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Nanostructural evolution and phase transformation in supported and unsupported titania membranes have been 
studied using Raman spectroscopy, X-ray diffraction (XRD) and field-emission scanning electron microscopy 
(FE-SEM). Densification of unsupported membranes started at ca. 450 "C and reached more than 97% density 
at 600 "C, whereas the supported membranes had a density of only ca. 70-75% even at 700 "C when calcined 
for 8 h. At 700 "C the average crystallite size of supported and unsupported membranes was ca. 20 and 70 nm, 
respectively. This behaviour is primarily attributed to the decrease in the driving force for sintering due to the 
stress developed during the constrained sintering of a fitm attached to a rigid support and to the inhibition of 
the reorganization process within the film, resulting in lower coordination numbers in supported membranes. 
Supported membranes showed a higher transformation temperature (slower rate of transformation) than did the 
unsupported. Supported and unsupported membranes, calcined for 8 h, transformed to ca. 90% rutile (calculated 
from Raman spectrum) after calcination at 850 and 650 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C, respectively. This difference in phase transformation 
behaviour is attributed primarily to the large stress which is developed in a constrained environment owing to 
the negative volume change during the anatase-rutile transformation. 
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Ceramic membranes are gaining increased attention because 
of their high thermal stability compared with organic mem- 
branes. When a ceramic membrane is subjected to high 
temperatures, the following thermally activated processes can 
occur: viscous and solid-state sintering, crystallization and 
grain growth resulting in densification, which all lead to 
changes in pore size and size distribution. The support-mem- 
brane interaction is very important in the case of supported 
membranes, and is discussed in this paper. Certain types of 
ceramic membrane, especially titania and alumina, can also 
undergo phase transformations from one crystalline form to 
another. These transformations are accompanied by a volume 
change, which enhances the risk of membrane cracking or 
peeling from the support. The transformation can also cause 
a drastic reduction in the porosity, and an increase in the 
mean pore diameter of the membranes.' There have been 
some studies on the thermal stability of unsupported mem- 
brane~. ' -~ .~"  A recent study' on the textural evolution of 
unsupported titania membranes identified two major causes 
of textural instability. The most important one was proposed 
to be the enhanced densification of the rutile phase during 
the anatase-to-rutile transformation. The second cause of 
porosity reduction was identified to be anatase crystallite 
growth. It was also noted that' at lower temperatures (below 
350 "C) hydrothermal sintering can also play an important 
role in the porosity reduction of titania membranes. However, 
very few studies have been carried out concerning the thermal 
stability of supported  membrane^.'^^ In this paper the phase 
transformation and sintering behaviour of supported titania 
layers is reported. Special attention is given to the phase 
transformation because, for unsupported membranes, as pre- 
viously noted, enhanced sintering during the phase transform- 

? Part 1: K-N. P. Kumar, K. Keizer and A. J. Burggraaf, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ .  Muter. 
Chern., 1993,3, 1141. 

ation is the major cause of porosity reduction. The results 
obtained for supported membranes are compared with their 
unsupported counterparts to check the validity of the common 
practice of evaluating the textural properties of unsupported 
membranes and applying the findings directly to the behaviour 
of supported membranes. 

Phase Transformation in Titania System 

Various studies on the anatase-to-rutile transformation with 
an emphasis to the transformation temperature are discussed 
in the previous paper.' It should be noted that the anatase- 
to-rutile transformation is a metastable-to-stable transform- 
ation and, in a strict sense, there is no real phase- 
transformation temperature as for an equilibrium reversible 
transformation. The anatase-rutile transformation tempera- 
ture reported in the literature, ranges from 400 to 
1200 0C.2*5-'9 The free energy of rutile must be lower, in the 
anatase-rutile system, at least above 400 "C since the trans- 
formation proceeds at that temperature in the presence of an 
alkali flux.6 The transformation temperature depends on many 
factors such as the impurities present in anatase,I6 the method 
of preparation," oxygen-to-metal coordination in the precur- 
sor,l7 and oxygen-to-metal bond length in the precursor gel." 
Some investigators believe that it also depends on the texture 
and primary particle size of the anata~e.'- '~ Another important 
aspect, often neglected, is the effect of residual compressive 
stress on the solid-state transformation. Ikazaki et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd.'* 
reported a lowering of transformation temperature for anatase 
powder subjected to explosive shock treatment. In this paper 
the difference in the transformation temperature between 
supported and unsupported membranes is explained based 
on the stress developed during sintering and during the phase 
transformation. 
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Importance of Constraint and Coordination on the 
Thermal Stability of Porous Materials 

into a glass petri dish. The excess water in the sol was 
evaporated by drying at 40 "C and 60% relative humidity for 

