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The structure and reactivity of Rh films supported on the surface
of a CeO2 single crystal were studied using Auger electron spec-
troscopy (AES) and temperature-programmed desorption (TPD).
Rhodium films deposited from the vapor phase were found to grow
via the nucleation of three-dimensional particles at a sample tem-
perature of 300 K. Annealing of the Rh films resulted in further
agglomeration of the metal layer. Carbon monoxide TPD spectra
obtained from Rh supported on oxygen-annealed CeO2(111) and
CeO2(100) substrates were similar to those obtained from the low-
index planes of Rh single crystals, with the exception that a small
fraction of the CO (ca. 2%) was oxidized to CO2. In contrast, a new
high-temperature CO desorption state was observed in the TPD
spectra obtained from Rh supported on partially reduced CeO2 sur-
faces. c© 1996 Academic Press, Inc.

INTRODUCTION

It is well known that the addition of CeO2 improves the
performance of Group VIII metal-based three-way cata-
lysts for automobile exhaust emissions control. Although
the role of ceria in these catalysts is still a subject of in-
tense investigation, it appears that ceria may improve cat-
alytic performance via several mechanisms. These include,
enhancement of the activity for the water–gas shift reac-
tion (1), stabilization of the γ -Al2O3 support and the noble
metal dispersion, and the ability to store and release oxygen
(2–6). It has also been proposed that interactions between
ceria and noble metals may result in an enhancement of the
CO oxidation activity of the metal (7–9).

Recently, in an effort to elucidate how interactions be-
tween CeO2 and Rh affect catalytic performance, several re-
search groups have used surface science techniques to study
the reactivity of well-defined model catalysts (8–12). The
most extensive of these investigations are those of Zafiris
and Gorte (8, 9). These researchers studied the reactivity of
model catalysts composed of Rh films vapor deposited on
planar, low surface area films of polycrystalline CeO2. They
found that for CO-dosed Rh/CeO2, a significant fraction of
the adsorbed CO was oxidized to CO2 during temperature-

programmed desorption (TPD) experiments. Based on this
result, it was concluded that oxygen from the surface region
of the CeO2 support was able to migrate onto the Rh parti-
cles at temperatures greater than 400 K and react with ad-
sorbed CO. Studies of the reaction of NO on Rh/CeO2 pro-
vided additional evidence for this conclusion. Zafiris and
Gorte proposed that the ability of oxygen to migrate from
CeO2 to Rh explains the high activity of Rh/CeO2 catalysts
for the water–gas shift reaction (8, 9).

Several studies of model catalysts composed of films or
particles of CeO2 supported on Rh foils or single crystals can
also be found in the literature (13–19). For example, Belton
and Schmieg used XPS to study the oxidation and reduc-
tion of CeO2 particles supported on Rh(111) (14). They
concluded that intimate contact between Rh and CeO2 en-
hances the reduction of CeO2 during reaction with CO. Sim-
ilar studies have been performed by Marbrow and Lambert
for microcrystallites of CeO2 supported on a Rh foil (18).
They also found that CO was oxidized to CO2 during TPD
experiments with the oxygen being supplied via reduction
of the CeO2.

In the work described here, we have expanded on the
previous studies employing model Rh/CeO2 catalysts to in-
vestigate the structure and reactivity of Rh films supported
on CeO2(111) and CeO2(100) surfaces. As will be shown
below, the results of this study indicate that the structure
of the CeO2 surface, specifically its degree of reduction,
can influence the interaction of CO with supported Rh
particles.

EXPERIMENTAL

Experiments were conducted in three separate ultra-
high-vacuum surface analysis systems. Each system was
equipped with a quadrupole mass spectrometer (UTI) and
an ion sputter gun. One of the systems contained a retard-
ing field electron energy analyzer (Omicron) for LEED
studies, while another contained a cylindrical mirror an-
alyzer (Omicron) for AES experiments. The XPS spectra
were obtained in a chamber equipped with a hemispherical
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electron energy analyzer and an Al Kα X-ray source (VG
Scientific).

