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The adsorption and reaction of CO on Rh particles supported
on oxidized and partially reduced epitaxial ceria films on yttria-
stabilized cubic zirconia (YSZ) (100), (110), and (111) single crystals
was studied using temperature-programmed desorption (TPD) and
X-ray photoelectron spectroscopy (XPS). The ceria films on YSZ
were highly reducible, reacting with CO adsorbed on Rh particles
to produce CO, during TPD. After reduction of the ceria, however,
the CO TPD results contained two features: a low-temperature state
resulting from desorption of molecular CO and a high-temperature
state resulting from the recombination of C and O atoms produced
by CO dissociation at lower temperature. The fraction of CO which
dissociated on YSZ-supported Rh/ceria increased with the extent of
reduction of the ceria surface. TPD studies with isotopically labeled
CO demonstrated that the O atoms produced by CO dissociation
undergo exchange with oxygen from the ceria lattice. The CO disso-
ciation reaction was found to be metal specific and was not observed
for either Pd or Pt supported on reduced ceria/ YSZ. (¢ 1998 Academic

Press

INTRODUCTION

It is well known that ceria provides oxygen storage ca-
pacity (OSC) in three-way automotive catalysts and is im-
portant in maintaining oxidation activity during fuel-rich
operating conditions (1-4). In a series of investigations,
we have examined the mechanism by which ceria provides
oxygen for reaction with CO adsorbed on supported Rh
and the interactions between ceria and zirconia which en-
hance this process (5,16). We have previously demonstrated
that this process is highly structure sensitive. For exam-
ple, during TPD of CO-dosed Rh supported on CeO,(111)
and CeO,(100) single crystal surfaces, less than 2% of the
adsorbed CO is oxidized to CO; (7). In contrast, in sim-
ilar experiments using ceria thin films supported on «-
Al,03(0001) and polycrystalline zirconia, as much as 20%
of the adsorbed CO is oxidized to CO; (16). We have also
recently observed an unusually high activity for CO disso-
ciation on Rh supported on partially reduced CeO,(111)
and Ce0O,(100) single-crystal surfaces (8).

! Corresponding author.

598

0021-9517/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.

In the work reported here we have extended our previ-
ous studies to include model catalysts composed of Pt, Pd,
and Rh supported on epitaxial films of CeO; grown on sin-
gle crystal surfaces of yttria-stabilized zirconia (YSZ). The
goals of this study were to further elucidate the effect of
zirconia—ceria interactions on oxidation activity, to deter-
mine the nature of the Rh-ceria interactions that result in
enhanced activity for CO dissociation, and to determine if
the dissociation pathway is specific to Rh.

EXPERIMENTAL TECHNIQUES

The experimental setup used for the TPD measurements
in this study was identical to that described previously (10)
and consisted of an ion-pumped vacuum chamber with a
cylindrical-mirror analyzer for Auger electron spectroscopy
and a quadrupole mass spectrometer. Samples were expo-
sed to 10,, 2C1%0, or 13C180 (Isotec Inc., 99.03 at% °C,
97.3 at% *80), using directed beam dosers in order to main-
tain a low base pressure. The pressure in front of the dosers
has been estimated to be approximately 20 times higher
than the background chamber pressure during dosing, and
quoted exposures were calculated using this factor. TPD
measurements were carried out with a linear heating rate
of 10 K/s. XPS measurements were performed in a sepa-
rate UHV chamber at Ford Research Laboratory using a
Physical Electronics double-pass CMA and Mg(Kw) X-ray
source which has been described previously (11).

The oxide substrates consisted of 10 x 10 x 0.5-mm YSZ
crystals (9.5 mol% Y) oriented to expose the (100), (111),
or (110) surface. The crystals were obtained from Aithaca
Chemical Corp. and their surface orientation was confirmed
using Laue X-ray diffraction. For all orientations, the align-
ment was within 1° of the desired crystal plane. The crystals
were mounted in Ta foil holders that enabled them to be re-
sistively heated to 900 K. The temperature was monitored
using a chromel-alumel thermocouple attached to the back
surface using ceramic adhesive (Aremco 516).

The YSZ substrates were cleaned by Art ion bombard-
ment (1.5 kV, 5 1A sample current) at 300 K. They were
then annealed in 10~ torr of O, at 800 K for 10 min, fol-
lowed by oxidation in 10~' torr O, at 450 K for 30 min.



ENHANCED DISSOCIATION OF CO ON Rh/CERIA

Following this cleaning procedure, a CeO, film was de-
posited by evaporating Ce metal (Johnson Matthey, 99.9%)
onto the substrate held at 450 K in the presence of 10~/ Torr
of O,. Following ceria deposition, the samples were oxi-
dized in 10~7 Torr of O, for 15 min at 450 K to ensure
complete oxidation of the Ce metal. Rh, Pt, or Pd was sub-
sequently vapor deposited onto the substrate at 300 K. The
coverage of the precious metal and CeO; films was deter-
mined using a quartz crystal, film-thickness monitor.