The basic causes of thermal instability of porous membranes 
are crystallite growth and densification. Both processes 
decrease the surface area and porosity' and may also cause 
defects in the membrane structure. Sintering in a constrained 
environment is a topic of great In all these 
studies the constraint was considered to be an undesirable 
effect because it retards the densification rate. Moreover, the 
constraint may cause microcracking in the case of bulk 
materials sintered in the presence of rigid inclusions. The 
negative effect of a constraint is more prominent in the case 
of sintering of films or membranes attached to rigid supports. 
In these systems the large sintering stresses induce tensile 
stresses in the film resulting in cracking and delamination of 
the film from the support. These stresses also have a pro- 
nounced effect on the rate of sintering. The retardation of 
densification and phase transformation rate by the constraint 
can be conveniently used to produce thermally stable sup- 
ported titania membranes, and this is discussed further in 
this paper. 

It has been shown by Liniger and Raj23 that the 
densification rate increases with increasing coordination. 
Coordination here means the number of the nearest neigh- 
bours having actual physical contact. The level of coordination 
has a direct influence on the actual number of necks formed; 
this influences sintering and crystallite growth. It is shown 
later in this paper that one of the possible differences between 
supported and unsupported membranes is in their particle 
coordination. The higher the coordination (the larger the 
sintering pressure) the faster the densification and hence the 
thermal stability will be poor. The lower coordination in 
the case of supported membranes, due to the constraint of 
the support on the reorganization process of the membrane 
particles, gives them a better thermal stability compared with 
their unsupported counterpart. 

Experimental 

Synthesis of the Sol and the Membranes 

Supported titania membranes and unsupported gel layers 
were produced from a titania sol synthesized by the hydrolysis 
of titanium isopropoxide as given in Part 1. Fig. 1 shows 
schematically the details of the formation processes for 
supported (SM) and unsupported (USM) membranes. 
Unsupported gel layers of three different thicknesses were 
formed by pouring controlled amounts of 0.3 mol titania sol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

porous 
titania s u p p ~ ~  
sol 1 

dipping 1 slip-casting 
side 
view 

gelling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI drying 
drying 

/ membrane 
I 

side 
view --support 

unsupported membrane 

Fig. 1 Different stages involved in the preparation of (a) unsupported 
(USM) and (b) supported (SM) membranes 

30-40 h to form a hydrogel layer. The layer was dried and 
peeled off the glass dish as shown in Fig. l(a). The thickness 
of the xerogel layers, after drying, were 7 pm (USM-7), 15 pm 
(USM-15) and 50 pm (USM-50). 

Supported membranes (designated as SM-6) with a thick- 
ness of 6 pm in the xerogel state were formed on a porous, 
2 mm thick, a-alumina support2 with an average pore diameter 
of 160 nm, by dipping one side of the support in the sol for a 
few seconds as shown in Fig. I@). The dipping and drying 
procedure was repeated three times to get a top-layer 6 pm 
thick. The supports were polished to 800 grit finish and 
cleaned with alcohol before dipping. The membranes were 
dried at 40 "C and 60% relative humidity and calcined at 
different temperatures. For both supported and unsupported 
membranes, all calcinations were carried out at a very slow 
heating rate of 0.2 "C min-' up to 300 "C, then cooled to 
room temperature at a rate of 0.2 "C min-'. These membranes 
were calcined further at different temperatures ranging from 
450 to 1200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C with a heating rate of 1.7 "C min-'. These 
were kept at the set temperature for 8 h, and then furnace 
cooled by switching off the power. 

Even though both supported and unsupported gel layers 
were prepared from the same sol and may contain the same 
level of impurities, there is a slight difference in their chemistry 
due to the difference in their formation processes (Fig. 1). For 
the unsupported membranes all the nitric acid present in the 
sol will be present in the dried layer. However, the supported 
membranes will have a lower nitric acid concentration. In this 
case layer formation is essentially by a slip-casting mechanism 
so that liquid from the sol is sucked into the support, thereby 
causing the sol particles to concentrate at the sol/support 
interface. This hydrogel layer-support system is subsequently 
dried to form the supported membrane. In this process, the 
amount of nitric acid present in the sol-hydrogel layer-sup- 
port region is lower than in the bulk of the sol, However, 
during drying, nitric acid in the support flows back to the top 
layer and consequently increases the local acid concentration 
in the pores. For a better comparison between supported and 
unsupported layers, some measurements were done on unsup- 
ported membranes formed from sols without HN03 (USM- 
50-W). It is shown that HN03  has very little influence on the 
phase-transformation behaviour. 

