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Stabilization of the porous texture of nanostructured titania by 
avoiding a phase transformation 
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Nanostructured porous materials are gaining in- 
creasing importance in the fields of separation, 
catalysis, gas sensing and dense materials (as precur- 
sors) [1-19] because of their high surface area, large 
porosity, small pore size (2 to 50 nm diameter) and 
narrow pore size distribution. Now there is increas- 
ing interest to design and develop nanostructured 
membranes and catalysts with stable porous texture 
for high-temperature separation and catalysis appli- 
cations. Membrane modules which can withstand 
high temperatures can be directly employed in a 
chemical process line. This will be economically 
advantageous because there is no cooling down of 
the feed gas and no heating up process after 
separation. Catalysts which can be used at high 
temperatures are also gaining importance because it 
is economical to carry out many chemical reactions 
at elevated temperatures [17]. Titania membranes 
are projected as one of the possible candidates for 
catalytic membrane applications [6-8, 10]. The sim- 
ple fact that these materials have very high surface 
area makes them highly unstable at high temp- 
eratures because of their increased tendency to 
sinter. Stability of porous oxides at elevated temp- 
eratures can be improved by 'suitable' doping 
[5, 14, 15]. In most cases the actual mechanism of 
stabilization is far from clear. We have recently 
indicated that a major cause of surface area and 
porosity reduction in sol-gel derived porous nano- 
structured titania is the enhanced sintering during 
the anatase to rutile phase transformation, and 
utilizing this effect, we have made dense nanostruc- 
tured titania by sintering during the anatase to rutile 
phase transformation [14, 16]. Now we show that it 
is possible to make porous nanostructured titania 
which is stable up to 800 °C by completely avoiding 
the anatase to rutile phase transformation. This has 
been achieved by directly making rutile sol by the 
precipitation of titania with rutile forming nuclei 
formed in situ during the hydrolysis process. 

Titania exists in two tetragonal crystallographic 
forms: a metastable form, anatase, and a stable 
form, rutile. The volume free energy of rutile phase 
is always lower than that of anatase. Therefore, on 
heat treatment the anatase phase transforms to the 
stable rutile form. Since the transformation is a 
non-reversible metastable-to-stable transformation, 
the transformation temperatures reported in the 
literature range from 450 to 1200 °C [14]. The 
temperature of transformation depends very much 
on the nature and structure of the precursor and the 
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preparation conditions. The majority of the chemical 
methods of preparation yield the metastable anatase 
phase, which, on further heat treatment, gives the 
rutile phase. 

A brief look at the surface area reduction (densifi- 
cation) behaviour of anatase-derived titania will 
enable us to understand the importance of avoiding 
the anatase to rutile phase transformation to stabil- 
ize the porous texture at high temperatures. Fig. la 
gives the crystallite sizes of anatase and rutile phase 
(calculated from the X-ray line broadening using the 
Scherrer formula) and the measured Brunauer- 
Emmett-Teller (BET) surface area (calculated from 
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Figure I Surface area reduction, crystallite growth and anatase to 
rutile phase transformation behaviour of anatase precursor gel 
heated at 390 °C for different times. Fig. la represents the 
measured BET surface area and the crystallite sizes of anatase and 
rutile, and Fig. lb  represents the BET surface area (curve A) and 
two geometrical surface areas, one by assuming only anatase is 
contributing to the total surface area of the sample (curve B) and 
the other one by assuming both anatase and rutile are contributing 
to the surface area (curve C). 
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N 2 physisorption isotherms) of titania samples pre- 
pared according to the procedure given in [16]. The 
x-axis gives the fraction of rutile present in the 
sample, which is proportional to the time duration of 
heat treatment. The above data are obtained from 
samples calcined at 390 °C for different times. The 
fraction of futile was calculated from X-ray diffrac- 
tion (XRD) data using the procedure given by Spurr 
and Myers [20]. The crystallite size data given in Fig. 
la have been used to calculate two different geomet- 
rical surface areas (one by assuming only anatase 
phase is contributing to the surface area and the 
other one by assuming both anatase and ruffle phase 
is contributing to the surface area) and the results 
are presented along with the measured BET surface 
area in Fig. lb. The geometrical surface areas were 
calculated using the following equation: 

S~Eo = 1/3 [((1 - f)/(rAdA)) + (f/(rRdR))] 
where f is the fraction of rutile and r and d are, 
respectively, the crystallite size and the density of 
anatase (subscript A) and rutile (subscript R) phase. 
Curve A represents the measured BET surface area. 
Curve B represents the geometrical surface area 
calculated by assuming only anatase phase is con- 
tributing to the surface area of the sample. Curve C 
is the geometrical surface area calculated by assum- 
ing both anatase and ruffle phase are contributing to 
the surface area of the sample. With increasing rutile 
content (calcination time) the difference between 
curve A and B is decreasing whereas the difference 
between A and C remains the same throughout. (It 
should be noted that theoretically curves A and B 
should not meet. The reason for this may be due to 
the error involved in the determination of the 
crystallite size which was used for the calculation of 
the geometrical surface area.) This means that the 
assumption that only the anatase phase is contribut- 
ing to the surface area becomes valid with the 
progress of the phase transformation. This indicates 
that the contribution of rutile phase to the surface 
area of the sample is very little compared to the 
anatase phase. In addition it was experimentally 
found that when the porous anatase (titania) precur- 
sor is completely transformed to rutile its porosity 
becomes zero [14]. Moreover it was never possible 
to make porous rutile titania from an anatase 
precursor sol [14]. It has also been shown that 
sol-gel derived anatase can be densified to near- 
theoretical densities at 600 °C with a ruffle content of 
more than 95% [16]. Based on these results, we 
expect that if the anatase to rutile transformation 
can be avoided by directly making rutile, one would 
obtain a material with much higher stability of the 
porous texture at higher temperatures. 

