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Morphology of titania coatings on silica gel
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Control of the hydrolysis and condensation of soluble precursors of titanium is shown to yield oxide coatings of well-defined
morphology. A “smooth” coating, consisting of patches of titania on silica, causes only a small increase in the surface area, from
130 m?/g for the uncoated silica gel to 154 m?/g. On the other hand, the “rough’ coating, which consists of 3 nm diameter titania
particles dispersed over the silica surface, results in an increase in the BET surface area to 350 m?/g. The specific titania surface area
was determined via isopropanol dehydration activity and was found to be comparable to the BET surface area indicating that the
titania phase is responsible for the increase in surface area. Small angle X-ray scattering (SAXS) and transmission electron micros-
copy (TEM) provide definitive evidence for the coating morphology while X-ray photoelectron spectroscopy (XPS) was used to
determine the dispersion of the titania. The supported titania maintains its surface area upon calcination at temperatures up to
873 K while unsupported titania looses much of'its surface area. Also demonstrated in this work is a novel preparation method using
titanium bis-ammonium lactato dihydroxide (TALH), a water soluble precursor.

Keywords: preparation of titania/silica, isopropanol dehydration as a probe of titania/silica, transmission electron microscopy
of titania/silica, small angle X-ray scattering of titania/silica, thermal stability of supported titania, nanostructured titania/silica

1. Introduction

Titania is a technologically important material, both
as a catalyst [1] and a support [2]. Titania in high surface
area form has low mechanical strength, limited extrud-
ability and, importantly, low thermal stability.
Therefore, effort has been devoted in recent years to coat
titania onto high surface area supports such as silica and
alumina to improve the thermal stability of the surface
area of titania.

In previous work, we deposited [3] a monolayer of
titania on silica to alter the surface chemistry [4] and
improve the coating of boron nitride thin films on the
silica [5]. The common feature of these studies was the
use of non-porous Stober silica spheres [6] as substrate,
which allowed the nature of the coating to be determined
by transmission electron microscopy (TEM). The reac-
tivity for propene formation during 2-propanol dehy-
dration shows a linear correspondence with Brunauer—
Emmett-Teller (BET) surface areas of titania powders
ranging from 35 to 235 m?/g[7], indicating that propene
formation activity can be used as a measure of titania
surface area in titania-coated silica. Such estimation of
titania surface area is possible because the reactivity of
titania for 2-propanol is greater than that of silica by at
least two orders of magnitude. We have previously
shown that alcohol dehydration activity can also be used
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to measure the surface area of titania in titania/silica
thin films [8].

The control of titania morphology in thin films is
important since it provides a tool to microengineer a cat-
alyst surface, as shown in our recent work on hydrotreat-
ing catalysts [9]. In that work, it was found that the
activity of MoS,; on microroughened titania on silica
spheres was over an order of magnitude greater than that
of the MoS, supported on bulk titania. In the present
study, we have extended our work on non-porous silica
spheres (12 m?/g) to higher surface area silica gels. Two
precursors, titanium butoxide (TBOT) and titanium bis-
ammonium lactato dihydroxy complex (TALH) were
used in this study. By varying the hydrolysis and conden-
sation reactions of these precursors, we can form molec-
ular clusters, colloidal particles or second-phase titania
precipitates, as shown schematically in figure 1.

Among the different characterization techniques
used, X-ray fluorescence (XRF) and BET can give infor-
mation about the bulk weight loading and the total sur-
face area of the sample. 2-propanol dehydration can tell
us about the specific surface area of the titania, but pro-
vides no information on titania morphology. For exam-
ple, a high surface area of titania measured by alcohol
dehydration could arise due to particle surface rough-
ness, porosity of the titania or the presence of small pri-
mary particles of titania. Such information can be
derived from transmission electron microscopy (TEM).
However, TEM has the following limitations: the sample
must be thin enough to be electron transparent and the
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Figure 1. Schematic representation of titania deposition routes that
can lead to a “‘smooth” coating, a “‘rough’ coating, or precipitation as
asecond phase.

sample should not charge excessively during electron
exposure. These requirements restrict the application of
high resolution TEM to the external surfaces of the oxide
support, with a typical micrograph showing a region that
is 50 nm x 50 nm on a side. Hence, the morphology of
the titania coating in the interior of the support cannot
be studied by TEM. For this purpose, we have used the
technique of small angle X-ray scattering (SAXS).

