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A variety of electron spectroscopic techniques has been used with model catalysts fabricated on
single-crystal substrates to study charge transfer in the Rh/TiO; system. In order to avoid the
morphological changes and encapsulation that occur when catalysts are reduced at high tempera-
tures to induce SMSI, TiO, substrates have been reduced by inert gas ion bombardment prior to Rh
deposition. Comparison of model catalysts prepared on reduced supports with those prepared on
fully oxidized supports indicates that electronic charge is transferred from reduced Ti cations to Rh
particles, resulting in a partially ionic Rh—Ti bond. The Rh-Ti bonding may provide a driving force
for encapsulation of the Rh but does not lead to a large-scale suppression of the capacity of the Rh
to chemisorb CO. We also present the first direct evidence for modification of the valence levels of

the Rh due to the presence of the encapsulating Ti suboxide moieties during SMSI.
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INTRODUCTION

Eight years have passed since the dis-
covery of the strong metal-support inter-
action (SMSI) state that occurs after
high-temperature reduction (HTR) treat-
ments of metals of groups 8—10 dispersed
and supported on reducible transition-metal
oxides (7). During that time there have been
a great many experimental studies of SMSI
systems; that work has been summarized in
recent reviews of the field (2, 3). Theoreti-
cal efforts at understanding SMSI, how-
ever, have been few and far between (¢-6).

Although the processes occurring in
SMSI are complex, it is useful to consider
them first in broad terms. Following Bond
and Burch (7), the two types of phenomena
that could be at the heart of SMSI are of
either an electronic or a geometric nature,
In other words, it is because of a modifi-
cation of the electronic properties of the
metal due to its interaction with the support
and/or because of some structural modifi-
cation of the metal--support system that the
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chemisorptive and catalytic properties of
the metal are modified. Both types of inter-
action in the catalyst can, of course, ulti-
mately be explained in terms of electronic
effects since any changes in catalyst mor-
phology would be accompanied, if not
driven, by changes in electronic structure.
The very earliest experimental results
showed clearly the correlation of SMSI
with the reduction of the support (1), which
led to a widespread belief that the effects
were due to a delocalized charge transfer
between the components of the system (8).
Many contradictory results based upon this
interpretation were published (9) until some
of the inconsistencies inherent in the model
were pointed out (/0).

Just as the charge transfer hypothesis
began losing ground, Meriaudeau et al. (11)
speculated that the drastic loss of H, and
CO chemisorption in the SMSI state might
be due to the migration of some suboxide
moiety from the support onto the metal
particles. This idea became the root of a
new impetus in SMSI research. Many
different types of experiments were per-
formed on a number of catalyst—support
systems, and it is now well established that
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such suboxide migration plays a major role
in SMSI (12, 13).

Most of the experimental studies of
SMSI have been carried out on ‘‘real”
metal catalysts dispersed on powder sup-
ports of high surface area, which are
extremely complex systems. In order to
reduce the complexity, we have studied
model catalysts consisting of controlled
amounts of metal supported on well char-
acterized single-crystal oxide supports; our
approach has been described previously
(14, 15). The specific system on which we
have concentrated is Rh/TiO,. After some
indirect evidence in support of the migra-
tion hypothesis was gathered on powdered
catalysts (16, 17), we obtained direct evi-
dence from model catalyst studies that
SMSI is indeed intimately linked to the
appearance of Ti suboxide moieties on top
of the Rh and that those moieties are
directly responsible for the altered che-
misorption properties of the metal (14, 15).
We subsequently addressed the migration’s
need for oxygen vacancies on the support
surface and evaluated the role of hydro-
gen during HTR (I/8). Other groups then
showed that the migration (or encap-
sulation or decoration) phenomenon was
occurring in other SMSI systems as well
(19, 20). Recently several groups have
investigated the subtle catalytic aspects of
SMSI by studying suboxide-on-metal sys-
tems (21-24).

