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The formation of a dispersed titanium oxide layer on Cabosil-fumed silica and on nonporous silica 
spheres was studied by infrared and Raman spectroscopies and by transmission electron microscopy 
(TEM). The procedure for obtaining the titania coatings involved reacting the silanol groups on the 
silica surface with titanium alkoxides under a N 2 atmosphere. This self-limiting reaction led to a 
coating of dispersed titania on the silica spheres with a weight loading between 0.5 and 1.4 x 10 -3 
g/m 2. The dispersed titanium oxide on the silica spheres was visible as a surface texturing of the 
silica in TEM images, and led to over two orders of magnitude increase in the reactivity of the silica 
spheres for l-propanol dehydration. Raman spectroscopy and TEM confirmed that the dispersed 
titania was stable to calcination in dry air at 973 K or to heating under a vacuum of 2 x 10 -7 Tort 
up to 1058 K. However, under alcohol dehydration reaction conditions, the dispersed titania 
transformed into crystals of anatase, 3 nm in diameter. On Cabosil-fumed silica, on the other hand, 
a similar preparation resulted in a titania loading (per square meter) that was only 7% of that seen 
on the silica spheres. Higher loadings caused the appearance of bands due to crystalline TiO2 
(anatase) in the Raman spectra. The lower monolayer capacity on Cabosil silica can be correlated 
with the presence of singly bound hydroxyls as seen by IR. The Stober spheres on the other hand 
show hydroxyl bands that show significant hydrogen bonding. © 1991 Academic Press, Inc. 

INTRODUCTION 

There is growing interest in synthesis of 
dispersed transition metal oxides as novel 
catalytic materials (1). The catalytic behav- 
ior of a dispersed oxide is often remarkably 
different from that of the bulk oxide. Exam- 
ples of such behavior are the observed selec- 
tivity of dispersed vanadia on titania in se- 
lective catalytic reduction of nitric oxide 
with ammonia (2) or in the generation of 
strong acid sites in systems such as WO3/ 
AI203 (3). The structures of these dispersed 
oxides have been characterized by tech- 
niques such as Raman spectroscopy (4), 
EXAFS (5), and selective chemisorption (6) 
and the reactivity of the active sites has been 
probed by the use of model catalytic reac- 
tions. In studies of dispersed oxides, it is 
often important to know if the oxide is pres- 
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ent as a dispersed phase or whether it has 
aggregated into crystals. At low loadings, 
the small size of these crystals causes sig- 
nificant line broadening in X-ray diffraction 
(XRD) powder patterns. Hence, the ab- 
sence of lines from the crystalline phase in 
an XRD pattern does not necessarily rule 
out the presence of small particles of the 
crystalline oxide. While high-resolution 
transmission electron microscopy (TEM) 
can be used for the detection of particles 
smaller than 1 nm, the contrast from the 
support often makes unambiguous detection 
difficult (7). The problem becomes espe- 
cially acute when the dispersed phase is 
present as a two-dimensional overlayer and 
the contrast is insufficient to distinguish the 
dispersed phase from the supporting oxide. 
Hence, in previous studies of dispersed ox- 
ides, TEM has been used most often only 
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to determine if the dispersed phase formed 
crystalline islands of oxide (8). The sensitiv- 
ity for detection of a crystalline phase em- 
bedded in an amorphous matrix (such as 
T i O  2 in SiO2) can be improved considerably 
by image processing techniques as proposed 
by Sattler and O'Keefe (9). In this paper we 
show that by using nonporous oxide parti- 
cles as a substrate, it is possible to observe, 
by TEM, the presence of dispersed metal 
oxides even before the oxide coalesces into 
islands of a crystalline phase. Furthermore, 
knowledge of the surface/volume ratio in 
this simple geometry support makes it possi- 
ble to relate the elemental analysis from en- 
ergy dispersive spectroscopy to derive the 
surface coverage of the dispersed phase. 