Small angle X-ray scattering arises from inhomo-
geneities in the electron density within a material.
Inhomogeneities coherently scatter radiation in the for-
ward direction. The intensity distribution as a function
of angle is dependent on the shape, size, concentration
and interfacial roughness of the inhomogeneities [10].
Hence, the technique is useful for the study of particles
as well as voids. SAXS is particularly useful for elucidat-
ing the macroscopic structure (volume sampled ranges
from ~ 0.02 to 1 mm?) of amorphous heterogeneous
materials on length scales ranging from tens of ang-
stroms to a few tenths of a micron. This range of length
scales is difficult to cover by other characterization tech-
niques. SAXS has been used extensively to understand
the formation mechanism of silica and titania gels
because it can give information about the distribution of
electron density and mass in the primary particle [11-
13]. However, SAXS either alone or with other methods
has not been applied to study coating formation and
morphology.

When depositing titania on a high surface area silica,
it is important to know if the titania deposits preferen-
tially on the outer surface of the oxide support particles.
In recent work reported in the literature, this question
has been addressed using a variety of techniques: X-ray
photoelectron spectroscopy (XPS) [14], scanning elec-
tron microscopy (SEM) and energy dispersive spectros-
copy (EDS) [15] as well as electron microprobe analysis
[16]. While XPS yields the dispersion of the titania on
silica, there is no information on the morphology of the
coating, particularly within the internal pore structure
of the oxide support. Similarly, SEM and electron probe
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analysis show the distribution of the titania on a submi-
cron scale, but without any understanding of the nano-
scale morphology of the oxide coating. As we show in
this paper, the combination of SAXS, high resolution
TEM and XPS provides unique insight into the nature of
dispersed oxide coatings.

A review of previous work [16] shows that precipita-
tion (TiCly and NH4OH) and impregnation (Ti-isoprop-
oxide in alcohol) both give a higher concentration of
titania at the outer surface of the silica particles. Only
grafting [16,17] (reaction of the surface hydroxyls with
the precursor) provides a uniform concentration of tita-
nia [14,3]. However, the titania loading achieved via
grafting is typically less than a monolayer, and involves
the use of air-sensitive precursors and solvents, which
limit industrial application of this method. Therefore,
this study has explored a novel approach for depositing
the titania on the silica. The precursor titanium bis-
ammonium lactato di- hydroxide (TALH) is water solu-
ble and can be hydrolyzed with urea at 363 K.
Hydrolysis is initiated by heating after the pores are
filled with the reactants. By controlling the concentra-
tions of the reagents, we are able to control the morphol-
ogy from that of a smooth coating of titania to a nano-
crystalline deposit. The surface area of the silica
increases after deposition of the titania and, as shown in
this paper, the higher surface area is preserved at tem-
peratures up to 923 K. The nature of titania coatings
obtained with a butoxide precursor is compared with
those obtained from TALH.

2.Experimental
2.1. Sample preparation

The silica used in this study was a mesoporous
Norton silica gel (sample number 9316080) with a med-
ian pore diameter of 240 A and a measured BET surface
area of 130 m?/g. The silica extrudates were ground in a
mortar and pestle before use. Commercial silicas must
be treated to remove sodium introduced during prepara-
tion since sodium inhibits alcohol dehydration. To
remove the sodium, 6 g of silica was dispersed in 30 ml of
1 part HNOj; to 2 parts H,O. The mixture was stirred
and heated to about 333 K for 1 h. The mixture was sub-
sequently diluted with 50 ml of deionized water, filtered
and washed with seven, 20 ml aliquots of deionized
water. Finally the silica was dried in air at 383 K.