RESULTS

As described in previous studies of ceria films on zirco-
nia (12), the ceria films on the YSZ single crystals were re-
ducible. This is demonstrated in the TPD results for CO on
Rh/CeO,/'YSZ(100) displayed in Fig. 1a. This data was obta-
ined using a saturation exposure of CO on 2 x 10°*Rh/cm?
supported on a ceria film, approximately 4 nm in thickness.
In this experiment, the sample was heated to 600 K fol-
lowing deposition of the Rh, prior to exposing it to CO, in
order to ensure Rh particle formation. Based on dispersion
measurements using CO (13), the average Rh particle size
for this sample was ~3.5 nm.

As shown in Fig. 1a, a significant fraction of the adsor-
bed CO desorbs as CO,. Based on the peak area for CO
(m/e =28) and CO, (m/e = 44), approximately 70% of the
adsorbed CO reacts between 300 and 500 K to form CO,
in this initial TPD experiment. Note that CO does not ad-
sorb on ceria/YSZ(100) in the absence of a precious metal
(7) and CO;, was not formed in TPD studies of CO from
Rh/YSZ(100) in the absence of ceria (14). Therefore, the
results in Fig. 1a demonstrate that, on these model catalysts,
CO adsorbed on the Rh can react with lattice oxygen from
the ceria. Note also that the fraction of adsorbed CO oxi-
dized to CO:; is significantly higher than that observed for
Rh on ceria films supported on polycrystalline zirconia.
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In subsequent CO TPD measurements, the total amount
of CO that adsorbed, as measured by the combined areas
of the CO and CO, features, remained approximately con-
stant, and the ratio of CO to CO; increased until practically
no CO, was observed for a completely reduced ceria film as
shown in Fig. 1b. Similar CO TPD experiments were also
carried out using a sample for which the ceria film was re-
duced by heating to 900 K prior to deposition of the Rh.
The results of these experiments were identical to those
displayed in Fig. 1b.

The data in Fig. 1b also show that, in addition to a de-
crease in the amount of CO; produced, as the ceria film
became increasingly reduced, a new, high-temperature CO
desorption feature appears at 625 K. The intensity of this
peak increased with the degree of reduction of the ceria sup-
port. This result is similar to that observed in CO TPD stud-
iesfor Rhsupported on reduced CeO,(111) and CeO,(100),
where CO dissociation has been shown to occur (7,8). Note,
however, that ion sputtering and/or high temperature an-
nealing was required to reduce the single crystal surfaces,
while, for the CeO,/YSZ system studied here, reduction
could be accomplished by reaction with CO.

Displayed in Fig. 1c is the TPD result for a saturation ex-
posure of *C*80 on the Rh/ceria/ YSZ(100) sample follow-
ing 10 adsorption—desorption cycles, with heating to 800 K.
The TPD data show two CO features at 500 and 625 K, with
the low-temperature feature being primarily *C*®0 and the
high-temperature feature primarily 3C*®0. Other possible
products such as CO,, 2C*®0, or ?C*80 were not observed
from this reduced sample. Subsequent TPD curves were
identical to the ones shown here. The appearance of the
high-temperature CO desorption feature was found to be
reversible, and it disappeared after the sample was reox-
idized in 10~ torr of O, at 600 K. The isotopic composi-
tion of the high-temperature CO peak demonstrates that
a portion of the adsorbed CO dissociates on the reduced
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FIG.1. TPD data obtained following ?C**O adsorption at 300 K on Rh supported on (a) a fully oxidized ceria film on YSZ(100), (b) a partially
reduced ceria film on YSZ(100), and (c) following **C*®0 adsorption at 300 K on Rh supported on a partially reduced ceria film on YSZ(100).
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Rh/ceria/YSZ(100) sample and that oxygen from the
dissociated CO exchanges with lattice oxygen from the re-
duced ceria film, similar to what was reported for Rh on
reduced CeO5(111) and CeO,(100) single crystals (7,8).

The surface carbon species corresponding to the high-
temperature feature is relatively unreactive, as demon-
strated by the following experiment. After reduction of
Rh/ceria/ YSZ(100), the sample was exposed to CO at 300 K
and heated to 550 K, a temperature sufficient to desorb
the molecular CO but low enough to maintain the high-
temperature state. Upon cooling to 300 K, the sample was
exposed to a saturation dose of O,, followed by a satura-
tion dose of CO. Subsequent TPD data contained a high-
temperature CO desorption feature, equal in intensity to
that observed in previous CO desorption measurements on
reduced Rh/ceria/ YSZ(100). CO and CO, peaks were ob-
served below 500 K as well; however, the total amount of
CO and CO; desorhing at the lower temperatures was es-
sentially the same as the amount of CO which desorbed
below 500 K in Fig. 1b. These observations are consistent
with the surface of Rh being covered with carbon atoms
which prevent adsorption of oxygen.