Sol-gel synthesis is a very effective method to 
produce precursors for porous nanostructured mat- 
erials [21]. In almost all cases, alkoxide derived 
(sol-gel) titania, with a primary particle size in the 
range 4-6 nm, will be either amorphous or poorly 
crystallized in the anatase form. No clear explana- 
tion has been given to account for the initial 
formation of the metastable anatase phase. A 
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possible explanation is based on the size and the 
strain energy effect of the small anatase crystallites, 
which are about 6 nm in the case of alkoxide-derived 
anatase. From these observations it is reasonable to 
postulate that the critical size of the futile particles 
may be larger than the particle size of the as-preci- 
pitated anatase, which is about 6 nm. This may be 
one of the reasons for the difficulty in directly 
obtaining futile through homogeneous precipitation, 
If homogeneous precipitation did result in futile 
phase, then the resulting primary particle size will be 
much larger than the 4-6 nm range. Large primary 
particles in the precursor are not suitable for making 
membranes with small pore size and sharp pore size 
distribution. Precipitation carried out in highly basic 
conditions may result in futile gels [22]. However, 
peptization at this high pH (around 10) to obtain a 
particulate sol is practically impossible. 

Considering the above facts we have decided to 
follow a synthesis scheme in which rutile is directly 
precipitated by heterogeneous nucleation. The first 
step in the present approach to prepare a rutile sol is 
to select an oxide, the 'futile former', which always 
crystallizes in the rutile structure. Then titanium 
isopropoxide and a highly reactive compound of the 
cation of the selected oxide are cohrolysed. This 
compound should hydrolyse more rapidly than the 
TiO 2 precursor. In this process it is expected that the 
rutile former will act as a nuclei for the epitaxial 
growth of the ruffle phase of titania on it, but the 
actual mechanism is far from clear. SnO2 was 
selected as the most ideal rutile former because the 
lattice parameters, a and c values, are not too 
different for both the systems. For SnO2, a = 4.737 
and c = 3.186 and for TiO 2 (rutile), a = 4.593 and 
c = 2.958. The second reason was that SnC14 exhi- 
bits the necessary high reactivity. A solution of 
titanium isopropoxide and SnC14 in isopropylalcohol 
was taken in a dropping funnel. For one mole of 
titanium isopropoxide 2 litres of isopropyl alcohol 
was used. The alkoxide solution was transferred 
drop-wise into a beaker containing a water alcohol 
mixture (9 vol % water) under vigorous stirring. The 
hydrolysis reaction, which was carried out at room 
temperature (25 °C), yields a white gelatinous preci- 
pitate. The precipitate was washed to remove the 
residual alcohol and redispersed in HNO3-contain- 
ing water. This dispersion was reflexed at 80 °C for 
about 12-16 h. The resulting sol had a pH of about 2 
and it contained about 19 mol % SnO 2. 

Fig. 2 shows the XRD patterns of the rutile 
samples heated at different temperatures. All the 
peaks correspond to the rutile form of titania. From 
the as-precipitated gel stage onwards it contains only 
rutile phase. Fig. 3 shows the surface area and 
percentage porosity of futile samples calcined up to 
800 °C for 8 h. The values corresponding to the 
normal titania samples (with anatase as the starting 
phase) is also given for comparison [14, 16]. We can 
clearly see the difference in the textural properties of 
these two titanias. The one started with anatase has 
completely lost its surface area and porosity by 
about 500 °C. The rutile titania retains a surface area 
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Figure 2 X-ray diffraction pattern of the futile samples heated at 
(a) 700, (b) 600, (c) 400, (d) 200 and (e) 40 °C for 8 h. 
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Figure 3 Surface area and porosity reduction versus temperature 
for rutile samples calcined for 8 h. + PA, porosity of anatase 
derived titania; • PR, porosity of rutile derived titania; [] SA, 
surface area of anatase derived titania; V SR, surface area of 
rutile derived titania. 

and a porosity of about 17 m 2 g-I and 35%, respect- 
ively, even after heat treatment at 800 °C for 8 h, 
and the pore and crystalline diameters are about 30 
and 130 nm, respectively. There is an interesting 
difference between the anatase-derived and the 
rutile-derived titanias in their porosity reduction 
behaviour. The anatase-derived titania shows a 
tendency to densify, and it reaches near-theoretical 
density at around 600 °C [16], whereas the rutile 
samples do not show any tendency :to densify and, in 
fact, they retain almost constant porosity up to 
800 °C. The above facts clearly demonstrate the 
stabilization of the porous texture of titania by 
avoiding a phase transformation. It should be noted 
that the rutile samples studied in this work contained 
about 19 tool % SnO2. Pure SnO2 prepared by the 
hydrolysis of SnCI4 did not show any detectable 
surface area after calcination at 800 °C for 8 h. This 

means that the mere presence of SnO2 in the futile 
samples is not directly contributing to the stability of 
the system. 
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