Previous studies of dispersed T i O  2 o n  sil- 
ica (8) showed that crystalline T i O  2 w a s  

formed after calcination at 823 K in dry air. 
Based on laser Raman spectroscopy, the 
crystalline phase was identified as TiOz(B) 
at low loadings (<10 wt%) and TiO2 (ana- 
tase) at higher weight loadings. If a titania 
monolayer is assumed to have a thickness 
of 0.352 nm [the interlayer spacing for the 
(101) plane of TiO 2 (anatase)], then its den- 
sity would be 1.37 x 10 -3 g / m  2. Since the 
surface area of Cabosil silica (EH-5) used in 
the previous study (8) was 300 mZ/gm, a 
monolayer of crystalline TiO 2 would corre- 
spond to ~29 wt% TiO2. The formation of 
crystalline TiO 2 at loadings much less than 
the monolayer capacity expected from the 
BET surface area implies that the silica sur- 
face was unable to stabilize the dispersed 
metal oxide, a behavior that is in contrast 
to other supports such as alumina where 
monolayer dispersions of transition metal 
oxides have been reported (3, 10, 11). In 
other work in the literature, near-monolayer 
dispersion of titania has been reported on 
silica (12, 13). McDaniel et al. (12) found 
that when a silica was impregnated with an 
alcohol solution of Ti(OR)4, saturation oc- 
curred at about 3.0 Ti/nm 2. This would cor- 
respond to 3.98 x 10 -4 g TiOz/m 2 which is 
30% of the monolayer density. However, 
Vogt et al. (13) obtained a titania loading of 

24 wt% on a silica having a surface area of 
240 m2/gm. In this instance, the titania was 
deposited by contacting an acidic solution 
of TiC13 with the silica, and controlled addi- 
tion of NaOH to a pH of 8. The differences 
in the ability of silica to stabilize monolayer 
dispersions of titania in these previous stud- 
ies (8, 12, 13) may be due to the specific 
precursors used in prior work, and the possi- 
ble influence of alkali in modifying the silica 
surface and stabilizing the deposited titania. 
Furthermore, in view of the difficulty of de- 
tecting crystalline titania by XRD, it would 
be better to ascertain the monolayer capac- 
ity of silica using laser Raman spectroscopy. 

To explore this aspect further, we have 
used Raman spectroscopy in conjunction 
with IR spectroscopy, TEM, and catalytic 
measurements to study the state of titania 
dispersed on silica. We have contrasted the 
behavior of Cabosil-fumed silica with that 
of nonporous "Stober" silica spheres which 
are prepared by hydrolysis of tetraethylor- 
thosilicate (TEOS) under basic conditions 
(14). Titania was used to probe the concen- 
tration of surface hydroxyl groups by re- 
acting surface silanols with titanium alk- 
oxide compounds followed by calcination to 
yield the dispersed oxide. 

EXPERIMENTAL 

The model silica support used for this 
study contained nonporous spherical parti- 
cles of silica prepared by the method of 
Stober and Fink (14). The Stober spheres 
were dried in air at 383 K for 2 h to remove 
any adsorbed molecular water. In a typical 
experiment, 0.5 g of 270-nm silica spheres 
were added to a solution of Titanium (IV) 
tert-butoxide (0.4 g; 1.2 mmol) in THF under 
a dry nitrogen atmosphere. The suspension 
was stirred for 0.25 h and filtered under ni- 
trogen on a medium porosity flit. The white 
solid was washed with three 5-ml portions 
of THF and then dried in vacuo. The experi- 
ments on fumed silica used Cabosil silica 
grade HS-5 (15) having a BET surface area 
of 300 m2/gm. The procedure used to deposit 
titania on the fumed silica was similar to that 
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FIG. 1. Electron micrograph of uncoated silica spheres having an average diameter of 130 nm. The 
sphere on the right is out of focus due to the three-dimensional nature of the sample and the limited 
depth of field. 

described above. However, this procedure 
does not permit variation in the weight per- 
cent of deposited titania since loading is de- 
termined strictly by the reaction of the sila- 
nol groups with the alkoxide. Hence, a 
series of titania-coated silica samples was 
also prepared by incipient wetness impreg- 
nation to permit control of the weight load- 
ing and obtain submonolayer concentra- 
tions of titania. These preparations were 
also performed under flowing N 2 but with 
titanium isopropoxide (Aldrich) in toluene 
as precursor. The choice of precursor was 
purely coincidental and reflected the avail- 
ability of the precursors in the two labo- 
ratories: Lehigh and New Mexico. The 
samples prepared by incipient wetness im- 
pregnation were dried overnight at room 
temperature and subsequently heated to 393 
K under N 2 atmosphere. Final calcination 

was performed in 02 (Linde, 99.99%) at 
773 K. 