Itisimportant to note that the high-temperature state for
CO desorption was not observed in earlier studies of the
reaction of CO on Rh supported on polycrystalline ceria
films, regardless of the extent of the ceria reduction (6, 15,
16). Furthermore, since the ceria films in the present study
were relatively thick, ~4 nm, it seems unlikely that any
electronic interactions at the CeO,-YSZ substrate would
affect reactivity. Since the CeO films grow epitaxially on
the YSZ(100) surface (9), the YSZ does, however, signifi-
cantly influence the structure of the CeO; layer. Therefore,
these possible structural effects were further investigated
using YSZ(111) and YSZ(110) substrates. As noted above,
previous work by Dmowski et al. has shown that ceria films
grow epitaxially on all three YSZ surfaces used in this study
(9). Thus, changing the crystallographic orientation of the
YSZ support allowed the crystallographic orientation of the
ceria surface to be systematically varied. The TPD results
obtained using the YSZ(111) and YSZ(110) supports were
indistinguishable from those using YSZ(100). Even though
the activity for CO dissociation is strongly dependent on
the ceria structure, the surface crystallographic orientation
does not appear to be important, at least for low-index
planes.

The influence of both Rh and ceria thickness was also
examined. TPD experiments were performed for Rh sup-
ported on ceria films with average thicknesses of 0.4, 4, and
20 nm. For the 0.4 and 4 nm ceria films, Rh coverages of
0.25 x 10 and 3.0 x 10'® Rh/cm?, corresponding to aver-
age Rh particle sizes of 1.6 and 10.0 nm, were examined.
The samples were reduced by heating in 10~7 torr of CO
at 800 K for 10 min. In all cases, CO TPD data obtained
after this treatment were similar to those shown in Fig. 1b.
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FIG.2. XPS spectra for Rh supported on fully oxidized ceria on
YSZ(111). Spectrum (a) corresponds to the C(1s) region, while spectrum
(b) corresponds to the Ce(3d) region.

Typically, between 60 and 80% of the adsorbed CO disso-
ciated on the reduced Rh/ceria/YSZ(100) samples and no
CO, was observed on any of the reduced samples.

In order to provide additional insight into the nature of
both the Rh and the adsorbed CO, a Rh/ceria/YSZ(111)
sample was characterized using XPS. Samples for the
XPS experiments were prepared following the same basic
procedure as those used for the TPD measurements, except
that film thicknesses were estimated from the attenuation
of the substrate photoemission signal. Figure 2 shows the
C(1s) and Ce(3d) spectra obtained from a 3.5-nm ceria film
upon which approximately 0.5 x 10® Rh/cm? had been
deposited, prior to adsorption of CO. The broad feature
in the spectrum of the C(1s) region is not due to C(1s)
electrons but rather results mostly from photoemission
from the Ce(4s) state, together with weak structure from
the Rh(3ds,) state induced by Mg(Kasg) X-rays (note that
the primary Rh(3ds);) peak induced by Mg(Kay ) X-rays
appears at 307 eV). The Ce(3d) spectrum contains a two
spin-orbit split, partially overlapping broad regions of three
peaks located between 882 and 916 eV. This spectrum is sim-
ilar to that reported previously for both polycrystalline and
single crystalline CeO, and is characteristic of Ce™ (7,17).
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FIG. 3. XPS spectra obtained following exposure of Rh supported on
partially reduced ceria on YSZ(111) to a saturation dose of CO. The upper
panel corresponds to the C(1s) region (a) after dosing CO and (b) after
heating the sample in (a) to 573 K. The lower panel corresponds to the
Ce(3d) of the reduced sample.

The complexity of the spectrum results from final state
effects. A complete assignment of the various peaks can
be found in papers by Creaser et al. (17).

After annealing the sample at 573 K in 1 x 1078 torr of
CO for 600, it was dosed with 1 x 108 torr of CO for 600's
at 300 K. Spectrum ain Fig. 3 corresponds to the C(1s) spec-
trum obtained after this treatment, while spectrum b was
obtained after heating the CO-dosed sample to 573 K. The
spectrum obtained after dosing at 300 K contains a broad
peak centered at 285 eV, a part of which can be assigned to
molecularly adsorbed CO. Heating the CO-dosed sample
to 573 K resulted in attenuation of the peak due to molecu-
larly adsorbed CO at 285 eV (curve b, in Fig. 3a), but left a
peak at 284 eV. This peak can be assigned to carbon atoms
formed via the dissociation of adsorbed CO.