For the titanium butoxide (TBOT) coatings, one
gram of the acid-washed silica was dispersed in a mixture
of 1.5 ml water, 250 ml ethanol, and 1 ml of TBOT. This
silica dispersed mixture was then refluxed at 351 K for
20 h. The mixture was filtered and washed four times
with 20 ml aliquots of ethanol. For the titanium bis-
ammonium lactato dihydroxide (TALH) precursor, the
first step was the preparation of an aqueous mixture of
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the TALH precursor, urea and silica. The aqueous mix-
ture was prepared as follows: 6.1 ml of 50% aqueous
solution of TALH was added to 200 ml deionized water.
Next, 1 g of the silica gel and 6.9 g of urea were added to
this solution. This mixture was stirred at room tempera-
ture for 1 h and refluxed at 373 K for 20 h. The coated
silica gel was then separated by centrifuging the mixture.
The excess titanium precursor was then removed from
the coated sample by washing with hot deionized water
three times. The washed (titania-coated) silica gel was
then dried in air at 383 K for 8 h.

2.2. Characterization

The sodium content of the samples was determined
by atomic absorption spectroscopy (AA). The loading of
titania on silica gel was analyzed by energy dispersive X-
ray spectroscopy (EDS) and X-ray fluorescence (XRF).
Electron microscopy was performed on a Jeol 2010
microscope equipped with an Oxford instruments EDS
system with a Link thin window detector. SAXS was per-
formed at the University of New Mexico/Sandia
National Laboratories/University of Missouri joint
Small-angle Scattering Laboratory (http://saxs-comm.
unm.edu). The wide g-range SAXS data presented here
is obtained by combining data collected on the Bonse-
Hart spectrometer and the pinhole instrument (short
geometry). SAXS samples were prepared by trapping
sample powders inside a thin washer with self-adhesive
tape windows. This produced samples of net thickness
ranging from 0.03 to 0.1 mm.

X-ray photoelectron spectroscopy (XPS) measure-
ments were made in a combined ultra-high vacuum sur-
face analysis/atmospheric pressure reactor system. All
spectra were taken using a VG Microtech CLAM2 hemi-
spherical analyzer operated at a pass energy of 50 eV and
a slit width of 4 mm, corresponding to an analyzer reso-
lution of 1.0 eV. A Mg Ka X-ray source oriented 50°
away from the analyzer lens axis provided primary exci-
tation. Ti 2p/Si 2p intensity ratios were determined by
integration of the respective peak areas after subtraction
of alinear background.

2.3. Alcoholdehydration as a test for titania specific
surface area

The effective titania surface area of the coatings on
silica gel were measured using the reactivity for 2-propa-
nol dehydration. A series of titania samples with surface
areas ranging from 40 to 230 m?/g was synthesized using
the method suggested by Nishiwaki et al. [18] and used
for reactivity measurements. 30 mg of sample was
loaded in a quartz U-tube. For the dehydration activity
measurements, 2-propanol was introduced into a
20.2 sccm stream of flowing helium using a saturator at
room temperature. Dehydration activity was measured
between temperatures of 448 and 648 K after initial pre-

treatment in He at 773 K. The propene formation activ-
ity varied linearly with titania BET surface area and the
activity was found to be independent of the pretreatment
temperature, up to a pretreatment temperature of 773 K.
The calibration curve for determining titania surface
area is shown in figure 3 of our previous work [7]. The
specific titania reactivity is 3.24 x 1078 moles of propene
formed/(sm?)at 523 K.

Since this correlation was obtained with anatase tita-
nia, it is necessary to pretreat the titania coatings to
773 K to ensure that crystallization is complete. The
above mentioned correlation works well with the TBOT
precursor but not with the TALH precursor since helium
treatment for 8 h at 773 K may not completely remove
all the organic groups. Hence a new calibration was pre-
pared for samples prepared from this precursor yielding
a specific reactivity of 1.31 x 10~ moles of propene
formed/(sm?)at 523 K.