Other possible differences, between supported and unsup- 
ported membranes, such as a difference in the levels of organics 
and hydroxys were not observed. This was confirmed by IR 
spectroscopy. Moreover, in the case of supported membranes 
there was no contamination from the cx-alumina support. This 
was confirmed by electron probe microanalysis (EPMA) and 
X-ray fluorescence (XRF) results. The detection limits of 
alumina in titania matrix for EPMA and XRF are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAca. 
3-5 atom.% and 100 ppm. 

Shrinkage Measurements, Thermal Analysis and X-Ray 
Diffraction 

It is assumed that the supported membranes do not shrink 
parallel to their surface. Shrinkage in the thickness of both 
supported and unsupported membranes was determined by 
measuring the thickness before and after calcination using 
SEM. For every temperature a minimum of five samples was 
measured and the average value was taken. The in-plane 
shrinkage (linear) of unsupported membranes was measured 
using a digital micrometer before and after calcination. 

Thermal decomposition characteristics were measured with 
a Polymer Lab. Thermal Science DTA at a heating rate of 
10 "C min-' in air. The DTA measurements were performed 
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using platinum sample cups with a-alumina as the reference. 
All the measurements were carried out in flowing air with a 
flow rate of 20 ml min-'. 

XRD patterns were recorded both for supported and unsup- 
ported gel layers with a Philips Diffractometer (PW 1710) 
using Cu-Ka radiation in the continuous- and step-scan 
modes. In the continuous-scan mode, a chart speed of 3 cm 
min-' was used. In the step-scan mode, a 28 range of 24-29" 
was scanned in steps of 0.015" 28 with an interval of 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs. 
Further experimental details are given in ref. 1. 

Raman Spectroscopy and High-resolution Field Emission zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Scanning Electron Microscopy (FE-SEM) 

The Raman spectra were recorded using a SPEX-Triplemate 
spectrometer with microscope attachment (objective 50X; 
LASER spot size=2 pm; focal depth=5 pm) equipped with 
an EGG multichannel detector. The laser source was a Spectra 
Physics Arf-Laser operating at a wavelength of 514.5 nm, 
with 25 m W  laser power focused at the spot. Typical measur- 
ing times were 1-20 s. 

In this study, Raman spectroscopy was used as the main 
tool to compare the supported and unsupported layers. XRD 
is not a convenient technique for studying supported mem- 
branes because X-rays penetrate through the top membrane 
layer so that a convoluted diffraction pattern of both alumina 
(support) and titania results, whereas Raman spectra give only 
information from the top layer. 

Titania membranes were subjected to high-resolution scan- 
ning electron microscopic (FE-SEM) study using a Hitachi 
S-900 system.' 

Permporometr y 

This zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis a relatively new technique to measure the active pore- 
size distribution of supported  membrane^.^^-^^ It is based on 
the fact that when a porous system is exposed to a mixture 
of a non-condensable and a condensable gas, the last one will 
condense in the pores depending on its partial pressure. When 
the partial pressure is increased from zero, larger and larger 
pores will be filled with the gas (capillary condensation) and 
all the pores will be filled when the relative pressure reaches 
1. The active pore-size distribution is measured by allowing a 
non-condensable gas to permeate through the membrane at 
different partial pressures of the condensable gas. 

In the present case cyclohexane was used as the condensable 
gas and N2 as the carrier gas. Gas permeation was measured 
using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0,. It should be noted that a second non-condensable 
gas (in the present case, 0,) is used because N2 is present on 
both sides of the membrane. Measurements were carried out 
in the desorption mode. When the partial pressure of cyclohex- 
ane is 1, all the pores will be filled and the oxygen flux will 
be zero. By lowering the partial pressure of cyclohexane, more 
and more pores will be emptied and therefore the 0, flux 
increases. Details of the calculation of the pore size distri- 
bution are given el~ewhere.,~ 

Results and Discussion 

Thermal Analysis 

DTA traces of USM-15 and USM-50 are illustrated in Fig. 2. 
There are two endothermic peaks, one at 95 "C and one at 
350 "C. The first peak represents the removal of physically 
adsorbed water from pores of the gel. The second peak 
represents the dehydroxylation reaction and the decompo- 
sition of residual nitrates.' There is a third peak in the range 
580-600 "C, corresponding with the enthalpy released during zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

JSM-15 

I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI - 
1 200 400 600 

77°C 

Fig. 2 DTA traces of USM-50 and USM-15 

the anatase-to-rutile phase transformation. The details about 
the thermal behaviour of sol-gel derived titania membranes 
are given elsewhere.' We clearly see a small shift of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAca. 15 "C 
in the peak corresponding to the phase transformation tem- 
perature. Furthermore, the area under the peak is larger in 
the case of thicker membranes, although all the thermal 
analyses were done with the same sample size. This shows 
that the processes of phase transformation and recrystalliz- 
ation are more sluggish for thinner membranes. 

