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FeCo-SiO, nanocomposite aerogels were prepared by high temperature supercritical drying of alcogels obtained
using tetraethoxysilane, iron nitrate and cobalt nitrate as precursors. The structural evolution of the samples at
the various stages of the preparation was studied by thermal analysis, transmission electron microscopy,
nitrogen physisorption measurements and X-ray diffraction. Different experimental conditions of the
supercritical drying process give rise to different porous structures in the silica matrix which have a strong
influence on the formation of the FeCo alloy nanoparticles. Bcc FeCo alloy nanoparticles of the expected
composition are obtained in the microporous samples while in the mesoporous samples a bec alloy with a lower

Co content is obtained which is accompanied by pure fcc Co.

Introduction

The sol-gel method has proved to be a valuable method for
producing nanocomposite materials constituted of metal
nanoparticles embedded into an amorphous silica matrix
which are of interest because of their peculiar physical and
chemical properties.'® In particular, final products with
different characteristics can be obtained by varying the sol-
gel process parameters, which is a key point when materials’
properties need to be finely tuned. So far a great deal of work
has been done on the preparation and characterization of single
metal' 7 and metal oxide nanoparticles® !' while not many
papers have been devoted to alloy nanoparticles dispersed in
amorphous silica.

Iron—cobalt alloys have attracted much attention because of
their interesting magnetic properties.'>'* Since the magnetic
properties are strongly influenced by particle size' and
they change dramatically in the nanometer range, it is very
important to investigate the possibility of stabilizing the FeCo
alloy at the nanometer scale. Recently, the sol-gel method was
used to prepare FeCo-SiO, nanocomposites in the form of a
xerogel.”> The method was successful for the formation of
FeCo alloy nanoparticles using metallic acetate precursors
while metallic nitrate precursors gave rise to an fcc Co phase
with the iron still present in an oxidized phase. However,
nitrate precursors can offer some advantages with respect to
acetates since they are highly soluble in ethanol and completely
decompose at a relatively low temperature. This means that
the sol-gel process can be carried out with a low H,O :
tetraethoxysilane (TEOS) ratio which is an important para-
meter in determining the characteristics of the alcogel.'®
Moreover, the low water content makes less arduous the
preparation of aerogel nanocomposites by high temperature
supercritical drying since the supercritical parameters for
ethanol are much lower than those of water.

Aerogel materials are characterized by high surface area,
high pore volume and low density, as a consequence of the
drying process.'®!” In fact, the original skeletal structure of the
alcogel can be preserved when the solvent is removed above its
critical parameters, T, and P.. In contrast xerogels, obtained by
slow evaporation of the solvent, are relatively dense materials
since the original porous structure of the wet gel collapses as a
consequence of the capillary forces at the liquid—vapor
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interface within the pores.!® Recently, high temperature
supercritical drying was successfully applied to prepare NiO—
SiO, and Fe,03-SiO, nanocomposite aerogels with very high
surface areas.'®!'® Moreover, by varying the supercritical
drying conditions, the porous structure of both the nano-
composite aerogels and the aerogel silica matrix can be
tailored.'®2° These papers have shown that the drying con-
ditions have an important role in the evolution of the pre-
cursors of the sol-gel process; in fact, nanocomposite xerogels
and aerogels prepared starting from the same alcogels can be
constituted of different nanophases. '

Therefore, the aim of this work is to test the possibility of
applying the sol-gel method to the preparation of FeCo-SiO,
nanocomposites in the form of aerogels, starting from iron
nitrate and cobalt nitrate as precursors for the FeCo alloy
nanoparticles, and tetracthoxysilane (TEOS) as the precursor
for SiO,. A comparison with the xerogel nanocomposites
reported in ref. 15 will be discussed. The samples at the
different stages of the sol-gel process were characterized by
thermogravimetric analysis (TG), differential thermal analysis
(DTA), Ny-physisorption, X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM).

Experimental

Iron—cobalt-silica aerogel nanocomposite materials were pre-
pared by the sol-gel method; in all the samples the total metal
content was kept equal to 10 wt% while the Fe : Co molar ratio
was varied (Fe;0Cosg, FesoCosg, Fe3oCo79). Two samples con-
taining either only Fe or Co (Fejq9, Cojgp) were also prepared
for comparison.

