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Abstract

Cobalt–silicon mixed oxide materials (Co/Si ¼ 0.111, 0.250 and 0.428) were synthesised starting from Co(NO3)2 � 6H2O and

Si(OC2H5)4 using a modified sol–gel method. Structural, textural and surface chemical properties were investigated by

thermogravimetric/differential thermal analyses (TG/DTA), XRD, UV–vis, FT-IR spectroscopy and N2 adsorption at �196 1C. The

nature of cobalt species and their interactions with the siloxane matrix were strongly depending on both the cobalt loading and the heat

treatment. All dried gels were amorphous and contained Co2+ ions forming both tetrahedral and octahedral complexes with the siloxane

matrix. After treatment at 400 1C, the sample with lowest Co content appeared amorphous and contained only Co2+ tetrahedral

complexes, while at higher cobalt loading Co3O4 was present as the only crystalline phase, besides Co2+ ions strongly interacting with

siloxane matrix. At 850 1C, in all samples crystalline Co2SiO4 was formed and was the only crystallising phase for the nanocomposite

with the lowest cobalt content. All materials retained high surface areas also after treatments at 600 1C and exhibited surface Lewis

acidity, due to cationic sites. The presence of cobalt affected the textural properties of the siloxane matrix decreasing microporosity and

increasing mesoporosity.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Systems based on cobalt oxide nanoparticles dispersed in
amorphous high surface area silica matrix are receiving
growing interest as gas sensors [1,2] or catalysts for
hydrogenation–dehydrogenation reactions such as reform-
ing of methane [3], ethene hydroformylation [4], hydro-
genation of aromatics [5] and aldehydes [6],
Fischer–Tropsch synthesis (FTS) [7–16]. FTS reaction
appears of particular interest since it is the key step
of biomass-to-liquid (BTL) process for the production of
biofuels that are forecasted to replace a significant share of
fossil fuels in the near future [17,18]. Several recent studies
on cobalt–silica systems have shown that the preparation
e front matter r 2007 Elsevier Inc. All rights reserved.
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method and the structure of the silica matrix has a marked
influence on the type and dispersion of cobalt oxide species,
and thus on the properties of the derived catalysts [19–23].
Therefore, there is great interest for the study of new
synthesis procedures of these materials as well as for the
study of the interactions between the active phase and the
silica matrix.
Many methods have been explored to disperse the cobalt

oxide in the silica matrix that can be grouped in two
categories: methods based on post-synthesis treatments of
the silica matrix, such as ion-exchange [24,25], impregna-
tion [26], grafting techniques [27] and methods involving
simultaneous synthesis of cobalt and silicon oxides from
suitable precursors, such as sol–gel with or without
template molecules [9,16]. The sol–gel method appears
preferable since it allows a better control of the textural
properties of the silica matrix and a more effective
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dispersion of cobalt oxide in the matrix on a nanometric
scale.

In this work, a modified sol–gel method [28] involving
the hydrolysis of the Si and Co precursors in an almost
solely aqueous environment was used to synthesise
cobalt–silicon mixed oxide nanocomposites with different
Co/Si ratios. Structural and textural properties of the
materials are studied by different and complementary
characterization techniques with the aim of obtaining
information on the nature of cobalt oxide species and
their interaction with the siloxane matrix.

2. Experimental

Cobalt–silicon mixed oxide nanocomposites with Co/
Si ¼ 0.111, 0.250 and 0.428 were prepared by a sol–gel
method. The molar compositions of the gel-derived
samples can be expressed also as 10Co � 90SiO2 (10Co),
20Co � 80SiO2 (20Co) and 30Co � 70SiO2 (30Co). Cobalt
nitrate hexahydrate, Co(NO3)2 � 6H2O (Acros Organics),
and tetraethoxysilane, Si(OC2H5)4 (99%, ABCR) (TEOS)
were used as starting materials.

TEOS (76 cm3) was hydrolysed for 1 h at 50 1C without
any alcoholic solvent using nitric acid (65%, 3mmol)
(Carlo Erba) as catalyst. The molar ratio employed was
TEOS:H2O:HNO3 ¼ 1:4:0.01. This solution was cooled to
room temperature and Co(NO3)2 � 6H2O (38, 85 and
145mmol for 10Co, 20Co and 30Co, respectively) was
slowly added under stirring. After 24 h transparent and
pinkish coloured gels were obtained for each composition.
The gelled systems were kept 3 days at room temperature
before drying. The gels were fully dried in air at 110 1C in
an electric oven for 12 h.

