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Amorphous (TiO;),(SiO3)1_x (x = 0.08, 0.18, and 0.41) sol-gel formed materials have been
characterised by a combination of X-ray and neutron diffraction, infra-red and 2°Si and 'O
magic angle spinning NMR spectroscopy. This combination allows new insight into the
fundamental structural role titanium additions play in silica, entering the network at

x = 0.08 but largely phase separating at x = 0.41. At an intermediate value of x = 0.18 there
is complex coordination behaviour with initially some Ti—O—Ti linkages forming and both
TiO, and TiOg coordinations present. It appears that at 500°C for the x = 0.18 sample all
titanium is present in Ti—O—Si linkages but that this situation is unstable on further
calcination. The new information presented here is amalgamated with that from our
previous EXAFS, XANES and SAXS on the same samples to produce the most complete
view to date of the local and mesoscopic structural behaviour of the (TiO5),(Si02)1_x
system produced by the sol-gel method. © 2004 Kluwer Academic Publishers

1. Introduction
1.1. General background to characterisation
methodology

One of the most challenging contemporary problems
for structural materials science is to collect sufficiently
comprehensive experimental data sets from comple-
mentary probe techniques to be able to describe accu-
rately and unambiguously the structure of amorphous
materials and follow how their structure changes with
processing. To better understand these complex prob-
lems demands the use of a range of modern advanced
characterisation methods. A range of techniques that
probe different length scales is shown in Fig. 1, with
the subset of those used to probe the TiO,-SiO, sol-
gel materials in this study indicated. The standard bulk
characterisation techniques such as thermal analysis
and mass loss provide background information about
change as a material’s structure evolves during process-
ing. For amorphous materials diffraction techniques
provide much information via a pairwise (i.e., atom-
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atom) correlation function T (r) when carried out with
intense, modern X-ray and neutron sources. The indi-
vidual correlations are be disentangled by comparing
X-ray (XRD) and neutron diffraction (ND) through the
contrast provided by variations in the relative scattering
of the different elements between the two techniques.
The diffraction patterns provide information about the
short- and medium-range structure (i.e., bond lengths,
bond angles and coordination numbers) of a material.
With amorphous materials it is important that the possi-
bilities of phase separation and inhomogeneity are ex-
cluded as sources of the structural features that are seen
in the short- and medium-range structure. The presence
of regions of different composition and their physical
disposition with respect to each other—the mesoscopic
inhomogeneity, can be revealed by electron microscopy
and energy dispersive X-ray spectroscopy (EDS). An
alternative approach for determining mesoscopic ho-
mogeneity is to use small angle X-ray (SAXS) and
neutron (SANS) scattering.
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Figure I Schematic view of a characterisation methodology available for complex amorphous materials, with the techniques used on the samples

presented in this paper shown in italics.

Vibrational techniques (e.g., IR, Raman) provide in-
formation about the types of bonds present which are
affected by short, and to some extent the medium-range
structure. Extended X-ray absorption fine structure
(EXAFS) provides accurate bond length information,
and hence insight into coordination, and X-ray absorp-
tion near edge structure (XANES) can be used to finger-
print coordination. Nuclear magnetic resonance (NMR)
has probably the shortest length scale of all the tech-
niques used here. NMR is element specific with the
most direct information available from the resonance
position which is largely determined by the chemical
shift. The chemical shift is determined by the bonding
environment of the nucleus which is affected by fac-
tors such as the connectivity. To get the most complete
picture of the structure from NMR it is best to obtain
information from as many of the different nuclear per-
spectives as possible.

1.2. TiO,-Si0O, sol-gels materials
and previous characterisation

Mixed titania:silica sol-gels ((TiO,),(S10;);_) exem-
plify the generic challenge to the characterisation of
amorphous materials. Silica containing a few mol% ti-
tania forms ultralow thermal expansion glasses [1] and
catalysts and catalytic support media [2]. Sol-gel pre-
pared TiO,-Si0; is used in a number of optical applica-
tions, such as coatings with tailored refractive indices
[3] and as wave guides [4]. The properties of amorphous
titania:silica materials depend on their composition, ho-
mogeneity and structure. The atomic scale structural
homogeneity in particular has a strong influence. The
importance of the catalytic properties of these materials
is emphasised by the extensive characterisation studies
that have been carried out to understand the relation-
ship between structure and properties and was reviewed
recently by Davis and Lui [5].

The sol-gel synthesis method [1] involves the hy-
drolysis and condensation of metal alkoxides at low
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temperature, which allows a high level of atomic mix-
ing and (potentially) high porosity. In the preparation of
(TiO,),(Si0O3) —y, the more rapid rate of reaction of the
titanium precursors can lead to phase separation, due
to the formation of Ti-rich regions. Phase separation
has a considerable effect on the attributes of the mate-
rial and is particularly detrimental to catalysis reactions
involving hydrogen peroxide (H,0O,) [2]. To optimise
homogeneity the silicon-bearing precursor is partially
hydrolysed before the addition of the titanium alkox-
ide using the method of Yoldas [6]. This encourages
the formation of Ti—O—Si linkages, which allows for a
larger proportion of titanium to be incorporated in the
silica sol-gel before the onset of phase separation.

Previous work using 'O and °Si MAS NMR
[71 and diffraction techniques [8] on unheated
(TiO;),(Si0y);—, xerogels with x = 0.08, 0.18, and
0.41 formed the starting point for this current study,
wherein diffraction (both X-ray and neutron), NMR and
FTIR data has been collected for unheated samples and
after calcination at a number of temperatures (250, 500,
750, and 850°C). The three compositions were carefully
chosen to represent regions of distinct structural be-
haviour in this system. At x = 0.08 the material is well
inside the solubility limit for titanium in silica glasses,
whereas at x = 0.41 it is well into the two phase tita-
nia/silicaregion. Samples with x = 0.18 are close to the
boundary between these behaviours. This composition
is beyond the solubility limit for titanium in conven-
tional melt-quenched titania-silica glasses. However it
is possible to produce an initially single phase xerogel at
this composition, which phase separates with heat treat-
ment. Thus the structure of x = 0.18 xerogels is com-
plex and of particular interest. These (TiO,), (SiO2);_,
samples are henceforth designated SiTi-8, SiTi-18 and
SiTi-41.

