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A Study of the Migration and Stability of Titania
on a Model Rh Catalyst’

We have examined growth and stability of titania overlayers which have been vapor deposited
onto a Rh foil. Titania was found to grow layer by layer, with approximately 1 x 10" TiO, species/
cm? in the first layer. Submonolayer coverages of titania were unaffected by heating the sample to
temperatures as high as 1320 K. However, heating multilayer coverages to 1320 K resulted in one
monolayer remaining on the surface, with the rest migrating into the Rh. The migrating titania could
be brought back to the surface by removing the top monolayer and heating the sample above 900
K under vacuum. Saturation coverages of CO were found to decrease linearly with surface titania
coverage, independent of sample treatment; however, annealing to high temperatures appears to

remove defects in the titania overlayer.

INTRODUCTION

Titania-supported Group VII metals have
been the focus of considerable investigation
due to their unusual chemisorption and reac-
tion properties for CO hydrogenation (/, 2).
While some questions still remain unan-
swered, it is now generally accepted that
titania is able to migrate onto the metal crys-
tallites under certain pretreatment condi-
tions and that this titania decoration is re-
sponsible for at least some of the observed
properties (3-6). Therefore, a number of in-
vestigators have modeled titania support ef-
fects by depositing titania onto bulk metals
and have shown that suppressed chemisorp-
tion and enhanced methanation activities
can be duplicated on these model systems
(7-12). From this work, it appears that ad-
sorption suppression requires a coverage
of titania close to a monolayer (/3-15),
although it has been suggested that this
monolayer may be ‘‘expanded” by high-
temperature treatment on some metals
16).

Among the remaining questions with tita-
nia-supported metals are how is titania able
to migrate onto the metal particles and what
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is the driving force causing this migration.
We have examined these questions by
studying the growth and stability of titania
overlayers on Rh. First, we will show that
titania has a strong affinity for the Rh surface
and tends to form an even overlayer which
is stable to very high temperatures. Second,
on Rh, pretreatment conditions do not
strongly affect the ability of titania to sup-
press CO adsorption. Third, titania in ex-
cess of one monolayer is able to migrate
reversibly into a Rh foil and this process is
rapid for temperatures greater than 900 K
under ultrahigh vacuum.

EXPERIMENTAL

Details concerning the experimental
equipment and procedures have been de-
scribed elsewhere (17). Reproducible cov-
erages of titania were deposited onto a Rh
foil by vaporizing a Ti~Ta alloy source un-
der 1077 Torr O, in front of a quartz-crystal
film thickness monitor and then rotating the
Rh in front of the Ti source for a specified
time after the flux had been measured. Fol-
lowing titania deposition, the Rh was heated
under 10~7 Torr O, for 10 min at 650 K and
then reduced under 5 x 1078 Torr CO for 5
min at 650 K. During AES measurements,
care was taken to keep electron exposures
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low to avoid effects due to beam damage,
which had been a problem in past experi-
ments (13).

The reproducibility for obtaining a given
titania coverage was excellent, and we esti-
mate that absolute masses obtained from the
film thickness monitor were probably good
to within ~25%. This calibration was deter-
mined in separate experiments with Pt over-
layers on an a-Al,05{0001}, crystal in which
the Pt fluxes were determined from mea-
surements of metal particle size and density
using electron microscopy and compared to
coverages obtained with the monitor (19).
The main uncertainty in calibrating absolute
masses in our experiments comes from the
fact that the calculated number density of Ti
depends on the O/Ti stoichiometry for the
film deposited on the monitor. We assumed
that the Ti formed TiO, on the monitor dur-
ing deposition, so that we may have under-
estimated the number density of Ti by as
much as 20% if Ti was oxidized to only TiO.
Finally, titania coverages obtained from
comparison of the O(508 eV) peak intensity
at a given titania coverage with that obtained
on an O,-saturated, Rh foil were in excellent
agreement with coverages from the monitor.
These calculations assumed a saturation
coverage of ~0.4 X 10" oxygen/cm? on
clean Rh (20) and an O : Ti stoichiometry of
1, based on the observed O(508 eV)/Ti(385
eV) ratio in the monolayer regime (21).