The titania-coated silica was character- 
ized by IR and Raman spectroscopies and 
examined in a transmission electron micro- 
scope as-prepared and after calcination at 
773 and 973 K. The IR spectroscopy was 
performed in transmission mode by pressing 
the powders onto a tantalum wire mesh 
(Unique Wire Weaving Co., Hillside, N J). 
The wire mesh was supported on a macor 
ceramic and stainless-steel sample mount 
that permitted heating the wire mesh re- 
sistively and allowed measurement of pow- 
der temperature via a chromel-alumel ther- 
mocouple spot welded to the wire mesh. 
The sample was contained in a 2Mn. stain- 
less cube that was connected to a gas han- 
dling system and to an EAI (Model 1200) 
mass spectrometer and pumped with a 50 
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FIG. 2. Low magnification view of titania-coated silica. 

liter/s Balzers turbomolecular pump. The 
vacuum in the sample chamber was gener- 
ally ~2 x 10 7 Torr. The CaF 2 IR windows 
were mounted on 2~-in. Conflat flanges (Har- 
shaw part No. 8960-1C-CaFz). When the 
sample chamber had been evacuated, the 
sample could be heated to 1273 K without 
damage to the CaF2 windows, allowing us 
to observe the dehydroxylation and rehy- 
droxylation of the surface. 

Laser Raman spectra were obtained with 
the 514.5-nm line of an Ar + ion laser (Spec- 
tra Physics, Model 2020-50) operated with 
about 1-100 mW of power measured at the 
sample. The scattered radiation from the 
sample was directed into an OMA III 
(Princeton Applied Research, Model 1463) 
optical multichannel analyzer with a photo- 
diode array cooled thermoelectrically to 235 
K. Further details of the experimental ar- 
rangement have been described elsewhere 
(4, 10, 11). The samples were mixed with 

KBr powder and pressed into self-support- 
ing discs for the Raman spectroscopy. All 
spectra were recorded at ambient conditions 
with the sample being rotated to prevent 
spot heating. Transmission electron micro- 
graphs were obtained on a JEOL 2000 FX 
microscope operated at 200 kV. The pow- 
ders were supported on holey carbon films 
mounted on 200 mesh, 3-ram TEM copper 
grids. Elemental analysis was performed us- 
ing a Tracor Northern 2000 EDS system us- 
ing a Be window detector. The EDS spectra 
were analyzed using the standardless analy- 
sis program SMTF on the Tracor system 
using the K lines of Ti and Si. 

The catalytic probe reactions used for this 
study were dehydration of 1-propanol and 
selective oxidation of methanol. The dehy- 
dration of 1-propanol was performed using 
30-50 mg of sample held in a-~-in.-o.d, quartz 
U-tube reactor. The reactant stream con- 
sisted of 20 sccm of He bubbled through 
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FI6. 3. Energy dispersive X-ray analysis of the titania-coated silica. 

liquid 1-propanol at room temperature. All 
of the lines in the flow reactor were heated 
to prevent condensation of the 1-propanol. 
Reaction products were propene, dipropyl 
ether, and water. They were analyzed by a 
Varian 3400 GC using a 6-ft Porapak Q col- 
umn and a thermal conductivity detector. 
The catalyst was activated by heating in 
flowing helium at 773 K overnight. After 
passing the reactant mixture over the cata- 
lyst for 10 min, a sample of the effluent was 
injected into the GC for analysis and the 1- 
propanol flow switched offfor  20 min before 
the start of the next run. The rate was ex- 
pressed in terms of formation ofpropene per 
unit surface area of sample per second. In 
this manner, reproducible activity measure- 
ments were obtained and there was no sig- 
nificant deactivation of the catalyst during 
the runs. 

