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A facile hydrothermal synthesis of porous magnetite microspheres
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Porous magnetite (Fe3O4) microspheres can be direct acquired by hydrothermal reaction of Fe-citrate com-
plex (Fe (NH4)2H (C6H5O7)2) in neutral solution. Results show that the obtained Fe3O4 particles are nearly
spherical in shape and about 2 μm to 3 μm in mean diameter. Every magnetite microsphere is made of
many ultrafine Fe3O4 nanoparticles and porous in structure. The as-prepared porous magnetite microspheres
have higher surface area (~83 m2/g) and excellent magnetic properties (Ms=81 emu/g, Hc=145 Oe) at
room temperature.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Magnetite FCC-Fe3O4 (space group: Fd-3m) has become the focus of
renewed technological interest in magnetic and electronic applications,
such as spintronic devices [1,2]. In past decades, magnetite (Fe3O4)
nanoparticles have been produced via coprecipitation of ferrous (Fe2+)
and ferric (Fe3+) ions by a base, usually NaOH, or NH3.H2O, in an aque-
ous solution [1–4]. It is a simple method for obtaining Fe3O4 materials.
However, the value of Fe2+/Fe3+ cannot be accurately controlled due
to the reduction of Fe2+ in reaction system. In addition, using some re-
ducing agents such as ethylene glycol (EG)[5–8], diethylene glycol
(DEG) [9], aspartic acid (AA) [10], carbon monoxide (CO) [11], diamine
hydrate (H4N2·H2O) [12,13], oleylamine (OAm) [14] and electron [15],
Fe3+ ions can be partially reduced into Fe2+ ions and subsequently
coprecipitated to obtain magnetites. However, the authors [5] have em-
phasized that Fe3+ could not be reduced to Fe2+byEGalone and sodium
acetate (NaOAc) is indispensable to mediate reduction progress. This
partial reducing and coprecipitating method has also limitation due to
difficultly to insure the right ratio of Fe2+/Fe3+which influences the pu-
rity of the final product. Most importantly, the magnetites obtained by
the above method are usually single-crystal magnetite microspheres
[5] or large single-crystal clusters [8,9] or single crystalline octahedron-
shaped magnetite nanoparticles [16] which are all not porous ones.

Recently, sonochemical method has been successfully used to fab-
ricate ZnO hollow microspheres [17] and CuO hollow architectures
[18] in our previous work. In the present work, we show that Fe3O4
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porous microspheres can be prepared by a simple hydrothermal
method using iron (III) citrate complex (Fe (NH4)2H (C6H5O7)2) as a
precursor. The main advantages of this method are (1) the prepara-
tion procedure of Fe3O4 micropowder is simple, (2) the precursor,
Fe (NH4)2H (C6H5O7)2, a nontoxic material, can be easily synthesized
from readily available FeCl3·6H2O or Fe (NO3)3·9H2O and trisodium
citrate (Na3Cit), (3) trisodium citrate (Na3Cit) can completely reduce
Fe3+ to Fe2+, and (4) the solvent, H2O, is an environment-friendly
and most commonly used solvent.

2. Material and methods

The porous magnetite microsphere was prepared as follows. In a
typical preparation,firstly, 0.01 mol FeCl3·6H2O and 0.02 mol trisodium
citrate (Na3Cit) were added to 100 ml beaker with 60 ml deionized
water and continuously stirred for 10 min to form a homogeneous
fawn solution. Then, the pH value of the above solution was adjusted
to 7 by adding proper ammonia (NH4·H2O). Finally, the colloidal solu-
tion was transferred into to a 100 ml Teflon-lined autoclave and main-
tained at 200 °C for 24 h. After cooling to ambient temperature
naturally, the solid black products ormagnetic powders in the autoclave
were collected by a magnet, ultrasonically rinsed for several times in
deionizedwater and ethanol, respectively, and finally dried in a vacuum
oven at 80 °C for 4 h.

X-ray diffraction (XRD) patterns were measured on a Philips X'pert
diffractometer using CuKα radiation (0.15419 nm). Morphology of the
products was observed on a Sirion 200 FEG field emission scanning
electron microscope (FESEM). High resolution transmission electron
microscopic (HRTEM) examination was conducted on a JEOL-2010
microscope attached with an energy-dispersive x-ray spectrometer
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Fig. 2. Microstructural examination of Fe3O4 microspheres. (A): low-magnification
SEM image of Fe3O4 microspheres. (B): low-magnification TEM image of Fe3O4 micro-
spheres. Inset: diffraction pattern and spot indexation with different planes of Fe3O4.
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(Oxford, Link ISIS). Nitrogen adsorption isothermswere measured at
77 K on Micrometrics ASAP 2020 equipment. Magnetization mea-
surements were carried out on a superconducting quantum interfer-
ence device (SQUID) at room temperature.