Despite the present understanding of the
geometric nature of SMSI, several points
remain to be clarified. In an effort to isolate
possible electronic contributions to SMSI,
we have studied Rh/TiO; model catalysts
prepared by room temperature deposition
of Rh onto both fully oxidized and reduced
TiO, (110) surfaces that were not subjected
to HTR or any other treatment. In this way
the morphological changes and encap-
sulation that occur when catalysts are
reduced at high temperatures to induce
SMSI can be avoided. The results of
measurements on these model catalysts
employing a variety of surface-sensitive

electron spectroscopic techniques have
allowed us to address the following ques-
tions:

1. What types of bonding interactions
occur in the metal-support system?

2. Could these bonding interactions lead
to any changes in the electronic structure of
the catalyst that would play a significant
role in SMSI?

EXPERIMENTAL METHODS

Our experimental surface analysis
system and the techniques used to prepare
model catalysts have been described pre-
viously (/4, 15). Briefly, model catalysts
are prepared by depositing various amounts
of Rh onto well-characterized single-crystal
TiO; supports in situ in our ultrahigh-
vacuum (UHV) surface analysis system;
the methods by which we prepare and
characterize the rutile TiO, (110) support
surface have been discussed in Ref. (15).
We then use a variety of electron spectro-
scopic techniques, including ultraviolet and
x-ray photoemission (UPS and XPS),
Auger and electron energy loss (ELS) spec-
troscopies, low-energy electron diffraction
(LEED), and work function measurements,
to characterize their surface properties.

In the experiments reported here, we
used a small electron-beam-heated Rh
source that permits more uniform and
reproducible deposition rates than we were
previously able to obtain. The Rh source
consists of a Rh foil 0.127 mm thick (Alfa
Products, 99.9% pure) attached to the front
end of the grounded outer case of a Physi-
cal Electronics Model 04-121 electron gun.
The Rh foil intercepts all of the emitted
electrons, thus preventing them from
reaching the support onto which the Rh is
being deposited. When the electron gun is
operated at 2.5 keV and 24 mA, at a power
of 60 W, the Rh foil is white hot. Rh
deposition is not accompanied by any mea-
surable contamination of the sample, the
temperature of the TiO, support does not
rise more than 20 K above room tempera-
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ture, and typical deposition rates are about
0.2 monolayers per minute. In our studies,
Rh thicknesses from less than one up to five
monolayers equivalent (ML) were used, as
determined by Auger and XPS.

RESULTS AND DISCUSSION

Properties of the TiO, Supports

The preparation and properties of both
nearly perfect TiC, (110) single-crystal sur-
faces and of surfaces containing reduced
cations adjacent to O-vacancy defects have
been thoroughly studied by both our group
and others (25). Slightly bulk-reduced rutile
is an n-type semiconductor that has enough
Ti 3d electrons to pin the Fermi level, Ef,
just below the Ti 3d conduction band. The
nearly perfect, stoichiometric (110) surface
has all of its cations in a Ti** (3d°) elec-
tronic state; Fig. 1a shows the UPS spec-
trum for such a surface. It exhibits emission
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which is roughly 6 eV w1de. The O 2p-Ti3d
band gap is 3.1 eV, and the work function
for the surface is 5.2 eV. We will refer to
this surface as TiO, (110).

TiO, (110) can be reduced uy inert gas ion
bombardment (sputtering), which preferen-
tially removes O anions from the surface.

(98]

The requirement of local charge neutrality
leads to partial population of the 3d orbitals
of Ti ions adjacent to the O vacancies. As
the O-vacancy defect density increases,
surface cations having valences of 3+ and
lower will exist on the surface, The sput-
tered surfaces that we have used in this
work have an average surface stoichiome-
try close to Ti,O;, so the average surface
cation valence is 3+ (26). Figure 1b shows
the UPS spectium for such a reduced sui-
face. It exhibits emission from the partially
occupied Ti 3d orbitals just below Er and
from the 6-eV-wide O 2p valence band.
Note that the population of surface Ti 3d
orbitals bends the bands at the surface so
that the O 2p valence band moves away
from Er by about 0.8 eV, The work func-

tion for the reduced surface is roughly 4.1
eV. We will refer to such a reduced surface
as r-TiO,. Oxidation of the r-TiO, surface
by either thermal annealing or O, exposure
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(3d% configuration, with attendant de-
population of the Ti 3d defect states and
restoration of the O 2p valence band to its
initial position (15).