Fe(NO;)3-9H,O (Aldrich, 98%) and Co(NO;),-6H,0O
(Aldrich, 98%) were dissolved in ethanol (Carlo Erba, 95%)
and then added to a solution of TEOS (Aldrich, 98%) in
ethanol (Carlo Erba, 95%). A few drops of concentrated HNO3
(Carlo Erba, 70%) were added in order to achieve a pH value
between 0.6-0.8. After vigorous stirring for 1 h, the sol was
allowed to gel at room temperature in a Teflon beaker (initial
surface to volume ratio 0.4); the gelation time was approxi-
mately 14 days for all samples.

The gels were submitted to high temperature supercritical
drying in an autoclave (Parr, 300 cm®) filled with an
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appropriate amount of ethanol. Two different conditions of
supercritical drying were used, which will be hereafter called A1l
and A2, by varying the heating ramp, the solvent used to fill the
autoclave and the initial pressure in the autoclave, P;.
Specifically, in the Al procedure the autoclave is filled with
95% ethanol, purged with nitrogen and heated up to 250 °C at a
rate of 5 °C min~ ' and up to 300 °C at 1 °C min~'. The A2
procedure uses absolute ethanol to fill the autoclave and an
initial pressure of nitrogen in the autoclave of 7 atm; the
autoclave is then heated up to 200 °C at 1 °C min~ ' and up to
300 °C at 0.5 °C min~ . Conditions Al and A2 were selected on
the basis of a study of nanocomposite aerogels and their silica
matrix which indicated that a prevalent mesoporous and
microporous structure can be obtained respectively.!®2°

After supercritical drying, the aerogel samples were pow-
dered and calcined at 350 °C in static air for 1 h in order to
eliminate the organics and stabilize the intermediate products.
After calcination the samples were submitted to a reduction
treatment under H, flow at 800 °C for 2 h. The thermal
treatment conditions were identical to those used for xerogel
FeCo-SiO» nanocomposites.15

Thermal gravimetric analysis (TG) and simultaneous
differential thermal analysis (DTA) were carried out on a
Mettler-Toledo TGA/SDTA 851. Thermal analysis data were
collected in the 25-1000 °C range, under oxygen flow (heating
rate = 10 °C min~'; flow rate = 50 ml minfl).

TEM micrographs were recorded on a JEOL 200CX micro-
scope operating at 200 kV. The samples were dispersed in
n-octane and dropped onto a conventional carbon-coated
copper grid.

Textural analysis was carried out on a Sorptomatic 1990
System (Fisons Instruments), by determining the nitrogen
adsorption—desorption isotherms at 77 K. Before analysis, the
samples were heated up to 200 °C at a rate of 1 °C min~ ' under
vacuum. The specific surface area (Storar) and the total pore
volume (V) were assessed by the Brunauer—-Emmett—Teller
(BET) method.?"** The microporous volume (¥yicro) and the
surface area pertaining to the mesopores (S;) were obtained
from the t-plots.>*>* The t-plots were calculated by the
n-method of Lecloux,?> where the choice of the standard
isotherm is based on the Cggt value of the sample under testing
(i.e. the extent of adsorbate—adsorbent interaction). For highly
microporous samples, the specific surface area and the
micropore volume were obtained using the Dubinin
method.?!?

XRD spectra were recorded on a X3000 Seifert diffract-
ometer equipped with a graphite monochromator on the
diffracted beam. The scans were collected within the range of
10-120° (20) using Cu-Kao radiation. The crystallite average
size was calculated using the Warren and Scherrer formulae.?’
Instrumental broadening was evaluated on a standard Si
sample.

Results

In Fig. 1(A) and 2(A) the TG curves are reported for the Al
and A2 aerogels respectively, while in Fig. 1(B) and 2(B) the
corresponding DTA curves are shown.

