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Structural and magnetic properties of Fe,O,
nanoparticles dispersed in silica matrix
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Some Fe,0,.SiO2 composites were prepared by the colloidal and alkoxidic route of the sol-gel method. The dried gels were
thermally treated and the samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
infrared absorption (IR) spectroscopy, magnetic susceptibility measurements and Mdssbauer spectroscopy. Nanoparticles
of y and /or a iron oxide phase of different size were obtained in the silica matrix depending on the gelation conditions and
on the thermal treatment. It was observed that the particle sizes and the thermal stability of the iron oxide phases strongly
depend on the preparation method. At temperatures above 400 °C, the y-phase begins to transform to the a-phase.
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1. Introduction

The synthesis of materials in the nanometer range is
of great interest due to their distinct optical, magnetic and
chemical properties. The iron and iron-oxide based
nanomaterials have potential applications in reading and
writing technologies on magnetic media [1], in catalysis
[2], color imaging [3], ferrofluids [4]. The preparation of
nanocomposites by including the nanoparticles in a silica
sol-gel matrix represents an effective remedy to the
tendency of nanopowders to aggregate [5-10]. The use of
an inorganic matrix as a host for nanocristaline particles
can provide an effective way for obtaining a particle-size
distribution as well as for controlling the homogeneous
dispersion of ultra-fine metal oxide particles. The physical
properties of an assembly of magnetically ordered single
domain nanoparticles dispersed in a diamagnetic matrix
depend on a number of parameters which characterize the
magnetic compound and the morphology of the
nanoparticles.

In the present work, nanocomposite materials in the
Fe,Oy -SiO, system were prepared by sol-gel method via
alkoxide and aqueous route starting with a Fe** precursor,
in order to accomplish a comparative study on their
preparation conditions, structure and properties. The
amorphous and crystalline state of the products and the
size of the particles were controlled by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). The
local order around Fe(Ill) ions was investigated by

Mossbauer spectroscopy. The magnetic properties were
monitored by magnetic susceptibility measurements.

2. Experimental
Preparation of samples

All the samples were prepared by the sol-gel method
using two different routes: the alkoxidic and the aqueous
one. The chemical composition and the experimental
conditions for nanocomposites preparations are presented
in Table 1. As iron source, the iron (III) nitrate
nonahydrate [Fe(NO;);.9H,0] from Chimopar was used in
both cases and its content in the nanocomposite material
was calculated to be 10 wt.% related to the SiO, content,
respectively a molar ratio Fe/SiO, equal to 1/8.37. The
iron salt was introduced in the system as aqueous solution
in all experiments. Concerning the silica precursor, a
colloidal silica-sol Ludox AS-30, 30 wt% (Aldrich) was
used for the aqueous route and tetraethoxysilane (TEOS)
from Merck in the alkoxidic case. In the alkoxidic route,
absolute ethanol (Riedel de Haen) as solvent and deionized
water for hydrolysis has also been used. The syntheses
were carried out on magnetic stirrers with controlled
temperature in the reaction conditions presented in the
table. The wet gels were dried at 80 °C for 24 h.
According to the DTA/TGA results, the obtained gels
were thermally treated for four hours at 350 °C using a
heating rate of 1 °C/min [11].

Table 1. The chemical composition and the preparative conditions of the Fe,O,/SiO, nanocomposites.

Sa | Sol-gel Chemical composition Reaction Gelation
mp | method Si0, Fe,05° conditions time (h)
le route
Precursor™ Molar ratio (MR) Fe/Si0,(MR) pH T(C)
S Colloidal SC Si0,/H,0=1/11.47 1/8.37 2 65 2.5
T Alkoxidic TEOS Si0,/H,0/C,HsH 1/8.37 2 65 225
=1/11.47/8

* The source of Fe,O, was Fe(NO;);9H,0;
* SC - colloidal silica; TEOS — tetracthoxysilan
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Characterizations of samples

Structural evolution of the samples was monitored by
XRD using 6-20 conventional equipment (Philips type
PW1050) with CuKa wavelength. In order to analyze the
degree of dispersion of the particles in the matrix and the
surface morphology of the samples transmission electron
microscopy (TEM) measurements have been performed
using a JEOL 200 CX equipment and using 100000
magnifications. For the TEM measurements the samples
were milled and the obtained powders were dispersed in
chemically pure acetone and dropped on conventional
carbon coated copper grids.

The IR absorption spectra were performed in the 2000
to 400 cm™' range using a BX FT-IR spectrophotometer.
The measurements were carried on powdered samples
embedded in KBr pellets.

The Mossbauer absorption spectra were performed in
a standard transmission geometry, using a >'Co source in
rhodium (37 MBq). Calibration was performed using a 25
um thick natural iron foil: the isomer shift values are
referred to o-Fe. The measurements were carried out at
room temperature on powdered samples using a Plexiglas
sample holder. The surface density of the absorbers ranges
from 105 to 145 mg/cm’.

The magnetic susceptibility measurements were
performed on finely ground crystalline samples using a
Quantum Design SQUID magnetometer MPMS-XL in the
1.8 to 400 K range and for dc applied fields ranging from -
7 to 7 T. The magnetic data were corrected for the sample
holder.