Pure silica (SiO2) gel-derived glass was also synthesised
by hydrolysing TEOS in the conditions described above.

The dried samples were annealed at different tempera-
ture ranging from 400 to 850 1C. Each sample was prepared
by slow heating at 2 1Cmin�1 to the required temperature
and then held at this temperature for 1 h followed by
quenching. The heat-treated samples hereafter will be
denoted with the labels indicating their nominal composi-
tion followed by the temperature of the heat treatment
stage (10Co—400, 20Co—600, SiO2—400, etc.).

Thermogravimetric/differential thermal analyses (TG/
DTA) were carried out by using a Netzsch simultaneous
thermoanalyser STA 409C with Al2O3 as reference
material. The STA curves, recorded in air from room
temperature up to 1000 1C at a heating rate of 10 1Cmin�1,
were carried out on 50mg of the dried gels.

The amorphous nature of the dried gels as well as the
nature of the crystallising phases was ascertained by X-ray
diffraction with a Philips X’PERT diffractometer by using
monochromatised CuKa radiation (40mA, 40 kV) with a
step width of 0.021 2y, and 1 s data collection per step. The
mean Co3O4 particle sizes were determined from the
line broadening of the diffraction line at 36.81, using
the Scherrer equation.
The different configuration of the cobalt ions in the
structure of the dried gels as well as of the gel-derived
samples were evaluated by diffuse reflectance (DR) UV–vis
spectroscopy using a Jasco spectrophotometer and BaSO4

as a reference in the 200–800 cm�1 wavenumbers range.
The measured intensity was expressed as the value of the
Kubelka-Munk function F(R).
Fourier transform (FT)-IR spectra of dried and heat-

treated gel samples were carried out at room temperature
by a Nicolet system, Nexus model, equipped with a DTGS
KBr (deuterated triglycine sulphate with potassium bro-
mide windows) detector. The absorption spectra were
recorded in the 4000–400 cm�1 range with a spectral
resolution of 2 cm�1. Each test sample (2.0mg) was mixed
with 200mg of KBr in an agate mortar, and then pressed
into pellets of 13mm diameter. The spectrum of each
sample represents an average of 64 scans, which were
corrected for the spectrum of the blank KBr. To allow the
comparison of the absorbance values, all FT-IR spectra
were normalised with respect to the maximum absorbance
value recorded for each spectrum.
FT-IR spectra of NO adsorption were performed with a

Nicolet Protegè 460 Fourier Transform spectrometer
(4 cm�1 resolution) using self-supporting pressed disks of
the pure powders, previously pre-treated by calcination in
the IR cell at 400 1C for 2 h and outgassing at 400 1C for
30min. The adsorption procedure involves contact of the
activated samples disk with vapours (15Torr) at r.t.,
heating at 100, 200 and 300 1C and outgassing in steps at
r.t. and increasing temperatures up to 300 1C. The IR cell is
connected to a conventional gas-handling system. The
spectrum of the activated materials has been subtracted.
NO was taken from commercial cylinder from SIAD
(Milano, Italy) at 5� 106 Pa, after careful purification by
freezing and vacuum distillation. Its purity was checked by
FT-IR and only few amounts of N2O and NO2 were
detected.
N2 adsorption–desorption isotherms at �1961C were

obtained with a Micromeritics Gemini II 2370 apparatus.
The sample was previously treated at 250 1C for 2 h under
N2 flow. The isotherms were elaborated by BET and a-plot
methods, using the N2 adsorption isotherm of non-porous
silica as reference [29]. Micropore volumes and surface
areas free from the contribution of micropores were
calculated from the intercepts and the slopes of the
a-plots. The accuracy of surface areas values was 75%.
Total pore volumes were determined from the amounts of
adsorbed N2 at P/P0

¼ 0.98.