RESULTS AND DISCUSSION

The growth of titania on the Rh foil at 300
K was studied by monitoring the Auger peak
intensities as a function of coverage, with
the results shown in Fig. 1. All of the AES
data were normalized to the intensity of the
clean Rh foil peak at 302 eV, Rh(302 eV),.
The Ti(385 eV) and O(508 eV) signals in-
creased and the Rh(302 eV) decreased lin-
early up to a coverage of ~1 x 10" Ti/cm?,
a coverage close to that expected for one
monolayer. For higher coverages, the slope
changed. This suggests that the first layer of
titania is complete before subsequent layers
begin to form. Further evidence that this is
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Fi1G. 1. Auger intensities for Ti (O), O (@), and Rh
(Xx) as a function of the titania coverage measured
using the film thickness monitor. The intensities are
referenced to the Rh(302 eV) peak for a clean Rh foil.
The solid line was calculated assuming layer-by-layer
growth using parameters in the text.

the case is given by the solid line drawn
through the Rh(302 eV) data, which was cal-
culated for layer-by-layer growth with 1 X
10" Ti/cm? in a layer, a titania density of 4.9
g/cm? (the density of TiO), and a mean free
path of 0.75 nm for the Rh(302 e V) electrons.
The numbers used for the calculation are
reasonable and fit the data well. Finally, the
strongest evidence for 2-D overlayer growth
is that the Rh(302 eV) peak is much more
strongly attenuated for a given titania cover-
age than would be expected if 3-D titania
particles were formed. That titania overlay-
ers grow in a layer-by-layer manner is con-
sistent with recent single-crystal work for
titania on both Ru(0001) (16) and Rh(111)
5).

The effect of annealing the titania overlay-
ers for 1 min at different temperatures under
vacuum is shown in Fig. 2a. For coverages
less than 1 x 10" Ti/cm?, heating the sample
to 1370 K had no effect on the Auger spec-
trum. This is shown by the dashed line
through the ¢ points, which show the
Ti(385 eV) intensity as a function of temper-
ature following deposition of 0.3 x 10" Ti/
cm?. The O(508 eV) and Rh(302 eV) intensi-
ties (not shown) were also unaffected by
high temperatures for coverages less than
~1 x 10" Ti/cm?. However, for titania cov-
erages greater than 1 x 10 Ti/cm?, thermal
treatment did have a significant effect, as
shown by the remaining data points which



NOTES

a 0% ————r———————1———075
Ti3es) OO os0
Rh (302)0 ]l
0(508) 015 1045 Rnizoe)
AR (50710 o0 Tos0 F0%0
005 015
OOO 1 1 1 { Il 1 1 000
800 800 1000 1200 1400

T (K)

p 012 T T 12

Ti @5 OOrgx—rt—— 1%
RA(302), [

oos|- -080

Rh(302)

0(508) el Joso FA(302)0
Rh(302], J

004~ -Ho40

002 020

ODO_ PR U T S

0.00
800 800 1000 1400

T (K}

1200

FiG. 2. (a) Auger intensities as a function of heating for titania coverages of 0.3 x 10" Ti/cm? (results
for Ti shown as ¢) and 5 x 10" Ti/cm? (Ti (@), O (O), and Rh (x)). Heating had no effect on the
titania overlayers at low coverages, while heating caused migration of multilayered species into the
Rh. (b) Auger intensities for Ti (@), O (O), and Rh (X ) following deposition of titania to a coverage
corresponding to 5 x 10Y Ti/cm?, annealing to 1320 K, sputtering the surface with Ar ions to remove
the remaining titania, and heating under vacuum to the indicated temperature. The results show that
TiO, is able to migrate back to the surface from the bulk Rh.

were obtained following deposition of 5 X
10 Ti/cm?. After heating to temperatures
greater than 900 K, there was a significant
decrease in the O(508 eV) and Ti(385 eV)
peaks and an increase in the Rh(302 eV)
peak. Above ~1250 K, the Auger spectrum
was close to that obtained following deposi-
tionof 1 x 10" Ti/cm? at room temperature.
While these results would be consistent with
agglomeration of the titania overlayers into
3-D particles or desorption of the titania in
excess of the first layer, results to be dis-
cussed next demonstrate that the excess ti-
tania is probably migrating from the surface,
leaving one monolayer.