The CeO2 single-crystal substrate used in this study was
approximately 7 × 4 × 1 mm in size and was cut from a
large macroscopic CeO2 single crystal obtained from Com-
mercial Crystal Laboratories. Prior to being cut, the crystal
was oriented to expose the (111) surface using Laue X-ray
diffraction. The surface of the sample was polished until
optically smooth by the manufacturer using a proprietary
method. The CeO2(100) substrate was obtained from Los
Alamos National Laboratory and consisted of an epitaxial
film of CeO2 deposited on r-plane sapphire. The film was
grown using 90◦ off-axis RF magnetron sputtering with a gas
phase consisting of 60% Ar and 40% O2 at a total pressure
of 4 × 10−2 Torr. The average thickness of the film was 100
Å and the orientation was verified using X-ray diffraction.
AFM analysis of the surface of the film indicated that it was
composed of crystalline domains with lateral dimensions of
approximately 1000 × 1000 Å.

The CeO2(111) and CeO2(100) samples were mounted in
tantalum holders which in turn were attached to an electri-
cal feedthrough on a UHV sample manipulator. The sam-
ples could be heated in excess of 950 K and cooled to 180
K via conduction from the sample holder. The tempera-
ture was monitored using a chromel-alumel thermocouple
which was attached to the back face of the samples using a
ceramic adhesive (Aremco No. 516).

Once in vacuum, the surface of the CeO2(111) sample
was cleaned by sputtering with 500 eV Ar+ ions for 30
min followed by annealing at 800 K in 1 × 10−7 Torr of
O2 for 1 h. This sputter/anneal cycle was repeated until
a clean, well-ordered CeO2(111) surface was obtained as
determined by LEED and AES. A portion of the experi-
ments were performed with CeO2(111) surfaces which had
been lightly sputtered. These surfaces were prepared as de-
scribed above and then sputtered for an additional 15 min
with 500 eV Ar+ ions followed by momentarily heating
to 800 K. The CeO2(100) epitaxial film was cleaned by an-
nealing in 1 × 10−7 Torr of O2 for 1 h. The cleanliness of
this surface was also monitored using AES. The insulating
nature of the sapphire substrate precluded LEED analysis
of the CeO2(100) surface.

Rhodium was deposited on the CeO2(111) and
CeO2(100) surfaces using an evaporative metal source.
The source consisted of a 0.25 mm-diameter tungsten wire
wrapped with a small piece of 0.127 mm-diameter Rh wire
(Johnson Matthey, 99.8% purity). The tungsten wire was
attached to an electrical feedthrough on the UHV system
allowing it to be heated resistively. The source was op-
erated with a steady-state flux of Rh atoms of 3.5 × 1012

atoms/cm · s as determined by a quartz crystal film thick-
ness monitor. The Rh coverage was measured in monolay-
ers (ML) where one monolayer was defined to be 1.6 × 1015

atoms/cm2, the density of atoms in a close-packed plane of

Rh. All metal depositions were performed at a sample tem-
perature of 300 K.

During TPD experiments the sample heating rate (4 K/s)
was controlled using a microcomputer. The computer was
also used to multiplex the mass spectrometer, allowing mul-
tiple m/e values to be monitored during each TPD exper-
iment. Saturation exposures of CO (Matheson, 99.9% pu-
rity) were used in all TPD experiments.

RESULTS

Characterization of CeO2(111) and CeO2(100)

The sputtered and annealed CeO2(111) surface exhib-
ited a sharp hexagonal LEED pattern. This symmetry is
consistent with that expected for the (111) plane of an ide-
ally terminated fluorite crystal lattice. A model of the ideal
surface is displayed in Fig. 1. This surface is terminated by
O−2 anions and a subsurface layer of Ce+ 4 cations. Both
the surface cations and anions are each deficient one near-
est neighbor in their respective coordination spheres (note,
other terminations parallel to the (111) plane are also pos-
sible, but result in surfaces composed of cations and an-
ions which have multiple coordination vacancies and are
presumably less stable than the surface depicted in Fig. 1).
The CeO2(100) surface also has both cations and anions ex-
posed. The oxygen anions, however, are fully coordinated,
while the cerium cations have four coordination vacancies.
A model of this surface is also depicted in Fig. 1.

