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Composite iron oxide-SiO, materials were prepared by a sol-gel method starting with two types of precursors,
tetraethoxysilane (TEOS) and methyltriethoxysilane (MTEOS), as the SiO, source. As the iron source a soluble
Fe?™ salt, mainly Fe(SOy,),-7H,O, was used, the iron oxides were generated during the sol-gel process. The
amorphous gels obtained were thermally treated up to 1000 °C in order to obtain iron oxides with different
structures and grain size. The initial gels and the thermally treated samples were characterised by DTA/TGA
analysis, DR-UV-VIS and IR-spectroscopy, EPR measurements, transmission electron microscopy (TEM) and
BET surface area methods. The matrices obtained from the precursors play a major role in the evolution of the
process. In both cases the initial gels are amorphous. In the non-porous matrix obtained by thermal treatment
using methyltriethoxysilane (MTEOS), the tendency for crystallisation increases, and the iron oxide particle size

is increased.

1 Introduction

The concept of nanomaterials first appeared in the last few
decades, after investigation techniques were able to detect the
small dimension of these kinds of materials. The ability to
control the particle size and the morphology of the nano-
materials is of crucial importance nowadays both from the
fundamental and industrial point of view.'! The increasing
interest in nanomaterials follows an excellent study published
in 1986 by Smith,> which made a connection between physical
properties and grain size of materials. Sol-gel oxide materials
prepared in the Fe,053-SiO, system may display specific
magnetic, electrical, as well as catalytic properties both in
bulk and in film forms. Using different methods, iron oxide
nanoparticles in glass,® polymers,* LB films,> zeolites, clays®
and mesoporous silicate’ have been prepared. The first study
on the Fe,03-SiO, amorphous magnetic composite systems
was accomplished by Yoshio ez al.® in 1981.

Many studies on the iron oxides were designed to obtain
v-Fe,O3, which exhibits very important properties. Using the
sol-gel method Tao et al.’ prepared nanoparticles of y-Fe,Os
in order to improve gas-sensing properties, together with a
decrease in the particles’ dimension.

In the same way, cermets in the Fe-SiO, system were
obtained.'®'* This kind of cermets could be obtained using
in situ reduction by introduction of the reduction agent, for
example glucose, in the sol-gel system.'® Generally, the cermets
are used in catalysis.!!"1?

v-Fe,O3 (maghemite) embedded in SiO, has been carefully
studied by Piccaluga er al,"*'7 since these nanocomposites
present magnetic and catalytic applications. They obtained
nanocomposites in the Fe,03—SiO5 system'>!” and a structural
characterisation of this kind of material has been carried out.
Like Tao,” Cannas'’ used ethyleneglycol in the formation of
v-Fe,03 in a SiO, matrix, which allowed the formation of metal
oxide nanoparticles homogeneously dispersed over the amor-
phous silica matrix. The structural characterisation of the
Fe,03-Si0, system, which contained iron oxide between
9.1 and 33.2% wt., was realised by the following methods:
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EPR,"*'* Moessbauer,"? *’Si-MAS-NMR and 'H-NMR"*"’
and IR spectrometry.'> The magnetic properties of these
systems have also been characterised.'*'*

Zhang et al'® have obtained magnetic single-domain
v-Fe,O3 super-paramagnetic nanoclusters in a sulfonated
silica matrix. On the other hand, Morales et al.'® carried out
an interesting study on the magnetic properties of y-Fe,O3
embedded in silica matrices obtained either by alkoxide or an
aqueous route.

Other studies on the Fe,03-SiO, system have been made
by Lopez et al.”®?' and in these studies some compositions
contained iron between 0.1-15% wt. In one of these studies the
thermal stability of nanocomposites was investigated,! in the
other studies the structural evolution with temperature of this
kind of nanocomposite was examined.>”

In our previous papers>> >* the preparation and character-
isation of Fe,03-SiO, nanocomposites have been achieved
using three different methods:

1. The iron oxide was generated during the sol-gel process.

2. First the SiO, matrix was obtained, then the iron oxide
was formed by precipitation of iron hydroxide inside the
porous matrix after impregnation with a soluble Fe?* salt and
followed by thermal treatment.