29Si MAS NMR is a well developed technique for
examining the silicon environment, providing informa-
tion about the connectivity of silicon, where Q" rep-
resents a Si(OM),,(OT)4_,, terahedron, and M denotes



a tetrahedral framework titanium or silicon, T a termi-
nating hydroxyl or ethoxy group, or maybe a negative
charge for a non-bridging oxygen [9, 10]. "ONMR is a
much less well developed approach than 2°Si, since its
natural abundance (0.037%) usually demands isotopic
enrichment, but it can in principle provide knowledge
about the different oxygen sites that are present, e.g.,
Ti—O—Ti, Ti—O—Si, Si—O—Si, giving unique and di-
rect information about the atomic scale distribution of
oxygen sites [10]. In the diffraction studies XRD is
insensitive to hydrogen, but relatively sensitive to tita-
nium (Z = 22) compared to the next heaviest element,
Si (Z = 14). ND gives roughly equal weighting to
all elements. The high sensitivity of FTIR to groups
containing hydrogen (e.g., —OH and —CH) makes this
technique particularly useful when examining the or-
ganic and hydroxyl content of these xerogels. Despite
the extensive study of Ti—Si materials much of the
structural data remains ambiguous. This study has col-
lected a comprehensive set of experimental data that
allows models of the structural development of these
materials to be rigorously tested.

2. Experimental
2.1. Sample preparation and thermal
analysis
The samples were prepared using the precursors
tetracthyl orthosilicate (TEOS, Aldrich 98%) and ti-
tanium (IV) isopropoxide (Ti (OPr')4, Aldrich 97%).
Propan-2-ol (IPA, BDH 99%) was used as a mutual sol-
vent, and concentrated HCI as a catalyst. All reagents
were handled in a dry box under dry nitrogen with sub-
sequent transfer being done either in sealed containers
or syringes.

All samples were prepared using the method of
Yoldas [6], using prehydrolysis of the TEOS followed
by addition of the Ti(OPr')4 and the remaining water.
Samples for 7O NMR were prepared using 10 mol%
170-enriched water for the hydrolysis. For the SiTi-8
and -18 samples TEOS was prehydrolysed in the molar
ratio 1:1:1 TEOS:water:IPA for two hours at pH = 1
before the appropriate amounts of Ti(OPr'); and wa-
ter were added to give a ratio of (Ti + Si):H,O of 1:2.
The mixtures were then stirred continuously until they
gelled. This method was not optimal for the SiTi-41 gels
so that an alternative pre-hydrolysis regime was used
with a molar ratio 2:6:2:1 TEOS:H,O:IPA:HCI. After
prehydrolysis for three hours Ti(OPr' )4 and water were
then added as before. It should be noted that much of the
water in the above ratio for the prehydrolysis resulted
from the HCI used.

To promote cross-linking all samples were allowed
to age for 2 weeks after gelation, in sealed containers to
prevent drying. The samples were then dried for 2 days
in air, ground to a fine powder and dried under vacuum
until no further weight loss was observed. The sam-
ples were divided into separate portions, which were
then calcined to the required temperatures in air, us-
ing a vertical tube furnace. A heating rate of 5°C/min
was used and the final temperature held for two hours.
The furnace was then allowed to cool at a maximum
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rate of 5°C/min. The '7O-labelled samples were heated
in a horizontal tube furnace under a nitrogen atmo-
sphere. The heating regime was similar to that used for
other samples, except that the cooling rate was much
lower (~1°C/min). The samples were not withdrawn
until the furnace had cooled to ~40°C. The differences
were to prevent the exchange of 7O with '°0, from
the atmosphere, which can occur at elevated temper-
atures. Our studies have compared the effects of the
different heating regimes on the structure. It appears
that equilibrium is rapidly achieved at temperature, so
that heating directly to a given temperature or stepping
through various temperatures on the way to the same
target temperature have no discernable effect on the
structure [11]. Also it was shown that air and nitrogen
have effectively no difference on the evolution of the
structure except that the residual organics are removed
at a slightly lower temperature under air [11].

With sol-gel prepared samples there is always the
question of the reproducibility of the “structure”. On
the TiO,-SiO; system we have not only analysed the
same sample several times but also made up the same
composition independently on a number of occasions
as well. When the same preparation procedure is fol-
lowed as here, using °Si MAS NMR data as a guide,
reproducibility of the structure as indicated by the Q
speciation is well within the quoted errors.

Thermogravimetric analysis was carried out using a
Stanton Redcroft TG 750/770 apparatus. The samples
were heated under a flow of air at a heating rate of
2°C/min up to ~1000°C.

2.2. FTIR

The infrared spectra were collected using conventional
transmission geometry with a Biorad FTS175C spec-
trometer controlled by Win-IR software. Samples were
diluted using dry KBr, pressed into pellets and scanned
in the range 4000—400 cm™!, with a resolution of
4 cm™!. The spectrum of a blank KBr pellet was also
measured to allow background subtraction.

2.3. MAS NMR

2Si NMR data were collected using magic angle
spinning (MAS) on a Bruker MSL 300 spectrometer
equipped with an Oxford Instruments 7.05 T magnet.
Some additional ?Si MAS NMR data was collected on
a Chemagnetics CMX Infinity 360 spectrometer with an
Oxford Instruments 8.45 T magnet. These instruments
were run at frequencies of 59.9 and 71.54 MHz respec-
tively using a Bruker 7 mm MAS probe and spinning
speeds of 2.5-4 kHz. A recycle delay of 15-30 s was
used to avoid saturation of the magnetisation. Tetram-
ethylsilane (TMS) was used as an external reference
compound at O ppm.

170 NMR data were collected using MAS on Che-
magnetics CMX Infinity spectrometers equipped with
14.1 T and 5.6 T magnets, and a Bruker MSL 360
equipped with an 8.45 T magnet at resonance fre-
quencies of 81.342,32.27 and 48.82 MHz respectively.
4 mm MAS NMR probes were used, spinning at speeds
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of 10-12.5 kHz with recycle delays of 1-2 s which
were sufficient to avoid saturation effects. Tap wa-
ter was used as an external reference compound at
0 ppm.