XPS was used to determine the oxidation state of the sur-
face Ce cations. Figure 2 displays Ce(3d) spectra for both
the freshly annealed (111) surface and the same surface af-
ter sputtering with 500 eV Ar+ ions for 15 min and briefly
flashing to 800 K. The spectrum of the annealed surface
is quite complex and contains two broad regions of over-
lapping peaks, one located between 877 and 890 eV and a
second between 895 and 910 eV. An additional peak is also
observed at 916 eV. An identical spectrum was obtained
from samples that were not exposed to O2 during anneal-
ing (i.e., annealed in vacuum). The spectrum is similar to
that which has been reported previously for completely ox-
idized polycrystalline CeO2 (20, 21). The complexity of the
spectrum is a result of final state effects. Based on the work
of Creaser et al., the spectrum can be assigned to four sets
of doublets (21). The peaks labeled u result from 3d5/2 emis-
sions, while the corresponding 3d3/2 emissions are labeled v.
Peaks u′′′ and v′′′ have been assigned to primary photoemis-
sions from Ce+ 4 cations, while the remaining three doublets
correspond to different shakedown features (20, 21).

The Ce(3d) spectrum of the sputtered CeO2(111) surface
is shown in the lower portion of Fig. 2. Comparison of this
spectrum to that of the annealed surface reveals several dif-
ferences, the most important being a change in the relative
intensities of the various peaks. The large decrease in the
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FIG. 1. Model of the CeO2 lattice showing the (111) and (100) surfaces. The small white balls correspond to Ce+ 4 cations, while the large black
balls correspond to O−2 anions.

intensity of the primary photoemission peaks from Ce+ 4

cations (i.e., peaks v′′′ and u′′′) indicates a partial reduction
of the surface. Due to the complexity of the Ce(3d) spec-
trum and the fact that the XPS sampling depth is 30–40 Å, it
is difficult to quantify the degree of surface reduction. Com-
parison to the detailed XPS study of polycrystalline ceria
by Creaser et al. (21) suggests, however, that the stoichiom-
etry of the near surface region of the sputtered sample is
approximately CeO1.75. This result is consistent with the
preferential removal of oxygen while sputtering and indi-
cates that the surface contains Ce cations in both + 3 and
+ 4 oxidation states. XPS spectra were also collected for the
CeO2(100) thin film following annealing in vacuum and in
oxygen. In both cases, the Ce(3d) spectra were similar to
that obtained from the sputtered CeO2(111) surface.

FIG. 2. Ce(3d) XPS spectrum of (a) CeO2(111) prepared by sputter-
ing and then annealing at 800 K in 1 × 10−7 Torr of O2 for 1 h, and (b) the
surface in (a) after sputtering with Ar+ for 15 min.

Rh Films on CeO2(111) and CeO2(100)

The growth of Rh films on CeO2(111) was initially studied
using AES. Figure 3 displays the relative intensities of the
Rh(MNN), Ce(MNN), and O(KLL) Auger peaks as a func-
tion of the amount of Rh deposited on the oxygen-annealed
CeO2(111) surface. The intensity of the Ce and O peaks
decreased relatively slowly with increasing Rh coverage.
For a Rh coverage of 3 ML, the Ce and O peak intensities
were 0.58 and 0.40 of that obtained from the clean surface.
Similar trends were observed for the CeO2(100) substrate.
Although it is difficult to discern film growth modes using
AES data alone, the rather slow diminution of the substrate
peaks suggests that the film does not grow in a layer-by-
layer fashion. The results of HREELS experiments, which
will be published separately (22), were consistent with this

FIG. 3. Rh(MNN) (©), O(KLL) (♦), and Ce(MNN) ( ) AES peak
intensities as a function of Rh coverage. The substrate signal intensities
have been normalized to that obtained from the clean surface. The Rh
signal intensity was normalized to that obtained for a Rh coverage of 3 ML.
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FIG. 4. Rh(MNN)/Ce(MNN) AES peak intensity ratio as a function
of temperature for a 3 ML Rh film on CeO2(111).

conclusion and indicated growth via nucleation of three-
dimensional particles (i.e., a Volmer-Weber growth mode).

The thermal stability of a 3 ML Rh layer on the
CeO2(111) surface was also studied using AES. In this set
of experiments the sample was heated to the temperature
of interest and then rapidly quenched to 300 K at which
point an AES spectrum was collected. In Fig. 4, the ratio of
the intensity of the Rh AES signal to that of Ce is plotted as
a function of the annealing temperature. The Rh/Ce ratio
decreases in a nearly linear fashion for temperatures up to
920 K, indicating that sintering of the Rh layer into larger
particles occurred as the temperature was increased. This
result is consistent with that obtained by Zafiris and Gorte
for Rh deposited on polycrystalline CeO2 (23).