The methanol oxidation reaction was car- 
ried out in a downflow, isothermal, fixed- 
bed differential reactor operating at atmo- 
spheric pressure and a temperature of 503 
K. A mixture of methanol, oxygen, and he- 
lium having a molar ratio 7 : 12 : 81 and a flow 
rate of 25-100 sccm was used as a reactant. 
Conversions were maintained at less than 

5%. The reactor was vertical and made of 6- 
mm-o.d. Pyrex glass. The catalyst was re- 
tained in the middle of the tube using quartz 
wool plugs. The product stream was ana- 
lyzed using an on-line gas chromatograph 
(HP 5840) equipped with FID and two TCDs 
and two packed columns. 

RESULTS AND DISCUSSION 

Transmission Electron Microscopy 

Figure 1 shows a micrograph of a batch 
of silica spheres at high magnification. It 
can be seen from the micrograph that the 
powder consists of nonporous spherical par- 
ticles. The silica spheres used here had an 
average diameter of 130 nm. Figure 2 shows 
the titania on silica as-prepared at low mag- 
nification. Analysis of the sample by EDS 
shows that the titania is present uniformly 
over the sample. The morphology of the sil- 
ica support makes it easy to spot the pres- 
ence of a second phase such as clumps of 
amorphous titania and very few such clumps 
were seen on the sample. As seen in Fig. 
2, at a low magnification, the titania-coated 
silica spheres look very similar to the un- 
coated spheres suggesting that the titania 
has uniformly coated the surface of the sil- 
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FIG. 4. High magnification view of titania-coated silica spheres. The sphere on the right is out of focus 
due to the three-dimensional nature of the sample. 

ica. Figure 3 shows a typical EDS spectrum 
from this sample. The analysis of aggregates 
containing many silica spheres was similar 
to that from individual silica spheres. The 
average weight percent TiO 2 from EDS anal- 
ysis on this sample was 0.6 wt%. The theo- 
retical monolayer capacity for a 200-nm sil- 
ica sphere having a geometric surface area 
of 12.5 m2/gm is ~ 1.7 wt%. Figure 4 shows 
a higher magnification view of the titania- 
coated silica sample. The presence of the 
titania is manifested in a change in the sur- 
face texture of the silica sphere as seen from 
a comparison of Figs. 1 and 4. We have 
recently reported (16) similar observations 
concerning the reaction between the mixed 
metal alkoxide ((COD)Rh)zSn(OEt) 6 , where 
COD is 1,5-cyclooctadiene and hydroxy- 
lated silica spheres in which a coating of the 
Rh-Sn species results. It was also observed 
that heat treatment of the silica spheres at 

773 K to reduce the surface hydroxyl con- 
centration markedly reduced the loading of 
Rh-Sn on the surface of silica in the previ- 
ous study (16). When Cabosil-fumed silica 
(grade HS-5) was coated with titania using 
a similar procedure, EDS analysis showed 
an average weight loading of 2.8 wt% which 
corresponds to 9.6 x 10 -5 g/m 2. Since the 
fumed silica charges excessively in the 
TEM, it is not possible to obtain images at 
the magnification used for Fig. 4. The low 
magnification images reveal no evidence for 
the presence of titania implying that a uni- 
form coating has been obtained. 

The titania-coated silica spheres were 
used as a catalyst for alcohol dehydration 
and Fig. 5 shows the transmission electron 
micrograph of the sample after the reaction 
measurements. The titania now appears as 
crystals of anatase on the surface of silica. 
Exposure of the titania-coated silica to alco- 
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FIG. 5. Micrograph of titania-coated silica after the sample was used as a catalyst for 1-propanol 
dehydration. The indicated particles are crystals of anatase titania. 