3. Magnetite powder, prepared by wet chemical method, was
mixed with a sol-gel solution, and was embedded in the SiO,
based matrix after gelation.

Our previous studies’>* presented very heartening results
for nanocomposites, with particle dimension in a desired range,
when the iron oxides were generated during the sol-gel process.
In the present work the influence of the matrix, obtained
starting with TEOS and MTEOS respectively, on the structure
and the size of the iron oxides nanoparticles was studied.

2 Experimental
Preparation of samples

All the samples were prepared in order to obtain nanocompo-
sites with a final iron content of 3% wt. The gels were obtained
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using the following reagents: tetracthoxysilane (TEOS)
(Merck) and methyltriethoxysilane (MTEOS) (Merck) as SiO,
source, and FeSO4-7H,O (Merck) as iron oxides source,
absolute ethanol (Riedel de Haen) as solvent and deionized
water for hydrolysis.

In Table 1 the composition of the starting solution and
experimental conditions for the preparation of Fe,05-SiO,
nanocomposites, are presented.

Two solutions were prepared simultaneously: TEOS with
ethanol and an aqueous solution of iron sulfate in which
NH4OH was introduced up to pH = 9. These two solutions
were mixed together. The resulting solution was refluxed at
65 °C under constant stirring until gelation occurred. During
the gelation process the pH of the reaction solution decreased
up to values presented in Table 1. The samples were dried at
70 °C for 12 h.

According to the DTA/TGA results, the obtained gels were
thermally treated for one hour at 200 °C, 550 °C and 1000 °C,

respectively, using a heating rate of 1 °C min~".

Characterisation of samples

Thermodifferential (DTA) and thermogravimetric (TGA)
analysis were carried out using MOM-Budapest OD-103 type
Derivatograph in the temperature range of 20-1000 °C, with a
heating rate of 10 °C min .

IR spectra in the range 4000-200 cm ™' with a 4 cm ™! step
were recorded using a Carl-Zeiss-Jena M80 type spectrometer
using the KBr pellets technique.

Diffuse reflectance spectra (DR-UV-Vis) in the range 200—
900 nm were recorded on a Varian Cary 4 spectrometer
equipped with a Praying Mantis device, using self-supporting
pellets. The diffuse reflectance spectra were also converted into
absorption spectra with the Kubelka-Munk function F(R..)*
using BaSO, as a standard.

EPR spectra were recorded at room temperature using an
ART-5-Bucharest spectrometer in X-band, with modulation of
magnetic field 100 kHz.

The absorption capacity of these nanomaterials was con-
trolled by nitrogen physisorption at 77 K using a Grimm BET
automatic surface analyser.

For the estimation of the size of the Fe,O3 particles in the
silica matrices, transmission electron micrographs were taken
using a Phillips EM-420 using a LaBg4 cathode.

3 Results and discussions

From the data presented in Table 1 it is apparent that the
alcohol-alkoxide ratios, as well as the gelling times, are
different for the two samples. In the case of sample 2, a higher
amount of ethanol was required in order to keep the miscibility
of the solution up to the gelling point. Our previous work>
with lower alcohol-alkoxide ratios showed that a separation of
the initial homogeneous solutions into two immiscible liquids
occurred resulting in di-phasic gels.

This phenomenon could be connected with the hydrophobic
character of MTEOS due to the presence of methyl groups.
The presence of the organic groups in the silica matrix could
sterically hinder in part the formation of the Fe-O-Si bond.
An increase in solvent quantity, slowed down the rate of
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Fig. 1 DTA-TGA curves of systems Fe,O;-SiO, obtained with:
a-TEOS, b-MTEOS.

hydrolysis—polycondensation processes and thus many —OH
groups (hydrophilic area) became available to make connec-
tions with iron ions.