Interaction of CO with Rh/CeO2(111) and Rh/CeO2(100)

A series of TPD spectra obtained from CO-dosed
Rh/CeO2(111) are displayed in Fig. 5. The sample used in
these experiments was prepared by depositing 3 ML of Rh
on the oxygen-annealed CeO2(111) surface at 300 K. The
top spectra in the upper and lower portions of the figure cor-
respond to the CO and CO2 desorption curves, respectively,
obtained from the freshly deposited Rh layer. The final tem-
perature of this TPD run was 600 K. Successive TPD exper-
iments were performed with increasing final temperatures.
This was done in order to study the effect of annealing tem-
perature on the TPD results. The temperature label for each
spectrum in this figure corresponds to the highest temper-
ature that the sample had been subjected to prior to that
experiment. It should be noted that CO TPD experiments
performed prior to metal deposition demonstrated that CO
does not adsorb on the clean CeO2(111) and CeO2(100)
surfaces under ultra-high vacuum conditions. Thus, the fea-
tures in Fig. 5 can be attributed to CO adsorbed on the
metal particles.

The data in the upper portion of Fig. 5 show that CO
desorbed from the as-deposited 3 ML Rh film in an asym-
metric peak centered at 500 K. The smaller peak at 330 K
is due to desorption of CO from the crystal support hard-
ware. The CO peak temperature and shape is the same as
that reported for the desorption of CO from the low index

FIG. 5. TPD spectra following CO adsorption at 300 K on the 3 ML
Rh film supported on the oxidized CeO2(111) sample. The upper and
lower panels correspond to CO and CO2 desorption spectra, respectively,
obtained after the sample had been heated to (a) 300, (b) 600, (c) 750, and
(d) 950 K. Note that the ordinate for the CO2 desorption spectra has been
expanded by a factor of 50 relative to that in the CO desorption spectra.

planes of Rh single crystals (16, 18, 19). A small fraction
of the adsorbed CO was oxidized to CO2, which desorbed
in a broad peak centered at 500 K, as shown in the lower
portion of Fig. 5. This result is consistent with previous stud-
ies of Rh supported on polycrystalline CeO2 (8, 9, 18). In
those studies the production of CO2 was attributed to the
migration of oxygen from the oxide lattice onto the sup-
ported Rh and its subsequent reaction with CO. A major
difference between the present work and the studies em-
ploying polycrystalline substrates, however, is the amount
of CO2 which was produced. In the present study, less than
2% of the adsorbed CO was oxidized to CO2, while for Rh
on polycrystalline CeO2 this value was as high as 20% (9).

The remaining spectra in Fig. 5 demonstrate the effect
of heating the Rh/CeO2(111) sample to a series of higher
temperatures on the CO TPD results. The most noticeable
change with increasing pretreatment temperature was a de-
crease in the intensity of the desorption peaks for both CO
and CO2. A slight decrease in the desorption temperatures
for both CO and CO2 also occurred as the annealing tem-
perature was increased. As shown in Fig. 6, the area of the
CO peak decreased nearly linearly with temperature. The
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FIG. 6. CO, ( ) and CO2 (♦) TPD peak areas as a function of sample
pretreatment temperature. The CO and CO2 peak areas were normalized
to the CO peak area from the as-deposited film.

area of the CO peak obtained from a sample previously
heated to 950 K was 30% of that obtained from the as-
deposited Rh film. In contrast, the decrease in the area of
the CO2 peak was nonlinear and occurred more rapidly than
that of CO, decreasing by 80% after heating to only 600 K.
Smaller decreases in area were observed after annealing to
higher temperatures. AES spectra collected following the
TPD experiments did not show any surface carbon. Thus,
the decrease in the peak areas is a result of a reduction
in Rh surface area and is consistent with the AES experi-
ments which showed that the Rh layer agglomerates upon
heating. In addition to the data shown in Fig. 5 for a 3 ML
Rh film, similar sets of experiments were performed for Rh
coverages of 0.5 and 1.5 ML. The results obtained for these
coverages were qualitatively similar to those of the 3 ML
film.