3.Results and discussion
3.1. Titania precursor chemistry

In this paper, we describe two differing morphologies
of titania coatings that can be obtained on the silica gel.
The method involves the hydrolysis and condensation
reactions of a soluble titanium precursor. If the precur-
sor is allowed to hydrolyze and condense only to the
extent of forming oligomeric clusters which are then
allowed to nucleate on the surface of the support,
smooth coatings will be formed. If the precursor is
allowed to hydrolyze and condense till colloidal sized
particles are formed as shown in figure 1, a rougher coat-
ing will result. If the hydrolysis—condensation proceeds
very fast, precipitation of titania would be expected. We
find that, with either precursor, the nature of coatings
obtained depends upon the titania loading, which in turn
is determined by the amount and concentration of
reagents, deposition temperature and time of reaction.
The titania coating chemistry is shown in scheme 1.

With the titanium alkoxide precursor, dilute solutions
of the reactants, i.e. water (hydroxyl group precursor)
and alkoxide (titanium precursor) in excess ethanol
allow physical separation of the reactants. Once the mix-
ture containing the silica is refluxed, the high tempera-
ture and mobility of the reacting species allow the
orderly precipitation of titania containing polymeric
species onto the silica. However, titanium butoxide is an
extremely water-sensitive precursor. Therefore, the
maximum titania loading that can be achieved without
second-phase precipitation of titania is limited. In gen-
eral, as the loading of the dispersed phase is increased we
see precipitation of a second phase in addition to a coat-
ing on the support.

An ideal precursor would be one that is soluble in
water and hydrolyzes slowly. The hydrolysis procedure
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should preferably include a delayed OH group produc-
tion after the pores of a silica are already filled with the
titanium precursor and the reagent that induces the
hydrolysis and condensation. Thus, we want a retarded—
delayed hydrolysis. The choice of a delayed OH group
producer dictates the use of urea, which satisfies the
requirements for this reaction. Urea hydrolyzes extre-
mely slowly at room temperature but more rapidly at
363 K. Therefore, with a water-soluble titanium precur-
sor and urea, we can first fill the pores with the titanium
precursor and then hydrolyze it inside the pores. The pre-
cursor that fulfills the above properties is titanium bis-
ammonium lactato dihydroxide (TALH). This molecule
dissolves in water but does not hydrolyze under ambient
conditions. Therefore, this slowly hydrolyzing chelate
compound can be hydrolyzed inside the pores at higher
temperature with the OH groups provided by urea.
Table 1 shows the samples that were prepared in the
course of this study. The Norton silica gel has a surface
area of 130 m?/g and its surface area increases after coat-
ing with either precursor, TBOT or TALH. The differ-

ence is in the magnitude of the increase, with TiO,/Si0,
(TBOT) sample showing only an increase to 154 m?/g
while the TiO,/Si0, (TALH) shows an enormous
increase to 350 m?/g. The titania loadings are also differ-
ent, with the TBOT sample having a loading of 18.1 wt%
and the TALH sample having a loading of 46.2 wt% tita-
nia. In both these samples, the effective titania surface
area agrees with the BET surface area, suggesting cover-
age of the silica by the titania. The difference in titania
loading between the two samples is caused by the higher
concentrations of precursor used in the case of the
TALH precursor. With lower concentrations of the
TALH precursor, it is possible to obtain coatings similar
to those achieved with the TBOT precursor.

3.2. Characterization of the titania/silicaby TEM,
SAXSand XPS

3.2.1. Uncoatedsilica gel
Figures 2a and 2b show electron micrographs of the
silica gel as-received. Primary particles can be seen that

Table 1
Surface area and titania loading of the samples investigated
Name BET®? Alcohol dehydration Effective TiO; TiO; loading
(m?/g) activity of TiO, surface area (%wt from XRF)
(mol propene/(gs))x10° from alcohol
at523K dehydration ®
(m2/g)

silica gel 130 3x 1073 - -
bulk TiO, (TALH) 168 2.2 168 -
TiO,/SiO, (TBOT) 154 4.6 142 18.1
TiO,/SiO, (TALH) 350 4.8 366 46.2