hol dehydration conditions appears to lead 
to aggregation and crystallization of the dis- 
persed titania into crystalline anatase. The 
presence of water as a product of reaction 
of alcohol dehydration may cause cleavage 
of the Si-O-Ti linkages. The formation of 
crystals of titania may have been facilitated 
when the sample was treated in flowing He 
at 773 K overnight to clean the catalyst be- 
tween runs. Figure 6 shows a micrograph of 
the titania-coated silica after it was used for 
transmission IR spectroscopy. The sample 
was heated at temperatures up to 1058 K in 
a vacuum of 1 x 10-7 Torr to dehydroxylate 
the surface. It appears that the heat treat- 
ment under anhydrous conditions does not 
cause the titania to aggregate and crystallize 
into anatase crystals. Similar observations 
were made on another titania-coated silica 
sample that was used for the Raman spec- 
troscopy measurements. In this instance, 

the sample was heated to 973 K in dry flow- 
ing air. Figure 7 shows a micrograph of this 
sample. It appears that the titania coating is 
not very uniform on this sample since the 
sphere in the center contains ~ 1.7 wt% T i O  2 

while the sphere on the fight contains 0.2 
wt% TiO2. The presence of TiO2 causes a 
pronounced contrast that makes the sphere 
in the center look rougher than the sphere 
on the right. 

Infrared spectroscopy 

Figure 8a shows the transmission IR spec- 
trum of silica spheres as prepared. This 
spectrum was obtained at a resolution of 
4 cm-a and shows a broad feature around 
3200-3700 cm-I which Corresponds to the 
presence of molecular water adsorbed on 
the surface and hydrogen-bonded hydroxyl 
groups on the surface. The bands seen 
around 2900-3000 cm- 1 are caused by impu- 



FORMATION OF TiO 2 MONOLAYER COATINGS ON SILICA SURFACES 267 

FIG. 6. Micrograph of titania-coated silica after being used for the IR spectroscopy measurements. 

rities in the mirrors in the spectrometer and 
are always seen on this instrument. The 
sharp feature seen around 2300 cm-t  is due 
to gas phase CO2 present in the spectrome- 
ter compartment. The bands present ~ 1800 
cm-1 and 1600 cm-1 are due to lattice vibra- 
tions from the silica superimposed on the 
band due to molecular water in this air-ex- 
posed sample. The feature seen around 1400 
cm-  1 may be due to the presence of carbon- 
ates. Figure 8b shows the IR spectrum of 
silica after heating to a temperature of 1000 
K at a background pressure of 1 x 10-6 Torr 
and cooling back to room temperature under 
vacuum. The bands due to molecular water 
and the carbonates have disappeared while 
the gas phase CO2 is not seen due to a more 
efficient purge of the instrument. The hy- 
droxyl region of the spectrum is now charac- 
terized by a broad band around 3500-3700 
cm -~ which represents the hydrogen- 
bonded hydroxyl groups on the surface. In 

contrast, Cabosil HS-5-fumed silica (15) ex- 
hibits only a sharp band at 3740 cm-1 in the 
hydroxyl region of the spectrum, as seen in 
Fig. 9. This IR absorption band on Cabosil 
silica suggests the presence of only isolated 
hydroxyls which would imply a lower con- 
centration of hydroxyls per square centime- 
ters. This is consistent with the reported 
monolayer coverage for dispersed V205 per 
m 2 being 20 times lower on fumed silica than 
on alumina or titania (11). 

The transmission IR spectrum of titania- 
coated silica spheres as-prepared looked 
very similar to the spectrum of uncoated 
silica in Fig. 8a and was characterized by a 
broad feature in the hydroxyl region ex- 
tending from 3200 to 3700 cm -1. Figure 10a 
shows the IR spectrum of titania-coated sil- 
ica after heating to 1058 K and maintaining 
at this temperature for 10 rain. The spectrum 
of this sample at 1058 K Was markedly dif- 
ferent from the spectrum of uncoated silica 
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FIG. 7. Micrograph of the sample used for Raman spectroscopy measurements.  This sample came 
from a batch different from the one described in Figs. 1-6. The sphere on the center contains ~1.7 
wt% TiOz while the one on the right has 0.2 wt% TiO 2. The presence of titania causes a profound in- 
crease in contrast. 
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spheres at this temperature. This is because 
the sample of titania-coated silica starts be- 
coming opaque when heated to a tempera- 
ture of around 773 K. At 1058 K, the trans- 

mittance gets so severely attenuated that it 
becomes impossible to distinguish any of 
the hydroxyl bands. Figure 10b shows the 
IR spectra of the titania-coated silica after 
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FIG. 11. Transmission IR spectrum of Cabosil HS-5 silica reacted with Ti-(O-t-C4Hg)4 after (a) air 
exposure and (b) heating to 1023 K at 2 x 10 -7 Tort and cooling to room temperature. 