In Fig. 1, the DTA-TGA curves are presented. The TGA
curve of sample 1 presents two main steps of thermal
decomposition between 20-195 °C and 195-770 °C, while the
TGA curve of sample 2 presents three main steps of thermal
decomposition between 20-140 °C, 140-425 °C and 425-
725 °C. For both samples the first steps of thermal decom-
position were found to be accompanied by endothermal effects,
at 125 °C and 90 °C for sample 1 and sample 2, respectively.
These effects were assigned to the desorbtion of water and
ethanol adsorbed into the matrix.

The second step on the TGA curve of sample 1 was found
to be accompanied by an endothermal effect at 365 °C. This
effect was assigned to the evolution of the OH groups®! and to
the evolution of the unhydrolysable ethoxy moieties. The final
step of thermal decomposition of sample 2 was found to be
accompanied by three exothermal effects at 520 °C, 575 °C and
680 °C. The first two effects were assigned to the removal of the
methyl groups from the matrix, and to the combustion of this
organic part. The effect at 680 °C could be attributed to the
re-organisation of the inorganic matrix after the removal of the
organic component.

The thermal analysis showed that the main effects are due to
the decomposition of the matrices. Since the concentration of
iron used in the samples is low (3% wt.), the effects from the
presence of the iron compounds in the matrix could not be
detected because of overlap with the results from the matrix. It
is known that the goethite (FeO(OH)) formed from sol-gel
processes usually decompose at 340 + 5 °C.%6

The weight loss values of both samples were found to be
similar. This could be explained by taking into account the

Table 1 Composition of the starting solution and experimental conditions for preparation of Fe,O3-SiO, nanocomposites

Molar ratio Conditions of reaction
EtOH/ H,0/ Fe**/ NH,OH/
Samples Precursors alkoxide alkoxide alkoxide alkoxide pH T/°C lgel /min
1 FeSO4-7H,O + TEOS 4 13.375 0.0325 0.0082 5.3 65 60
2 FeSO,4-7H,O + MTEOS 8 13.375 0.0325 0.0082 4 65 180
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different structure of the samples obtained with the two kinds
of starting alkoxides. Therefore for the case of sample 1 the
main weight loss was due to the removal of ethanol and water
from the hydrophilic network. On the other hand for sample 2,
the matrix is hydrophobic and the methyl groups close the
pores of the matrix, so the quantity of water and ethanol from
this sample is very low. Under this conditions, the main weight
loss of the sample 2 was found to be due to the removal and
burning of the methyl groups.

According to the DTA-TGA results, the samples were
thermally treated as follows:

at 200 °C for removing water and organic moieties adsorbed
on the matrices;

at 550 °C for removal of all the organic parts connected to
the matrices;

at 1000 °C, in order to obtain a crystalline phase of iron
oxides.

In Figs. 2 and 3 the IR spectra for the gels obtained starting
with TEOS and MTEOS, before and after thermal treatment
at 200 °C, 550 °C and 1000 °C, respectively are presented.
All spectra of sample 1 (Fig.2) present the main vibrations
characteristic for silica network reported by Bertoluzza er al.>’
In the IR spectrum of the fresh sample, the very characteristic
bands v,(Si-O-Si) at 1196 cm ™! and 1085 cm ™!, respectively,
were found. In the case of the sample treated at 550 °C, the
shoulder from 1196 cm ™" is shifted to 1213 cm™'. At 1000 °C,
this shoulder was found to be very weak and shifted to
1220 cm™!. The characteristic vy(Si-O(H)) vibration at
940 cm~ ! was found in the IR spectra of the uncalcined
sample. This band decreased with temperature, so after the
calcination at 1000 °C, it disappeared. The decrease in intensity
and disappearance of signals could be connected with the
increase of intensity of the band assigned to v (Si—O-Si)
at 794 cm~'. Therefore, the silica matrix becomes more
structurally ordered as the temperature increases. In the
literature studies, there is some debate concerning the shoulder
at 571 cm™'. Some authors consider that the shoulder could be
due to the defects arising from broken bonds,?® others consider
that the band occurs from the surface of polycrystalline
clusters® however, most authors consider that this band could
be assigned to a specific vibration due to the presence of cyclic
tetramers.>® The last supposition was taken into account in this
paper. The band characteristic for the cyclic tetramers
disappears when the sample is heated at 1000 °C, because
the cyclic tetramers are not stable at this temperature. The
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Fig. 2 IR spectra of nanocomposites Fe,03-SiO, obtained from TEOS
at different temperatures.