2 The BET surface area is quoted for a sample pretreated at 773 K. The 773 K pretreatment is necessary to use the isopropanol dehydration activ-
ity as a measure of the titania surface area.

b As stated in the text, the correlation between surface area and isopropanol dehydration activity differs for the two precursors. The difference
is dictated by the inability of the 773 K pretreatment in helium to remove all the organic groups from the TALH precursor, causing its specific
activity to be lower than that of coatings derived from the TBOT precursor.
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Figure 2. TEM images of uncoated Norton silica gel. (a) Low magnification view shows the primary silica particles and (b) higher magnification
view showing the characteristic contrast from the amorphous silica and the nature of the silica surface.

range in diameter from 15 to 30 nm. The higher magnifi-
cation view shows contrast characteristic of an amor-
phous structure. The primary particles are non-porous
as evident from the BET surface area which is consistent
with an average spherical particle diameter of 18.2 nm
using the equation S = 6/ pd, where p is density and d,, is
particle diameter. The SAXS data for the uncoated silica
gelis presented in figure 3.

The SAXS data is analyzed using the unified
approach [19] in which the SAXS curve is divided into
multiple structural levels. Each level corresponds to a
particular feature size manifest by a shoulder (Guinier
region) in log—log plots of 7(g) vs. ¢, which tapers on the
high ¢ side to a power law region, I(q) ~ ¢g~“. The scat-

tering vector ¢ is defined by ¢ = (47/)\) sin(26/2) and 26
is the scattering angle. Fits to the shoulder region using
the Guinier approximation (g) ~ exp(—¢*Rz/3) yield
the characteristic size of the scatterer, called the radius
of gyration R,. The radius of gyration is a center of mass-
like quantity, averaged over the sample volume. For sim-
plicity, we assume all features in the samples are spheri-
cal in shape and give dimensions here and in the figures
as real space diameters, with the conversion d = 2,/3R,.
The power law region describes the mass-fractal
(=3 < a < =2) or surface-fractal (—4 < o < —3) scal-
ing of the scatterer [20]. Power law values of a = —4.0
indicate a sharp, smooth interface between two regions
of different electron density. Structural models are built
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Figure 3. SAXS data for silica gel (O) and fit (——), plotted as absolute
intensity vs. wave vector g. Power law regions, I(g) ~ ¢~¢, are seen as
straight lines in the log-log plot. The primary silica particle is inferred

tobe ~ 180 A in diameter. These particles form 0.23 um diameter diffu-
sion-limited aggregates, as shown figure 4.

from the smallest feature size or high ¢ shoulder in the
SAXS curve (first structural level) progressing to larger
feature sizes, or shoulders at lower ¢.

The SAXS curve for the silica gel, figure 3, shows the
primary silica particle to be approximately 180 A in
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diameter (shoulder around ¢ = 0.03 A~') and to have an
abrupt SiO, vacuum interface, as evidenced by the
power law slope of —4. The BET surface area is 130 m?/g
which is consistent with the primary particle size of
182 A. SAXS provides additional information on the
meso-scale structure. The primary silica particles aggre-
gate to form a 0.23 pum diffusion-limited aggregate
(power law slope —2.5) [21] as determined from the low ¢
shoulder in the SAXS data (around ¢ = 0.0025 A1),
Figure 4 shows a low magnification view of a typical
silica grain in this sample. The aggregation of the pri-
mary silica particles can be seen in this image. The size of
these aggregates varies from 0.1 ym all the way to greater
than 1 pm. Since the shoulder in the SAXS is not very
well defined, there is greater uncertainty about the size
of this diffusion-limited aggregate, as measured by
SAXS, compared to the size of the primary silica particle
where the inflexion in the scattering curve is much more
pronounced.