In the work reported here we have used
TiO, (110) as the model support for fully
oxidized TiO,. The r-TiO; surface is used to

Y
(a)

hv=21.2 eV

— Ti0, (110)

r"TiOz

», A
- \( / | \
~, ’ 3
~ L’ \
\\ - 1
~ \
1
\/ i \
A
\
\
\
i
A
1
\ -
\\\ "/ \|\
Al T !
0 " —_—a a2 2 . b-‘ “; -
14 12 10 8 8 4 2 E=0

F1G. 1. UPS spectra of valence region for (a) TiO, (110) and (b) r-TiQ,.
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model both reduced TiO, supports, where
some of the surface cations have their
3d orbitals partially populated, and the
reduced titania species that migrate onto
catalyst particles in SMSI. We are thus able
to simulate supported catalysts both before
and after high-temperature reduction with-
out the problems of encapsulation and mor-
phology changes that accompany thermal
reduction.

The remainder of this section describes
the experimental results obtained when the
two types of surfaces described above were
used as supports in model Rh/TiO, cata-
lysts.

ELS Results

The electron energy loss spectra for TiO,
(110) and r-TiO, have been measured by
several groups (26—-29). The solid curve in
Fig. 2 shows the low-energy region of the
loss spectrum for r-TiO, with its char-
acteristic loss at about 2 eV, which arises
from Ti d-d transitions on the reduced
surface cations; this loss feature is absent
for TiO (110). The dashed curve in Fig. 2 is
obtained after deposition of approximately
1.5 ML of Rh. The main effect of Rh
deposition is that the peak due to the Ti d-d

transitions is attenuated much more than
the others, which do not involve Ti 3d
electrons. A similar reduction in amplitude
of the Ti d—d excitation is seen when r-TiO,
is oxidized by exposure to O,. The ELS
spectra are thus indicative of a decrease in
the number of Ti 3d electrons on the r-TiO,
surface (i.e., a net oxidation of the surface)
through an interaction with the Rh ad-
sorbate.

Auger Results

Auger spectra for TiO, taken in the first
derivative mode show fine structure in the
416-eV Ti peak, which arises from the
overlap of two Ti LMV Auger transitions.
One is an interatomic LMV transition
involving O 2p valence electrons, while the
second is an intraatomic LMVr; transition
involving Ti 3d electrons. Following Ref.
(30), the degree of oxidation of the surface
Ti ions can be correlated with the experi-
mental ratio A/B graphically defined in the
insert in Fig. 3 (from Ref. (30)), where Aisa
measure of the intensity of LMV and B
measures LMVg; the A/B ratio increases
with increasing reduction of the surface.
Figure 3 shows the A/B ratio as a function
of Rh deposition on r-TiO,. The ratio drops

Ep- 100 oV

— r-TiO,

dn(ey/de

--~-=-r-TiO, + 1.5 ML Rh

12

10 8 6 4 2

Energy Loss (eV)

FiG. 2. Electron energy loss spectra of r-TiO; (solid curve) and r-TiO; + 1.5 ML Rh (dashed curve).

Primary electron energy, 100 eV.
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F1G. 3. Amplitude ratio of LMVr, (A) to LMV, (B) versus Rh coverage on r-TiO;. A and B defined on

Auger spectra in insert (from Ref. (30)).

by a factor of two by I ML of Rh and
continues to decrease slowly as more metal
is deposited. This is thus also indicative of
oxidation of the surface Ti ions upon Rh
adsorption, suggesting that electrons are
being transferred from the reduced Ti ions
to the Rh.