To gain further insight into where the ex-
cess titania had gone, the sample which had
been heated to 1320 K following deposition
of 5 x 10 Ti/cm? was bombarded briefly
with Ar ions to remove the top layer. The
AES and CO TPD results following ion bom-
bardment were very close to those obtained
on the clean Rh foil. Auger specra were then
taken of the sample after it had been heated
under vacuum to various temperatures for 1
min, with the data shown in Fig. 2b. Above
900 K, significant amounts of both Ti and O
migrated back to the surface. The Auger
spectrum above 1100 K was very similar to
that obtained following deposition of 1 x
10" Ti/cm? at 300 K. Since the pressure in
the vacuum system during these measure-
ments was <5 X 107! Torr and the AES

measurements were obtained very rapidly,
these results cannot be due to oxidation of
diffusing Ti. In addition, the O(508 eV)/
Ti(385 eV) ratio remained constant at 0.7 as
the titania reappeared, a ratio close to that
measured after the initial heating of titania
to 1320 K. Since this ratio is lower than that
for the titania overlayers as deposited, the
diffusing species probably has an O/Ti stoi-
chiometry which is lower than that of the
species formed in the initial preparation.

It is possible that the migration of titania
in our experiments could be occurring along
the grain boundaries of our polycrystalline
foil; however, we do not believe this is
likely. We measured the crystallite size in
the foil to be approximately 1-3 um, which
would require the titania to migrate long dis-
tances across the surface if the grain bound-
aries were important. We believe it is much
more likely that the titania is forming solu-
tions with the metal near the surface. Fur-
ther evidence for this comes from the results
of Badyal et al. (16), whose high-tempera-
ture annealing results for titania on a
Ru(0001) crystal look very similar to our Fig
2a. While they did not look for migration of
titania back to the surface, they also ob-
served a special stability for coverages up
to 0.68 monolayer and they reported that
titania in excess of this coverage disap-
peared from the surface upon heating.

The amount of titania which can migrate
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into the Rh foil appears to be large. In sepa-
rate experiments, we deposited a coverage
of titania corresponding to 35 x 10 Ti/cm?,
in 5 x 10% Ti/cm? steps with oxidation and
high-temperature annealing at each step.
The Auger spectrum at the end of this proce-
dure was identical to that obtained after
heating with a coverage of titania corre-
sponding to 5 x 10 Ti/cm?. This would
imply that titania must be migrating deep
into the surface.

We also examined the effect of titania on
adsorption of CO using TPD. While changes
in adsorption properties have been reported
for studies of titania on Ru (/6) and Ni (11,
12) we found that the peak temperatures and
shapes were unchanged by the presence of
titania on Rh, independent of the annealing
temperature of the overlayer. Therefore, we
observe no evidence for electronic interac-
tions between the CO and the titania. Only
saturation coverages were affected. The rel-
ative area under the TPD curves declined
linearly with titania coverage up to ~1.2 X
10¥ Ti/cm?, close to the monolayer cover-
age. Also, the extent to which submono-
layer quantities of titania suppressed ad-
sorption was not changed by annealing. We
find no evidence for ‘‘expanded’’ mono-
layers on Rh such as has been reported for
Ru (16). These results imply that adsorption
suppression is due to steric blocking of the
surface. It should be noted, however, that
small amounts of CO, ~5 to 10% of clean
surface coverages, were able to adsorb on
unannealed samples, even after deposition
of 5 x 10" Ti/cm?. This residual adsorption
could be removed by anealing the sample
above 900 K, which suggests that the as-
deposited overlayer contains defects which
are removed by annealing. Apparently high
temperatures allow the titania to spread
across the surface and form a more uniform
overlayer, as well as to migrate from the
surface.

NOTES
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