2.4. Diffraction

X-ray diffraction data were collected in transmission
mode using Debye-Scherrer geometry at a wavelength
0.485 A on Station 9.1 at the SRS, Daresbury Labo-
ratory, UK. The samples were mounted as fine pow-
ders in an aluminium annulus of thickness 0.5 mm,
with kapton foil windows. In addition, the diffraction
pattern for an empty cell was collected for the pur-
pose of background subtraction. Useful data was col-
lected for 26 in the range 1.8° to 125°, giving a Q yax of
23 AL

The data were corrected for dead time, variation in
X-ray beam intensity, polarisation, absorption, back-
ground and path length variations [12]. Coherent
form factors were calculated according to Cromer and
Mann [13], and incoherent scattering intensities ac-
cording to Hajdu [14]. All other coefficients were
taken from the International Tables for Crystallography
[15].

Neutron diffraction data were collected using the
Small Angle Neutron Diffractometer for Amorphous
and Liquid Samples (SANDALS) [16] at the ISIS neu-
tron spallation source of the Rutherford Appleton Lab-
oratory, UK. This instrument gives continuous angular
coverage between 20 = 3.8° and 39° using neutrons
with wavelengths between 0.01 and 4.5 A giving a O max
of 50 A~'. The use of high energy (short ) neutrons
at low values of 20 helps to minimise experimental
difficulties due to inelastic and incoherent scattering
from hydrogen which is a significant problem in the
initial and low temperature gels. The samples were fine
powders and were placed in 6 mm diameter cylindrical
vanadium cans. In addition to the samples diffraction
patterns were collected for the empty diffractometer, an
empty can for background subtraction, and a vanadium
rod for normalisation.

Neutron diffraction data was analysed using the At-
las suite of programs [17], as outlined by Hannon et al.
[18]. The samples that were examined contained sig-
nificant amounts of hydrogen (up to 35 at% at the
lower temperatures). This gives rise to a significant
level of incoherent scattering so that Chebyshev poly-
nomials were fitted to correct for this. The attainable
Omax Was progressively reduced with increasing hy-
drogen content (e.g., from 40 A-! for x = 0.18 cal-
cined to 750°C, to 34.6 A~! for x = 0.18 calcined to
250°C).

Both XRD and ND are governed by the same physical
principles. After data reduction S(Q) data is obtained
which is related to the real space pair correlation func-
tion, T ('), by Fourier transformation (FT) [18].S(Q) is
defined as,

S(Q)z“ré/ (T(r) — T°(r))sin(Qr)dr (1)
0
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where Q is
4 .
Q = T Sim (9) (2)

20 is the scattering angle and A is the wavelength of the
diffracted radiation. From Equation 1 it can be shown
that,

T@r) = %/ 0S8(Q)sin(Qrydr +T°(r).  (3)
0

For multicomponent systems, such as under discussion
here, T'(r) can also be defined in terms of Tjj(r) the
partial correlation functions for pairs of atomic species
i and j as

T(r)=) nmnZZTy(r) 4)

ij

and T° (r) is defined as,

2
T°(r) = 4n1‘p(ZniZi) , ®))

where p is the atomic number density, »; is the frac-
tion of, and Z; is the atomic number (X-rays) or coher-
ent scattering length (b;) (neutrons), for atom type i. It
is possible to obtain structural information from 7 ()
(e.g., bond lengths, coordination numbers etc.) via a
modelling process.

Fitting Gaussians directly to T (r) is problematic, due
to truncation effects in the FT since the upper limit for
integration in Equation 1 is typically ~20-50 A~! [19].
Truncation effects can be reduced by the use of a win-
dow function, however this is at the expense of peak
shape and width. These problems can be largely over-
come by fitting to a model S(Q) with peaks in T (r).
The model S(Q) is generated and transformed using
the same Q range and window function as the data, it is
then refined by iteration [20]. It is necessary to include
all the major peaks in 7T (r) to produce reliable results,
even if these features do not yield useful structural in-
formation (in this work all features up to 3.1 A were
fitted).

The effective resolution of features within 7 (r) is,

21
Ar ~

(6)

max

3. Results

3.1. Thermal analysis

The fractional change of mass of the three samples on
heating to 800—1000°C is shown in Fig. 2. The three ma-
jor causes of mass loss in these samples with increasing
temperature are removal of (i) physisorbed molecules
such as water and alcohols, (ii) residual organic alkox-
ide fragements and (iii) structural hydroxyls. The initial
steep loss of mass is associated with the physisorbed
molecules and it appears that the SiTi-8 sample has
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Figure 2 TGA traces of the SiTi-8 (a), SiTi-18 (b) and SiTi-41 (c) samples.

more of this (as a fraction of its total mass). Then be-
tween 150 and 250°C there is a change of slope and
further mass loss. Our *C NMR study [11] of these
systems has shown that the initial gels contain signif-
icant organic fragments remaining from the alkoxide
precursor. These fragments are nearly all removed dur-
ing this stage. The final much more gradual loss of mass
in all these sample is the removal of protons from the
structure that are lost as water. These protons are mostly
present as structural hydroxyls groups which have pre-
viously been quantified by '"H NMR [11]. The loss of
hydroxyls results in further cross-linking of the silicate
network, increasing the amount of Q% species in the
network (see below). "H NMR work has shown that by
750°C there is still a measurable but very weak proton
signal ascribed to a small residual amount of surface
adsorbed protons rather than from structural hydrox-
yls. By this temperature the mass of all 3 samples has
stabilised with the total mass losses of SiTi-8, -18, and
-41 being 41, 39 and 30% respectively.

3.2. FT-IR

The FT-IR data is displayed in Fig. 3, and the main
features and their assignments are listed in Table L.
The broad feature at 3500 cm™! is assigned to O—H
stretching (v;(OH) at 3500 cm™! and v(H,O) at 3300
cm™ ') [21]. The band at 1650 cm™! is assigned to
H—O—H bending vibrations (v;(H,0)). The peaks at
1190, 1080, and 790 cm~! are characteristic of the sil-
ica network (v,5(Si04) LO, v,5(Si04) TO and vg(SiOq4)
respectively). Finally, the feature at 950 cm~' can be
assigned to two overlapping peaks v(Si—O—H) and
v(Ti—0—Si) [22].