3. Results and discussion

3.1. Gel synthesis and structural characterisation

Gels were prepared hydrolysing TEOS in a solely
aqueous acid environment according to a modified sol–gel
method previously proposed [28]. It was shown that such
method can lead to a better dispersion of an oxide in the
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Fig. 1. DTA (solid line), TG (dashed line) and DTG (dotted line) curves

of the dried gels recorded in air at 10 1Cmin�1.
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SiO2 matrix [28]. In the present study, a lower TEOS:H2O
(1:4) molar ratio was used. This molar ratio corresponds to
the stoichiometric one for the full hydrolysis of TEOS
considering the reaction:

SiðOC2H5Þ4 þ 4H2O ¼ SiðOHÞ4 þ 4C2H5OH:

The product of this hydrolysis reaction undergoes
subsequent polycondensation reactions producing siloxane
bonds with ethanol and water as by-products. Therefore,
the actual molar ratio required to obtain the siloxane
network is less then 1:2 and the use of higher water
amounts mainly affects the rate of the above reactions
[28,30]. The addition of Co(NO3)2 � 6H2O to the partially
hydrolysed TEOS solution gives rise to a pinkish coloured
solution that is indicative of the presence of the
[Co(H2O)6]

2+ aquo-ion [31,32]. It is known that, in
aqueous environment, this complex ion can undergo the
acid–base equilibria forming Co oxo–hydroxo complexes
that, in the presence of growing clusters containing
hydroxo functionalities, Si(OR)x(OH)y, could give rise to
condensation reactions forming Co–O–Si bridges [30,31].
According to our experimental approach the reaction
medium is strongly acid, consequently the formation of
Co complexes is strongly hindered and the probability of
the formation of Co–O–Si bridges is very low. In these
conditions, gelation is the result of polycondensation
reactions involving the partially hydrolysed Si(OR)x(OH)y
oligomers. Therefore, all wet gels will be formed by a
siloxane network in which the cobalt species are physically
trapped. This hypothesis is confirmed by the pinkish colour
of all wet gels as well as by the fact that all studied
compositions exhibit the same gelation time (24 h) inde-
pendently of the cobalt loading. This view is supported by
the FT-IR results later on discussed.

Fig. 1 shows the TG/DTA curves of the dried gels with
the derivative of the TG curves (DTG). The total weight
losses given by the TG curves were: 24wt% (10Co),
33wt% (20Co) and 42wt% (30Co). In each case, the
majority of the weight loss takes place from room
temperature to about 300 1C. In this range, for a typical
gel-derived sample, the evaporation of the solvents and the
subsequent pyrolysis and/or burning of residual organic
molecules generally occur [30]. In the present case, the
decomposition of the Co(NO3)2 � 6H2O has to be taken into
account as it happens between 27 and 327 1C (Td ¼ 242 1C)
[33]. In this range, two poorly separated thermal effects
are seen in the DTA curve of the 10Co sample. The
endothermic peak with a maximum at 104 1C can be related
to the evaporation, from open pores, of water and alcohol
physically trapped in the gels. The exothermic peak with a
maximum at 266 1C is likely to be caused by two
overlapped processes: the burning of residual organic
groups in the gels (exothermic) and the decomposition of
the cobalt nitrate (endothermic). For 10Co the former
process seems to be the faster one then covering the latter.
The shift to lower temperature, 236 1C, of the correspond-
ing DTG minimum gives a support to this observation.
Interestingly, 30Co shows a different thermal behaviour.
Its DTA curve shows two endothermic peaks: a broad peak
from room temperature to about 180 1C, with a shoulder at
160 1C, followed by a sharp peak at 206 1C. At this
temperature the corresponding DTG curve exhibits a sharp
and very deep minimum related to a fast weight loss
process: the decomposition of cobalt nitrate. 20Co
resembles both the 10Co and 30Co samples. Actually, its
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DTA curve shows a broad endothermic peak from room
temperature to about 230 1C, with a maximum at 115 1C
and two shoulders at about 160 and 200 1C, that is
widely overlapped with an exothermic peak hardly
visible at 260 1C. The corresponding DTG curve exhibits
three minima at 115, 170 and 222 1C. Thus, for 20Co the
above overlapped processes seem to occur to comparable
rates.

An exothermic peak at 788 1C occurs in the DTA curve
of 10Co and no weight loss is seen in the corresponding TG
curve indicating that it can be related to a crystallisation
phenomenon. In this temperature range no DTA exother-
mic peaks are detected in the curves of 20Co and 30Co. By
contrast, these curves exhibit endothermic peaks at 923 1C
(20Co), 897 1C and at 923 1C (30Co) and small weight
losses, about 1% (20Co) and 2% (30Co) are seen in the
corresponding TG curves. According to previous literature
data [31,34], these peaks are related to the decomposition
of the Co3O4, formed during the heating.