shoulder at 590 cm ™! has been assigned by Bruni et al.'* to the
stretching vibration vFe—O which in our case was covered by
the band of silica cyclic tetramers. The bending vibration of
0-Si-O group was detected at 458 cm ™', for the fresh samples,
and for the samples heated at 200 °C and 550 °C. In the case of
the sample heated at 1000 °C this peak was shifted to 467 cm ™.
This shift could be assigned to the crystallisation of a-Fe,0;,
it has been proposed®™3! that in the spectral region 500
400 cm ™" a characteristic vibration for vFe-O occurs.

The characteristic band for stretching (OH) groups was
found around 3400 cm ™! in all samples. The band at 1637 cm ™!
was assigned to the bending vibration of water molecules
O(HOH). Only in the case of IR spectra of the fresh sample, was
a weak shoulder at 1357 cm ™' observed. After the thermal
treatment this peak vanished and was assigned to the sym-
metric bending vibration (Js(CH)) of the C-H bond. The
Jds(CH) vibration was found to belong to the ethoxy groups
from the un-reacted alkoxide.*

As observed from Fig. 2, the IR spectra of the initial gels and
the sample thermally treated at 200 °C and 550 °C are very
similar. The important differences appeared after thermal
treatment at 1000 °C. Up to 550 °C for sample 1, the main
effect was removal of the water molecules and organic groups
followed by the reorganisation of the matrix.

In Fig. 3 the IR spectra of sample 2 are presented. The IR
spectra of this sample show, besides the vibrational band
characteristic for silica matrices, the structural bands charac-
teristic for the =Si—C bonds. There were no notable differences
between the fresh sample and that heated at 200 °C.3>*

In the case of fresh samples and samples calcined at 200 °C, a
band at 2989 cm ™! assigned to v,(CH3) was found. The two
bands at 1425 cm ™! and 1286 cm ™!, respectively, were assigned
to the symmetric and asymmetric bending vibration of the C-H
bond from the CH; groups bonded at silicon atom. Two other
peaks were observed at 899 and 904 cm™!. These peaks were
assigned to the vibrational band p (CH3). On the other hand,
the new band that appeared at 676 cm™ ! in the IR spectra
of fresh sample 2, was assigned to a symmetric stretching
vibration of the C-Si bond. At 550 °C and 1000 °C, the bands
assigned to the presence of methyl groups connected to silicon
atoms disappeared since the CH3 groups from the silica matrix
were eliminated.

Capozzi et al**** and Bertoluzza et al’’ assigned the IR
bands at 1130 cm ™" and 1020 cm ™! of fresh sample and sample
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Fig. 3 IR spectra of nanocomposites Fe,03-SiO, obtained from
MTEOS at different temperatures.
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treated at 200 °C to a v,(Si-O-Si) vibration characteristic
for LO mode and TO mode, respectively. At 550 °C, these
bands are not very well defined, but the tendency is to become
similar to the spectrum of the material prepared starting with
TEOS. The same pattern of peaks was obtained with samples
treated at 1000 °C and the bands were identified at 1220 cm ™!
as a shoulder, and at 1080 cm ™.