X-Ray Diffraction of Unsupported Membranes 

Fig. 3 illustrates the XRD pattern that was recorded in the 
continuous-scan mode, for USM-50 heated at 600 "C for 8 h. 
All peaks correspond to pure rutile. This is in agreement with 
the thermal analysis results discussed above. XRD. pattern in 
the step-scan mode showed the presence of small amounts of 
anatase in the 600 "C heated samples. Fig.4 illustrates the 
step-scan results for USM-15 and USM-50. We clearly see a 
relatively large peak corresponding to the (101) reflection of 
anatase in the USM-15 spectrum compared with that of 
USM-50. The diffraction pattern of USM-7 was similar to 
that of USM-15. The rutile content is calculated on the basis 
of the following equation:28 

WR = I/[ 1 -k O.~(IA/~R)] (1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W, is the weight fraction of rutile and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI A  and IR are the X-ray 
intensities of the (101) and (1 10) reflections. In Table 1, the 
phase composition of unsupported membranes of different 

- 
c r 

N 

8 
R 

I 

I I I I I I I 1 

60 50 40 30 
2 8/deg rees 

Fig. 3 XRD spectrum of USM-50 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI +  

24 25 26 27 28 29 
28ldegrees 

I- 

Fig. 4 Step-scan spectra of USM-50 and USM-15 calcined at 600 "C 

Table 1 Weight percentage of rutile present in unsupported mem- 
branes of different thicknesses 

~~ ~ 

weight of rutile zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(YO) 
calcination 
temperature/"C thin (7 pm) thin (15 pm) thick (50 pm) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
500 40k4 45f5 50+4 
600 9 0 f 3  9 2 f 4  9 5 f 2  
700 100 100 100 

thicknesses is presented. After calcination at 700 "C for 8 h, 
all the membranes contain almost 100% rutile. 

Raman Spectroscopy 

Anatase and rutile give distinct and characteristic Raman 
spectra. In addition, Raman spectra will give information 
about transformations occurring at or very near to the surface 
such as surface residual stress-controlled nucleation. The most 
important capability is that the measurement of Raman 
intensities of different phases can be used to quantify the 
amount of phase present without much ~tandardization.~' In 
order to avoid band-broadening effects such as difference in 
crystallite sizes, integrated intensities of the Raman bands 
were used for the quantitative calculations. 

Raman spectra that were recorded for SM-6 and USM-50 
(the spectrum of USM-50-W is identical to that of USM-50) 
are shown in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5(a) and (b). For clarity the origin is shifted 
along the vertical axis for curve (b). The samples were heated 
at 700 "C for 8 h at the same time in the same furnace. 
Typically, the supported membranes show an anatase spec- 
trum. All bands marked (V) belong to anatase while those 
marked zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0)  belong to rutile. The crystallographic unit cell of 
anatase is body-centred (space group D4,,,19 14,lamd) and 
contains two primitive unit cells, each of which contains two 
formula units of Ti02. According to factor group analysis,' 
six modes, (Al, + 2B1, + 3E,) are Raman active. In the present 
case, all of the six bands are observed. Only the first overtone 
of the first-order mode with B1, at 398 cm-' (796 cm-') is 
not observed. However, the observed bands have a slight shift 
with respect to the published results,' which is probably due 
to the residual stress in the supported membrane.20 A differ- 
ence in oxygen ~ t o i c h i o m e t r y , ~ ~ * ~ ~  if any, may also cause shifts 
in Raman bands. 