A closer examination of the data in Fig. 5 reveals that in
addition to the CO desorption feature at 500 K, there is a
small CO peak centered at 600 K. The area of this high-
temperature CO peak was always less than 15% of that of
the primary CO peak. It is interesting that the small CO
desorption feature is at a temperature significantly higher
than that reported for CO desorption from Rh single crys-
tals and foils (16–19). A quantitative analysis of the data
in Fig. 5 can also be used to obtain an estimate of the av-
erage Rh particle size. Comparison of the CO peak areas
to that obtained for saturation coverage of CO on a con-
tinuous metal film allowed the amount of CO adsorbed on
the model catalysts to be estimated. Assuming spherical
Rh particles and one adsorbed CO per surface Rh atom,
the average diameter for the as-deposited 3 ML Rh layer
was estimated to be 25 Å. Annealing to 950 K caused the
average particle size to increase to 95 Å.

In order to investigate the effect surface reduction has
on the Rh–CeO2 interaction, experiments were performed
on CeO2(111) samples which had been slightly reduced by
lightly sputtering with Ar+ ions prior to deposition of the

Rh film. Figure 7 displays a series of CO TPD spectra ob-
tained from a 1.5 ML Rh film deposited on a CeO2(111)
substrate that had been sputtered for 15 min with 500 eV
Ar+ ions. The top spectrum in this figure corresponds to
the as-deposited film, while the remaining spectra were ob-
tained after heating the sample to the indicated tempera-
tures. These spectra again exhibit two CO desorption fea-
tures centered near 500 and 600 K. The high-temperature
CO peak is much more pronounced, however, than those
in the data obtained from the oxygen-annealed CeO2(111)
substrate. For samples heated to temperatures less than
600 K, the ratio of the intensities of the low and high-
temperature CO peaks was nearly 1 : 1. Briefly heating the
Rh/CeO2 sample to higher temperatures resulted in a re-
duction in the intensity of both CO desorption features and
a slight decrease in the desorption temperatures. The in-
tensity of the high-temperature peak, however, was found
to decrease more rapidly than that of the low-temperature
peak. The ratio of the areas of the low and high-temperature
CO peaks as a function of the sample annealing tempera-
ture is displayed in Fig. 8. The bottom curve in Fig. 7 was
obtained after annealing the sample at 950 K for 20 min.
Only the low-temperature CO desorption feature, now cen-
tered at 480 K, was observed in this spectrum.

Small amounts of CO2 were also detected during TPD
experiments employing the sputtered CeO2(111) surface.
Carbon dioxide was found to desorb in a broad peak located
between 500 and 600 K. In all cases, the amount of adsorbed
CO oxidized to CO2 was less than 2%.

The reaction of CO on 1.5 ML of Rh supported on the
CeO2(100) substrate was also examined using TPD. Figures
9a and 9b illustrate the CO and CO2 desorption spectra for
Rh supported on a (100) thin film annealed in oxygen and in
vacuum, respectively. These TPD results are similar to those
obtained from the CeO2(111) surface, and exhibit both a

FIG. 7. TPD spectra following CO adsorption at 300 K on the 1.5 ML
Rh film supported on sputtered CeO2(111) for pretreatment temperatures
of (a) 300, (b) 600, (c) 750, (d) 900, (e) 950, and (f) 950 K.
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FIG. 8. Peak area ratio of the low to high-temperature CO desorption
features as a function of pretreatment temperature.

low- and high-temperature CO desorption peak and a less
than 2% conversion of CO to CO2. The high-temperature
CO feature was much more pronounced in the spectrum
from the vacuum-annealed surface relative to that from
the oxygen-annealed surface. This result suggests that an-
nealing of the CeO2(100) film in vacuum was sufficient to
partially reduce the surface.

DISCUSSION

The experimental results indicate that both the
CeO2(111) and CeO2(100) surfaces are not very effective
in stabilizing the dispersion of supported Rh. Rh films de-
posited at 300 K were found to grow via the formation of
three-dimensional particles rather than in a layer-by-layer
fashion. The Rh particles formed at room temperature un-
derwent further agglomeration upon heating. This result
is somewhat surprising in light of previous studies which
have suggested that the addition of CeO2 to three-way au-
tomotive catalysts results in stabilization of noble metal
dispersion (2–6).