3.2.2. TBOT-coatedsilicagel

Figures 5a and 5b show electron micrographs of the
sample coated with the TBOT precursor. Figure 5a,
which is a low magnification view, shows that the tita-

Figure 4. Low magnification TEM image of the commercial silica gel, showing the micron-sized porous silica aggregates. The pore volume in this
silica is essentially the void space between the primary particles seen in figure 2a.
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Figure 5. TEM images of the titania-coated silica using the TBOT precursor. (a) Low magnification view shows sample morphology very similar

to that of the uncoated silica, no second-phase titania particles are seen. (b) The arrowed patches exhibit contrast different from that of the bare

silica and represent the only observable evidence of the titania coating. The presence of the titania is also confirmed by elemental analysis using
energy dispersive spectroscopy.

nia-coated silica looks very similar to the uncoated silica
seen in figure 2a. No second-phase precipitates of titania
were seen in the TEM. A higher magnification image of
one of the silica particles is shown in figure 5b. The pres-
ence of the titania is evident in the patches indicated by
arrows that exhibit very different contrast from the
underlying silica support (cf. figure 2). Elemental anal-
ysis in the TEM also shows that the titania is well dis-
persed. Since the titania is present in patches as shown in
figure 5b, the overall morphology of the coating is quite
smooth and there is only a minimal surface area increase
i.e.from 130to 154 m?/g.

As with the TEM images, the presence of the titania

is evident in the X-ray scattering data. For the titanium
butoxide-coated silica, the smallest feature size seen in
the SAXS data (figure 6) is approximately 210 A in diam-
eter. While this size is greater than that for the uncoated
silica gel, what is more striking is the slope of the scatter-
ing curve in the high g region. In contrast to the uncoated
silica (power law exponent of —4.0), the slope has chan-
ged to a power law exponent of —3. The lower slope
would suggest a surface fractal produced by the irregular
titania coating of the silica particles. This is consistent
with the TEM images in figure 5. There is no evidence of
colloidal titania particles on the microscopic scale
(TEM) or on a macroscopic scale (SAXS). The low ¢
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Figure 6. SAXS data (O) and fit (——) for titania-coated silica using

the TBOT precursor. The primary particle is now a surface fractal of

titania-coated silica approximately 210 A in size. These particles form
a0.24 ym diameter diffusion-limited aggregate.

region of the SAXS curve indicates the formation of a
0.24 pm diffusion-limited aggregate which is compar-
able in size to the uncoated silica gel.

For this sample, an XPS Ti 2p/Si 2p intensity ratio
of 2.6 is obtained for the fresh sample, falling to 2.4 after
treatment in Ar at 773 K for 4 h. Based on the method of
Kerkhof and Moulijn [22] for calculating XPS intensity
ratios for coatings on high surface area materials, but
assuming an average photoelectron takeoff angle of
57.3° as recommended by Frydman et al. [23], and using
reported attenuation lengths (AL) [24] and sensitivity
factors [25] (corrected for differences in atomic density
and AL between the elements and the oxides), the meas-
ured peak area ratios are found to correspond to a titania
coating thickness of 0.3-0.4 nm. This result is in excellent
agreement with the coating thickness calculated from
the SiO; surface area and the known titania loading
(18%) if a uniform titania overlayer is assumed. This
agreement, coupled with the absence of many observable
titania particles in TEM, demonstrates conclusively that
the titania is uniformly dispersed on the silica substrate
with little or no second-phase titania particle formation.
The very minor change in the Ti 2p/Si 2p ratio with heat
treatment indicates that no significant sintering of
agglomeration of the titania phase occurs during pre-
treatment of the sample.

3.2.3. TALH-coatedsilicagel

Figures 7a and 7b show electron micrographs of the
sample coated with TALH precursor. In the low magni-
fication view (figure 7a) the presence of small black dots
is indicated by arrows. Such features were not seen in the
uncoated silica (figure 2) or the TBOT-coated silica
(figure 5). These dots are colloidal titania particles of
about 3 nm in diameter deposited on the silica surface.
When examined at higher magnification, these dots
show up as particles of crystalline titania with lattice
fringes consistent with the anatase phase. It is possible,
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however, that the crystallization could have occurred
under the action of electron beam. In addition to these
nanometer-sized titania islands, we also see regions
where the titania concentration is very high. Closer
examination in the TEM reveals these to be aggregates
of titania particles similar to those shown in figure 7b
deposited on the silica.