For sample 2 treated at lower temperature, 200 °C and fresh
sample, the characteristic band for v4(Si—O-Si) was shifted to
lower energy (724 cm ™ ') with respect to the sample treated at
550 °C, (804 cm™ ") and 1000 °C (799 cm ™ '). This shift was
attributed to an overlap of this vibration with the vibration
of v((C-Si).>*** The characteristic band for the d(O-Si-O)
vibration was distorted before the removal of the organic part.
The band at 575 cm ™!, was assigned to the presence of cyclic
tetramers, compare with sample 1. In this spectral range
Bruni et al*® also found the v(Fe-O) vibration. None of the IR
spectra of sample 2 showed the characteristic vibrations of
V(Si—O(H)) at 970 cm™'. This could be connected with the
hydrophobic character of MTEOS.

For all samples, a peak at 3420 cm ™' characteristic for the
vOH vibrations appeared in the IR spectra. In all IR spectra,
the characteristic band for the bending vibration of water
molecules was found at 1638 cm ™.

The IR spectra of samples 1 and 2 treated at 1000 °C did
not have any important differences. Therefore it could be con-
cluded, that after thermal treatment at 1000 °C the structure
of the samples is similar.

In Figs. 4 and 5 the DR/UV-VIS spectra of Fe,03-SiO,
nano-materials obtained with TEOS and MTEOS, respectively,
are presented, for the fresh and calcined samples. In the fresh
samples the iron ion is in the three-oxidation state and have a
d’ configuration. The ground state configuration for Fe() is
[tzg(xy,xz,yz)]5 for a low spin, and the corresponding spectro-
scopic term is T»,. The spin-orbit coupling coefficient for Fe(i)
is too small for inter-configuration transitions to be observed.**

The UV-VIS spectra of Fe(m) ion in octahedral surround-
ings show in general the following d—d transitions,** according
to Tanabe-Sugano diagram:

T,y — *Ty, (spin forbidden)

2T2g — 4T2g (spin forbidden)

2T2g — 2A2g, T, ¢ (spin allowed)

szg — 2Eg (spin allowed)

As observed from Fig. 4, all spectra of sample 1 up to 550 °C
present a charge transfer (CT) band at 218 nm. This CT band
was assigned to the electron transfer from the free electron pair
of the oxygen atom (from water and OH groups) to the t,,, e,
empty iron ion orbitals. In the case of the fresh sample (Fig. 4),
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Fig. 4 DR/UV-VIS spectra of nanocomposites Fe,0;-SiO, obtained
from TEOS at different temperatures.
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Fig. 5 DR/UV-VIS spectra of nanocomposites Fe,0;-SiO, obtained
from MTEOS at different temperatures.

this band is very distinct. After heat treatment up to 550 °C,
this band decreased with respect to the band at 289 nm. This
decrease could be connected with the removal of the water
molecules and part of the OH groups. At 1000 °C, this band
was shifted to low energy and it was present like a shoulder.
The presence of this band at this temperature could be
connected with the presence of the residual OH groups. Some
authors®® consider that the band at 283 nm in the UV-VIS
spectra of the fresh sample is due to another CT band, formed
from the presence of the sulfate ions. In contrast, other
authors® consider that this band is due to the d—d transfer to
the 2Eg.

The presence of two large charge transfer bands hinder the
d-d bands which therefore have a lower intensity. Because the
band at 283 nm for the fresh sample increased in intensity after
the thermal treatment up to 1000 °C, it was concluded that in
addition to the CT bands due to the presence of S04> ions, a
d—d transfer band Zng — 2Egexists. For all spectra of sample 1,
an absorption band around 430 nm was present. This band
appears in all cases, in the fresh sample at 430 nm, but shifted
to 439 nm for the sample treated at 200 °C, at 445 nm for the
sample treated at 550 °C and at 460 nm for the sample treated
at 1000 °C, but it is a very large shoulder in the last case. This
band could be assigned to a d-d transition to (*Asg, “T1g). In
the case of sample 1 treated at 1000 °C, a very distinct band at
525 nm appeared. This band was detected to a lesser extent in
the samples treated at lower temperatures, and was assigned to
a d—d spin forbidden transfer to 4T2g. In the UV-VIS spectra of
sample 1 thermally treated at 550 °C and 1000 °C, a band due
to another spin forbidden transition to *T, g around 650 nm was
observed.

