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Undoped and doped Co?* silica gel-derived materials were prepared from hydrolysis and
condensation of tetraethylorthosilicate (TEOS). In order to better understand the structural
evolution of these samples, with the heat-treatment temperature, ultra-violet (UV), visible
(VIS) and near-infrared (NIR) spectrophotometry, X-ray diffraction (XRD) and scanning
electron microscopy (SEM) techniques were used. The spectroscopic behaviour of Co?*
allows us to obtain information about the ability of this ion to act as a network-former
and/or as a network-modifier. Above 800°C the samples are opaque and show crystalline

phases. © 2001 Kluwer Academic Publishers

1. Introduction

Many research studies have been done on the colour
of cobalt compounds [1-6]. The compounds of diva-
lent cobalt possess a large variety of colours. Pink, red,
blue and green can be observed in aqueous solutions
and glasses [3]. Cobalt (I) is a transition metal ion
with seven 3d electrons. The blue colour of cobalt com-
pounds is attributed to the hexacoordinated Co(II) and
the pink colour to the tetracoordinated Co(II) [1-6].

The production of high-quality fused silica, contain-
ing transition elements homogeneously dispersed, is
extremely difficult due to the high viscosity of silica,
even at very high temperature. Using flame hydroly-
sis techniques, high-purity fused silica was success-
fully doped with transition elements [4]. Four-and six-
coordinated Co(II) were detected in flame-hydrolysed
fused silica.

The preparation of silica and doped silica glasses
using the sol-gel method provides good chemical ho-
mogeneity and easy preparation at low temperatures.
The purpose of the present work was to study the
colouring mechanism of cobalt in silica gel-derived
glasses. Colour and structural changes were correlated
with heat-treatment, temperature, porosity and Si-OH
groups.

2. Experimental procedure

Silica and silica cobalt doped samples (acid catal-
ysed and not catalysed) were prepared from tetraethy-
lorthosilicate (TEOS), cobalt nitrate hexahydrate,
water (or HCl 0.1N) and ethanol as starting mate-
rial. The solutions were prepared in the molar ratio
TEOS : ethanol : water (or HC1 0.1 M) 1:3:4. The hy-
drolysis of TEOS taks place in two steps. In the first one
a mixture of TEOS, ethanol and water (or HCI 0.1 M)
in a molar ratio of 1:3:1 was stirred for one hour at
room temperature. After this first step, water (or HCl
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0.1 M) in the case of silica samples or cobalt nitrate dis-
solved in water (or in HCI 0.1 M) for the cobalt samples
was added. The final solution was stirred for one hour,
poured into Petri dishes, and allowed to gel and dry
at about 50°C. The gels obtained were heat-treated at
120°C. The 120°C samples were heat-treated between
250 and 1200°C (for four hours).

Near-infrared (NIR) and ultraviolet-visible (UV-
VIS) spectrophotometry (using an UV-VIS-NIR UV-
2101/3101PC spectrophotometer), X-ray diffraction
(XRD) (using a Rigaku XDMAX diffractometer) and
scanning electron microscopy (SEM) (using a Hitachi
S4100-1), were used to study the samples.

3. Results

3.1. Gelation conditions

The samples that were not prepared in acid-catalysed
conditions become turbid forming gels with phase sep-
aration. The acid-catalysed solutions result in gels and
glasses with good homogeneity and transparency. How-
ever, the samples undergo an enormous cracking near
700°C.

3.2. Near infrared spectrophotometry

Fig. 1 shows the spectra of the 0.5C00-99.5S10; sam-
ple heat-treated between 50 and 650°C. In each figure
the spectra with number (1), (2) and (3) corresponds, re-
spectively, to samples not exposed to air humidity (1),
exposed to air humidity for approximatly 45 minutes
(2) and expose to the air humidity for a long time (one
day or more) (3). The spectra of 50°C sample (Fig. 1)
present:

— a band near 2300 nm due to the water clusters
bonded to silanol groups [7].

— an intense band around 2260 nm that is related
to the free OH groups [7, 8]. This band suffers an
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intensity decrease with the increased length expo-
sure to air humidity.

— a band near 1910 nm with, a shoulder at 1950 nm,
that can be assigned to the vibration of silanol
groups hydrogen bonded to water molecules; it is
generally used to measure the water concentration
of a sample [7-9]. The intensity of this band in-
creases with exposure time to air humidity.

— absorption bands near 1690, 1720 and 1760 nm that
were attributed to silanol groups linked to organic
substances.

— bands at 1460 and 1415 nm that were associated
to the combination of stretching and deformation
vibration of silanol groups hydrogen bonded to
water. These bands are more intense in the (2) and
(3) spectra.

