seen that the M; of the octahedral Fe304 (01) is highest
among all samples and is a little higher than that of the bulk Fe304
(85-100emu/g [37]). And the Ms of O2 is lower than that of the
bulk Fe304. Some studies revealed that the properties of magnetic
materials were greatly influenced by factors such as size, struc-
ture, morphology, crystallinity, surface effects, etc. [17,26,29,38].
Among them, surface effects, such as spin canting, partial oxida-
tion, and deviations from stoichiometry or adsorbed molecules are
usually held responsible for values of Ms smaller than that for the

Fig. 7. SEM images of samples obtained at different times: (a) 4 h; (a’) enlarged magnetization, 4 h; (b) 8 h; (c¢) 12 h.
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Fig. 8. Magnetization curves of octahedral Fe;04 with different crystalline size (a:
01, b: 02) and cubic Fe304 (c: C).

bulk material. Vereda et al. reported that surface effects became
more important as the average size of the particles decreased, and
therefore explained why the lower values of Ms were observed the
smaller the particle size became [32]. In the present work, surface
effects may play an important role in the difference for the satura-
tion magnetization between O1 and 02. The 02 sample is obtained
in the presence of ethanediol. The ethanediol can adsorb on the
exposed faces of the Fe304 and form a magnetically dead layer,
leading to the decrease in Ms. On the other hand, Fe304 crystal-
lizes in cubic structure with iron in two different valence states, the
Fe304 can be written in the form of FeO-Fe;03 with Fe(Il) as FeO
and Fe(Ill) as Fe;O3. The Fe(Ill) occupies the tetrahedral sites and
half the octahedral sites, with Fe(Il) occupying the other half. The
magnetic moments on the octahedral sites are anti-ferromagnetic,
while on the tetrahedral sites they are ferromagnetically aligned.
The differences in crystallization process could influence the distri-
bution of Fe(Il) octahedral and Fe(Ill) octahedral and then the super
exchange interaction between ferric ions [39]. In addition, the mag-
netic properties of samples can also be related to the morphology
of the particles [16,23,40]. As can be seen from Table 1, cubic Fe304
particles have the smallest H. values because of their higher sym-
metry and smaller shape anisotropy compared with other samples.
Therefore, the H. of the regular cubic Fe304 particles is smaller com-
pared with those of other samples. Further work will be done in our
laboratory.

4. Conclusions

Fe;04 microparticles with various morphologies and sizes were
successfully prepared using a simple hydrothermal process. The
morphology and size of Fe;04 depended on the NaOH and C;HgO-
concentrations. Octahedral Fe3O4 microparticles were formed
when the concentration of NaOH ranged from 0.30 to 0.75 M. When
a small amount of C;HgO, was added to the reaction system, the
size of the Fe304 octahedrons decreased. The morphology of Fe304
changed from octahedral to cubic when the C;HgO, concentration
was increased. The formation and growth of cubic Fe304 particles
may have been via a solid-solution-solid process. The octahedral

and cubic Fe30,4 showed single-crystal structures. In addition, the
as-prepared Fe304 microparticles with various morphologies and
sizes exhibited ferromagnetic behaviors.
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