3. Results and discussion

In the Fig. 1 the XRD spectra of samples (T and S)
heated at 350 °C for 2h are presented. In the case of
sample S, the a-Fe,O; phase is present. In sample T, an
amorphous character of the silica matrix with a slight
tendency to crystallize the y-Fe,O; phase can be noticed.
In the literature, the transition from y to a phase has been
reported to occur at 380 °C for particles with an average
size of 30 nm [12], and at 500 °C for particles of 10 nm
[13]. It has also been observed that particles smaller than
10 nm in a SiO, matrix continues to remain in y phase up
to 1000 °C [14]. For the prepared samples the average
sizes calculated from the XRD peak broadening (Dgrx)
were 12 and 5 nm, respectively. This indicates that the
presence of a phase in sample S is essentially due to the
presence of larger particles which can easily be
transformed to o phase at 400°C [15]. The literature
reports temperatures below 400°C for the transition from
v-Fe,O; to a-Fe,O; phase in air atmosphere [16]. This
limit of temperature can be raised by avoiding the particle
aggregation. In fact, now it is well established that the
transformation temperature is associated with the
crystalline grain size [17-21].

1~ FepO3 + a- FepO3
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Fig. 1. The X-Ray diffraction pattern of S and T samples.

The particle size, their distribution and the degree of
distribution of the particles in the matrix were visualized
by TEM (Figs. 2 and 3). In TEM images, particles
embedded into the SiO, matrix are visible in both samples.
In the S sample particles of approximately 15 nm size and
in T sample particles of about 5 nm size have been
observed.

Fig. 2. TEM images of the S (left side)and T (right side)
samples.

In the case of S sample, the presence of silica matrix
together with an incipient crystallization of the iron oxide
can be noticed. For the T sample, an increased degree of
aggregation of silica compared with sample S can be
observed. In this case, the iron oxide is embedded in the
amorphous matrix, in agreement with the XRD results. It
should be noted that for the prepared samples the size
distributions of nanoparticles appears homogeneous
dispersed in the silica matrix. The particles appear
spherical in shape with average sizes smaller than 20 nm.
TEM observations of the T sample show the presence of
oxide particles. The dark-field micrograph indicates the
amorphous character of a great number of nanoparticles.

In the FT-IR spectra of the prepared samples shown in
the Fig. 3 the 1640 cm™ band is due to the bending of the
adsorbed H,O molecules which can interact through
hydrogen bonds with silanol groups. We notice a lower
intensity for the S sample. In all cases the characteristic
vibration bands of a SiO, gel were identified: v,,(Si-O-Si)
at 1200 cm™ and 1075 cm™; v,(Si-OH) at 970 cm™; v,(Si-
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0-Si) at 795 cm™; v(Si-O-Si) from cyclic tetramers at
540 cm’” and 8(Si-O-Si) at 460 cm™ in agreement with
data from literature [5]. The band at 950 cm™ disappears
for sample S indicating the polycondensation process [22-
23]. The v(Fe-O) vibration band (530 cm™) appears
distinctly only for sample T. For the S sample it is hidden
by the overlapping with the vibration band characteristic to
the silica matrix (540 cm™, Si-O-Si from cyclic tetramers).
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Fig. 3. FTIR spectra of S (curve a) and T (curve b) samples.

The Mdgssbauer absorption spectra of the sample S is
shown in Fig. 4a, while Fig. 4b shows the spectrum of
sample T. The sample S is magnetically ordered while the
T sample is in a paramagnetic state. At room temperature,
the spectra of T sample (Fig. 4b) consist of a central
doublet with an isomer shift of around 0.28 mm/s
according to a superparamagnetic behavior of the particles.
All the spectra show components with values of IS typical
of trivalent iron [24, 25].

The spectrum of sample S was fitted by two magnetic
sextuplets and one doublet (Fig. 4a). The paramagnetic
compounds are attributed to a superparamagnetic
behavior. The sextuplets indicate the presence of magnetic
order in the sample. The two components have magnetic
fields smaller than those of the corresponding bulk phases,
because of the nanocrystalline character of the particles
[26]. Therefore it is impossible to assign the single
components to precise phase. The second and third
components can be attributed to maghemite in a mixture
with hematite [27].

RELATIVE TRANSMISSION

-4 0 +4
Velocity (mm/s)

RELATIVE TRANSMISSION

-12 -8 -4 0 +4
Velocity (mm/s)

Fig. 4. Transmission Mdssbauer spectra recorded at 300 K for S (left) and T (right) samples.

The magnetization (M) vs magnetic field (H) data at
100 K have been obtained with the use of a SQUID
magnetometer (Fig. 5). The presence of a ferromagnetic

phase is detected when a rapid increase of the
magnetization is observed at low field, while a
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paramagnetic system will linearly respond. Therefore
these data are in very good agreement with the Mossbauer
data that shows a paramagnetic behavior for T while a
ferromagnetic contribution is observed for S.
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Fig. 5. The dependence of the magnetization (M) on the applied field (H) recorded at 100 K for the S (left side) and
T (right side) samples.
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4. Conclusions

Some Fe, Oy — SiO, nanocomposites, in which the iron
is present exclusively as Fe (III), were successfully
prepared by the sol-gel method via aqueous and colloidal
routes. All the experimental observations indicate that the
nature of the particles changes during the thermal
treatment which suggests that iron oxide particles are not
present in a unique form. Using the colloidal route (sample
S) the y-Fe,O; and a-Fe,O; phase have been detected. In
the alkoxidic route (sample T) small particles with a
paramagnetic behavior have been obtained. The
differences between the two obtained Fe,Oy, — SiO,
nanocomposites are due to the type of host matrix resulted
from the two routes of sol-gel synthesis used.
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