The structural evolution of dried gels upon heat
treatments was studied by powder XRD as well as UV–vis
and IR spectroscopy. The annealing temperatures, 400, 600
and 850 1C, were chosen on the basis of the thermal
analysis data. The lower temperature stands for the
minimum value at which it is possible to obtain complete
decomposition of nitrate ions and elimination of the
solvent and residual organics. The higher temperature
values were selected to force the crystallisation of the
samples.

The XRD patterns of the samples treated at 400 and at
8501C are reported in Fig. 2A and B, respectively. The
10Co—400 keeps its amorphous nature showing that the
heat treatment does not lead to the formation of Co3O4, as
expected from the decomposition of cobalt nitrate [35].
Consequently, in this sample the Co2+ ions are supposed
to be strongly bonded to the siloxane matrix. On the
contrary, the extent of the interaction between Co2+ ions
and the siloxane matrix seems to be lower for the 20Co—
400 and 30Co—400, allowing the crystallisation of the
mixed valence cobalt oxide, Co3O4 (JCPDS card 42-1467)
(Fig. 2A). It should be noted that for both samples the
mean size of the Co3O4 crystallites resulted to be on the
Fig. 2. XRD patterns of gel-derived samples at (A) 400 1C and (B) 850 1C.
nanometric scale (about 13 nm), suggesting a high disper-
sion of the cobalt in the siloxane matrix.
At 850 1C the crystallisation of the Co2SiO4 phase

(JCPDS card 15-0865) starts to occur, being the only
crystallising phase for the 10Co—850 (Fig. 2B). For the
20Co—850 and 30Co—850, the presence of both Co2SiO4

and Co3O4 phases indicate that also in these samples there
is a part of Co2+ ions that did not transform in Co3O4

during the stage at 400 1C because it is incorporated in
the siloxane matrix. This strong interaction between Co2+

ions and the siloxane matrix explain the formation of
the Co2SiO4 phase at 850 1C, likewise as occurs for the
10Co—400.
The room temperature diffuse reflectance UV–vis spectra

of the dried gels and of the samples treated at 400 1C are
shown in Fig. 3. The samples display different colours:
violet for dried gels, blue for 10Co—400, black for the
20Co—400 and 30Co—400. The d–d transitions of Co2+

ions and the O-Co2+ charge transfer transitions are
expected to occur in the visible and ultraviolet region,
respectively [36]. In the visible region, the 10Co dried gel
shows three bands at 525, 575 and 650 nm that are related
to the 4A2 (F)-4T1 (P) transition of [Co(H2O)4]

2+

complex [24,32,37]. The relative intensity of the triplet
components does not correspond to the one of a typical
complex ion in aqueous solution since the intensity of the
component at 525 nm appears enhanced, while that of the
component at 650 nm results to be reduced. Such type of
distortion has been found in Co-containing mesoporous
silica materials [38], zeolites [36] and silica gel [39] subject
to dehydration–rehydratation processes. Either a partial
coordination change from tetrahedral to octahedral, and
hence the coexistence of both coordinations [36,38], or a
change in ligand (OH groups and oxygen atoms of the
siloxane matrix), and consequently distortion of tetrahe-
dron [36], accounted for this observation. Increasing the
Co loading, the presence in the dried gels of Co2+ ions in
octahedral environment gets more and more visible. In
20Co spectrum broad band centred at about 530 nm with
shoulders at about 490 and 650 nm are seen. In 30Co
spectrum the absorbance at about 650 nm disappears where
the presence of the broad absorbance peak at about 530 nm
(J) Co2SiO4 (JCPDS card 15-0865). (,) Co3O4 (JCPDS card 42-1467).
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Fig. 3. UV–vis diffuse reflectance spectra of the dried gels and of the samples heat treated at 400 1C.