FIG. 9. TPD spectra following CO adsorption at 300 K on a 1.5 ML Rh
film supported on (a) the oxidized CeO2(100) sample and (b) the vacuum-
annealed CeO2(100) sample.

A fraction of the CO adsorbed on Rh/CeO2(111) and Rh/
CeO2(100) was oxidized to CO2, as shown in Figs. 5 and
9a. One possible explanation for this result is that a small
amount of oxygen from the background gas in the chamber
adsorbed on the metal particles. However, in experiments
in which CO and O2 were intentionally coadsorbed, CO2

was produced at 400 K. This is 100 K lower than the CO2

desorption temperature from the samples exposed only to
CO. Thus, adsorption of O2 from the background cannot
be responsible for the CO2 production. Another possibil-
ity is that a portion of the CO adsorbs dissociatively. The
lack of carbon deposition following the TPD experiments,
however, rules out this possibility. The most likely expla-
nation is that the oxygen came from the CeO2 lattice. This
conclusion is consistent with the study of Zafiris and Gorte
on the interaction of CO with Rh supported on polycrys-
talline CeO2 (8, 9). In that study, a fraction of the adsorbed
CO was also found to be oxidized to CO2 at a temperature
substantially higher than that when oxygen and CO were
coadsorbed. Zafiris and Gorte attributed the production of
CO2 to the migration of oxygen from the CeO2 lattice onto
the supported Rh particles at temperatures above 400 K.

Although the results obtained for Rh supported on the
CeO2 single-crystal surfaces and on polycrystalline CeO2

have similar features, they differ in regard to the fraction
of adsorbed CO which is oxidized to CO2. In the present
study, less than 2% of the adsorbed CO desorbs as CO2,
while in the case of Rh supported on polycrystalline CeO2,
this value is as high as 20% (9). This result demonstrates
that the structure of the CeO2 influences the rate of oxy-
gen transfer from the support to the Rh particles. A non-
isotropic diffusivity for oxygen ions in the CeO2 lattice is
one possible explanation for this structure sensitivity. If this
is the case, the rate of oxygen migration from CeO2 to sup-
ported Rh may depend on the crystallographic orientation
of the oxide surface. This does not appear to be the pri-
mary constraint, however, as evidenced by the similarity in
the amount of CO oxidation obtained from Rh supported
on both the CeO2(100) and CeO2(111) surfaces. Another
possibility is that there are mechanisms for oxygen diffu-
sion in polycrystalline CeO2 that are not available in the
single crystal samples. For example, grain boundary diffu-
sion may play an important role in oxygen transport in the
polycrystalline support.

The data in Figs. 5 and 6 demonstrate that changes in
the morphology of the supported Rh particles, which oc-
cur upon heating, influence the percentage of adsorbed CO
which is oxidized to CO2. For the as-deposited Rh film,
the ratio of CO2 to CO in the TPD spectra was 0.015. Af-
ter heating to 600 K, this ratio decreased to 0.004. Heat-
ing the Rh/CeO2(111) sample to higher temperatures pro-
duced smaller changes in the CO2/CO ratio. After heating
to 950 K, the CO2/CO ratio was 0.0035. Since oxygen is
being supplied by the CeO2(111) support, the most likely
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explanation for the change in the CO2/CO ratio with sample
annealing temperature is that only CO molecules adsorbed
at or near the Rh–CeO2(111) interface are involved in the
oxidation reaction. The ratio of the number of exposed Rh
atoms at the Rh–CeO2(111) interface to the total number of
exposed Rh atoms would be a nonlinear function of the Rh
particle size, with small particles having a higher percentage
of atoms at the interface. This scenario is consistent with the
data described above which shows that the percentage of
CO oxidized to CO2 was highest on the as-deposited Rh
film which was composed of the smallest Rh particles.

