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ABSTRACT

Mesoporous magnetite (Fe304) was successfully synthesized on a large scale by direct pyrolysis of fer-
ric nitrate-EG (EG =ethylene glycol) gel in a one-end closed horizontal tube furnace in the air without
using any template, additions, and carrier gas. The as-synthesized mesoporous Fe;04 were charac-
terized by powder X-ray diffraction (XRD), infrared spectra (IR), transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HRTEM), selected area electron diffraction
(SAED), Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), and thermal gravimetric anal-
ysis (TGA). Results from TEM showed that the as-obtained Fe;04 has mesoporous structure formed
by the loose agglomeration of nanoparticles with diameter of about 6 nm, which was also confirmed
by small-angle XRD and nitrogen adsorption analysis. Furthermore, vibrating sample magnetometer
(VSM) measurements indicated that the saturated magnetization of the as-obtained mesoporous Fe;04
was ferromagnetic with the saturation magnetization (Ms) and coercivity (Hc) of 46 emu/g and 136 Oe,

respectively. In addition, a possible growth mechanism of mesoporous Fe304 was also discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, mesoporous materials have attracted much
attention not only due to their unique structures such as large sur-
face areas and uniform and tunable pore sizes of 2-50 nm, but also
for their potential applications in the fields of scientific and indus-
trial communities such as adsorption, catalysis, sensors, capacitors,
etc. [1-5]. Significant progress in the synthesis of mesoporous
materials with controlled bore diameters and structures has been
achieved [6-8]. Among which, mesoporous transition metal oxides
(MTMOs) have received considerable attention for their unusual
magnetic, electrical, and optical properties [9-12]. Up to date, var-
ious soft and hard template methods have been demonstrated for
the fabrication of many MTMOs. In general, soft template route
needs the use of a surfactant such as an alkyl amine and hard tem-
plate requires template dissolution after synthesis. In both case, a
solution step is required, which can limit the synthesis of MTMOs
to those containing transition metals in oxidation states that are
stable in solution [13].

Magnetite (Fe304), as one kind of important transition metal
oxides, is of particular importance because of both its unique
properties including magnetic properties, chemical stability, bio-
compatibility, and low toxicity and potential applications in
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magnetic recording and separation, catalyst, photocatalyst, pig-
ments, ferrofluids, magnetic resonance imaging (MRI), drug
delivery, etc. [14-17]. Up to date, several methods have been pro-
posed to synthesize mesoporous Fe304 structures. For instance,
Bruce et al. reported the synthesis of ordered mesoporous Fe304
with inverse spinel structure by reducing ordered mesoporous
a-Fe;03 with corundum structure at 350°C for 1h under a 5%
H,-95% Ar atmosphere and y-Fe, 03 by heating mesoporous Fe304
at 150°C for 2h in air [13]. Long et al. reported the conversion
of iron oxide aerogels into mesoporous Fe304 with the inverse
spinel structure [18]. Huang and Tang demonstrated the syn-
thesis of mesoporous Fe304 hollow spheres using hydrothermal
synthesis using carboxyl-functionalized PS spheres as the tem-
plates and ethylene glycol (EG) as an organic structure directing
agent and then removing PS and EG by calcinations [19]. He and
co-workers reported the synthesis of mesoporous Fe304 by co-
precipitation method using yeast cells as a template [20]. Xia et al.
reported the synthesis mesoporous Fe304 clusters by selfassembly
of a cyclodextrin-polymer surfactant (CD-polymer) complex under
one-pot reaction in an aqueous medium [21]. Shi and co-workers
demonstrated the synthesis of rattle-type hollow magnetic meso-
porous sphere (HMMS) with Fe;04 particles encapsulated in the
cores of mesoporous silica microspheres has been successfully
fabricated by sol-gel reactions on hematite particles followed by
cavity generation with hydrothermal treatment and H; reduction
[22]. Wang and co-workers reported the synthesis of mesoporous
Fe30,4 by using citric acid-assisted solid thermal decomposition
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Scheme 1. Schematic illustration of the synthesis of mesoporous Fe304.

of ferric nitrate [23]. In general, these methods need complicated
synthetic steps, high reaction temperature, surfactant, and tem-
plate. Although the synthesis of mesoporous Fe;04 materials has
been well documented, the large-scale, low-cost, and template-free
preparation of mesoporous Fe30y is still of great interest.