The Al aerogel samples show a larger mass loss in the low
temperature range than the A2 samples while the total mass
loss is larger for the A2 samples compared to the Al ones. The
mass loss at low temperature is due to the removal of residual
solvent and/or adsorbed water; the mass loss in the range
between 250 and 500 °C, which corresponds to exothermic
peaks in the DTA curves, is ascribed to the combustion of
ethoxy groups resulting from the esterification of silanols by
the ethanol present in the autoclave during high temperature
supercritical drying.”® The mass loss due to the combustion of
organics is higher in the A2 samples because of the use of 99%
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Fig. 1 TG (A) and DTA (B) curves for the Al aerogels as dried. (a)
Co100, (b) FezgCoro, (¢) FesoCosp, (d) FezgCoso, (€) Feygo.
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Fig.2 TG (A) and DTA (B) curves for the A2 aerogels as dried. (a)
Co100, (b) FezpCoro, (¢) FesoCosp, (d) Fes0Coso, (€) Fejgp.

EtOH in the autoclave. Moreover, the combustion of organics
occurs over a temperature range which depends on the Fe : Co
ratio. In fact, the exothermic peaks are located at a lower
temperature for the Fejoy samples and they shift towards a
higher temperature with increasing cobalt content in both the
Al and A2 samples. For almost all samples the combustion of
the organics gives rise to one intense peak plus some peaks with
a much lower intensity. In A2-Fe;oCoso two peaks of similar
intensity are present. The thermal analysis measurements were
also carried out on the samples treated at 350 °C indicating that
most of the organics are removed by calcination.

In Fig. 3 an example of the typical physisorption isotherms
presented by the A1l and A2 samples are shown. The isotherms
of the Al samples can be classified as IV-type,”"**-® which
is characteristic of a porous structure mainly containing
mesopores, featuring an HI type hysteresis loop.>'*! The
shape of the isotherms observed for the A2 samples indicates a
microporous texture, with a high nitrogen uptake at low
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Fig. 3 N, physisorption isotherms for the Al-FesoCosy (a) and A2-
FesoCosq (b) samples.

Table 1 N,-Physisorption results for the aerogel samples as dried

STOTAL/ St/ Vp/ VMTCRO/ Rmax/
Sample m?g ! m’g! em’g! am’g! A
Al-Fejo 870 875 1.8873 0.0005 44
Al-Fe;0Cozg 976 980 1.6763 0.0009 30
Al-FegCosy 582 508 09751 00378 20
Al-Fe3oCo7g 748 733 1.4820 0.0105 42
A1-Coygp 1060 1016 1.7554 0.0184 45
A2-Fejoo 904 0.3208
A2-Fe;0Cosg 830 0.2944
A2-FesoCosg 796 0.2826
A2-FeyCory 823 0.2899
A2-Cojgo 730 0.2499

i
Fig. 4 TEM bright field micrographs of the samples reduced at 800 °C. (a) A1-Coj¢p, (b) A2-Coygp, (¢) Al-Fe7oCosp, (d) A2-Fe;Cosp, (e) Al-Fego,
(f) A2-FC]00.

relative pressure values. However, a partial type IV character is
also observed in the A2-Co;gg, A2-Fe3gCo7¢ and A2-FesoCosg
isotherms and a very small hysteresis loop is present. In Table 1
the specific surface area and the pore volumes are reported for
the aerogel samples as dried: very large surface areas are
observed for both the Al and A2 aerogels. The t-plot analysis
of the isotherms of the Al samples confirms that the samples
are mainly mesoporous, the micropore volume fraction being
less than 1% (Vmicro/ V) for all the aerogels except for the
Al-FesoCoso sample which exhibits the largest micropore
contribution (Vpiero/ V' = 4%). The surface area is not affected
by the heat treatment at 350 °C and it is still very high for the
final samples after the reduction treatment, being between 450
and 600 m* g~ L.