The most interesting observation of this study was the
effect reduction of the CeO2 single-crystal surfaces had on
the interaction of CO with the supported Rh particles. Par-
tial reduction of the CeO2(111) and CeO2(100) surfaces re-
sulted in the stabilization of a fraction of the CO molecules
adsorbed on the supported Rh layer. The CO TPD spec-
tra obtained from partially reduced samples exhibited two
CO desorption features, a low-temperature peak located at
500 K, corresponding to CO desorption from bulk Rh, and
a high-temperature peak centered at 600 K. For Rh films
on the freshly sputtered (111) surface, the high-temperature
CO desorption feature was larger than the low-temperature
feature. The high-temperature peak decreased in inten-
sity, however, relative to low-temperature peak as the sam-
ple was annealed to higher temperatures. The XPS results
showed that reoxidation of the sputtered CeO2(111) sur-
face occurred upon annealing in vacuum. This is typical of
macroscopic metal oxide single crystals in UHV (24) and
can be explained by diffusion of oxygen from the bulk to the
crystal surface. Hence, the area of the high-temperature CO
peak can be related to the concentration of Ce+ 3 cations
(or degree of reduction) in the surface region of the ox-
ide. Although small, the high-temperature CO desorption
feature was also present in the TPD spectra obtained from
Rh films supported on oxygen-annealed CeO2(111). This
result suggests that the annealed surfaces were not fully
oxidized. This is not surprising since these surfaces would
be expected to contain a small number of oxygen vacan-
cies and Ce+ 3 cations. In the case of the CeO2(100) thin
film, both the XPS and TPD results indicated a relatively
high population of Ce+ 3 cations on the oxygen-annealed
surface. The TPD results further indicated that heating in
vacuum was sufficient to partially reduce the CeO2(100)
thin film.

Although it is apparent that CO adsorbed on Rh as-
sociated with reduced portions of the CeO2(111) and
CeO2(100) surfaces is significantly stabilized relative to CO
adsorbed on bulk Rh, the mechanism by which this stabi-
lization occurs cannot be deduced from the results of this in-
vestigation. Previous studies, however, may provide a clue
as to the nature of this interaction. In an FTIR study of
the interaction of CO with Rh/CeO2/SiO2, Kiennemann et
al. observed that in addition to peaks characteristic of the
ν(CO) mode of CO adsorbed on the low index planes of Rh,

the FTIR spectra contained a low-frequency ν(CO) peak
centered at 1725 cm−1 (12). Based on comparisons to the
IR spectra of known metal carbonyl compounds, this peak
was ascribed to an adsorbed CO species in which the car-
bon end of the molecule is bound to Rh and the oxygen
end interacts with a cerium cation of the support. Similar
results were obtained by Lavalley et al. for the interaction
of CO with Rh/CeO2 (25). Since the catalysts used by these
researchers were highly reduced (as determined by XPS),
the low-frequency CO stretching mode was attributed to
CO bridged between Rh and a surface Ce+ 3 cation. Lööf
et al. have also reported that reduced ceria stabilizes the
interaction of CO with Rh (10). These results suggest that
the high-temperature CO desorption state observed in the
present study may result from the desorption of CO which
is bridge bonded between Rh and Ce+ 3 cations on the CeO2

support. We are currently exploring this possibility by using
HREELS to characterize the vibrational spectrum of CO
adsorbed on Rh/CeO2(111) model catalysts.

CONCLUSIONS

Rhodium films on CeO2(111) and CeO2(100) were found
to undergo three-dimensional particle growth for a sub-
strate temperature of 300 K. Annealing to temperatures in
excess of 600 K resulted in further agglomeration of the
Rh layer. Carbon monoxide desorption spectra obtained
from the Rh films were similar to those which have been
obtained previously for the low-index planes of Rh. A small
fraction of the CO adsorbed on the Rh/CeO2(111) and
RhCeO2(100) samples was found to be oxidized to CO2

during TPD experiments, with the oxygen being supplied
by the oxide support. The faster decrease in the CO2 peak
area relative to that of CO with increasing particle size
indicates that the oxidation reaction occurred at the Rh–
CeO2 interface. Differences in the fraction of adsorbed CO
which is oxidized to CO2 for Rh supported on CeO2(111)
and CeO2(100) relative to polycrystalline CeO2, indicates
that the migration of oxygen from CeO2 to Rh is structure
sensitive.

Partial reduction of the CeO2(111) and CeO2(100) sub-
strates was found to influence the interaction of CO with
the supported Rh. A fraction of the CO adsorbed on Rh
particles supported on partially reduced CeO2 single-crystal
surfaces was stabilized and desorbed at a temperature 100 K
higher than that for CO adsorbed on bulk Rh. The stabi-
lization of the adsorbed CO was found to correlate with the
presence of Ce+ 3 cations on the surface of the CeO2(111)
and CeO2(100) supports.
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