XPS Results

XPS has been one of the most widely
used techniques in attempts to measure
charge transfer between the substrate and
the metal. Generally one looks for chemical
shifts of the catalyst metal core levels upon
reduction or oxidation. As the literature
shows, this is an especially tricky task. A
number of experiments yielded conflicting
results before Huizinga et al. (3I) ques-
tioned the possibility of isolating the contri-
bution of any charge transfer to the binding
energy of the core levels of the metal in this
way. Generally, the behavior of the core-
level binding energies of supported metallic
clusters is still a matter of debate (32-35).

However, it is possible to obtain some
useful information about metal-substrate
interactions from XPS. We have taken XPS
spectra of the Rh, Ti, and O core levels
before, during, and after Rh deposition for

all of our model catalysts; the Ti 2p core
level spectra for two of them are shown in
Figs. 4 and 5. The spectra have been refer-
enced to Eg. (Our TiO, supports have
sufficient conductivity that no surface
charging occurs.) It is possible to interpret
the data qualitatively as follows:

TiO, (110). Adsorption of Rh on TiO,
(110) leads merely to an attenuation of the
O 15 and Ti 2p features and to an increase in
the amplitude of the Rh 3d spin-orbit split
doublet. The Rh 34 peaks, as reported
previously (15), shift to slightly lower bind-
ing energies (i.e., toward the metallic value)
as the Rh coverage increases. This can be
attributed to an increase in the extra-atomic
relaxation shift as the size of metallic par-
ticles increases (15, 31).

Slightly reduced TiO, (110). As shown in
Fig. 4, the primary effect that occurs when
Rh is adsorbed on a slightly reduced TiO;
surface (i.e., one containing less than a
monolayer of Ti**-0 vacancy defects and
less reduced than r-Ti0,) is suppression of
the low-binding-energy shoulder on the Ti
2p levels, which arises from the presence of
Ti** ions. This observation supports the
suggestion under ELS Results and Auger
Results that Rh oxidizes surface Ti ions.
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shightly reduced TiC, {110} hv=1486.7 oV
clean Ti 2p,,,
—-—=--+ 1.5 ML Rh

n(E)

470

FIG. 4. XPS spectra of Ti 2p core levels for slightly reduced TiO, (110) before (solid curve) and after

(dashed curve) deposition of 1.5 ML Rh.

r-Ti0>. The XPS spectra for Rh deposited
on r-TiO, show several things. First, the Rh
levels occur at slightly lower binding ener-
gies than they do for Rh on TiO; (110) for
similar coverages. This could be accounted
for either because the r-TiO, surface has a
higher density of available electrons to
screen the core hole on the Rh (i.e., a

relaxation shift, final state effect) or
because there is some charge transferred to
the Rh atoms (a chemical shift, initial state
effect). Second, the Ti 2p emission from
such a surface is notoriously difficult to
interpret. Even for nearly perfect Ti,O; sur-
faces where all of the Ti ions are in a 3+
valence state, the XPS spectrum consists of

— r-TiO,
-=-=-r-Ti0O, + 2 ML Rh

nE)

hv=1486.7 eV

Ti 2p

460

Binding Energy (eV)

F1G. 5. (a) XPS spectra of Ti 2p core levels for r-TiO, before (solid curve) and after (dashed curve)
deposition of 2 ML Rh (spectra normalized at Ti** peaks); (b) difference between spectra in (a)

showing changes induced by Rh deposition.
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a pair of overlapping Ti 2p doublets
because of the competition of various final
state screening effects (36). For r-TiO,, not
only Ti** but also further reduced Ti
species are present on the surface. The
spectra therefore consist of a rather broad
and structureless band of emission. Never-
theless, as Fig. 5 shows, there is a con-
siderable suppression of the emission due
to the lower-valence Ti ions after Rh
adsorption. This is consistent with oxi-
dation of the surface by the adsorbed Rh
atoms. Finally, upon Rh deposition, the O
1s line, without changing shape, shifts to
lower binding energy by an amount that
correlates with the shift of the O 2p-derived
valence band, which is discussed under
UPS Results. It is important to note that the
O 1s line does not broaden and that the Rh
binding energy is that of metallic Rh, show-
ing that there is little Rh—O interaction (37).