In general, EG, as solvent, reducing agent, complexing and cap-
ping agents, was widely used during the synthesis of various
nanoparticles of metals such as Ni and Pt and metal oxide such
as Ce0,, and various spinels such as NiFe,04 and Coq_yZnxFe;04
[24-27]. We have been interested in the synthesis of novel nanos-
tructures such as metal, metal oxide and carbonaceous materials
from inorganic-organic hybrid materials including various coor-
dination complexes and gels [28-32]. Recently, we reported the
synthesis of NiFe, 04 hollow nanospheres by hydrothermal decom-
position of the Ni-Fe-EG gel [33]. In addition, we have developed
an alternative strategy for the preparation of Fe304 nanosheets by
direct pyrolysis of the EDTA ferric sodium salt in a one-end closed
horizontal tube furnace (OCTF) in the air [34]. In this paper, we
demonstrate, for the first time, a facile method for the preparation
of mesoporous Fe304. Through pyrolysis of the ferric nitrate-EG
gel in the OCTF in the air, large-scale of Fe304 with controllable
mesostructures were synthesized. During the synthesis, the reduc-
ing atmosphere which created from the decomposition of the ferric
nitrate-EG gel caused the partial reduction of Fe(III) to Fe(Il) and
resulted in the formation of Fe304. In comparison to other prepa-
rations, the advantage of our route lies in its simpleness without
using any template, surfactant and additives.

2. Experimental details
2.1. Preparation of mesoporous Fe3;0y4

All of the reagents were of analytical grade and used as received without
any further purification. Deionized water was used throughout the experiments.
Ferric nitrate nonahydrate (Fe(NO3)3-9H,0) and absolute ethanol (C;HsOH) were
purchased from China National Medicines (Group) Shanghai Chemical Reagents
Company. The synthetic process is illustrated in Scheme 1. First, 0.02 mol
Fe(NO3)3-9H,0 were dissolved in 25ml EG under stirring at room temperature
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Fig. 1. (a) XRD patterns, (b) FT-IR spectrum, and (c) small-angle XRD patterns of the
synthesized products at 400 °C for 12 h in the OCTF.

for 3 h, and then heated at 80°C and finally formed dry ferric nitrate-EG gel. Then
pyrolysis was carried out in a horizontal tube furnace. In a typical synthesis, ferric
nitrate-EG gel (1g) was placed in a ceramic boat (with inside diameter of 0.6 cm
and length of 5 cm) and then transferred into an horizontal quartz tube (with inside
diameter of 3 cm and length of 40 cm) and calcined with one end of the tube closed
in the horizontal tube furnace at 400°C for 12 h with the heating rate of 10°C/min.
After cooling to room temperature, the furnace was cooled to room temperature
naturally. The black products were centrifuged and washed with distilled water and
absolute ethanol for several times, then dried at 80°C for 12 h.
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Fig. 2. XRD patterns of the synthesized products (a) at 450°C, (b) at 500°C, and (c)
at 600 °C for the same reaction time of 12 h in the OCTF.

2.2. Characterization

Powder X-ray diffraction (XRD) was examined on a Shimadzu XRD-6000 using
Cu Ka radiation (wavelength A=1.5147A). Infrared spectra (IR) of the samples
were recorded on a Bruker Vectortm 22 FTIR spectrometer. Transmission electron
microscopy (TEM) and selected area electron diffraction (SAED) images were taken
for morphology and particle size by using JEM-2010 transmission electron micro-
scope, which was operated at 200kV. N, adsorption-desorption isotherms were
performed on a Coulter SA-3100 analyzer apparatus with nitrogen as the analysis
gas. Surface areas were calculated by the BET method and pore-size distribution was
analyzed using the Barret-Joyner-Halenda (BJH) method. Magnetic properties of the
samples are determined on the vibrating sample magnetometer (VSM, Lake Shore,
Model 7303-9309). Thermal gravimetric analysis (TG) was studied on a PerKinElmer
Pyris 1 TGA (USA) at a heating rate of 10°C/min from room temperature to 600 °C.

3. Results and discussion

The crystal structure and phase purity of the products were
first characterized by XRD. Fig. 1a shows the XRD patterns of the
synthesized products by direct pyrolysis of the ferric nitrate-EG
gel in the OCTF at 400°C for 12 h. All diffraction peaks can be
indexed as inverse spinel structure Fe304, which is consistent with
the standard value for bulk Fe304 phase (JCPDS file No. 19-0629).
No peak from impurities can be observed in the XRD spectrum of
the obtained sample, indicating none of other different crystalline
phases was formed. The products were further characterized by

Fig.3. TEM images of the synthesized products (a) at400°C, (b)at450°C,(c)at 500 °Cand (d)at 600 °C for the same reaction time of 12 h in the OCTF, inset of the corresponding

SAED image.
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Fig. 4. HRTEM images of the synthesized products at 400 °C for 12 h in the OCTF.

FT-IR in Fig. 1b. The strong peaks at about 560 cm~! are assigned to
the vibration of the Fe-O bond of Fe304, which is consistent with
the reported value of Fe304 in the literature [34,35]. The broad
bonds at about 3500 and 1630cm™! are related to the absorbed
H,0 molecules or OH~ on the surface of Fe304. In a word, both of
the XRD spectrum and FTIR results indicate the obtained product
at 400°C for 12 h is pure Fe304.

Fig. 2 shows XRD patterns of the synthesized products by pyrol-
ysis of ferric nitrate-EG gel in the OCTF at different reaction time.
It is evident that annealing results in the formation of crystalline
Fe304 at450°Cand 500 °C for the same reaction time of 12 h. When
pyrolysis was carried out at 600 °C for 12 h, complex products with
complex phases including crystalline Fe3O4 were obtained.

