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Two types of the silica materials were used for the preparation of iron oxides. The MCM-48 type silica support
and wide-pore silica gel were impregnated with iron nitrates. The samples were investigated by the nitrogen
adsorption/desorption method, X-ray diffraction, scanning electron microscopy, and 57Fe Mössbauer spectroscopy.
Redox properties were studied by the temperature programmed reduction method. Strongly dispersed hematite
was evidenced on the supports. An application of the MCM-48 silica mesoporous materials led to the development
of the oxide phases within the ordered porous structure. The detailed temperature programmed reduction studies
evidenced slight differences of the redox properties of the species located within the silica templates and after
their removal. Magnetic properties of iron oxides were related to the porous structure of the silica supports.
The Mössbauer study of high surface area materials Fe/SiO2 and Fe/MCM-48 type silicate templates revealed
existence of ferro- and superparamagnetic phases. The relative contribution of the superparamagnetic doublet
component in Mössbauer spectra is 15% and 80% for Fe/SiO2/c and Fe/MCM-48/c samples, respectively.

PACS: 76.80.+y, 78.67.Bf, 78.67.Rb, 75.20.–g

1. Introduction

Nanostructured iron oxides have found widespread in-
terests in recent years [1–4]. Iron oxides and iron-based
materials reveal often unique physical, optical, magnetic
and catalytic properties. These relatively cheap and non-
toxic materials have many high-technology potential ap-
plications. They can be used for example for enhanced
storage media [5, 6], in biosensing, as contrast agents
in magnetic resonance imaging [7] or drug and gene de-
livery [8], as ferrofluids [9] or catalysts [10]. The coer-
civity, saturation magnetization values of nanostructured
iron oxides are strongly related to the size and magnetic
anisotropy of the particles [11, 12].

The properties of iron oxide species can be tailored
by the application of the nanocasting technique. In the
first stage of this technique, metal ions are introduced
to the solid matrices (such as carbon materials or silica
support), then precursors are transformed to the larger
species, and finally the matrices are removed by combus-
tion or dissolution. Surface properties and porosity of
silica support, initial concentration of metal ions, treat-
ment temperature or the way of separation and stabili-
sation of the oxide nanoparticles may strongly influence
their final properties.

The aim of the presented studies was preparation and
investigation of the properties of iron oxide materials by
the application of the nanocasting technique.
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2. Experimental

The nanocrystal iron oxide was prepared in the high
surface area silica materials. As-prepared MCM-48 type
silica support and wide-pore silica gel were impregnated
with the ethanol solution of iron nitrate. The samples
Fe/MCM48/c and Fe/SiO2/c were dried and calcined.
Next in both cases silica templates were dissolved in
NaOH solution. The oxide was separated by centrifu-
gation. Samples after drying were investigated by the ni-
trogen adsorption/desorption method and scanning elec-
tron microscopy. The nature of iron–oxygen interactions
was studied by the temperature programmed reduction
(TPR) method. Phase analysis was carried out by means
of X-ray powder diffraction (XRD) with nickel-filtered Cu
Kα radiation. The Mössbauer spectra were recorded us-
ing a constant acceleration spectrometer with a 57Co(Rh)
source at room temperature. The Mössbauer spectra for
ferrimagnetic phases were analysed by solving the com-
plete Hamiltonian under the assumption that the energy
of the quadrupole interaction is small compared to the
hyperfine magnetic splitting. The fast-relaxation limit
within the thin absorber approximation was accepted.

3. Results and discussion

The morphology of the samples is illustrated in the
Fig. 1. The outer shape of the grains before and after
silica removal is similar. However the Fe/MCM48 based
oxides reveal more amorphous nature.

The total surface area of iron modified silica gel
measurement by means nitrogen adsorption/desorption
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Fig. 1. Scanning electron microscope (SEM) images of
the samples.

method is around 330 m2/g. The sample shows wide
pore size distribution. Mean pore diameter is in the range
of 3.5 nm. Nitrogen adsorption/desorption studies evi-
denced typical mesoporous structure of the MCM48 silica
support and supported oxide materials (Fig. 2a). MCM-
48 type silica materials are characterised with narrow, in-
terconnected uniform channels with the size in the range
of 3 nm [13]. Such pre structure facilitates uniform de-
position of iron species within the grains of the support.
Samples after silica removal show lower surface area. The
shape of the isotherm for Fe/SiO2/c/d sample shown in
Fig. 2b may indicate the presence of relatively large in-
terparticle slit-like pores. Whereas Fe/MCM48/c/d sam-
ple may contain ink-bottle-like and wide interparticle
pores. All parameters obtained by means nitrogen ad-
sorption/desorption method for the both samples are col-
lected in Table.