S. Esposito et al. / Journal of Solid State Chemistry 180 (2007) 3341–3350 3345
can be related to the highest energy transition 4T1g

(F)-4T1g (P) of Co2+ ions in octahedral environments
[36]. As it is known, the intensity of this transition is lower
than the one of the tetrahedral complex [36,40]. In spite of
this, the spectra of all dried samples display comparable
absorption values. This result, with the small difference of
stability between tetrahedral and octahedral complexes of
Co2+ ions [40], show that in all dried gels there is an
equilibrium between the two kind of complexes that appear
shifted towards the octahedral complex increasing the Co
content.

The spectra of the samples heat treated at 4001C are
strongly influenced by the extent of Co3O4 crystallisation
degree. Thus, the spectrum of the amorphous 10Co—400
shows the typical triplet (525, 585 and 645 nm) commonly
observed for the Co2+ ions in tetrahedral environment
(Fig. 3). At this stage of heat treatment, the tetrahedral
complex is likely to be Co(OH)4 or CoO4 where ligands
come from silica matrix [32]. On the contrary, the spectra
of the 20Co—400 and 30Co—400 mirror the partial
oxidation of Co2+ to Co3+ with the simultaneous Co3O4

formation. In fact, in the UV–vis spectrum of the 30Co—
400 the typical broad bands at about 400 and 700 nm
related to the presence of the cobalt mixed valence oxide
[CoIII2 CoIIO4] are seen [34,35,37]. The latter band displays
in the low wavelength side some extent of absorption,
suggesting the presence of not resolved features. On the
other hand, features at about 525, 585 and 645 nm are
clearly seen in the spectrum of the 20Co—400 with a broad
band at about 400 nm (Fig. 3). These results point out the
presence of two kinds of Co2+ ions in tetrahedral
coordination: those belonging to Co3O4 phase and the
framework-incorporated ones keeping the amorphous
state.
FT-IR spectra of the dried gels are shown in Fig. 4. The

narrow absorption band at 1385 cm�1 together with the
weak band at 825 cm�1 confirm the presence of undecom-
posed nitrate ions in the network of all dried gels. In fact,
the former band is related to the asymmetric stretching of
N–O bonds in the NO3

� units, the latter is related to the
out-of-plane symmetric stretching of the same bonds [41].
Another common feature of the FT-IR spectra of dried gels
is the envelope in the 1000–1300 cm�1 region. In this region
the typical absorption bands of the siloxane network (1080,
1250 cm�1) [42,43] are overlapped with some of the
partially hydrolysed TEOS molecules (1168, 1082 cm�1)
[44]. Absorption bands at about 460 cm�1 (Si–O–Si
bending vibrations) [44], 790 cm�1 (Si–O–Si symmetric
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Fig. 4. FT-IR spectra of the cobalt containing samples: dried gels and of

the samples treated at (A) 400 1C and (B) 600 1C.
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stretching) [44] and 1650 cm�1 (deformation modes of O–H
bonds and of molecularly adsorbed water) [45] are also
seen with a broad absorption band in the 2750–3750 cm�1

range (stretching of O–H bonds) [44,45]. The maximum of
this band occurs at about 3400 cm�1 for all dried gels,
indicating the presence of hydroxyl groups involved in
hydrogen-bonding of moderate strength [46], and the
relative intensity changes with the Co content being the
highest for the 30Co. A shoulder at about 950 cm�1, more
evident in the spectrum of 10Co sample, appears in FT-IR
spectra of all dried gels. The assignment of this feature is a
controversial point because it can be related to Si–OH and/
or Si–O� stretching vibrations [37,44,46–48]. The forma-
tion of Si–O� groups appears to us probable in materials
containing modifier and/or intermediate glass network
oxides; on the other hand, in gel-derived materials
containing only glass forming oxides this contribution
must be considered not possible. In this case, the presence
of cobalt oxide makes probable the formation of Si–O�

groups and, consequently, the shoulder at about 950 cm�1

can be related to the stretching of Si–O� bonds. Taking
into account the different intensities of the shoulders in the
spectra of different samples, the interaction between Co2+

ions and the siloxane matrix seems to be stronger in the
10Co than in the other dried gels.
The structural evolution of dried gels on heating