In Fig. 5 [curve (b)], a Raman spectrum of an unsupported 
titania layer (USM-50) is illustrated. This material is predomi- 
nantly rutile at this temperature. The rutile structure has two 
titania molecules in the unit cell with the space group D4,.,14 

(a 1 
I I I I I I 1 I 1 

100 300 500 700 900 
wavenumbedcm-' 

Fig. 5 Raman spectra of (a) SM-6 and (b) USM-50 calcined at 700 "C 
for 8 h 

(P4,/mr~rn).~ According to group theory, four modes are 
Raman active, (Alg+ Big+ B2,+ Eg). Similar to the anatase 
spectrum, the rutile spectrum also has slight band shifts. The 
weak band at 142+2 cm-' is probably due to traces of 
anatase in the sample.24 The relatively strong band at 
230+3 cm-' is not included in the set of first-order bands 
predicted by group t h e ~ r y . ~  All the other bands correspond 
to the predicted bands for the rutile system. The spectrum of 
an unsupported layer without H N 0 3  (USM-50-W) is identical 
to the one illustrated in Fig. 6 [curve (a)]. This observation 
clearly shows that the difference in the phase-transformation 
behaviour of supported and unsupported titania membranes 
is due to something other than the slight difference in 
chemistry. 

Fig. 6 illustrates the Raman spectra of USM-50 and USM- 
15 heated at 600 "C for 8 h. The thinner membrane has only 
relatively less developed rutile bands compared with the 
thicker one. Along with XRD, Raman spectroscopy also 
confirms clearly the thickness dependence of phase- 
transformation behaviour in unsupported membranes. It 
should be noted that the difference between unsupported 
membranes of different thicknesses is small compared with 

200 400 600 800 1000 
wavenum bedcm-' 

Fig.6 Raman spectra of unsupported membranes (a) USM-50 and 
(b)  USM- 15 after calcining at 600 "C for 8 h 
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2 

1155 

20 

the difference between supported and unsupported membranes 
of comparable thickness. 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 shows the fraction of the rutile phase, calculated from 
Raman intensities, that is present in the membranes after 
calcination at different temperatures for 8 h. The fraction of 
rutile present (C,) was calculated on the basis of the following 
semi-quantitative eq~ation:~' 

(2) CR = KIp7 / ( Iy7  + Ii4) 

K is a constant which is approximately equal to unity while 
IF7 and are the integrated Raman intensities of the 
447 cm-' band of rutile and the 144 cm-' band of anatase. 
The area of analysis was a circle of 10 pm diameter, corre- 
sponding to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAca. lo' grains (if we assume the grain size of 
titania to be ca. 10 nm). The actual grain size increases from 
ca. 6 nm (in the as-precipitated state) to ca. 70 nm after 
treatment at 600 "C. 

Fig. 7(a), (b)  and (c) give plots for unsupported membranes 
50, 15, and 7 pm thick, respectively. The 50 pm thick mem- 
brane has a slightly larger transformation rate than the thinner 
ones (15 and 7 pm). The supported membrane [Fig. 7(d)] 
shows a considerably higher transformation temperature com- 
pared with the unsupported membranes. 

- 

T I  __ _----- 

Nanostructural Evolution 

Nanostructural changes of both supported and unsupported 
membranes calcined at different temperatures were observed 
to compare the porosity reduction and primary crystallite 
growth. Both supported and unsupported membranes were 
prepared from sol containing PVA and HPC as given else- 
where.' Fig. 8 shows the field emission scanning electron (FE- 
SEM) micrographs of the membranes heated at 450 "C. We 
clearly observe that the unsupported membrane [Fig. 8(a)] is 
much denser, with a porosity of CQ. 15-20%, than the sup- 
ported membrane with a porosity of ca. 25-30% [Fig. 9(b)]. 
The sizes of the primary crystallites are more or less the same 
for both supported and unsupported membranes, in the range 
15-20 nm, and both are pure anatase. After treatment at 
600 "C the difference between the unsupported [Fig. 9(a)] and 
supported membranes [Fig. 9(b)] has become larger. There is 
a clear difference between the primary crystallite sizes in 
supported and unsupported membranes. The unsupported 
membrane contains more than 95% rutile. The larger crystal- 
lites of ca. 45 nm average size are rutile. The smaller anatase 
crystallites are still in the range of 20 nm. The residual porosity 
in the unsupported membrane is < 3%. This drastic reduction 
in porosity is due to the enhanced sintering during the phase 
transformation.' During phase transformation atoms are very 
mobile and the self diffusion coefficients are high. At 600 "C 

loo r 

supported membranes retain a porosity of ca. 25-30% and 
they still consist of anatase with an average crystallite size of 
ca. 19 nm. The porosity was calculated from the micrographs 
by taking a surface average, which is a good approximation 
for comparison. Even at 700 "C the nanostructure of sup- 
ported membranes [Fig. lqb)] is not very different from the 
600 "C sample. At 700 "C the unsupported membrane is 
almost dense with a grain size of ca. 70nm. The supported 
membrane still has a porosity of ca. 25-30% and the crystallite 
size is ca. 20nm. The supported membrane consists mainly 
of anatase. 

