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Nanocomposites Fe,O,-SiO,, with an iron content of 3wt. % has been prepared by the sol-
gel method starting from tetraethoxysilane (TEOS) and methyltrietoxysilane (MTEOS)
precursors as the SiO, sources. This original method produces large quantities of
amorphous gels that are thermally treated at 550 °C and 1000 °C as the final step of the
synthesis. The average diameter of iron particles in the nano-composite materials can be
controlled by the iron concentration and thermally treatment. The dried gel was treated at
increasing temperatures, and the samples were characterized by transmission electron
microscopy (TEM), IR-spectroscopy and magnetic measurements. The result indicates that
the formation and the stability of the iron oxide phases are strongly affected by the
precursors used as the SiO, sources.
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1. Introduction

Fe,O,-Si0, nano-composite materials can be prepared by a variety of methods. The
problem is that the traditional methods of synthesis from material science are not able to produce
uniform and reproducible particles of nanometer size. On the other hand the magnetic particles
having nanometer dimensions have the tendency to agglomerate [1]. The sol-gel method has
revealed the formation of the Fe,O, nanoparticles in organic polymers or in silica matrixes [2-4].
The porous nature of the silica matrix provides the sites for nucleation of the iron oxide particles
and minimizes their aggregation [5-6]. It is well known that the structure and composition of nano-
oxides formed by sol-gel method depend on the preparation condition, the nature of the precursors,
the ion source and pH. All the previous studies have shown that the final product of the
decomposition is a-Fe,O3;, whose properties depend of the temperature of annealing [7], treatment
condition [8-9] and the crystallinity of the initial material [10].

The present paper presents the preparation of some Fe,O,-SiO, nano-composites obtained
by the sol-gel method, recently proposed for the synthesis of Me-SiO; systems [11-15]. The size
and morphology of the particles were observed by transmission electron microscopy (TEM). The
interaction of iron oxide with the silica matrix in Fe,O,-SiO, nanocomposites has been
investigated by IR-spectroscopy. The magnetic properties were monitored by susceptibility
measurements.
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2. Experimental

The Fe,O,-SiO, nanomaterials have been obtained using the alkoxide route of the sol-gel
method, varying the silica precursors, in order to evidence its role on the properties of the obtained
nanocomposites. The tetracthoxysilan (TEOS) from Merck, methyltriethoxysilan and (MTEOS)
from Fluka, have been used as SiO, sources. The absolute ethyl alcohol from Riedel de Haen was
used as solvent, in all cases. The iron source was also a common one, respectively the
FeSO47H,0 salt, from Romanian “Reactivul” company, which was introduced in the reaction
mixtures as aqueous solution. All the sol-gel reactions were accomplished using a 25 wt. %
ammonia solution from Reactivul as catalyst and deionized water for the hydrolysis. The final iron
content for all the prepared nanocomposites was calculated to be of 3 wt. %, related to SiO,. Table
1 presents the chemical compositions and the experimental conditions of preparation for the
synthesized nanomaterials.

Table 1. The chemical composition and the experimental condition of preparation for the
Fe,0y-SiO, nanocomposites. All the synthesis was carried out on magnetic stirrers
with controlled temperature.

Sample | Silica Molar ratios Gelation
precursor|
EtOH/Si0,| H,0/Si0, | T, (°C) |t, (h)
T TEOS 4 13.37 65 1
M |[MTEOS 8 13.37 65 3

Nano-particles in the silica matrices were observed in electron micrographs obtained by
transmission electron microscopy (TEM) with a JEOL 200-CX microscope. FT-IR spectra from
2000 to 350 cm™ were obtained using a BX spectrometer on KBr pellets of the samples. The
magnetic susceptibility measurements were obtained with the use of a Quantum Design SQUID
magnetometer MPMS-XL. Measurements were performed on finely ground samples. The
magnetic data were corrected for the sample holder.

3. Results and discussions

The influence of the silica source on the properties of the prepared nanocomposites is also
evidenced in Figs. 1 and 2, which presents the TEM micrographs of the samples T and M. The
dark field micrographs indicate the amorphous character of the majority of nanoparticles in the
samples treated at temperatures lower than 600 °C. An illustration is given by the TEM
observations of the samples T treated at 550 °C (Fig. la) that presents only an amorphous
character. In the case of sample treated at 1000 °C (Fig. 1b) it was possible to observe
nanoparticles with dimensions ranging from 7-14 nm.