The spectra of the cobalt sample heat-treated at 120,
250 and 500°C (Fig. 1) show the same bands as the
50°C sample but, there is very little difference between
hydrated and non-hydrated samples heat-treated at the
same temperature. The spectrum of the 650°C sample
(Fig. 1) presents new bands centred on 2210 nm and
1360 nm. They can be assigned to vibrations of free
silanol groups [7]. The absorption bands near 1690,
1720 and 1760 nm are only present at temperature lower
than 500°C, and for this reason were attributed to silanol
groups linked with organic substances.

NIR spectra of SiO; and 0.5C00-99.5Si0, samples,
not exposed to air humidity, are shown in Fig. 2. It is
evident that, at 650°C, the silica sample has less silanol
groups (and water) than the cobalt sample.

3.3. Ultra-violet and visible
spectrophotometry

The blue 50°C sample (not exposed to air humidity)
has an absorption spectrum (Fig. 3 - spectrum (1)) with
three bands at 660, 624 and 510 nm. The blue colour
and the intense band at 660 nm indicates that tetra-
hedral co-ordinated Co (II) is present in the sample
[1-5]. The broad band at 510 nm and the little band
at 624 nm can be attributed to Co (II) in octahedral
symmetry [1-5,10]. The colour of the 50°C sample
changes with exposure to air humidity. The spectrum
number (3) (Fig. 3) was obtained by the 50°C sample
with a pink colour. The 660 nm band is not present in
the spectrum. This means that all the Co (II) forms octa-
hedral complexes. The 120°C sample suffers a similar
evolution with hydration. However, the colour change
occurs more gradually and some tetrahedral Co (II) ions
are present in the sample exposed to air humidity for a
long time. The sample not exposed to air humidity has a
violet colour and acquires an amethyst colour after hy-
dration. The violet sample has a stronger 660 nm band
(tetrahedral Co (II)) than the amethyst sample. Another
band at 590 nm, due to Co (II) in tetrahedral symme-
try [1, 16], appears in the violet sample. The spectra of
the blue-greyish 250°C sample (Fig. 3 - spectra (1) to
(3)) does not show a marked difference with hydration
time. After a long time of hydration, the sample has
an amethyst-greyish colour. In these spectra the 660
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and 590 nm bands are due to Co(Il) in tetrahedral co-
ordination and those near 624 and 510 nm to the hexa-
coordinated Co(II). The blue-greyish 500°C sample
does not suffer a change of colour with exposure to
air humidity. The spectra present the characteristic
bands of tetrahedral (660 and 590 nm) and octahedral
(510 nm) Co(II) sites. The 650°C sample has a deep
blue-greyish colour that does not change with exposure
to air humidity. Fig. 3 shows the spectrum of the 650°C
sample. The band around 590 nm (tetracoordinated Co
(II)) is more intense in this sample than in the samples
at 250 and 500°C. The 510 nm (hexacoordinated Co(II)
band is also present in the 650°C sample.

3.4. X-ray diffraction
The Si0, sample does not reveal, by XRD, the presence
of any crystalline phase up to 1200°C (Fig. 4). However,
the sample becomes opaque near 800°C.

The 0.5C00-99.5Si0, sample is transparent up to
800°C and shows (Fig. 4) the formation of «a-quartz
and «-cristobalite at 1100 and 1200°C.

3.5. Scanning electron microscopy

The SEM micrographs of the 800°C sample reveal
a very homogeneous structure. Nevertheless, between
1000°C and 1200°C, it was possible to detect phase sep-
aration and crystalline phases (quartz and cristobalite-
Fig. 5).

4. Discussion

The turbidity of solutions that were not prepared under
acidic conditions is due to the rate of chemical reactions
involved in a sol-gel process [11-13]. In acidic con-
ditions the polycondensation rate can be greater than
the hydrolysis rate and it lends to precipitation [11].
However, in acidic conditions hydrolysis tends to go to
stoichiometric completion [13] and it is possible to ob-
tain homogeneous solutions. The hydrolysis and con-
densation at low pH results in gels with small pores,
which make the drying of monolithic gels very difficult
[14]. The pores in the samples studied (gels without sep-
aration phases) do not undergo gradual shrinkage but
seem to collapse at a temperature near 700°C. The same
phenomenon was observed by Elmer [15] in porous
glasses. In porous glasses the pore volume is not greatly
reduced as a result of the heating from 100 to ~800°C
[15]. However, the near infrared results registered in
Fig. 1, suggest the presence of close pores at tempera-
tures between 250 and 500°C. In fact, at 250 and 500°C
the cobalt sample suffers a slow dehydration because
the spectra do not show a great difference between the
initial spectrum and those obtained after the exposition
to the air humidity (Fig. 1 ). The hydration phenomenon
isevidentin the 50 and 120°C samples (Fig. 1) and is not
observed in the 650°C sample (Fig. 1). Therefore, the
1910 nm band shows a marked increase in 50 and 120°C
(Fig. 1A and B-spectra number 2 and 3). The near-
infrared spectra of the dry samples SiO; and 0.5CoO-
99.55i0, (Fig. 2) suggest that cobalt influences the
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Figure 1 Near infrared absorption spectra of 0.5C0-99.5Si0, sample heat-treated at 50°C, 250°C and 650°C. (1) — not exposed to air humidity;
(2) — exposed ~45 minutes to air humidity; 3 — exposed a long time to air humidity (one day or more). d — sample thickness.
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Figure 2 Near infrared absorption spectra of SiO; and 0.5C0-99.5Si0, samples heat-treated at 650°C. d — sample thickness.
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Figure 3 Ultra-violet and visible absorption spectra of 0.5C0-99.5Si0; sample heat-treated at 50°C, 250°C and 650°C. 1 —not exposed to air humidity;
2 —exposed ~45 minutes to air humidity; (3) — exposed a long time to the air humidity (one day or more). d — sample thickness.