The d-d bands from all DR/UV-VIS (Fig.4) spectra of
sample 1 were found to be characteristic for an iron ion in an
octahedral surrounding. Lopez et al.>° showed that iron oxides
in a silica matrix are involved in the polymeric chains as shown
below.

\/
—0—Si—0-Fe-0—Si—0—
/\

This study evidenced that the iron is embedded in the same
type of polymeric chains both for the fresh gel and for those
treated at lower temperatures.

Fig. 5 presents the UV-VIS spectra of sample 2, fresh and
after thermal treatment at 200 °C, 550 °C and 1000 °C,
respectively. The spectra of the fresh sample 2 and sample
treated at 200 °C present approximately the same bands and



trend, as those for sample 1. The CT bands due to the presence
of water were recorded at 230 nm and they decreased in
intensity with the increase in temperature. The band at 290 nm
present in the spectra of fresh sample and sample treated at
200 °C, was assigned both to a CT band and a d-d transfer to
2Eg.34 The band assigned to a d-d transition (2A2g, 2Tlg) was
detected at 431 nm in the UV-VIS spectra of fresh sample 2
and also for the sample treated at 200 °C. The forbidden spin
transfer to 4T2g was detected in the spectra of this sample at
487 nm. In comparison with sample 1, this band is shifted to
higher energy. The same situation was observed for the band
assigned to a spin forbidden transfer to *T, ¢ Which presented
a blue shift with respect to the materials obtained with
TEOS. This shift could be connected with the presence of -CHj
groups in the matrix. In this case some of the iron ions were
involved in the chains ~O-Si—O-Fe-O-Si—O- as for the case of
materials prepared with TEOS. Since, the methyl groups were
present in the inorganic matrix, they blocked one site of the
silicon atoms. Other iron ions, which were not involved in
polymer chains, could form nanoclusters on the surface of
materials. This separation of nano-clusters could be connected
to the hydrophobic character of the matrix obtained with
MTEOS and/or steric hindrance occurring due to the presence
of methyl groups in the matrix. After heating sample 2 at
550 °C, the main CT band at 230 nm remained unchanged, but
the band at 297 nm in the spectra of fresh sample was shifted to
313 nm. The main difference appeared in the visible region,
where new bands appeared at 376 nm and at 821 nm. The first
band at 376 nm was assigned to the d-d transfer between
Fe(i) — Fe(u). The presence of Fe(ir) was evidenced by the
appearance of the band at 821 nm which was assigned to
Sng — 5Eg for Fe(ir). The presence of Fe(i) could be explained
by the partial reduction of Fe(ur) during the burning of the
organic moieties, which forms a reducing atmosphere. After
heating at 1000 °C, the bands in the UV-VIS spectra of sample
2 decreased in intensity, but were the same as for the sample
treated at 550 °C.

The UV-VIS spectra for both samples at all temperatures are
characteristic of iron ions in an octahedral surrounding.

In Figs. 6 and 7 the EPR spectra of samples 1 and 2,
respectively, are presented. In the case of gels obtained from
TEOS treated at 200 °C and 550 °C the EPR spectra showed
two main signals at g ~ 2 and g ~ 4.3, which could be assigned
to two different Fe(m) sites.>>*® Both signals at g ~ 2 and
g ~ 4.3 were observed for EPR spectra of the sample 1 ther-
mally treated at 200 °C and 550 °C and for sample 2 treated at
200 °C. The broad resonance at g ~ 2 was assigned to a strong
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Fig. 6 EPR spectra of nanocomposite system Fe,O;-SiO, obtained
from TEOS at different temperatures.
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Fig.7 EPR spectra of nanocomposite system Fe,O;-SiO, obtained
from MTEOS at different temperatures.