The size and morphology of the synthesized products at differ-
ent temperatures are analyzed by the TEM images (Fig. 3). As shown
in Fig. 3a, large-scale of Fe304 with wormhole-like mesostruc-
ture was obtained at 400°C for 12 h. From higher resolution TEM
(HRTEM) images in Fig. 4, the obtained mesoporous Fe30,4 is com-
posed of large amount of nanoparticles with average diameter
of about 6 nm. The structure and crystallography of the samples
was further proved by SAED analysis (inset in Fig. 3a) and small-
angle XRD patterns (Fig. 1c), indicating the presence of mesoporous
Fe304 structure [36-38]. Moreover, the textural property of the
synthesized mesoporous Fe304 was also investigated by N, sorp-
tion analysis. Fig. 5 shows the adsorption-desorption isotherm
with inset of the corresponding pore-size distribution. Accord-
ing to IUPAC classification, the similar N, adsorption-desorption
isotherms of the sample can be classified as a type-IV adsorption
branch with an H, type hysteresis loop, typical of a mesoporous
material. The shape of the curve, in agreement with results from
transmission electron microscopy studies, indicates the absence of
a narrow pore-size distribution, as suggested by the lack of the typ-
ical step in the adsorption isotherm which is observed with ordered
mesoporous materials [36,39]. The pore-size distribution (inset in
Fig. 5) calculated from BJH model is very narrow and with the mean
mesopore size of about 3.6 nm and the BET surface area and total
pore volume are 145m2g-! and 0.12cm3 g, respectively. TEM
images of the synthesized products in the OCTF at 450°C, 500°C,
and 600 °C for the same reaction time of 12 h are shown in Fig. 3b,
¢, d, respectively. The images in Fig. 3b and c show that the sam-
ples are mostly composed of uniform spherical particles with an
average size of 5-6 nm. With the increase of reaction temperature
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Fig. 5. N, adsorption-desorption isotherm and pore-size distribution of the syn-
thesized mesoporous Fe304 at 400°C for 12 h in the OCTF, inset of the pore-size
distribution plot.

to 600 °C, more complex products were obtained with complicated
structures with the TEM image in Fig. 3d.

Fig. 6 shows the magnetization hysteresis loop of the obtained
mesoporous magnetite in the OCTF at 400°C for 12h, which
indicates that the synthesized product is ferromagnetic at room
temperature and the saturation magnetization (Ms) and coercivity
(Hc) is 46 emu/g, 136 Oe, respectively. The saturation magnetiza-
tion is lower than that of bulk Fe304. In general, the magnetic
properties of particles may be influenced by various factors includ-
ing the size, structure, surface disordering, morphologies, etc. In
our work, the existence of non-magnetic carbon decomposed from
EG and the small particle size may result in lowering the saturation
magnetization of the synthesized mesoporous Fe304 [34,40-45].

Fig. 7 shows the TGA-DTG curves of the ferric nitrate-EG gel in
the air. There are three different weight-loss peaks at the temper-
ature ranges of 25-150, 150-270, and 270-400 °C. The first weight
loss peak corresponds to the removal of adsorbed water. The sec-
ond is mainly attributed to the desorption of crystal water in the
gel. And the third one is ascribed to the decomposition of the gel
to form iron oxides at high temperature. When thermal decom-
position was carried out in the air, the final product is hematite,
even when other experimental conditions are kept the same. The
introduction of EG effectively disperses ferrous ion in the fer-
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Fig. 6. The magnetization-hysteresis (M-H) loop of the synthesized Fe304 at 400 °C
for 12 h measured at room temperature.
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Fig.7. TGA-DTG curves of the ferric nitrate-EG gel with the heating rate of 10 °C/min
in a flowing air atmosphere.

ric nitrate-EG gel. During our thermal decomposition process, the
space occupied with EG creates the disordered worm-like pore of
iron oxide after the decomposition of EG. Meanwhile, the forma-
tion of Fe304 particles is induced by the partial reduction of Fe(III)
to Fe(Il) and the reducing atmosphere comes from the decompo-
sition of inorganic-organic hybrid materials related to the EG and
ferric ions [29,34]. The further formation mechanism of Fe30, is
still under investigation.

4. Conclusions

In summary, we have developed a simple and facile approach
for the synthesis of mesoporous Fe304 on a large scale through
direct thermal decomposition of a ferric nitrate-EG gel in a one-end
closed tube furnace in the air. During the synthesis, mesoporous
Fe30,4 with the BET surface area and total pore volume of 145 m?/g
and 0.12cm3/g were obtained at 400°C for 12 h. Moreover, the
possible mechanism from gel to mesoporous products has also
been discussed. The synthesized mesoporous Fe;04 have poten-
tial applications in various areas such as catalysis, drug carriers,
and magnetic recording.
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