sintering process. At 650°C the silica sample has less
water (band at 1910 nm) and more free silanol groups
(bands near 1360 and 2210 nm) than the cobalt sample
heat-treated at the same temperature. The colour of the

cobalt samples is strongly dependent on heat-treatment
temperature and hydration degree. The dry 50°C sam-
ple (not exposed to air humidity) has a light blue colour
that turns to pink in contact with air humidity. The 50°C
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Figure 4 X-ray diffraction patterns of SiO, and 0.5C0-99.55i0; samples.
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Figure 5 SEM micrographs of the 0.5C0-99.55i0, sample. A — heat-
treated at 800°C; B — heat treated at 1200°C.

sample spectra (Fig. 3) shows a broad band centred at
510 nm. The [Co(H,0)s]** ions have a similar absorp-
tion band [10]. Co (IT) hexacoordinated is expected to
have, in the visible, a spin allowed d-d transition from
the ground state 4T1g(F) to 4T1g(P) associated with a
band at 500—454 nm [1-3, 16]. The 624 nm weak band
is also due to hexacoordinated Co(II) but, the electronic
transition (*T; o(F) —>‘2‘? (F) associated with this band is
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forbidden [1]. Therefore, the band is expected to be
weak. The Co (II) in tetrahedral co-ordination (present
in blue sample) is probably due to the presence of some
[Co(H,0)4]*t and Co(OH)4]*~ species [17] in the
pores. The main absorption bands, in tetrahedral cobalt
(IT) arise from the ground state *A; to *T»(F), *T;(P)
and *T,(P) states [2, 16]. The very intense absorption
band in the visible region is due to *A; — *T;(P) tran-
sition (between 625 and 500 nm). In silicate glasses,
containing cobalt, this band consists of triply-split ab-
sorption bands at 540, 590 and 640 nm [16]. It is the
spin-orbit coupling that causes the splitting of the tetra-
hedral band. In the spectrum of the blue 50°C sample
an intense band can be detected near 660 nm (Fig. 3).
It was not possible to observe the other two absorption
bands of tetrahedral Co(II) because they are masked by
those of octahedral Co(II). When the 50°C sample un-
dergoes hydration the [Co(H,0)4]** and Co(OH)4]*~
species are substituted by the [Co(H,0)6)*t species.
The 120°C sample has a similar evolution and their
amethyst colour is the result of appropriate quanti-
ties of hexa and tetracoordinated Co(II). However,
from 500°C, the pores of the cobalt sample appear
to be close pores and the hydration is not possible.
In this manner, the samples acquire an unchange-
able colour. The 650°C sample has a more intense
blue colour than the other blue samples. Its spectrum
(Fig. 3) has an intense band centred around 590 nm.
The same band is present in silicate glasses prepared
by melting [1, 2, 16]. Perhaps, at 650°C, many Co(II)
ions are inserted into the glass structure. The hexa-
coordinated Co(II) ions seem to be inside the pores and
water coordinated. In fact, the position of 510 nm bands
does not change considerably with heat-treatment tem-
perature. At 700 and 800°C the cobalt sample re-
mains transparent and has a dark blue colour but, the
negative pressure in the liquid filled pores is much
greater than the strength of the solid network and
the sample collapses [14]. Crystalline phases were de-
tected in the cobalt sample, by XRD, at a temperature
greater than 1000°C (but, were not detected in the silica
sample).



5. Conclusions
The results show that:

the porous structure of silica and cobalt-silica sam-
ples does not undergo gradual shrinkage but, col-
lapse at a temperature near 700°C.

the hydration phenomenon is evident in the 50 and
120°C cobalt sample but, is not observed in 650°C
sample.

the colour of the cobalt sample is strongly depen-
dent on heat-treatment temperature and hydration
degree.

at 650°C tetrahedral Co(II) ions are inserted into
the glass structure but, octahedral Co(Il) ions are
inside the pores.

the cobalt sample reveals a homogeneous structure
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