3.3. NMR

The 2°Si MAS NMR data were analysed by applying
an exponential weighting function to the free induction
decay prior to FT to remove high frequency noise
producing 40 Hz line broadening which is small
compared to the intrinsic linewidths. Three separate

L ©OH)
L1(H,0)

Absorption (arbitrary units)

x = (.18 unheated

x=0.18 120 °C

x=0.18 850 °C

x = 0.08 unheated

x=0.08 120 °C

x=0.08 850 °C

T T T T T T T
v (Si0 )LO
as 4

" v (Si0 )TO
' as ¥

V(Si-O-H) and
V(Ti-O-Si)

Lz(HZO)

\)S(SiO J)

4000 3500 3000 2500

2000 1500 1000 500

v (em™)

Figure 3 FT-IR data for SiTi-8 and -18 samples after various heat treatments.
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TABLE I Summary of FT-IR data for (TiO3),(SiO2)1—x samples with varying calcinations temperature and composition

Sample v (Si—OH),

(x, calcination v; (H,0) v (OH) v (H0) Vas (Si04) Vas (Si0y4) v (Si—O—Ti) vs5 (Si04)
temperature) (em™h) (em™1) (em™h) LO (cm™1) TO (cm™1) (em™1) (cm™1)
0.08, NHT 3454 vs, vb 1640 m 1179 sh 1080 s, b 942 s, b 798 w
0.08, 120°C 3466 s, vb 3255 sh 1647 m 1179 sh 1077 s,b 952 m, b 796 m
0.08, 850°C 3467 m, vb 3263 sh 1644 w 1205 sh 1094 s, b 942 m, b 798 m
0.18, NHT 3447 vs, vb 1644 m 1172 sh 1078 s, b 941 s,b 798 w
0.18, 120°C 3440 s, vb 3229 sh 1645 m 1182 sh 1076 s, b 947 s, b 794 m
0.18, 850°C 3427 m, vb 3232 sh 1624 w 1200 sh 1096 s, b 938 m, b 797 m

NHT—unheated gel.

vs, s, m, w correspond to very strong, strong, medium and weak respectively.

peaks were detected at —94, —100, and —110 ppm and
can be assigned to 02, Q2 and Q* respectively [11, 23].
The spectra were simulated by fitting three Gaussians,
one for each Q-species. Gaussians are reasonable ap-
proximations to the 2>Si MAS NMR lineshapes in such
glassy materials where the linewidths are largely de-
termined by chemical shift dispersion. The spectra and
simulations for the SiTi-8 sample unheated and calcined
at 750°C are shown in Fig. 4. The simulation results for
all samples are summarised in Table II. It can be seen

-80 -90 -100 -110 -120

43x
393"

3.7
3.6
3530 .
3.4
3341 |
324 - - -
0 200 400 600 800
Calcination temperature (°C)

c)

mean Q

Figure 4 2Si MAS NMR data together with simulations of SiTi-18
(a) unheated and (b) heated to 750°C, (Solid line is the experimental
data, and the individual Gaussians, total fit and residual are shown as
dashed lines), and (c) the variation in the average Q" speciation with
heat treatment.
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vb, b and sh correspond to very broad, broad, and shoulder respectively.

that in all the initial gels there are significant amounts
of 0% and Q3 as well as some Q*. As the samples are
heated there is a reduction in the amounts of Q2 and Q3
relative to Q* which results in the average Q speciation
increasing as shown in Fig. 4c. In the initial gels there
is some variation in the @ speciation which must
indicate different retention of hydroxyls and/or alkoxy
groups. However after heating to 750°C the average Q
speciation has become very similar with the fraction of
0* ~90%. As the samples are heated SiTi-8 and -0.18
show a progressive increase in the average O speci-
ation, whereas that for the SiTi-41 sample it remains
approximately constant at <500°C, followed by a rapid
increase in the amount of Q* at higher temperatures.

The 7O MAS NMR spectra collected at 5.6 T are
shown in Fig. 5 for all these samples. Most of the 170
MAS NMR spectra are dominated by a feature extend-
ing below O ppm and centred at ~—100 ppm, which is
largely due to the second-order quadrupolar lineshape
from Si—O—Si units [7, 10] with some contribution
from Si—OH [10, 24, 25]. The broad resonances peak-
ing at ~235 ppm can be assigned to Ti—O—Si linkages
[7,10,26-28] although some contribution from Ti—OH
may also occur in this region [29, 30]. There is also
some intensity above the baseline between 235 ppm
and the Si—O—Si resonance, although it is not a dis-
tinct, separate peak. For the SiTi-18 sample heated to
250°C a shoulder at 110 ppm can be seen (indicated
by an arrow in the figure). Additional resonances can
be observed at 750, 530, and 360 ppm in some spec-
tra which correspond to Ti—O—Ti linkages in OTi,
OTizand OTiy respectively [7, 10, 30, 31]. Other mi-
nor features in these spectra are spinning sidebands as
marked.

The magnetic field variation of these 7O MAS NMR
spectra is extremely revealing and is shown for the SiTi-
18 sample in Fig. 6 for magnetic fields of 5.6, 8.45
and 14.1 T. For the Si—O—Si resonance the dominance
of the second-order quadrupolar interaction in deter-
mining the lineshape is clearly demonstrated with the
linewidth (in ppm) narrowing closely with the inverse
square of the applied field [10, 32, 33]. The Si—OH
group resonates in this region and is a relatively sharp
feature at ~0 ppm that does not shift much with mag-
netic field [25]. At 5.6 T, in addition to the small spin-
ning sidebands from the Si—O—Si resonance, there
are clearly additional resonances at ~250, 360, and
540 ppm. On increasing the magnetic field to 8.45 T
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TABLE II Summary of 295 MAS NMR results and simulations for (TiO2 ) (Si02) 1 _y samples with varying calcination temperature and composition