TABLE
BET surface area, total pore volume and pore diameter.
c — samples after impregnation and calcination, d —
samples after removal of silica.

Sample SBET [m2/g] Vt [cm3/g] DBJH [nm]
Fe/SiO2/c 331.3 0.23 3.5
Fe/SiO2/c/d 36.8 0.11 10.9
Fe/MCM48/c 742.2 0.50 2.5
Fe/MCM48/c/d 26.8 0.04 4.9
MCM-48 1283.1 0.93 2.4

Temperature programmed reduction studies presented
in Fig. 3 are often used to determine the oxidation state
and slight differences of the metal–oxygen interactions,

Fig. 2. Nitrogen adsorption/desorption isotherms
(a) samples after impregnation and calcination;
(b) samples after removal of silica.

which may results from different location of the species
or interaction with the support. The first peak in the iron
support oxides can be ascribed to the reduction of F3+

to Fe2+ [14]. The second peak is often ascribed to the
successive reduction of the oxides, which show different
interaction with the iron support. The reduction of the
samples after silica removal is more difficult. There are
observed few peaks, which may indicate on the presence
of different metal–oxygen interactions in the samples.

Fig. 3. Temperature programmed reduction profile.

The XRD patterns of the investigated samples are pre-
sented in Fig. 4. Analysis of the patterns evidences for-
mation of the Fe2O3 in the both examined templates.
The lattice parameters a and c of hematite nanocrystal-
lites formed in SiO2 template are equal to 5.033(2) Å and
13.735(2) Å, respectively. These parameters are slightly
smaller than those in case the bulk material (a = 5.038 Å
and c = 13.772 Å). The low intensity of the diffraction
lines related to Fe/MCM48/c sample may indicate that
hematite crystalline is strongly dispersed in the template.

In the presented study Mössbauer spectroscopy (MS)
was used to confirm the formation of nanostructured iron
oxides in the MCM-48 type silica support and wide-pore
silica gel and stability of them after templates removal.
The Mössbauer spectra are presented in Fig. 5. On the
basis of the obtained hyperfine parameters values the
presence of hematite in two magnetic states: ferromag-
netic and superparamagnetic can be stated.

It is know that in nanocrystalline material the su-
perparamagnetic doublet results from the relaxation
phenomenon due to the intrinsic finite-size effect [15].
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Fig. 4. The XRD diffraction patterns of Fe/SiO2

and Fe/MCM48 samples before and after silica removal.

Fig. 5. 57Fe Mössbauer spectra for Fe2O3 nanoparti-
cles samples before and after template removal.

The relative contribution of superparamagnetic compo-
nent is equal to 15(1)% in the Fe/SiO2/c sample. Af-
ter removal silica material the superparamagnetic com-
ponent decreases to 8(2)%. It seems most likely that
the smallest particles of hematite were removed together
with the template. In the case of samples based on
MCM48 matrix the relative contribution of superpara-
magnetic phase is dominating and achieves about 80%.
It results from significantly smaller pore sizes in MCM48
than those in SiO2 template. This contribution remains
unchanged after MCM48 template removal. The pre-
sented experimental results indicate that the nanocrys-
talline form of iron oxide without MCM48 template is
kept.

4. Conclusions

Iron oxides were prepared by the nanocasting tech-
nique. Two types of the silica materials were used.

Strongly dispersed Fe2O3 phases were formed in the pore
systems of materials. The samples prepared by the ap-
plication of the high-surface area matrices contained in-
terconnected mesopores of the size around 3 nm showed
larger surface area.

The TPR studies of the nature of the hematite evi-
denced differences in the redox properties of the species
located on the different silica supports. Silica removal
leads to the changes of iron-oxygen interactions. The MS
studies confirm that iron oxide crystallites formed in
MCM-48 template have mean sizes smaller than those
obtained in SiO2 template. The matrix removal does not
essentially influence on the hyperfine parameter values.

The nanocasting technique proved to be useful method
to produce nanocrystalline powder without template.
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