enhances the differences among the samples. In fact, the
FT-IR spectra of the 20Co—400 and 30Co—400 display
two absorption bands at 560 and 660 cm�1 that are related
to the vibrations of Co(III)–O bonds in Co3O4, being those
of Co(II)–O bonds IR active in the wavenumbers region
lower than 400 cm�1 [49]. On the other hand, the spectrum
of the 10Co—400 does not show these bands while still
exhibits a low intensity band at 1385 cm�1. Moreover, a
shoulder at about 950 cm�1 is still evident in the spectrum
of 10Co—400, whereas bands at 960 cm�1 appear in the
spectra of the 20Co—400 and 30Co—400. This shift
strengthens the above hypothesis that in the 10Co—400
there is a stronger interaction between Co2+ ions and the
siloxane matrix with respect to 20Co—400 and 30Co—400
[48]. At the same time, a shoulder at about 3240 cm�1

visible in the FT-IR spectra of the samples heat treated at
400 1C attests the formation of OH groups involved in
stronger hydrogen bonds [46]. Anyway, at this stage of
heating, the highest absorption band occurs at 1080 cm�1

with a shoulder at about 1250 cm�1, indicating that the
dehydroxylation produces a more crosslinked siloxane
framework.
The further heat treatment at 600 1C does not produce

substantial structural changes except for the bands at
about 950 and 3400 cm�1. Actually, the former occurs at
965 cm�1 in the spectra of the 20Co—600 and 30Co—600
and its relative intensity appears slightly reduced with
respect to the corresponding samples heated at 400 1C,
while for the 10Co—600 it appears as more pronounced
shoulder at lower wavenumbers (about 920 cm�1). In the
spectrum of the 30Co—600 the shape of the band at
about 3400 cm�1 appears modified as consequence of the
weaker absorption in the low wavenumbers side, while for
the other gel-derived samples the shoulder at about
3420 cm�1 are more pronounced in some extent. These
results can be considered as a consequence of the
polycondensation of silanol groups occurring at this stage
of the heat treatment [46].
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Fig. 5. N2 adsorption–desorption isotherms of SiO2 and samples treated

at (A) 400 1C and (B) 600 1C. Full symbols: adsorption; empty symbols:

desorption.
Fig. 6. a-Plots of SiO2 and cobalt containing samples treated at (A) 400 1C

and (B) 600 1C.

Table 1

Surface area, total pore volume and micropore volume of the studied

samples

Sample Surface area (m2 g�1) Pore

volume

(cm3 g�1)

Micropore

volume

(cm3 g�1)BET a-Plot

SiO2—400 401 151 0.193 0.129

10Co—400 409 322 0.198 0.036

20Co—400 314 291 0.171 0.016

30Co—400 411 413 0.288 0.009

SiO2—600 405 150 0.190 0.128

10Co—600 404 323 0.185 0.036

20Co—600 316 302 0.179 0.016

30Co—600 368 314 0.219 0.024
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3.2. Textural properties

The N2 adsorption–desorption isotherms of the samples
heat treated at 400 and 6001C are reported in Fig. 5A and
B, respectively, together with the ones of the correspondent
silica samples. The isotherm of pure SiO2—400, of type I
according to the IUPAC classification [50], is characteristic
of a microporous material, with high amounts of N2

adsorbed at low pressures and a large plateau at P/P040.1.
The shape of the isotherms of 10Co—400 and 20Co—400
resembles that of SiO2—400, however with plateau starting
from higher P/P0 values, suggesting the presence of
microporosity also in these materials. On the other hand,
the isotherm of 30Co—400, of type IV according to the
IUPAC classification [50], is characteristic of a mesoporous
material, with large adsorption volumes at P/P040.4 and a
desorption hysteresis. Increasing the temperature of the
heat treatment to 600 1C the isotherms of SiO2—600,
10Co—600 and 20Co—600 are not modified, while the
isotherm of 30Co—600 is markedly modified, in the sense
of decreasing N2 adsorption (Fig. 5B). The adsorption
isotherms are elaborated using, besides the conventional
BET method, the a-plot one that is more advisable for
materials containing micropores [29]. The corresponding
a-plots reported in Fig. 6A and B appear typical of
mesoporous–microporous materials [28] with an initial
linear branch that gives a positive intercept proportional to
the volume of micropores. Micropore volumes and surface
areas calculated from a-plots are reported in Table 1
together with BET surface areas and total pore volumes. It
can be observed that surface areas determined by a-plot are
generally lower than those calculated by BET, especially
for pure silica, because they exclude the contribution of
micropores, with the exception of 30Co—400. For this
sample BET and a-plot give same values indicating that
microporosity is negligible. All the materials have BET