interaction between Fe(im) ions in octahedral sites and the bulk
material. This band could be assigned to the iron from the
chain: ~O-Si-O-Fe-O-Si-O-. In the case of compound cal-
cined at 200 °C, this band was observed at a lower intensity,
this could be connected to the lower degree of crystallinity
and with a structural disorder of the material obtained at this
temperature. The second signal with g ~ 4.3 corresponds either
to strongly distorted orthorhombic sites located on the surface
or to the isolated Fe(r) ions dispersed in the silica matrix.'* In
the case of the samples obtained with TEOS, the ratio of the
signal intensity at g ~ 4.3 to that at g ~ 2 decreased with an
increase in temperature of thermal treatment. In the case of
sample treated at 1000 °C, the EPR spectrum presented a high
symmetric peak located at g = 2. This band could be assigned
to a super-paramagnetic material. Tanaka ez al.® observed that
Fe(in) ions in spin pair of Fe**—0? —Fe’* also can give a strong
and very symmetric signal at g ~ 2. This observation could
be connected with the formation of a-Fe,O3 at 1000 °C in this
system by breaking the chain —~O-Si-O-Fe-O-Si-O-. On the
other hand, this band could be assigned to the small dimension
of the particles of the iron oxide present in this material.

In the case of the materials 2, the EPR spectra of the sample
treated at 200 °C presented two signals, as for the case of
samples 1 at the same temperature. In the case of sample
treated at 550 °C, this gave an EPR spectrum characteristic for
ferromagnetic materials. This ferromagnetic character could be
obtained by a partial reduction of Fe(ur) ions to Fe(m) ions
during burning out of the organic moieties, which form a
reducing atmosphere. The Fe(i) ions usually do not give any
EPR signal, but the presence of these ions could influence the
signal of Fe (1) ions.

The sample treated at 1000 °C also gave an EPR spectrum
characteristic of a ferromagnetic material, with an asymmetric
broader band, with respect to the spectrum of the sample
treated at 550 °C. This behaviour was correlated with the start
of crystallisation of a-Fe,O3 nano-particles in the silica matrix.

The textural characteristics of the samples, obtained from

Table 2 Textural characteristics of the samples

1

Sample  Temperature/°C  BET surface area/m’g ™ d/nm
1 200 63 Amorphous
550 72 Amorphous
1000 <l 9-19
2 200 <l 22-37
550 15 38-47
1000 <l 37-51

J. Mater. Chem., 2002, 12, 1401-1407 1405



the BET and TEM measurements, are presented in Table 2.
The TEM micrographs of the samples 1 and 2 are presented in
Figs. 8 and 9, respectively.

As observed from Table 2, the BET surface area increased in
both cases after the thermal treatment at 550 °C. This increase
could be connected with the removal of the organic moieties
present in the matrix. In the case of materials obtained starting
with TEOS, the organic moieties were ethanol and unreacted
ethoxy groups. For the materials obtained with MTEOS, the
BET surface increased after the sample was treated at 550 °C
by removal and burning of chemically bonded methyl and
unhydrolysable groups. In the case of samples from MTEOS,
materials with a lower porosity were obtained. In the first step
of the thermal treatment, the presence of the methyl groups in
the pores of the sample could explain the low BET surface area.
After heating the sample at 550 °C and 1000 °C, respectively,

(a)

Fig. 8 TEM micrographs of system Fe,O3-SiO, obtained from TEOS
at: a 200 °C; b 550 °C; ¢ 1000 °C.
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Fig. 9 TEM micrographs of system Fe,03;-SiO, obtained from
MTEOS at: a 200 °C; b 550 °C; ¢ 1000 °C.

the lower values of the surface area with respect to the samples
obtained with TEOS, could be explained by the collapsing of the
structure after the removal of the methyl groups. After the
removal of these groups, the silicon atom had the tendency to
regain its characteristic coordination number, which is usually 4.