heating to 1058 K and cooling back to room 
temperature in vacuum. This spectrum 
shows a sharp band at around 3740 cm-1 in 
addition to the broad hydroxyl bands which 
are a characteristic feature of the silica 
spheres. The presence of the hydroxyl band 
characteristic of isolated hydroxyls suggests 
that the fraction of surface hydroxyls which 
do not hydrogen bond with neighboring hy- 
droxyls has increased on the titania-coated 
silica compared to the uncoated silica 
spheres. Figure 11 shows the IR spectra of 
a sample of fumed silica containing 2.8 wt% 
TiO 2 which represents the monolayer capac- 
ity of this silica. The IR spectrum of the as- 
prepared sample shows a decrease in the 
intensity of the band due to isolated hydrox- 
yls and an additional feature at 2960 cm-1. 
This additional feature can be attributed to a 
C-H stretch from an aliphatic hydrocarbon, 
most probably the adsorbed butanol formed 
as a result of the reaction of the titanium 
alkoxide with surface silanols. After heating 
the sample to 1023 K and cooling to room 
temperature (Fig. 1 lb), the feature due to 
the adsorbed alcohol is lost and the intensity 

of the O-H stretch is now comparable to 
that on the uncoated Cabosil silica. It was 
found, however, that leaving the sample un- 
der vacuum for a prolonged period caused 
the feature at 2960 cm -1 to reappear. We 
suspect this is due to the alkoxide decompo- 
sition products, namely butanol, lingering in 
the vacuum system and readsorbing on the 
silica. 

Reactivity Measurements 

The probe reaction used for characteriz- 
ing the surface sites in titania-coated silica 
spheres was 1-propanol dehydration carried 
out over a temperature range of 573 to 873 
K. The reactivity data is presented as an 
Arrhenius plot in Fig. 12 and the kinetic 
parameters are presented in Table 1. It is 
seen that silica has the lowest reactivity per 
square meter (BET surface area) for this 
reaction and titania-coated silica is inter- 
mediate between the silica and the titania. 
The specific reactivity of the titania-coated 
silica was computed assuming that the sur- 
face area of the active phase was identical 
to that of the silica spheres. This assump- 
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TABLE 1 

Kinetic Parameters for the Dehydration of 1-Propanol to Propene 
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Sample Surface Preexponential factor Activation energy 
area A (millimoles/s/m 2) Ea (kJ/mol) 

(m2/gm) 

Silica spheres 10 2.44 x 107 179 
0.7 wt% Titania on silica 10 1.84 x 107 143 
Degussa titania 50 3.18 × 107 143 

tion would be reasonable if the sample did 
indeed have a monolayer of titania on sil- 
ica. However, the electron micrographs of 
the sample after reaction revealed small 
crystals of anatase approximately 3 nm in 
diameter. From the weight loading of the 
titania, and its particle size, we can esti- 
mate the surface area of the titania in the 
titania-coated silica to be 3.6 m2/g of sam- 
ple assuming that all of the dispersed tita- 
nia had coalesced into crystals of anatase. 
When the data in Fig. 12 are corrected for 
the estimated surface area of the titania in 
the titania-coated silica, the specific reac- 
tivity of the titania-coated silica would ac- 
tually be greater than that of the anatase 
titania (Degussa-P25) sample. In view of 
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FIG. 12. Arrhenius plot for the dehydration of l- 
propanol to propene. 

the experimental uncertainty in estimating 
the titania surface area in the titania coated 
silica, we conclude that its reactivity is 
comparable to that of anatase phase tita- 
nia. Table 1 also shows that while the acti- 
vation energy for this reaction is highest 
on the silica-supported catalyst, the acti- 
vation energies on the titania and the tita- 
nia-coated silica samples are identical 
within experimental error. Since the TEM 
data show that the titania in the titania- 
coated silica has aggregated into particles 
of crystalline TiO2, we can ascribe the ac- 
tivity of the titania-coated silica to the 
crystals of anatase on the surface. Our re- 
sults show that the titania-coated silica is 
susceptible to hydrolysis at elevated tem- 
peratures leading to phase-segregation 
into titania and silica. 