ARTICLE IN PRESS

Fig. 7. (A) FT-IR subtraction spectra of 10Co after contact with NO gas

at (a) room temperature, (b) 100 1C, (c) 200 1C, (d) 300 1C, after outgassing

at (e) room temperature and (f) 200 1C. (B) FT-IR subtraction spectra of

30Co after contact with NO gas at (a) room temperature, (b) 100 1C,

(c) 200 1C, after outgassing at (d) room temperature and (e) 100 1C.
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surface areas close to that of pure silica, with the exception
of samples 20Co—400 and 20Co—600 that show lower
values. Total pore volumes of 10Co and 20Co heat-treated
samples are close to that of pure SiO2, but the presence of
Co markedly affects the pore size distribution since the
micropore volumes are lower than that of SiO2 and
regularly decrease with increasing Co content. Surface
area and pore volume are almost independent from the
temperature of thermal treatment, with exception of the
samples with the highest Co content (Table 1). In fact, for
these samples, the thermal treatment at 600 1C causes a
large decrease of surface area and pore volume.

These data show that the presence of Co has the main
effect of modifying the pore size distribution of silica, by
reducing the micropore volume even at low Co content and
adding some mesoporosity at the highest Co loading. These
results can be related to the structural data reported above.
Actually, it is clear that the incorporation of even
low amounts of Co2+ reduces the microporosity of the
silica framework because it affects the dehydroxylation
mechanism.

The presence of the Co3O4 phase in 30Co—400 and
30Co—600, can explain their mesoporosity texture. It is
known that a mesoporous Co3O4 is generally formed from
decomposition of the Co nitrate at low temperature [51].
The dependence of surface area on Co content, with a
minimum at 20Co, can be explained with two opposite
effects. Increasing the Co content, the microporosity of
silica decreases while the mesoporosity increases due to
formation of the Co3O4 phase. The reduction of surface
area and pore volume of 30Co—600 compared to those of
30Co—400 is probably due to partial sintering of Co3O4

phase at 600 1C.

3.3. Surface chemical properties

The nature of surface cobalt species has been investi-
gated by FT-IR using NO as probe molecule. The
adsorption of NO has been extensively investigated for
the characterisation of cobalt oxide species [52]. In
principle, NO can adsorb in a molecular form, giving rise
to surface nitrosyls where it interacts with a lone pair of the
N atom to the surface metal cationic centres, and can be
oxidised by oxide surfaces, giving rise to species like
nitrosonium ion (NO+), nitrite ions (NO2

�), adsorbed
nitrogen dioxide (NO2), nitronium ion (NO2

+) and nitrate
ions (NO3

�). However, it can also act as an oxidising agent,
reducing itself to NO� and to its dimeric form, the
hyponitrite anion (N2O2

2�), as well as to N2O and N2.
Moreover, it can dimerise to dinitrogen dioxide N2O2

(which is possibly an intermediate in its reduction and/or in
its oxidation) and disproportionate giving rise to both
reduced and oxidised species. So nitrogen oxide is a probe
molecule which provides detailed information about Lewis
acidity and redox properties of cationic sites.

The adsorption of NO over 10Co at r.t., the following
heating at increasing temperature and the outgassing at r.t.
and 200 1C, give rise to the complex spectra reported in
Fig. 7A. According to previous studies, the interaction of
NO with supported cobalt-oxides [52–55] and supported
cobalt–silica [56] is very complex and produces a number of
different species, due to the reaction of NO, characterised
by bands below 1800 cm�1, and to molecularly adsorbed
NO in the spectral range 1900–1800 cm�1. A band at
1883 cm�1, the intensity of which decreases after heating at
100 1C yet, due to NO weakly interacting with the surface
and a weaker absorption at 1800 cm�1 are observed. These
two bands suggest that NO coordinates over two different
Lewis acid cationic sites, but an alternative assignment of
the absorption at 1883 cm�1 to NO weakly interacting with
the surface, probably through a hydrogen bond with the
surface OHs, cannot be excluded. The position of the band
at 1800 cm�1 is shifted to lower frequencies as compared to
that of NO gas that shows a single band at 1875 cm�1.
The shift down of the NO stretching band of adsorbed
nitrogen monoxide over metal oxides has been frequently
observed and characterises terminal surface nitrosyl
species, probably bent, where the p-type backbonding
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from the d-orbitals of the adsorbing cation (partly filled)
toward the p* antibonding orbitals of NO predominates
[52]. So the red shift of the NO stretching band of adsorbed
nitrogen monoxide to 1800 cm�1 indicates the presence of
terminal surface nitrosyl species adsorbed over Co2+