The TEM observations indicate that all the A2 samples as
dried present nanoparticles with dimensions of a few
nanometers homogeneously dispersed in the silica matrix
while the A1l samples with high cobalt content also present
some larger particles which are not embedded into the silica
matrix. The results are very similar for the samples treated at
350 °C. The microdiffraction patterns of the samples as dried
and treated at 350 °C indicate the presence of the Coz04 phase.
The samples after thermal treatment in hydrogen flow present a
homogeneous dispersion of round nanoparticles as seen in
Fig. 4, where some examples of TEM bright field micrographs
are reported. Crystallite size distribution, which was derived
from more than 500 particles in the dark field micrographs,
could be well reproduced by a log-normal law®? with an
average diameter, <D >, between 8 and 9 nm and standard
deviation, o, between 0.4 and 0.5 in all the samples containing
both Fe and Co. Similar values were also obtained for the
Al-Fe o, and A2-Fe;o, while <D> is about 5 nm for the
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A1-Cojpo and 3 nm for the A2-Co;qg. In the A1-Co,(y some
particles not embedded into silica are also detectable.

The TEM micrographs also show a different porous
structure between Al and A2 samples; in fact pores larger
than 2 nm are evident in the Al samples while the pores are
much smaller in the A2 samples.

The XRD spectra for the Al aerogel samples are reported in
Fig. 5(A). All the spectra show a broad halo due to the
amorphous silica matrix. In the spectrum of A1-Coygg sample
peaks due to Cos;0, are clearly evident superimposed on the
halo;*® also in the spectra of the samples containing both iron
and cobalt the only evident peaks are those due to Co;04 which
become weaker with increasing iron content. In the spectrum of
the Al-Fe;q sample very broad and weak peaks superimposed
on the silica halo are barely detectable which might be due to
the formation of ferrihydrite,> a poorly crystalline ferric
oxyhydroxide, as already observed in Fe,O3;-SiO, aerogel
nanocomposites. '’

Similar results were also obtained for the A2 aerogel samples
as can be inferred from the XRD spectra, which are reported in
Fig. 5(B). The main difference in comparison with the Al
samples is the broadening of the peaks due to the Co304 phase
which is much more pronounced indicating that the average
particle size is smaller in the A2 samples compared to the Al
ones. In particular, the average particle size can be estimated to
be 3-5 nm in the A2 samples, in agreement with TEM results.
The narrower peaks in the Al samples are in agreement with
the presence of some large Cos04 particles not embedded into
the amorphous silica, as shown by TEM observations.

The XRD spectra of the Al and A2 samples after thermal
treatment at 350 °C do not show any significant difference with
respect to the ones of the aerogel samples as dried.

The spectra after treatment in H, flow at 800 °C, which are
shown in Fig. 5(C) and 5(D) for the Al and A2 samples
respectively, show that the reduction of the iron and cobalt
intermediate phases is complete, since no peak due to oxides
is present any more. The spectra of the Al-Fejoo and
Al-Fe;oCos¢ samples show crystalline peaks which are due
to bee o-Fe and to bee FeCo alloy respectively.®* On the other
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Fig. 5 XRD spectra for the Al samples as dried (A), A2 samples as
dried (B), Al samples reduced at 800 °C (C), A2 samples reduced at
800 “C (D). () Coy0, (b) Fe3oCory, () FesogCoso, (d) FezoCoso, (€) Fergo-
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Fig. 6 Detail of the XRD spectra for the A2 samples reduced at
800 °C. (a) Coio, (b) Fe3oCor, (¢) FesoCoso, (d) FesgCoso, (€) Fejgp.

hand, the spectrum of the Al-FesyCoso sample also shows a
weak peak which can be ascribed to fec Co;** the peaks due to
the fcc phase are stronger in the spectrum of the Al-FesoCorg
and are the only detectable peaks for the A1-Cojqo sample.
From the spectra of the A2 samples it can be inferred that
the bcec phase is the only phase present in the A2-Fejq,
A2-Fe70Cosp and A2-FesoCoso samples; a faint peak due to fcc
Co is detectable in the spectrum of the A2-Fe;oCo; sample
together with the peaks of the bee phase while in the spectrum
of A2-Coygp only peaks due to fcc Co are visible. The average
crystallite size is between 10 and 12 nm apart from the Coyqq
samples where the average size is about 6 nm for the A2-Co
and 70 nm for the Al-Cojoy sample. The values are in
agreement with TEM observations if we take into account the
presence of some large particles not embedded into the silica
matrix in the A1-Co;gy sample.