Q2 Q3 Q4

Sample
(x, calcination S (ppm)  Int. (% of Width (ppm) 6 (ppm) Int. (% of Width (ppm) § (ppm) Int. (% of Width (ppm)
temperature) (£0.5) total) (£2)  (£0.5) (£0.5) total) (£2)  (£0.5) (£0.5) total) (£2)  (£0.5)
0.08, NHT -93.9 12 8.8 —101.5 41 6.7 —108.7 48 9.8
0.08, 250°C -929 11 10.2 —100.9 34 7.6 —109.6 56 9.2
0.08, 500°C -93.6 5 10.0 —100.2 14 9.7 —109.3 82 13.0
0.08, 750°C —94.0 3 3.0 —103.0 7 7.0 —111.3 90 10.5
0.18, NHT -92.0 25 14.9 —101.1 27 6.1 —109.7 48 9.4
0.18 250°C —-93.6 12 10.8 —100.5 24 8.1 —108.0 65 12.0
0.18 500°C —-92.5 3 9.0 —99.8 14 9.0 —109.1 83 12.4
0.18 750°C ND ND ND —-102.0 8 6.4 —112.0 92 11.8
0.41, NHT —-92.6 10 9.0 —101.3 31 7.4 —110.3 59 9.8
0.41, 250°C —-92.7 8 94 —101.3 33 74 —110.9 58 8.7
0.41, 500°C -92.0 9 9 —102.0 33 9.0 —110.0 58 8.8
0.41, 750°C —94.0 2 4.1 —100.5 10 74 —110.8 89.3 12.6
ND—Not detected.

" OTi

: . OTi, OTi,

: §i-0-Ti, Si-0-Si

x=041750 °C

x=041500 C

x=041250 C

x = 0.41 unheated

x=0.18750 C

x=0.18500 C

x=0.18250 C

x = 0.18 unheated

x=0.08750 'C

x=0.08 500 °C

x=0.08250 'C

x = 0.08 unheated

1000 500

0 7500

-1000

Figure 5 70 MAS NMR for (TiO;),(SiO)— xerogels after various calcinations (* denote spinning sidebands).

these peaks are all very much reduced in amplitude,
until by 14.1 T none of them are observed. The rea-
son for the apparent absence of these resonances is a
result of the relative changes of the dominant broad-
enings of the different resonances. For the lines at 360
and 540 ppm the chemical shift dispersion is domi-
nant and the quadrupole interaction is negligible so that

their linewidths scale directly with the applied magnetic
field. At the highest fields the chemical shift dispersion
width will be at its greatest. If the intrinsic width ap-
proaches the MAS rate then such sites will not narrow.
Although any un-narrowed signal would be surprising
at the MAS rates used here, there is some evidence in
the 14.1 T data of broad underlying intensity (Fig. 6).
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Figure 6 170 MAS NMR for unheated (TiO3)o,13(SiO2)o.82 as a func-
tion of applied magnetic field strength.

Additionally there is the cosmetic effect, that at the
highest field, the narrowing of the quadrupole interac-
tion means that the peaks whose width is dominated by
it have much increased (relative) amplitudes. The peak
at ~250 ppm has a width which shows intermediate
behaviour indicating that the two interactions are com-
parable for this peak. These observations are important
in that they indicate that variable magnetic fields should
be used to best understand the 7O NMR spectra from
such materials so that peaks indicating phase separa-
tion are not missed. Here it is lower applied magnetic
field that is the most informative as the peaks where
chemical shift dispersion is dominant are most easily
seen at this field.

3.4. Diffraction experiments

The reciprocal space interference function or structure
factor S(Q) for some of the materials derived from X-
ray diffraction is shown in Fig. 7 and the real space

correlation function 7' (r) curves in Fig. 8. An exam-
ple fit to the experimental 7(r) data along with the
individual correlations is shown in Fig. 9. The re-
sults of the fitting model S(Q)s are summarised in
Table II1.

The neutron-derived structure factors are presented
in Fig. 10 and the T (r) curves are shown in Fig. 11 for
some of the materials. A fit (including the individual
correlations) for the SiTi-8 sample heated to 750°C is
also shown in Fig. 12 as an example. The results of
fitting a model S(Q) are given in Table IV.

4. Discussion

In our previous studies of unheated (TiO,),(Si02)1—y
xerogels, using XRD and ND [8], and EXAFS [34]
on heated samples a number of observations about the
structure were made. These included the SiTi-8 sample
where titanium is four-fold coordinated in “silica-like”
sites. For the SiTi-41 sample titanium is largely six-
fold coordinate in “anatase-like” sites, implying phase
separation (although there are still some four-fold sites
present within the silicate phase). For the SiTi-18 sam-
ple the structure is more complex with both tetrahedral
and octahedral titanium sites occurring in the unheated
gels, but with the number of octahedral sites being re-
duced by heating. The importance of the SiTi-18 com-
position meant that a series of in situ studies combining
EXAFS and XANES [35] and XRD [36] showed the
initial gel is a mixture of TiO4 and TiOg that becomes
predominantly TiO4 on heating, with this site showing
very much reduced disorder. To check the mesoscopic
heterogeneity SAXS experiments were carried out for
the same samples [37]. SAXS showed that for the SiTi-
41 sample phase separation was present at all temper-
atures, and it increased with heat treatment. There was
no SAXS evidence for mesoscopic phase separation for
the SiTi-8 and -18 samples at calcination temperatures

(98]

S(Q) (electron units)

x=0.18 750°C (+1)

x=0.18 500°C (+0.5)

x=0.18 250°C

x = 0.18 unheated(-0.5)

10
Q (A

Figure 7 X-ray scattering data, S(Q), for (TiO2)0.13(Si02)0.82 samples after various calcinations (The data are offset for clarity).
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Figure 10 Neutron scattering data, S(Q), for x = 0.08, 0.18, and
0.41 (TiO7),(Si0;)1—, samples after various calcinations. (Note that
the Bragg peaks in the x = 0.41 sample can be assigned to crystalline
TiO; in the form of anatase. The data are offset for clarity).

r(A)

Figure 8 Correlation functions, T ('), derived from the X-ray scattering
data for the (TiO2)0.18(Si02)0.82 sample after various calcinations (The

SO Ti-:0 0-0  Si-Si
data are offset for clarity). P CTiT
375 | i Ti-Si
Si-O — T 3 :_ .
12 - S . total [x=0.41750"C
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Figure 11 Correlation functions, 7' (r), derived from the neutron scat-
tering data for x = 0.08, 0.18 and 0.41 (TiO7),(SiO2)1—, samples after
various calcinations. (Note that Ti—O and O—H correlations (at 1.8—1.92
and 0.95 A respectively) are negative. (The data are offset for clarity).

o b

1.2 1.6 2 24 2.8 3.2 3.6 4

Figure 9 Example of a Gaussian simulation of the X-ray correlation
function, T (r), for (TiO2)o.08(Si02)0.92 sample calcined at 500°C. (Note
that the fitted peaks are offset for clarity).