cations. However, the formation of Co2+ dinitrosyl cannot
be excluded [57]. The absence of bands in the spectral
region 1900–2200 cm�1 seems to exclude the presence of
NO coordinated over Co3+ and of NO+ species. A band,
probably coupled, is also observed near 2224 cm�1. This
couple of bands, that disappears by outgassing at increas-
ing temperature can be assigned to N-bonded and
O-bonded species of adsorbed N2O either formed on the
surface from NO or present as an impurity in the gas
[52,58].

In the spectral region below 1800 cm�1 the complex
absorption in the 1600–1450 cm�1, thermally more stable,
is due mainly to different forms of bridged nitrates
although presence of adsorbed NO2 cannot be excluded.
These species should be produced by NO oxidation. The
assignment is not straightforward. On other oxides [59],
these bands, that appear with another component near
1300 cm�1 have been assigned to the partially super-
imposed asymmetric and symmetric stretching modes of
chelating NO2

� nitrito ions. However, alternative assign-
ments to species formed by NO reduction like hyponitrite
species, as in cis-K2N2O2, 1304 cm

�1, are more likely [52].
Since Co2+ species strongly interacting with the siloxane
framework are hardly reducible [8,22], the formation of
NO2 or nitrate needs the contemporary formation of
reduced species like hyponitrite ions according to the NO
disproportionation reaction 3NO+O2�=NO2+N2O2

2�,
also hypothesised for Mn/Al2O3 catalysts [59]. However,
we cannot exclude the formation of a dinitrosyl species
ON–Co–NO that could transform into N2O2

2� hyponitrite
ion. Finally, the band at 1735 cm�1 is likely due, probably
together with the shoulder near 1450 cm�1, to cis-N2O2.

The adsorption of NO at different temperature over
30Co gives rise to the complex spectra reported in Fig. 7B.
The spectral behaviour is very similar to 10Co, but some
significant differences can be detected. The first difference
is a lower resolution of the spectra, due to the reduced
transparency of the sample. This effect is clearly caused by
light scattering, probably of Co3O4 particles present over
the surface, as previously discussed. However, all the bands
and their spectral feature at r.t. and after heating and
outgassing observed over 10Co are still detectable. More-
over, a very weak and broad absorption near 2000 cm�1

can be detected. The bands that are usually attributable to
linear Con+–NO species are two types: one above and one
below 1900 cm�1. Due to their weak intensity and the fact
that they are typical of oxidised sample, it is common
opinion that the bands above 1900 cm�1 are most probably
due to NO adsorbed over Co3+ surface species [52]. So,
FT-IR spectra of adsorbed NO over 30Co evidences the
presence of Co3+ ions, but by effect of low resolution of
the spectra we cannot understand if these ion are dispersed
over the surface or in Co3O4 clusters. These observations,
well agree with the presence of Co3O4 according to UV–vis
and XRD data.
4. Conclusions

Cobalt–silicon mixed oxide nanocomposites charac-
terised by a high dispersion of cobalt oxide species have
been prepared by the modified sol–gel method tuned in this
work. The nature of cobalt species and their interactions
with the siloxane matrix are strongly depending on both
the cobalt loading and the heat treatment. In the dried
samples, an equilibrium between the tetrahedral and
octahedral Co2+ complexes occurs that is shifted toward
the octahedral form increasing the cobalt. At 400 1C,
tetrahedral Co2+ complexes strongly bonded to the
siloxane framework are found in the nanocomposite with
the lowest cobalt content, while for the other ones besides
these complexes Co3O4 nanocrystals are formed. At 850 1C,
in all samples the crystallisation of the Co2SiO4 phase
occurs, being the only crystallising phase for the nano-
composite with the lowest cobalt content. All materials
show surface Lewis acidity, due to cationic sites, making
them potential catalysts or gas sensors.
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