The SAXS data for this sample (figure 8) shows that
the smallest feature is associated with the primary parti-
cles having a diameter of ~ 29 A and smooth surface
(power law exponent of —4). As seen in the TEM images,
these are the primary particles of titania. Since the tita-
nia particles are deposited on the silica, we would expect
to see a feature that corresponds to the primary silica
particles. Indeed, as seen in figure 8, we see particles with
a mean diameter of 205 A whose surface must be a mass
fractal (power law slope —2.76). The next larger feature
is a 0.41 pm diffusion-limited aggregate, which repre-
sents aggregates of the titania-coated silica particles.
Each of the features seen in the SAXS is consistent with
the TEM observations reported in figure 7. However,
the number density of the titania particles seen by TEM
does not agree with the number density one would expect
based on the overall titania loading as determined by
XRF. A similar discrepancy is seen by XPS.

Given the substantially higher titania content of the
sample prepared from the TALH precursor, a higher Ti
2p/Si 2p intensity ratio is expected for this sample.
Experimentally, however, the measured ratio is found to
be 1.4, lower than that from the TBOT sample. A calcu-
lation of the expected XPS ratio based on bulk analysis
of titania content and TEM images showing the presence
of 3 nm titania particles, predicts an XPS ratio of 8.0.
Furthermore, the calculations also indicate that to
achieve a titania loading of 46 wt% through coverage of
the silica by 3 nm particles, more than half of the silica
surface would have to be covered by titania particles.
Not only is this level of coverage not apparent in the
TEM images, but EDS results indicate a titania loading
of only 15 wt% on the silica particles. Calculation of the
expected XPS ratio based on this loading and the
assumption that all titania is present as 3 nm particles
results in a Ti/Si ratio of 0.90, reasonably close to the
experimental value of 1.4. Furthermore, this lower load-
ing corresponds to coverage of only 10-12% of the silica
surface by the 3 nm titania particles, a result much more
consistent with the TEM images.

In order to reconcile the above discrepancies in the
available data, the presence of a second, bulk titania
phase must be invoked. Indeed, TEM images occasion-
ally show second-phase particles that are titania rich as
seen by EDS. This second phase could make a substan-
tial contribution to the overall titania content and result
in the bulk value of 46 wt% titania, even though the tita-
nia content on the silica phase is relatively small. The
presence of these particles would also increase the meas-
ured Ti 2p/Si 2p ratio over that calculated from EDS
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Figure 7. TEM images of the titania-coated silica using the TALH precursor. (a) The low magnification view shows small black dots decorating
the silica surface. (b) At higher magnification, these black dots show up as discrete particles of titania. Since these particles are randomly oriented,
in any micrograph only a few of these particles exhibit well defined lattice fringes.

data for the silica phase alone, and could easily make
up the difference between the calculated and measured
values.

3.3. Titania coating surface area and thermal stability

The morphology of the titania coating significantly
affects the surface area of the titania/silica sample. In
the case of the TBOT-derived coating (18 wt%), the
increase in surface area is modest, from 130 to 154 m?/g.
The increase in surface area can be associated with the
roughening of the silica surface caused by patches of tita-
nia, as seen in figure 5Sb. With the TALH precursor, we
have a higher titania loading (46 wt%) and the surface
area increases to 350 m?/g. The titania is present in the

form of 3 nm particles on the silica as well as in the form
of second-phase aggregates of 3 nm titania particles. The
presence of this second phase has a large effect on meas-
ured surface areas. The surface area of the silica phase
would remain at or near 130 m?/g, so the surface area of
the second-phase titania particles would have to be very
large. In a 1 g sample, 0.54 g of silica would be present
and contribute ~ 70 m? to the total surface area. The
remaining 280 m?> would have to be associated with the
titania phase, which would contain most of the 0.46 g of
titania in the sample. In this scenario, the surface area of
the second-phase titania would therefore be 280 m?/
0.46 g = 610 m?/g. TEM images show that the second-
phase particles are composed of agglomerates of small
titania particles. Based on the bulk density of anatase
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Figure 8. SAXS data (O) and fit (——) for the titania-coated silica

using the TALH precursor. The smallest feature corresponds to parti-

cles ~ 29 A in diameter. This is known to be colloidal titania from

TEM, see figure 7. The colloidal titania and the primary particles from

the silica gel form a mass-fractal structure ~ 205 A in size. The titania-

coated silica particles form diffusion-limited aggregates approximately
0.41 pm in diameter.