In situ XANES [39] indicated that for the SiTi-8 and
SiTi-18 samples the number of four-fold titanium sites
in a gel previously unheated or calcined to 250°C in-
creased markedly when heated for even just a few min-

below 750°C. For the SiTi-18 sample some phase sep-
aration could be seen after heating to 750°C.

The XANES approach of Farges et al. [38] was de-
veloped to identify the different titanium coordinations.

utes and observed at temperature. When allowed to cool
and left in ambient conditions for a short while, most
of the newly formed four-fold sites reverted immedi-
ately back to six-fold. Interestingly, XANES indicates

TABLE III Summary of simulations of X-ray diffraction results for (TiO2),(SiO2);—, samples with varying calcination temperature and

composition
Si—O Ti—O
Sample
(x, calcination temp) r(A) nij o (A) r(A) nij o (A)
0.08, unheated 1.61 (£0.05) 34 (1) 0.08 (£0.02) - - -
0.08, 250°C 1.61 (0.05) 3.8 (x1) 0.08 (£0.02) - - -
0.08, 500°C 1.61 (£0.01) 3.7 (£1) 0.06 (£0.02) - - -
0.08, 750°C 1.61 (£0.05) 3.7 (x1) 0.08 (£0.02) - - -
0.18, unheated 1.61 (£0.05) 3.4 (£0.5) 0.08 (£0.02) - - -
0.18, 120°C 1.62 (£0.05) 4.2 (£0.5) 0.11 (£0.02) - - -
0.18, 250°C 1.63 (£0.05) 4.3 (£0.5) 0.11 (£0.02) - - -
0.18, 500°C 1.62 (£0.05) 3.8 (£0.5) 0.09 (£0.02) - - -
0.18, 750°C 1.62 (£0.05) 4 (£1) 0.08 (£0.02) - - -
0.41, unheated 1.57 (£0.05) 3.4 (1) 0.07 (£0.02) - - -
0.41, 250°C 1.60 (£0.01) 4 (£1) 0.07 (£0.02) 1.93 (£0.02) 6 (1) 0.13 (£0.03)
0.41, 500°C 1.62 (£0.01) 3(£1) 0.04 (£0.02) 1.92 (£0.02) 6 (£1) 0.10 (£0.03)
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Figure 12 Example of a Gaussian simulation of the neutron correlation
function, T (), for (TiO3)0.08(Si02)o.18 calcined at S00°C.

some six-fold coordinated groups for the SiTi-8 sample,
while there was no evidence for this from EXAFS. The
implication is that these 4/6 fold reversible sites are
probably structurally four-fold sites with two associ-
ated water molecules providing the extra oxygen atoms,
which were beyond the detection limits of earlier ex-
periments. Detailed XANES reveals the complexity of
these amorphous TiO,-SiO, materials [40] since there
are four distinct titanium sites within the structure (de-
pending on composition) that can be identified viz. (1)
octahedral sites from phase separated TiO,, (2) octahe-
dral sites within the SiO, network, (3) octahedral sites
that have coordinated water molecules that are rapidly
converted to tetrahedral on heating and (4) tetrahedral
sites within the SiO, framework. The presence of 4-
fold coordinated titanium in SiTi-18 samples has been
observed by a number of groups [41, 42] using EXAFS
and XANES. Lui et al. [43] also report a mixture of four
and six-fold coordinated sites ina SiTi-11 gel. Ti—O—Si
linkages are also reported in FTIR studies [22, 44, 45].

A number of studies using 2°Si MAS NMR, with
and without cross-polarisation have been reported [46—
49]. Si MAS NMR can provide somewhat ambigu-
ous information about the nature of the cross-linking,
and is most valuable when used in conjunction with
other techniques. All of these studies are indicative of
a progressive increase in cross-linking (i.e., an increas-
ing proportion of Q%) with increasing calcination tem-
peratures. Early NMR studies suggested that the O
and Q3 signals detected were from SiOy units with ti-
tanium next nearest neighbours, and used this as evi-
dence of titanium entering the network. However other
studies, including the present one, show that in xero-
gels where Ti—O—Si bonds are known to exist, give
29Si MAS NMR spectra that correspond mostly to Q*.
This implies that the Q* resonance must include all
Si(0S1),(OTi);_, (0 < x < 4, titanium in tetrahedral
coordination). The O line width is consistent with this
interpretation as it increases with heat treatment, cor-
responding to an increasing range of variation of next
nearest neighbours. This is also supported by a recent
theoretical study of the isotropic 2°Si chemical shift
which showed that a change of ~1 ppm occurs per
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titanium second neighbour [50]. If Q2 and Q3 peaks
do occur in calcined samples where other terminating
groups (e.g., OH) are largely removed this must indi-
cate that some titanium is acting as a network modifier.
170 NMR however has seen limited use to date, despite
the sensitivity of this technique to distinguish differ-
ent sites in oxides. For (TiO;),(Si10,)_, Delattre [26]
reported 17O NMR from sols prior to gelation.

The data collected here are entirely consistent with
previous experimental work in the literature, but al-
lows a much more detailed interpretation of the data
when taken as a whole. The first observation is that the
29Si MAS NMR spectra from the unheated xerogels in-
dicates significant Q2 and Q3 contents (see Table II,
and Fig. 4) that must correspond to OH and ethoxy
groups attached to the central silicon. FTIR also in-
dicates the presence of hydroxyl groups (see Fig. 3).
As the material is calcined the number of terminating
groups is reduced—increasing the cross-linking of the
network until itis almost fully cross-linked after heating
to 750°C. FTIR shows the progressive loss of hydrox-
yls and organic groups from the network as indicated
by '"H NMR [11], and ND shows the reduction in area
of the hydrogen correlation (see Table IV and Fig. 11)
with increasing calcination temperature. It should also
be noted that for the SiTi-18 sample calcined to 250°C
the hydrogen correlations (C—H and O—H) are centred
at 1.06 A, which implies both C—H (1.1 A) and O—H
(0.95-1.02 A) [51] groups are present. After calcina-
tion to 500°C the hydrogen correlation occurs at ca.
0.96 A, at all concentrations of Ti, indicating that the
terminating groups are largely hydroxyls and that most
organic groups have been eliminated. This agrees with
a detailed >*C MAS NMR study that shows that the
residual organic fragments are lost around 250°C [11].
After calcination at 750°C no O—H correlation was de-
tected for either SiTi-41 or -18 samples. This again
agrees with our recent quantitative 'H NMR work that
shows that only signal consistent with surface, rather
than structural hydroxyl remains at 750°C [11]. The
29Si MAS NMR data indicated that after heating to
750°C the silicate part of the structure is almost com-
pletely cross-linked.