UPS Results

The experimental results described in the
three preceding sections all suggest the
existence of an adsorbate—substrate inter-
action involving a transfer of electrons from
reduced Ti cations to the Rh. In this sec-
tion, we present UPS results that not only

support this conclusively, but yield valu-
able additional information about the
nature of the Rh-Ti interaction and its
effect on CO chemisorption.

As shown in Fig. 6, Rh deposited in
amounts less than 1 ML onto TiO, (110)
leads to emission from Rh 4d, 5s-derived
levels, which lie between the support O 2p
valence band and Eg. The emission from
the O 2p valence band is attenuated
slightly, but the band does not move at all
in energy upon deposition of Rh. The emis-
sion from those Rh levels (0-3.5 eV initial
energy) is rather featureless. These results
are in agreement with the XPS results pre-
sented above and with the suggestion made
by Koningsberger et al. (37) that on fully
oxidized supports the metal is essentially
physisorbed.

As shown in Fig. 7, the deposition of Rh
onto r-Ti0O, also leads to an increased emis-
sion in the region of the TiO, band gap. But
this time it is accompanied by a shift of the
O 2p-derived valence band toward Eg. The
amount by which the band shifts can be
best determined from the location of the
bottom of the valence band, where there is
no interfering contribution from Rh emis-
sion; this band motion is plotted versus Rh

nN(E)

hv=21.2 eV

Tio, (110)
clean
—-===+4 0.5 ML Rh

12 10 8

8 4 2

Initial Energy (eV)

F1G. 6. UPS spectra of valence region for TiQ, (110) before (solid curve) and after (dashed curve)

deposition of about 0.5 ML Rh,
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F1G. 7. UPS spectra for r-TiO, before (solid curve) and after (dashed curve) deposition of about 0.5

ML Rh.

coverage in Fig. 8. Upon Rh adsorption the
valence band, which was initially bent
down on the r-TiO, surface relative to TiO,
(110), moves back up toward Eg in the same
manner, and by the same amount, as it does
for the oxidation of r-TiO, by O,. As in the
case of Fig. 3, most of the change occurs by
roughly 1 ML of Rh. This indicates that
there is a rapid removal of essentially all of
the electronic charge from the reduced Ti
cations; we estimate that roughly 10
electrons/cm® are transferred to the Rh
particles, which corresponds to a charge
transfer of the order of one-half an electron

1.0

AE, (0 2p) ]
[eV]
0.5 1

per Rh atom. The magnitude of the transfer
leads us to conclude that, as has been
suggested theoretically (4, 5), the Rh-Ti
cation bond is partially ionic, with the Rh
being negatively charged.

The photoemission density in the region
0-3.5 eV below EF in Fig. 7 exhibits a local
maximum at an initial energy of approxi-
mately 2.7 eV. This maximum was not
present for Rh on TiO; (110) (see Fig. 6) and
thus is probably a consequence of the
Rh-Ti bonding rehybridization. A similar
increase in the photoemission intensity of
the lower part of the valence bands of Ni

6., [~ML]

FiG. 8. O 2p valence band shift versus Rh coverage on r-TiO,.



and Pt has been seen for Ni:Ti (38) and
Pt,Ti (39); it is associated with a relative
decrease in emission at Eg, with a shift of
the valence band centroid to higher initial
energy, and it cannot be obtained by a

superposition of the elemental

umnlp

.....

valence bands. In both alloys the interme-
tallic bond was found to have a partially
ionic character.