The alcohol dehydration reactivity pro- 
vides only a confirmation of the presence 
of titania on the surface of silica, but no 
evidence for any special sites created due 
to the dispersed oxide. Such confirmation 
was provided by the results of the metha- 
nol oxidation reaction. Table 2 shows the 
reactivity and the product distribution 
from this reaction. Silica is essentially in- 
ert for this reaction and not selective for 
methanol oxidation. However, the addi- 
tion of surface titania increases the cata- 
lytic activity by two orders of magnitude 
and the products of selective redox reac- 
tions (formaldehyde and methylformate) 
are formed with a high selectivity. Crystal- 
line titania is also active for the methanol 
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TABLE 2 

Kinetic Parameters for Methanol Oxidation 

Catalyst Activity x 10 4 
(mol CH3OH/g cat/hr) 

Selectivity (mol%) 

COx HCOH MF DME 

SiOz Cabosil HS-5 7.74 × 10 .4  100 
1% TiOjSiO2 7.5 × 10 3 4.0 34 60 2.0 
2% TiO2/SiO 2 1.5 x 10 .2 5.0 33 60 2.0 
4% TiO2/SiO2 2.3 × 10 -2 4.0 43 51 2.0 
TiO 2 Degussa P-25 2.3 X 10 -2 9.5 90.5 

Note. SIO2--300 m2/g; TIO2--50 mZ/g; MF, methyl formate; DME, dimethyl ether. 

oxidation reaction; however, the products 
are not redox products but acid-catalyzed 
products such as dimethyl ether (DME). 

Raman Spectroscopy 

Raman spectroscopy was used to deter- 
mine the nature of the dispersed titania spe- 
cies in the titania-coated silica samples. We 
found that the air-exposed samples of silica 
spheres as well as the titania-coated silica 
fluoresced excessively making it impossible 
to acquire good spectra. Only after heating 
these samples in dry air at 973 K was the 
fluorescence eliminated and the spectrum in 
Fig. 13 obtained. All samples were exposed 
to ambient air during the preparation of the 
KBr pellets for Raman spectroscopy, and 
the spectra were all obtained at room tem- 
perature. The Raman spectrum (Fig. 11) of 
the titania-coated silica imaged in Fig. 7 
shows features seen also on the uncoated 
silica spheres and no evidence for a dis- 
persed titania phase was seen. The absence 
of bands due to crystalline TiO 2 is in 
agreement with the TEM results. However, 
no distinguishing features due to the dis- 
persed titania are seen, probably due to the 
low loading of titania on the silica spheres 
due to the low surface area. Figure 14 shows 
Raman spectra of titania dispersed on the 
Cabosil silica. Since it is possible to build 
up a higher weight loading of dispersed tita- 
nia, it is easier to detect its presence. The 
weak features seen on the spectrum in Fig. 

14 may explain why in previous studies of 
supported TiO2 (8, 17) no bands due to dis- 
persed titania could be detected. In Fig. 14, 
above a weight loading of 3 wt%, bands due 
to crystalline (TiO2) anatase start to appear, 
suggesting that the monolayer capacity has 
been exceeded. In agreement with the TEM 
data reported above, we estimate the mono- 
layer capacity of fumed silica to be 2.8 wt% 
which corresponds to 9.6 × 10 -5 g/m 2, only 
7% of the theoretical monolayer capacity 
based on the BET surface area. 