(3.89 g/cm?), we can estimate the required average parti-
cle diameter to be 2.5 nm, in reasonable agreement with
the 3 nm particle diameter derived from TEM and
SAXS.

Since the silica phase is only partially covered by tita-
nia particles, it would be expected that the total BET sur-
face area of the samples should be slightly higher than
the titania surface area determined by alcohol dehydra-
tion. The apparent equality of the two surface area meas-
urements is most likely due to small errors in calibration
of the alcohol dehydration measurement. Since upwards
of 80% of the surface area is contributed by the second-
phase titania, it would take only a small error to result in
a spuriously high value for the titania surface area and
give rise to the apparent agreement, even though some
bare silica surface is present.

Figure 9 shows the higher thermal stability of the
two titania-coated silicas compared to commercial
TiO; (Tioxide) and unsupported TiO, prepared from
the TALH precursor. The surface area of TiO,/SiO,
(TALH) and of TiO,/SiO, (TBOT) remained almost
the same after calcination at temperatures up to 873 K
for TiO,/SiO, (TALH) and up to 923 K for TiO,/SiO,
(TBOT). In contrast, the surface area of unsupported
TiO, (TALH) as-prepared is 342 m?/g but decreases to
57 m?/g after calcination at 933 K. A similar decrease
in surface area is seen for a commercial TiO, (Tioxide)
which dropped from a surface area of 234 m?/g as-
received to 46 m?/g after calcination at 923 K. The ther-
mal stability of the TALH-coated silica is remarkable
in view of the large contribution to the surface area
from a second-phase titania. However, we found in the
TEM that the second-phase titania particles were
always associated with the silica phase. Therefore, we
suspect that the silica support helps to stabilize not only
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Figure 9. Thermal stability plot of TiO, on SiO, samples compared
with a commercial TiO; (Tioxide) and bulk TiO, (TALH).

the individual titania particles but also the aggregates
of titania particles against sintering and loss of surface
area.

4. Conclusions

Titania coatings of differing morphology were pre-
pared by controlling the hydrolysis and condensation of
soluble titanium precursors. The two precursors used
were titanium butoxide and titanium bis ammonium lac-
tato dihydroxide. The “‘smooth” coating of titania on
silica consisted of patches of titania deposited on the
silica, and caused only a modest increase in the BET sur-
face area: from 130 m?/g for uncoated silica to 154 m?/g
after coating. The “rough” coating of titania on silica
increased the surface area to 350 m?/g. The higher sur-
face area can be explained by the presence of titania par-
ticles 3 nm in diameter dispersed over the silica surface.
The morphology is confirmed by TEM as well as SAXS
and together, these two techniques provide unique
insight into the morphology of oxide coatings. XPS
shows that the titania was uniformly dispersed over the
silica surface in the sample with the “smooth” coating
and the Ti/Si ratio was consistent with the overall ele-
mental analysis. However, on the sample with the
“rough” coating, the XPS elemental ratio was consider-
ably lower than the bulk elemental analysis. TEM con-
firms that part of the titania in this sample was present as
second-phase aggregates. However, these aggregates are
associated with the silica phase which helps provide
excellent thermal stability even after calcinationto 873 K
in air. At this temperature, bulk titania prepared from
the same precursor suffers a drastic loss in surface area.
This work has also shown that the titania coatings can be
prepared via water-soluble precursors (namely TALH)
eliminating the need for solvents inherent in the use of
the more reactive alkoxide precursors. These titania
coatings can be used to modify support chemistry and
metal-silica interactions and they can also provide tita-
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nia in high surface form both as a photocatalyst and a
catalyst support.
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