FTIR data of the SiTi-18 and SiTi-8 samples calcined
at 850°C shows the presence of a very few OH groups.
This suggests that all the xerogels initially contain a
significant amount of hydroxyl and organic network
terminating groups. On calcination the number of these
terminating groups is reduced. At 500°C most of the
organic groups have been removed from the network,
and by 750°C the network has very nearly completely
condensed, again agreeing with NMR.

Looking in detail at the SiTi-8 xerogel a number of
points are apparent. The 7O NMR spectra (Fig. 5) are
dominated by the Si—O—Si signal at O ppm. In this sam-
ple after all heat treatments, a signal at ~235 ppm is ob-
served which can be assigned to Ti—O—Si. A lot of work
has been devoted to understanding oxygen resonances
in this region including of model titanodiphenylsilox-
anes that have TiO,-SiO,-like cores [27], LiTiSiOs
[52] and CaTiSiOs [53]. There is some evidence that
that Si—O—TiOs resonates at a more positive shift than
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TABLE IV Summary of simulations of neutron diffraction results for (TiO2),(SiO2);—, samples with varying calcination temperature and

composition
O—H Si—0 Ti—0 0—O (via Si)
Sample
(x, calcination temp)  r (A)  nyj o (A) rd) o o (A) rd) on o (A) rd) o o (A)
0.08, 500°C 0.96 0.9 0.04 1.61 4.0 0.051 1.86 a 0.016 2.63 53 0.089
(£0.02) (£0.4) (£0.005) (£0.01) (£0.2) (£0.004) (£0.01) (£0.02)  (£0.01) (£0.3) (£0.008)
0.18, 250°C 1.06 0.054 1.61 4.5 0.052 1.84 7 0.099 - - -
(£0.02) ® (£0.002) (£0.01) (£0.5) (£0.002) (£0.01) (£3)  (£0.002)
0.18, 500°C 0.96 1.0 0.040 1.61 4.0 0.052 1.84 3 0.081 2.62 43 0.081
(£0.02) (£0.2) (£0.008) (£0.01) (£0.2) (£0.005) (£0.01) (£1)  (£0.005) (£0.01) (£0.2) (£0.006)
0.18, 750°C - - - 1.61 4.2 0.052 1.81 4 0.100 2.62 5.4 0.091
(£0.01) (£0.4) (£0.001) (£0.02) (£1) (£0.010) (£0.01) (£0.5) (£0.001)
0.41, 500°C - - - 1.61 4.0 0.052 1.90 5(£1) 0.120 2.62 3.8 0.090
(£0.01) (£0.3) (£0.001) (£0.01) (£0.006) (£0.01) (£0.3) (£0.003)
0.41, 750°C - - - 1.61 43 0.055 1.91 6 0.14 - - -
(£0.01) (£0.4) (£0.001) (£0.01) (£1) (£0.01)

2 denotes that a meaningful coordination number was not obtained.

Si—O—TiO3 [27] although the regions are very close,
and it is still an open question as to whether the 7O
chemical shift can be used to unambiguously determine
the titanium coordination. In Fig. 5 the different possi-
ble regions are marked. In the xerogel heated to 250°C
this feature is notably weaker. Ti—O—Si linkages can
also be seen in the FTIR data. ND data for the sample
heated to 500°C (Table IV) indicates a bond length of
1.84 A for the Ti—O correlation. Although the X-ray
data (Table IIT) cannot resolve the Ti—O correlation, an
asymmetry on the high r edge of the Si—O peak can
be seen at all temperatures (Fig. 8). This indicates the
presence of a Ti—O correlation at a similar distance to
that of the neutron data. This is also in agreement with
a previous EXAFS study [34] which indicates a bond
length of around 1.84 A. 2°Si MAS NMR shows that
by 750°C the Q* species is dominant at ~90%. This
data taken together provides unequivocal evidence that
the x = 0.08 sample has a silica-like structure, with the
titanium atoms largely incorporated substitutionally in
this structure.

The SiTi-41 sample has very different characteris-
tics. Observation of the structure factors from both X-
ray and neutron diffraction (Figs 7 and 10 respectively)
show the appearance of Bragg peaks at >500°C at-
tributed to crystalline anatase. The 'O NMR spectra
(Fig. 5) all show a strong signal at 530 ppm, charac-
teristic of OTis in an anatase-like environment [31], in
addition to the O ppm Si—O—Si peak. The unheated gel
also shows a very strong peak at 360 ppm and a smaller
peak at 750 ppm; these may be attributed to OTis and
OTi, respectively [30]. The small and relatively broad
peak between 110 and 300 ppm has been assigned to
Ti—O—Si links, with arange of connected titanium sites
present. On heating to 250°C OTi, is eliminated and
a significant increase in Ti—O—Si signal is observed.
The increase in intensity is most observable around
~235 ppm. On heating to 500°C the Ti—O—Si peak
at ~235 ppm again increases in intensity, this time at
the expense of OTis and OTiy. Interestingly this is the
point at which crystallisation is first observed, which
is also marked by the highest degree of atomic mixing.
At 750°C the OTij3 signal dominates the spectrum with
OTly, and some Ti—O—Si and Si—O—Si. The broadness