The TEM micrographs for the sample 1 treated at 200 °C
(Fig. 8a) and 550 °C (Fig. 8b) respectively, prepared starting
with TEOS, presented only a dark field. In this field at this
magnification it was not possible to observe distinct particles of
iron oxide. This dark field is usually observed for amorphous
materials. This observation confirms the presence of the
polymeric chain —O-Si-O-Fe-O-Si—O-, since the iron oxide
particles could not be seen because the iron ions are bonded in
the chain.



In the case of sample treated at 1000 °C (Fig. 8c) it was
possible to observe particles of Fe,O; with dimensions in the
range 9-19 nm. These particles appear after the -O-Si—-O-Fe-
O-Si-O- chain was broken at this temperature and o-Fe,O3
crystallised.>*

In the case of TEM micrographs of sample 2 it can be
observed that nanoclusters as aggregates appeared already at
200 °C (Fig. 9a). These nanoclusters appear because this kind
of matrix has a hydrophobic character. Besides a dark field due
to the amorphous part of the samples, nanoclusters aggregates
could be observed, from 200 °C. In this case not all iron ions
were connected in —O-Si-O-Fe-O-Si-O- bonds. The iron
ions, which were not involved in polymer chains, were isolated
either in the hydrophobic part of the matrix and created iron
oxide nanoclusters, or on the surface where they were able to
make clusters. In the micrographs in Fig. 9a, a dark field is
observed, and this is assigned to the amorphous part of the
sample. In the case of the sample treated at 550 °C (Fig. 9b) the
dark field was more extended. This could be explained because
at this temperature the system reorganises after the removal of
the methyl groups from the matrix. In the case of the sample
treated at 1000 °C (Fig. 9¢c), Fe,O3 nanoclusters crystallised.

The dimension of particles in the Fe,O3-SiO, system
obtained with MTEOS did not increase so much from the
sample treated at 200 °C to the sample treated at 1000 °C, as it
could be observed in Table 2. This fact could be explained by
the influence of the matrix, which hinders the increasing of the
dimension of particles, under the constraints imposed by the
matrix.

4 Conclusion

Nanocomposites in the Fe,03-SiO, systems were obtained
using the sol-gel method. Two kinds of alkoxides were used for
obtaining the silica matrix: tetracthoxysilane (TEOS) and an
organic modified alkoxide methyltriethoxysilane (MTEOS).

The influence of the matrix obtained from the TEOS and
MTEOS precursor plays a major role in the evolution of the
process. In both cases the initial gels were amorphous.

The study also made the connection between structural
evolution after heating and the thermal stability of the
materials.

The main difference between the materials obtained starting
with TEOS and MTEOS was the temperature where the
formation of Fe,Os; could be observed. In the case of the
materials started from TEOS the iron oxide nanoparticles were
observed at 1000 °C, while for the nanocomposites obtained
from MTEOS the same nano-clusters were visible already in
the materials thermally treated at 200 °C.

In the case of the materials obtained by thermal treatment
using methyltriethoxysilane (MTEOS), the tendency of crystal-
lisation of iron oxides increases. The iron oxide particle size did
not increase significantly after thermal treatment from 200 °C
to 1000 °C. This fact could be explained by effects of the
hydrophobic matrix. The hydrophobic character of MTEOS-
based matrix determined the concentration of the hydrophilic
iron based nano-clusters on the surface of the gel.

For materials obtained by thermal treatment using tetra-
ethoxysilane (TEOS), the tendency of crystallisation did not
appear up to 550 °C because the iron ions were bonded in
the chains:~O-Si-O-Fe-O-Si-O-. After thermal treatment at
1000 °C, these chains were broken and a-Fe,Oj5 crystallised.
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