The pore size distribution (from permporometry) of a 
supported membrane calcined at 500 "C for 8 h is given 
Fig. 11. At this temperature and soaking time the porosity of 
unsupported membranes has completely disappeared. From 
Fig. 11 it is clear that the supported membrane is still porous 
and has an average pore radius of ca. 5 nm, whereas unsup- 
ported membranes which underwent the same thermal treat- 
ment had practically no porosity (immeasurably small). It 
should be noted that the pore size obtained from permporome- 
try is the average size of the narrowest portions of a given set 
of individual pores. Therefore, it is difficult to obtain the 
actual porosity from these data. It is important to note that 
in any case the actual porosity of the supported membranes 
is higher than that of the unsupported one which underwent 
the same type of heat treatment. 

Fig. 12 gives the shrinkage data for the membranes calcined 
at different temperatures for 8 h. The top curve (IPUSM) 
gives the in-plane shrinkage of the unsupported membranes. 
The middle (TSM) and the bottom (TUSM) curves give the 
shrinkage in the thickness direction of supported and unsup- 
ported membranes. It can be seen from the figure that for the 
unsupported membranes there is only a very small shrinkage 
in the thickness direction (TUSM), less than 5% at 600 "C. 
Almost all the shrinkage takes place in the plane (IPUSM; 
in-plane shrinkage) of the membrane and the total volume 
shrinkage is ca. 35+5%. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA similar result has been reported 
by Garino for silica films.32 In the thickness direction (TSM) 
the supported membranes had a shrinkage of ca. 18% at 
600 "C (no shrinkage in the in-plane direction). The total 
volume shrinkage of supported membranes is less than that 
of the unsupported membranes. This result is not in agreement 
with the result of GarinoY3' he found that the shrinkage in 
the thickness direction is more for supported layers compared 
to the unsupported ones. This disagreement may be because 
of the following differences. (1) The final microstructure of 
supported and unsupported membranes are different in our 
case; at 600 "C the unsupported membrane is more or less 
completely dense whereas the supported one retained a 
porosity of ca. 30%. As published by Garino3' both supported 
and unsupported silica films reached almost the same density. 
(2) In the silica system densification is oia a viscous sintering 
mechanism, whereas in titania it is via solid-state sintering. 
Moreover, the final nanostructures of both (supported and 
unsupported) films are more or less the same in the case of 
silica films.32 From the above results it is expected that 
starting from the drying stage the arrangement and packing 
of the particles in supported and unsupported membranes are 
different. It is clear from the above discussions that porosity 
reduction behaviour of supported and unsupported mem- 
branes are very different and the porosity reduction in sup- 
ported membranes is effectively retarded by the support 
constraint. 

Another important parameter which affects the densification 
and crystal growth behaviour is the average coordination 
number of the particles. Here coordination number refers to 
the number of real contact points between a certain particle 
and its neighbours. In the case of unsupported membranes 
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- 150 nm - 149 nm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 8 FE-SEM micrographs of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a) unsupported and (b) supported membranes heated at 450 "C 

- 150 nm - 150nm 

Fig. 9 FE-SEM micrographs of (a) unsupported and (b) supported membranes heated at 600 "C 

150 nm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt----------l 150nm 

Fig. 10 FE-SEM micrographs of (a) unsupported and (b) supported membranes heated at 700 "C 
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E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 3 6 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 15 
Kelvin radiushm 

Fig. 11 Permporometry trace of supported titania membranes cal- 
cined at 500 "C for 8 h 

40r 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt t 

30t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y P I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
.i 20 

1 ° L  0 

A-4 IP USM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

150 250 350 450 550 650 750 
77OC 

Fig. 12 Shrinkage (in thickness) of supported and (in thickness and 
in in-plane direction) of unsupported titania membranes calcined at 
different temperatures for 8 h 

the packing and hence the average coordination number is 
higher than that of the supported membranes. There are two 
processes which influence the packing and hence the coordi- 
nation number. The first one is the drying processes. During 
drying the particles in the supported membrane are hindered 
from rearrangement (ordering) and packing by the support 
constraint compared with the unsupported membranes4" 
The second process is the initial stage of sintering, for which 
the necessary reorganization is again partly inhibited by the 
particle-support interaction. Both processes result in a rela- 
tively low number of physical contact points and consequently 
a lower activity in sintering and crystallite growth. The FE- 
SEM micrographs of the unsupported and supported mem- 
branes given in Fig. 8(a) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b)  and the shrinkage data in 
Fig. 12 show that at any given temperature a supported 
membrane is more porous than an unsupported one. A 
decrease in porosity is normally associated with an increase 
in coordination number, in particular for membranes heat- 
treated at lower temperatures, because at this stage the particle 
sizes in supported and unsupported membranes will be com- 
parable. The decrease in sintering rate with decrease in 
coordination number is in agreement with the results reported 
by Liniger and Raj.23 They have studied the densification 
behaviour of a model consisting of two-dimensional arrays of 
glass spheres. They found that the higher the coordination 
the better the densification. This substantiates the explanation 
given for the poor densification of supported membranes. 