SUMMARY AND CONCLUSIONS 

We have shown that uniform coatings of 
titania on silica can be achieved by reacting 
Ti tert-butoxide with surface silanol groups. 
We believe that the titanium alkoxide reacts 
with the surface silanol groups with loss of 
alcohol to form one or more Ti-O-Si link- 
ages which are stable in a dry atmosphere. 
The bound titanium oxo-alkoxide may un- 
dergo further hydrolysis and condensation 
on exposure to moist air to yield a hydrous 
oxide. On 200-nm silica spheres having a 
geometric surface area of ~ 12.5 mZ/gm, we 
would expect a monolayer loading ~1.7 
wt%. Hence, the observed weight loadings 
of titania on silica seen in this study, approx- 
imately 0.6-1.7 wt%, are consistent with the 
presence of up to a monolayer of titania. In 
other experiments, we have observed that 
if the silica spheres are not dried before coat- 
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FIG. 13. Raman spectrum of titania-coated silica spheres after heating in dry air at 973 K. This is the 
same sample imaged in Fig. 7. 

ing, weight loadings greater than the mono- 
layer capacity of silica can be obtained but 
these samples always contain observable 
particles of crystalline TiO 2 on the silica sur- 
face. On the other hand, when the titania 
is present as a dispersed phase, the only 
observable feature by TEM is an increase in 
contrast apparent as a surface texturing of 
the silica. Hence, the use of nonporous ox- 
ide spheres as a substrate permits the use of 
TEM to detect very sensitively the presence 
of monolayers of a second oxide phase. 

The surface concentration of dispersed ti- 
tania on Cabosil silica (approximately 9.6 
× 10 -5 g/m 2) is only 7% of the theoretical 
monolayer capacity (1.37 x 10 -3 g/m2). The 
IR spectrum of Cabosil silica is consistent 
with the presence of isolated hydroxyl 
groups. It appears that the surface of fumed 
silica lacks the surface hydroxyl density that 
would lead to significant hydrogen bonding 

between neighboring hydroxyls. In this re- 
gard, fumed silica is very different from 
other oxides such as A1203, MgO, and TiO 2. 
On the other hand, the Stober spheres pre- 
pared by base-catalyzed condensation of 
tetraethylorthosilicate show evidence for 
considerable hydrogen bonding with neigh- 
boring hydroxyls, and the observed mono- 
layer capacity of these spheres is close to 
that expected theoretically based on the 
packing of titania in the (101) plane of ana- 
tase. These results would suggest that multi- 
ple binding sites from neighboring hydrox- 
yls, such as those available on the Stober 
spheres, may be required to support the dis- 
persed titania. 

This study has also shown that dispersed 
titania on silica is stable in dry air at temper- 
atures up to 1058 K and no formation of 
crystalline TiO 2 was seen under these condi- 
tions. The dispersed titania does not, how- 
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FIG. 14. Raman spectra of Cabosil HS-5 silica having 0-3 wt% TiO 2. The samples were heated in dry 
air at 973 K. Weak features suspected to be due to dispersed titania are visible on the 2 and 3 wt% 
samples while crystalline TiO 2 (anatase) is first evident on the 3 wt% sample. 

ever,  appear  to be stable during heat treat- 
ments in the presence of  water  vapor. For  
instance, during the alcohol dehydrat ion ex- 
periments,  the titania appeared to migrate 
over  the surface and form faceted crystals 
of anatase ~3  nm in diameter  as seen in Fig. 
5. The presence of  titania in these titania- 
coated silica was also detected using 1-pro- 
panol dehydrat ion as a test reaction. Since 
titania is approximately 8.5 x 102 times 
more reactive than the silica surface (as seen 
from Fig. 10), the presence of  a titania coat- 
ing causes a dramatic increase in the alcohol 
dehydrat ion activity. The titania-coated sil- 
ica spheres were approximately 6.6 x 102 
times more reactive than uncoated silica at 
673 K, assuming no change in surface area. 
We can ascribe this reactivity to the pres- 
ence of  crystalline titania particles on the 
silica surface as seen after reaction by TEM 
(Fig. 5). The presence of  dispersed titania 
on the silica surface is further confirmed by 

the formation o f  se lect ive  oxidat ion prod- 
ucts from methanol ,  not  seen either on  the 
uncoated silica or on pure crystalline titania. 
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