3. Results and discussion

After the precursor solution was heated at 200 °C for 24 h, the
black powders were collected by a magnet. The corresponding x-ray
diffraction (XRD) is illustrated in Fig. 1. The diffraction peaks match
well with the standard values of Fe3O4 (JCPDS NO. 89-4319), indicat-
ing that the as-prepared products are Fe3O4 phase.

Field emission scanning electron microscopic (FESEM) observations
have shown that the obtained Fe3O4 is of collective-like morphology
with nearly spherical shape, as illustrated in Fig. 2A and its inset.
These microspheres are 2–3 μm in mean diameter (see Fig. 2A inset).

The microstructural examination was conducted for such Fe3O4

microspheres. Fig. 2B presents the typical TEM image. Under the
transmission electron microscopic (TEM) fields, some micropores on
the microspheres are found clearly. The surface of the spheres is
thus rough. The diffraction pattern shows that a single sphere pos-
sesses multicrystal structure as shown in the inset of Fig. 2B. It
means that the whole single microsphere is packed by many ultrafine
Fe3O4 nanoparticles from different crystal orientations.

The formation of the magnetite could be described in the follow-
ing reactions.

FeðNH4Þ2HðC6H5O7Þ2 þ OH− →
200 °C

Fe OHð Þ2 þ 2NH3↑þ CO2↑þ H2O ð1Þ

6Fe OHð Þ2 þ O2 →
200 °C

2Fe3O4 þ 6H2O: ð2Þ

During heating at 200 °C, the complexes Fe (NH4)2H (C6H5O7)2
will decompose and form Fe OHð Þ2, which is finally oxidized to Fe3O4

molecules [reactions (1) and (2)].When the concentration of Fe3O4

molecules was supersaturated, ultrafine Fe3O4 nanoparticles would
be formed in the solution by nucleation and growth. Finally, these
ultrafine Fe3O4 nanoparticles will be assembled into Fe3O4 micro-
spheres by CO2 gas bubble templates due to reduce the energy of
the reaction system.

Further, the nitrogen sorption measurement was conducted to
evaluate the porous structure and specific surface area for such mag-
netite nanoparticles. Fig. 3 shows the nitrogen adsorption–desorption
isotherm. The specific surface area was thus estimated, by Brunauer–
Emmett–Teller (BET) equation [19], to be 83 m2/g. In addition, the
sorption exhibits type IV isotherm and the pore analysis has revealed
Fig. 1. XRD patterns of the as-synthesized products and standard Fe3O4 powders (the
line spectrum).
that the pore sizes in the porous microspheres mainly fall into 3–8 nm,
as seen in the inset of Fig. 3. As for the abroad pore size distribution
around 40 nm should be mainly contributed from the pileup of the mi-
crospheres during N2 sorption measurement.

Such porous oriented Fe3O4 microspheres have exhibited good
magnetic property. Fig. 4 presents the corresponding magnetization
as a function of magnetic field, or the M versus H curve. The satura-
tion magnetization (Ms) and the coercivity (Hc) of the magnetite mi-
crospheres are about 81 emu/g and 145 Oe, which are close to the
values of bulk Fe3O4 (85–100 emu/g and 115–150 Oe, respectively
[20]), as shown in the down-right inset of Fig. 4, corresponding to
an expanded low-field hysteresis curve. Obviously, in addition to
the normal applications in, such as constructing nanoscale magnetic
devices and high-density storage media [20–23], our porous
Fig. 3. N2 sorption isotherm of the porous magnetite microspheres. Inset: pore diame-
ter distribution.
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Fig. 4.Magnetization hysteresis loop of the porous magnetite microspheres. The down-
right inset is an expanded low-field curve.
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magnetite microspheres, due to both the high specific surface areas
and strong magnetic properties, could be used as an effective adsor-
bent for removal of some toxic chemicals, which are usually difficult
to remove and particularly important in environment remediation.

4. Conclusions

In conclusion, this work demonstrates that the Fe3O4 porous
microspheres with 2–3 μm in mean diameter can be formed by
one-pot hydrothermal reaction of Fe (NH4)2H (C6H5O7)2 in neutral
solution. These Fe3O4 porous microspheres have excellent magnetic
properties and higher surface area. The proposed method is easy, non-
toxic, and reproducible. Owing to these advantages, this method is
quite promising for the mass production of Fe3O4 micropowders.
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