Stress Developed during the Anatase-to-rutile Phase 
Transformation 

During the anatase-to-rutile transformation there is a volume 
decrease of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAca. 8%. In the case of supported membranes this 
volume change is prevented by the rigid support, assuming a 
very good adherence of the particles and the support, as 
shown in Fig. 13. The in-plane stress, cx, developed due to 
this volume change can be expressed as:33 

0,=(1/3) x [E/(l -v)] x ( A V / V )  (3) 

where E is Young's modulus, v is Poisson's ratio and (AV/V)  
is the volumetric strain, which is ca. 0.08. Assuming E =  
50GPa for porous titania (ca. 30% porosity) we obtain a 
value of 1800 MPa for the in-plane stress. The effective stress 
will be less than 1800 MPa because of stress relaxation due 
to creep, and this stress should be considered as an upper limit. 

Effect of Stress on the Equilibrium Transformation 
Temperature of Supported Membranes 

During the phase transformation, supported gel layers try to 
shrink and consequently experience a two-dimensional tensile 
stress field. A portion of this stress may be relaxed due to 
creep. Another cause of stress, even though minor, is the 
'residual' tensile stress present in the membrane top layer after 
d r ~ i n g . ~ ~ - ~ ~  Based on the above facts, a thermodynamic 
calculation, using the Clapeyron equation,38 can be performed 
to estimate the change of the phase-transformation tempera- 
ture due to the two-dimensional tensile stress field in the 
supported membranes. However, it should be noted that, in 
a strict sense, the Clapeyron equation is only valid for 
equilibrium transformations from a stable phase to another 
stable phase. But as an approximate analysis, assuming the 
system is not far from equilibrium, we can apply this to 
the anatase to rutile (metastable-to-stable) transformation. 

From the Clapeyron equation,38 the change in the phase- 
transformation temperature, AT, can be written as 

A T = ( T A V / A H )  AP (4) 

where T is the equilibrium transformation temperature, 
assumed to be 700 "C; AV is the volume change accompanying 
the anatase-rutile transformation, - 1.73 cm3 mol-'; AH is 
the enthalpy of transformation, 6.51 x103 J mol-1;39 AP is 
the pressure, and in the present case this is predominantly the 
stress developed during the anatase to rutile transformation, 
ca. 1800 MPa. Applying the value of the hydrostatic tensile 
stress component 1200 MPa [1800 x (2/3)] in eqn. (4) we 
obtain a maximum AT value of ca. 300 "C. This is in 
reasonable agreement with the observed shift in the transform- 
ation temperature, The contribution of the temperature shift 
from the residual drying stress, which is ca. 40 MPa in the 
dried was calculated to be ca. 5 "C, which is 
insignificant compared with the shift calculated using the 
transformation stress. 

rigid support 

Fig. 13 Schematic representation of the nucleation of rutile in a 
constrained environment 
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Effect of Stress, Coordination and Packing on Nucleation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The anatase-rutile polymorphic transformation is a first- 
order irreversible metastable-to-stable transformation. In the 
anatase-rutile system, at all temperatures rutile is expected 
to have a lower free energy compared to anatase. From this 
we see that the most important aspect in the transformation 
should be the process of overcoming the activation energy 
barrier. A consideration of the kinetics of the transformation 
may be helpful in describing the phase-transformation behav- 
iour. According to the temperature-free energy diagram, rutile 
is thermodynamically more stable than anatase at any given 
temperature. Of the two stages of transformation (nucleation 
and growth), nucleation is the more important in the case of 
solid-state transformations with a volume change, but without 
the possibility of any plastic or viscous flow of either the 
matrix phase (anatase) or the transformed phase. The equation 
for the energy balance for n u ~ l e a t i o n ~ ~ , ~ ~  can be written as: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(5 )  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG is the total Gibbs free-energy change, A V  and AS 
are the volume and surface area of the nucleus formed. g, is 
the difference in the volume free energies of the two phases; 
in this case this is negative. g, is the energy needed to create 
a new interface, and is always positive. g,,,. is the strain energy 
term due to the difference between the volume of the phases, 
and is also always positive. gStresS is the term representing the 
residual stresses present in the material. The sign of gstress 

depends upon the type of the residual stress field, compressive 
or tensile. Eqn. ( 5 )  can be represented in terms of the radius 
of the nucleus: 