The differences in the UPS spectra for
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(110) and for Rh (ionically) bonded to
reduced Ti ions on r-TiO, suggest an inter-
pretation for some previously unexplained
features in the UPS spectra of reduced
Rh/TiO, model catalysts (/5). Figure 9
shows UPS spectra for a Rh on TiQ, (110)
catalyst before (solid lme) and after (dashed
line) reduction in 1073 Torr H, (1 Torr =
133.32 Pa) at 673 K; in the latter case the
catalyst is in the SMSI state. The integrated
intensity of the Rh emission is reduced after
HTR because of the migration of Ti sub-

AR 1N UL AQuSY UL v ldpaail

oxide moieties onto the metal particles
(14, 15). What is of interest is the change in
shape of the Rh emission band. After HTR
it exhibits a local maximum in the density
of states near 2.7 ¢V and a relative reduc-
tion in emission at E¢. In light of the results
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obtained above, these changes suggest that
similar bonding occurs after HTR between
the Rh and the migrated suboxide moieties.

In view of all the resuits that have been
presented above, we propose the following
answer to the first question posed in the
Introduction:

Reduced titania species bond to Rh
through a somewhat ionic Ti-Rh bond,
Alantrnmia aharos teanafaread $4 ¢ha DL
Wllll CICCUOnicC L,ua.lsc ll aAalidiviivu W ll.lC INIL
from reduced surface Ti cations. This type
of bonding occurs between the components
of the SMSI system, specifically between
the Ti suboxide that migrates and the metal

T Y

that it covers after HTR.

CO Adsorption Measurements

In order to clarify the implications of the
Rh-Ti cation interaction on the chemisorp-
tion of CO, we have exposed various model

catalysts to CO and have monitored its
UPS diffarance spectra

Ui LLve Sspliua

(see Ref. (I5)). In our previous work on
encapsulation in Rh/TiO; (110) model cata-
lysts, we found that CO would again che-
misorb on catalysts reduced to the SMSI

bLaI.C dllCl lllC cm,apbumuug lllUlClICb uau
been removed by ion bombardment

chamicormtion l-\v
CAacisOIrplaon

B SO T TR 1

hv=21.2 oV

Rh/TiO, (110)

. ——— as deposited

12 10 8

Initial Energy (eV)

FiG. 9. UPS spectra of valence band region for 3.5 ML Rh on TiO, (110) before (solid curve) and

after (dashed curve) reduction at 673 K.



10 SADEGHI AND HENRICH

(14, 15). In the present series of exper-
iments, we have studied CO chemisorption
on Rh/TiO, (110) and Rh/r-TiO, samples
containing as little as § ML. Rh. Both cata-
lysts adsorbed comparable amounts of CO,
in marked contrast to the SMSI case. In
other words, in spite of the Rh-Ti elec-
tronic interaction, CO chemisorbs on the
Rh/r-TiO, samples, while model catalysts
containing equal amounts of Rh do not
chemisorb CO following HTR and its atten-
dant suboxide migration.

In view of these results, we propose the
following answer to the second question
posed in the Introduction:

In the Rh/TiO, system, bonding interac-
tions between Rh and Ti do not lead to the
large scale-suppression of CO chemisorp-
tion per se, as occurs in SMSI. However,
we cannot exclude the possibility that in the
SMSI state the modification of the elec-
tronic density of states of the metal at Ex
may lead to a weakening of the CO-Rh
bond in the immediate vicinity of the encap-
sulating moieties (24).

CONCLUSIONS

We have used model Rh/TiO; catalysts
fabricated both on fully oxidized and on
partially reduced single-crystal supports
and a variety of surface-sensitive electron
spectroscopies to study charge transfer
processes between the metal and the sup-
port. In this way it has been possible to
observe support-to-metal charge transfer in
the absence of the encapsulation that
accompanies high-temperature reduction.
The experimental results show that

1. Reduced titania species and Rh inter-
act with each other through a partially ionic
bond, with electronic charge transferred
from reduced Ti cations to the Rh.

2. This bonding interaction is pre-
sumably a part of the thermodynamic driv-
ing force that leads to encapsulation of the
Rh during SMSI, and its effect on the
electronic structure of the Rh can be

observed directly in UPS data obtained
from Rh/TiO; (110) model catalysts before
and after HTR.

3. This Ti-Rh charge transfer interaction
does not lead to a large-scale suppression of
CO chemisorption, but it may give rise to
local bonding effects.
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