of the Si—O—Si resonance at this applied magnetic field
results in its amplitude being quite low. ND for samples
heated to 500 and 750°C (Fig. 11 and Table IV) both
show a long Ti—O bond length (1.90 and 1.91 A respec-
tively) and coordination numbers of 5+ 1 and 6 &= 1
This again is a clear indication that the titanium is pri-
marily in octahedral sites, although the bond length is
a slightly shorter than usually associated with Ti—O in
octahedral units. However the width of the correlation
in both cases is large (o ~0.12 and 0.14 A) and could
easily encompass a minority proportion of tetrahedral
titanium sites. XRD data (Fig. 8 and Table III) supports
this conclusion. The unheated xerogel has a particularly
wide Ti—O correlation, which can be attributed to the
presence of the OTi, sites seen in the 'O NMR. The
diffraction data is in broad agreement with the previ-
ous EXAFS study [34]. Partial crystallisation of this
material at 500°C and above, and the presence of oc-
tahedral titanium sites provides evidence that this ma-
terial shows some phase separation. However the con-
tinued presence of Ti—O—Si cross-linking associated
with tetrahedral units suggests that some titanium re-
mains in the silicon-rich phase. The importance for the
atomic scale structure of the preparation details is high-
lighted by comparing the structure obtained here with
that when the titanium precursors reactivity is reduced
by prior reaction with acetylacetone. When the reactiv-
ity is slowed during the initial stages significantly more
Ti—O—Si linkages form for SiTi-41 samples, indicating
improved mixing of the components in the initial gel
and that these persist under heat treatment [22].
Initially the SiTi-18 sample shows some titanium
clustering as 7O MAS NMR (Fig. 5) shows the pres-
ence of OTi3. There is also a strong Ti—O—Si signal
at ~235 ppm. The shoulder on the low ppm side sug-
gests the presence of some Ti—O—Si linkages associ-
ated with different local configurations. On heating to
250°C the OTijz signal has largely disappeared, and a
shoulder on the Ti—O—Si signal at ~110 ppm is far
more pronounced. This suggests that Ti—O—Ti link-
ages are being broken and converted to Ti—O—Si links.
At 500°C the ~110 ppm shoulder on the 250 ppm peak
has become weaker, indicating an increase in the num-
ber of sites. On calcination at 750°C there is a further
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reduction in the ~110 ppm shoulder, accompanied by
the reappearance of a OTiz feature which can be seen
as a peak at 530 ppm. /n situ XANES [39] gave sim-
ilar results, showing an increase in tetrahedral sites
up to 750°C but with the tetrahedral:octahedral ratio
never reaching a maximum value as observed for the
SiTi-8 sample. FTIR spectroscopy shows the presence
of Ti—O—Si linkages at all temperatures. The neutron
diffraction data (see Table IV, Fig. 11) shows the Ti—O
correlation to be at a distance of 1.82-1.84 A and a
coordination number of 4 indicative of tetrahedral co-
ordination. The X-ray 7 (r)s do not have sufficient res-
olution to allow reliable fitting of the Ti—O correlation,
however its presence can be seen as a shoulder (1.84 A)
on the Si—O peak at 1.62 A. From the 2°Si MAS NMR
data most of the titanium has to be tetrahedrally coor-
dinated in these samples. The presence of some Q>3
means that there must be a small amount of higher
coordination titanium present acting as a network
modifier.

On calcination to 750°C the SiTi-18 sample begins
to show some genuine phase separation. This coincides
with the point at which no terminating groups remain.
Previous XANES [40] and SAXS [37] studies indicated
that calcination at 1000°C causes a reduction in the
number of tetrahedral sites, and a small amount of phase
separation. In melt quenched titania-silica glasses phase
separation occurs when the titanium concentration is
sufficient to produce a significant number of Ti—O—Ti
links when randomly distributed into network silicon
sites [41, 42, 54]. When the SiTi-18 xerogel network
is complete at 750°C (e.g., when its structure becomes
close to that of a conventional glass) it begins to phase
separate. Before this point, although some titanium may
occur in clusters, as the silica-based network is not yet
fully formed (i.e., not all %), combined with the high
degree of Ti—O—Si cross-linking, phase separation is
discouraged.

In both the neutron data and in the previous EXAFS
study [34], the Ti—O bond length for SiTi-8 and SiTi-18
xerogels is longer (1.84 A) at calcination temperatures
of up to 500°C than it is after calcination at 750°C
(1.82 A). Since the SiTi-8 xerogels do not contain oc-
tahedral titanium sites, this contraction cannot be at-
tributed to the removal of structural octahedral titanium
sites. However, reversible 4/6 fold titanium sites associ-
ated with OH termination are present after calcination
at temperatures up to 500°C but are much reduced or
completely removed after calcination at 750°C. Since
the EXAFS and diffraction experiments were carried
out in ambient conditions, the longer Ti—O bond length
may be attributed to the presence of reversible 4/6 fold
titanium sites which are six-fold coordinate at the time
of measurement.

Thus it is possible to produce a model of the struc-
ture that is consistent with interpretation of all of the
NMR, diffraction, EXAFS, XANES, SAXS and IR
data, which would have been highly speculative if based
on a smaller subset of these techniques. The character-
isation methodology used here provides an extremely
detailed picture of the structure of these complex amor-
phous materials and will aid understanding of their
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structural development and the foundation of their tech-
nological properties. Such information is already being
used to correlate structural features with properties such
as catalytic activity [e.g., 55, 56].

5. Conclusions

All these (TiO;),(Si0;),—_, xerogels initially contain
a significant number of hydroxyl and organic groups
which terminate the silicate network after formation.
On calcination to successively higher temperatures the
organic and hydroxyl contents are reduced, and cross-
linking of the silicate network increases. After cal-
cination at 500°C the organic groups have all been
removed. Calcination at 750°C removes almost all
of the hydroxyl groups and the silicate network is
highly condensed (e.g., average Q). The SiTi-8 xe-
rogel has a silica-like structure in which titanium is
mostly substituted into silicon sites. The SiTi-41 xe-
rogel is phase separated and anatase crystallises at
500°C. There is still some atomic mixing, however,
with titanium substitution in the silicon-rich phase. The
SiTi-18 xerogel exhibits more complex behaviour. Al-
though initially there is some clustering of the tita-
nium, revealed by Ti—O—Ti linkages, a very high level
of atomic mixing exists. On calcination at moderate
temperatures (<500°C) this atomic mixing increases
further. However this structure is unstable to calci-
nation at higher temperatures (750°C and above) and
phase separation begins to occur although again a sub-
stantial amount of the titanium remains in the silicate
phase.
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