G =  -Ar3+Br2+Cr3+Dr3  

where A, B, C, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD are constants proportional to the 
corresponding terms in eqn. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5). The nucleation followed by 
growth will proceed when r reaches the critical value r,  (i.e. 

when G becomes maximum, r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= r,). 
When G is a maximum, dG/dr=O, so that we obtain the 

relation: 

-3Arz +2Brc+3Crz+3Dr?=0, (7) 

where r,  = (2/3)B/(A - C - D) (8) 

For a given system, at a given temperature and pressure, 
the values of A and B are constant. In this situation, the 
nucleation rate is totally dependent on C and D. The contri- 
bution of D is negligible because the residual stress due to 
drying, if any, is not significant at the phase-transformation 
temperature. Eqn. (8) becomes 

rc = (2/3)B/(A - C )  (9) 

As discussed earlier, in the case of supported membranes 
(SM-6) the top-layer experiences a large tensile stress field 
due to the volume change during the anatase-to-rutile trans- 
formation, compared with the unsupported counterpart. Since 
the volume change in the transformation is negative, a tensile 
stress field will oppose the transformation. Therefore, the 
parameter C in eqn. (9) will be positive. This effect in turn 
gives a larger value for rc and the result is a slower rate of 
transformation due to a slower rate of nucleation, with an 
increase in C. This is in agreement with the Clapeyron analysis. 

A possible reason for the difference in the phase- 
transformation behaviour of unsupported membranes of 
different thickness is given below. It has been indicated that' 
the anatase-to-rutile transformation is probably a surface 
nucleation controlled transformation. This surface transform- 
ation induces a compressive stress in the bulk of the mem- 

brane. This in turn increases the negative value of C [eqn. (9)]. 

This effect is more important in thicker membranes and can 
also explain the fact that thicker unsupported membranes 
transform faster than the thinner ones. 

Effective coordination can also influence the kinetics of 
phase transformation. It can either exert an influence in the 
nucleation stage, if rc of rutile is larger than the primary 
crystallite size of the transforming anatase, or in the growth 
stage. From the FE-SEM micrographs (Fig. 8-10) and from 
the grain growth studies it can be seen that the rutile 
crystallites are at least 4-5 times larger than the anatase 
crystallites just after transformation.'*42 Thus, it may be 
possible that the critical nucleus size of rutile is larger than 
the primary crystallite size of anatase. If this is true, more 
than one anatase crystallite is required for forming a single 
rutile nucleus. Therefore the number of nearest neighbours in 
actual contact (coordination number) has some influence on 
the nucleation rate. The growth rate is affected in the same 
way. So inhibition of reorganization of the primary particles 
and thereby decreasing the coordination number is a mechan- 
ism which supplements the slower rate of anatase-to-rutile 
phase transformation in supported membranes caused by the 
stress developed due to the negative volume change during 
the transformation. 

Conclusions 

(1 )  Unsupported membranes retained a porosity of only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAca. 
15-20% at 450 "C, whereas the supported membranes showed 
a porosity of ca. 25-30% even at 700 "C after a calcination 
time of 8 h. This behaviour may be attributed to the decrease 
in the driving force for sintering due to the stress developed 
during the constrained sintering of a film attached to a rigid 
support, and also the fact that the particle rearrangement and 
packing in supported membranes is prevented by the support 
and this may result in a lower coordination number for the 
primary particles in the supported membranes compared with 
those in the unsupported. (2) Supported membranes showed 
a higher transformation temperature (slower rate of transform- 
ation) than unsupported ones, which have already transformed 
to more than 90% of rutile after calcination at 650 "C for 8 h, 
whereas the supported membranes had undergone the same 
level of transformation only after treatment at ca. 850 "C. The 
phase content was calculated from the Raman spectrum. 
(3) The common practice of evaluating the textural properties 
of unsupported membranes and using them to understand the 
properties of supported membranes underestimates the textu- 
ral stability of supported membranes. This is because in the 
case of supported membranes the rigid support has an import- 
ant contribution in stabilizing the porous texture (porosity, 
pore size and crystallite size) of the membrane top-layer. 
Therefore at any given temperature, supported membranes 
will have smaller pores and higher porosity compared with 
the unsupported membranes. 
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