In Fig. 6 the enlargement of the XRD spectra in the region of
the most intense peak is presented for the A2-Fe,Cojpp - «
samples. It can be noticed that the position of the peak in the
FeCo-SiO, samples shifts towards higher angles as the Co
content increases, in accordance with the cell parameters of
Fe, Coygo — , bee alloys which decrease with cobalt content.>?
This indicates that alloy nanoparticles with a composition
corresponding to the starting Fe : Co ratio are obtained. A
shoulder at low 0 is detectable only in the A2-Fe;yCo5o sample
confirming the presence of a small amount of fcc Co in this
sample. A similar analysis of the position of the most intense
peak in the Al samples indicates that alloy nanoparticles are
formed whose composition is always Fe;qCoszq and they are
accompanied by an increasing amount of fcc Co as the cobalt
content increases.

Discussion

This study has shown that FeCo-SiO, nanocomposites in the
form of aerogels can be prepared by high temperature
supercritical drying of alcogels obtained starting from TEOS
and nitrate precursors.

The supercritical drying procedure is shown to be able to
produce nanocomposites with very large surface areas and pore
volumes. As already reported for NiO-SiO,, Fe,0;-SiO,
systems and for their silica matrix the porous structure can be
tuned by correct choice of the experimental conditions for the
supercritical drying.'®2° 1In particular, N,-physisorption
results indicate that the Al aerogel samples are mainly meso-
porous while the A2 samples have a mainly microporous
structure, although minor variations in the texture are also
detected as a function of sample composition. The porous
structure seems to affect the structural evolution of the samples
during the further treatments towards the final nanocomposites.

The decomposition of the metal precursors is practically
complete in the autoclave since no evidence of nitrates appears



in the XRD spectra of all the aerogel nanocomposites as dried.
This is not surprising since the iron and cobalt nitrates
decompose below 330 °C, which is the temperature reached in
the autoclave before solvent evacuation, as determined by
performing the TG of the starting iron and cobalt nitrate
precursors.

The decomposition of cobalt nitrate gives rise to Co30y4
nanoparticles whose crystalline peaks are evident in the XRD
spectra; on the other hand, iron nitrate decomposes giving rise
to a disordered iron oxide hydroxide which is almost
undetectable in the XRD spectra. However, the faint peaks
can be attributed to the formation of 6-line ferrihydrite as
already observed for Fe,03;-SiO, aerogel nanocomposites;w
this has been also confirmed by X-ray absorption spectro-
scopy.** The formation of ferrihydrite and Co;0, influences
the calcination of the organics which are present in the samples
after supercritical drying. In particular, it seems that the cry-
stalline Co304 nanoparticles make the diffusion of the oxygen
more difficult so that the combustion of organics is observed at
increasing temperatures as the Co content grows.

No indication of the formation of iron—cobalt mixed oxides
was observed either in the samples as dried or after calcination
at 350 °C. In particular, the XRD spectra of the nanocompo-
sites after calcination at 350 °C are practically coincident with
those of the sample as dried showing that the only effect of the
calcination treatment is the combustion of the organics present
in the samples after supercritical drying.

The XRD results indicate that the Co3;O4 mean crystallite
size decreases from the Al to A2 samples as a consequence of
their porous structure while TEM observations show that some
Co050, is not embedded into the silica matrix in the A1 samples
with a high Co content. The reduction treatment gives rise to
the formation of bce Fe in the Al-Fe oo and A2-Fe;q samples
and to fcc Co in the A1-Coygo and A2-Co,qo samples indicating
that ferrihydrite and Co30, are reduced to the corresponding
metals. It should be noted that bee a-Fe is the phase stable at
room temperature while fcc B-Co is generally stable at
temperatures higher than 450 °C, the phase stable at room
temperature being the hcp a-Co. However, the fcc phase is
frequently retained at room temperature particularly when
particle size is in the nanometer range.*>-°