a b

Fig. 1. TEM micrographs of system Fe,05-Si0, started with TEOS at 550 °C (a) and 1000 °C (b).
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TEM micrographs of the samples M obtained with MTEOS show particles embedded into
the SiO, matrix in all the prepared samples. In those samples it could be observed that iron oxide
“nanoclusters” appear already at 550 °C (Fig. 2a). These “clusters” appear probably due to the
hydrophobic nature of the matrix. It could be observed in the micrographs in Fig. 2a that this
sample presented a dark field, which can be attributed to the amorphous part of the sample. The
dimension of nanoparticles that was possible to observe is between 38-45 nm. In the case of
sample treated at 1000 °C (Fig. 2b), it could be observed that Fe,O; nanoclusters crystallized. In
this case it was possible to observe particles with dimensions between 35-50 nm. The dimensions
of particles in the system Fe,0;-SiO, obtained with MTEOS did not increase significantly after
treatment up to 1000°C. The results are in agreement with XRD data. In the sample T, at 550 °C,
no iron oxide nanoparticles were noticed, probably because the iron(Il) ions are embedded and
dispersed in the Si-O-Si network, by -Si-O-Fe-O-Si- type bonds [16, 17].

Fig. 2. TEM micrographs of system Fe,05-Si0, started with MTEOS at 550 °C (a) and 1000 °C (b).

Figs. 3 and 4 shows respectively the IR spectra between 2000 and 400 cm™ of the T and M
samples, after thermal treatment at 550 'C and 1000 'C. All spectra presented in Figs. 3 and 4
shows the main features attributed to Si-OH, Si-O-Si, Fe-O, as it was reported by other authors
[18-21]. The band at 1640 cm™ is due to bending of the absorbed H,O molecules which can
interest through hydrogen bonds with silanol groups. S. Bruni in [22] suggests that this band is at
higher wave number in the case of nanocomposites. In all cases the characteristic vibration bands
of a Si0; gel, mainly: v,(Si-O-Si) at 1200 cm™and 1075 cm™; v,(Si-OH) at 970 cm™; vy(Si-O-Si)
at 795 cm™; v(Si-O-Si) from cyclic tetramers at 540 cm™ and 8(Si-O-Si) at 460 cm™' were identified
in accord with literature data [22]. The band at 950 cm™ disappears for sample S indicating the
polycondensation process [20-25]. The v(Fe-O) vibration band (530 cm™) appears distinctly only
for sample T. For sample S 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. FT-IR spectra of KBr pellets of samples T and M treated at 550 °C.
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Fig. 4. FT-IR spectra of KBr pellets of samples T and M treated at 1000 "C.

The magnetic susceptibility (defined as y = M/H) for samples T heated at 1000°'C was
measured. At room temperature, the magnetic susceptibility is about ~ 3.5x10 emu/g of both
compounds. Decreasing the temperature, the magnetic susceptibility for the sample (with an iron
content of 3 wt. %, related to SiO,) continuously increased as observed on Fig. 5a. Significant
negative deviation is apparent in the 1/ y plot (Fig. 5b) for these samples at T < 100 K. The
magnetic susceptibility follows a Curie-Weiss behavior with C = 0.0007 emu-K/g-Oe and £~ -0.4
K. Similar deviations from Curie-Weiss behavoiur are observed in the related class of ferrite
materials above their Curie points [26]. It is reasonable to postulate that the iron ions may by
bonded to each other through the oxygen atoms in hydroxyl bridges (e.g., Fe-OH-Fe). In the
related class of materials, ferrites, the magnetic interaction between Fe atoms is also via an oxygen
atom. In this case, this interaction is known to be antiferromagnetic [27]. The small but negative
Weiss constant indicates that the Fe is present in nanometer-sized regions and exists in ionic form
(Fe*"). The comportment of magnetic susceptibility x and 1/ y vs. temperature T confirm the iron
ions in the matrix. It is reasonable to suppose that the iron ions may be bonded to each other
through the oxygen atoms in SiOH groups.
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Fig. 5. Magnetic susceptibility y, and 1/ ¢ vs. T data for sample T treated at1000 “C measured at 1000
Oe. The solid line represents the best least-square fitting of the data using a Curie Weiss law.

Further information concerning the magnetic behavior of our samples will be reported in
future studies.
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4. Conclusions

Fe.O,-Si0, nanocomposites were prepared by sol-gel method which used
tetraethoxysilane (TEOS), methylethoxysilane (MTEOS) and FeSO,7H,0 as starting materials.
The influence of the matrix obtained from the TEOS and MTEOS precursors plays a major role in
the evolution of the processes. The presence of the dark-field micrographs indicates the amorphous
character of the nanoparticles in the samples. The tendency of crystallization of iron oxides
increases in the case of the material obtained using methylethoxysilane (samples M). In the
samples M the same nano-clusters were visible already in the materials thermally treated at 550
°C. For samples T (obtained by thermal treatment using tetracthoxysilane) the same iron oxide
nanoparticles were observed at 1000 °C. The tendency of crystallization did not appear up to 550
°C because the iron ions might be bonded the silicate skeleton: O-Si-O-Fe-O-Si-O.
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