In the samples containing both iron and cobalt the formation
of the expected beec FeCo alloy nanoparticles is obtained; this
requires an interdiffusion process between iron and cobalt since
they do not form mixed oxides before the reduction treatment.
The interdiffusion process is favored by a high surface area and
a large contact area between the particles. The different
behavior between the Al and A2 samples cannot be ascribed to
different surface area values which are very similar for the two
series of samples. On the other hand, the contact area between
the Co3;04 and the ferrihydrite nanoparticles is much lower in
the A1 samples where there are larger Co304 nanoparticles and
some are not embedded into the matrix. As a consequence, the
final A2 samples contain FeCo alloy nanoparticles whose
composition exactly corresponds to the starting Fe : Co molar
ratio while in the A1 samples the interdiffusion is only able to
produce an FeCo alloy with a large iron content, the remaining
cobalt being present as a separate nanophase. It should be
pointed out that a small quantity of oxides and fcc Co could
be undetectable in the XRD spectra. However, a careful
investigation of the position of the main bcce reflection supports
the conclusion that the alloy of the desired composition is
obtained in the A2 samples. This has also been confirmed for
the A2-FesoCoso sample by EXAFS spectroscopy* since the
spectra of the sample at both the Fe and Co K-edges are
extremely similar to bec-Fe. The same EXAFS investigation
has also confirmed the simultaneous presence of a bce alloy
together with some fcc Co in the Al-FesqCosq sample.

It is well known that FeCo alloys near the equiatomic
composition are stable at room temperature in an ordered

phase (o/-CsCl structure) which transforms into the disordered
phase (a-bcc) at higher temperatures.’” However, it is not
possible to distinguish the ordered and disordered phases by
XRD since the superlattice lines cannot be observed, the X-ray
scattering factors of Fe and Co being too similar.

It should be noted that previous results on xerogel samples of
similar compositions showed that the use of the same nitrate
precursors does not give rise to the formation of the FeCo alloy
even if the samples calcined at 350 °C showed very similar
XRD spectra to the A2 samples.” It is very likely that the
reduction and the interdiffusion process are much easier in the
aerogel samples as a consequence of the much larger surface
area.

The average particle size of the nanoparticles in the final
FeCo-SiO, nanocomposites are around 10 nm both in the Al
and the A2 samples. The relatively large values of the particle
size also in the A2 samples are probably due to the high tem-
perature of the reduction treatment which favors the inter-
diffusion and therefore the growth of the particles. In fact, the
A2-Coygp sample presents much smaller nanoparticles with an
average size of a few nanometers. The average particle size of
the FeCo alloy nanoparticles is very similar to those found in
the FeCo-SiO, xerogel nanocomposites obtained starting from
acetate precursors,'> showing that in the case of aerogels the
nitrate precursors can give the same satisfactory results with
the advantage of obtaining samples with high surface area and
pore volume.

Preliminary results indicate that the reduction treatment can
be carried out in the A2 aerogel samples at a lower temperature
so that FeCo nanoparticles with a smaller particle size can be
obtained.

The magnetic characterization of the samples, which will be
the subject of a further paper, indicates that the nanoparticles
behave as superparamagnets which are still blocked at room
temperature and their hysteresis loops exhibit coercive fields up
to 900 Oe.

Conclusions

FeCo-SiO, nanocomposite aerogels were obtained by the sol—
gel method; samples with different textural characteristics
were obtained by varying the experimental conditions of the
supercritical drying process. In particular, two different series
of aerogels were obtained which are mainly mesoporous or
microporous respectively.

The porous structure has a strong influence on the formation
of FeCo alloy nanoparticles in the silica matrix. XRD and
TEM show that Co304 and ferrihydrite nanoparticles are
present both in the samples as dried and calcined at 350 °C;
Co304 nanoparticles are smaller in the microporous samples
than in the mesoporous ones. In the reduction treatment Co30y4
is converted to fcc Co while ferrihydrite is converted to bec Fe
and the interdiffusion between the two metals leads to the
formation of FeCo alloy nanoparticles. When the size of the
original Co30,4 nanoparticles is small as in the microporous
aerogels the interdiffusion process can proceed until all the
precursors are completely transformed into the alloy of the
desired composition while the interdiffusion is not complete in
the mesoporous samples due to the larger size of the Co304
nanoparticles.
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