The Ce(3d) spectrum of the reduced sample is shown in
Fig. 3c. The intensity of the primary photoemission peaks
associated with Ce™ cations, i.e. 898 eV and 916 eV, is sig-
nificantly attenuated and the spectrum is characteristic of
a mixture of Ce™ and Ce*? in partially reduced ceria (17).
Based on the peak shapes and comparison to the work of

601

Creaser et al. (17), the data indicate that approximately
25% of the Ce cations are in the +3 oxidation state. Reduc-
tion did not produce any changes in the Rh(3d) spectrum,
however. The Rh(3ds,,) peak appeared at 307 eV for both
the oxidized and reduced samples and is consistent with
zero-valent Rh.

The effect of changing the precious metal from Rhto Ptor
Pd on the ceria/'YSZ(100) support was also investigated. In
previous work on CeO,(111) and CeO,(100) single crystals,
it was found that, unlike the case with Rh, CO dissociation
does not occur on supported Pt and Pd particles follow-
ing reduction (18). The same result was observed in the
present study of YSZ-supported ceria. Only the results for
Pd will be shown here, but the results for Pt were essentially
identical.

Figure 4a displays TPD data for CO desorption from a
Pd/ceria/YSZ(100) sample prepared in a manner identi-
cal to that for which results are shown in Fig. 1, except
that 2 x 10 Pd/cm? was deposited instead of Rh. Following
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FIG. 4. TPD data obtained following CO adsorption at 300 K on Pd
supported on (a) fully oxidized ceria on YSZ(100) and (b) on partially
reduced ceria on YSZ(100).
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sample preparation, CO was adsorbed to saturation at
300 K. During TPD, CO desorbed in a peak centered at
500 K with a shoulder to lower temperatures, while CO,
desorbed between 350 K and 600 K. With the exception that
slightly less CO was converted to CO; in the first TPD ex-
periment using Pd, the CO TPD results for the supported Pd
and Rh on the oxidized films were similar. Figure 4b shows
the CO TPD data after reduction of the Pd/ceria/'YSZ(100)
sample at 573 K in 1 x 1078 torr CO for 600 s. Both CO
(m/e 28) and CO, (m/e 44) desorbed in peaks centered
at 500 K, with shoulders to lower temperatures. Note that
small CO and CO; peaks are evident at 625 K. The size of
the high-temperature CO peak, however, was significantly
smaller for reduced Pd/ceria/YSZ(100) relative to that for
reduced Rh/ceria/YSZ(100). Furthermore, similar, high-
temperature features for CO and CO; are present in the
TPD curves for the oxidized Pd/ceria/ YSZ(100) sample, al-
though at aslightly lower temperature. Therefore, itis likely
that the high-temperature features for Pd/ceria/'YSZ(100)
are experimental artifacts, possibly due to reaction of ad-
ventitious carbon or carbonate impurities. XPS results sup-
port this conclusion, since C(1s) spectra from reduced
Pd/ceria/YSZ(111) did not provide evidence for surface car-
bon after heating to 573 K.

In summary, CO dissociation occurs readily on highly re-
duced Rh catalysts supported on model ceria/ YSZ supports.
Among the precious metals typically used in automotive
catalysis, this reactivity is unique to Rh and does not occur
on supported Pt or Pd.

DISCUSSION

The results of this study demonstrate that Rh supported
on partially reduced, epitaxial films of ceria on YSZ(100),
YSZ(111), and YSZ(110) exhibits unusually high activity
for CO dissociation. This result is consistent with that
reported for Rh supported on reduced CeO,(111) and
Ce0,(100) surfaces (7,8). The enhanced reactivity for CO
dissociation appears to be specific to Rh. Appreciable
amounts of CO dissociation were not observed for either
Pd or Pt on similar supports. Since CO does not interact
strongly with the ceria under the conditions of our experi-
ments, itis clear that the dissociation reaction takes place on
the Rhor at the Rh-ceriainterface. Surprisingly, the fraction
of COwhich dissociates does not depend on Rh particle size
for particles up to 10 nm in diameter. Although the thick-
ness of the ceria films on the YSZ crystals did not influence
the results, the structure of these films was important, since
dissociation was not enhanced for Rh on polycrystalline ce-
ria films grown in a manner similar to those examined here,
but supported on alumina (16). While there are similarities
in our findings with Rh to reports for CO dissociation on
small Pd particles (<5 nm) (19-21), the effect in our study
is clearly caused by a different mechanism.
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Several possibilities can be proposed to account for the
dramaticincrease in the CO dissociation activity of Rh upon
partial reduction of the ceria support, although none are en-
tirely satisfactory. First, it is possible that reduction of the
ceria produces a change in the morphology of the supported
Rh particles and thereby exposes Rh sites that are active
for CO dissociation. Several reports in the literature indi-
cate that highly stepped Rh surfaces exhibit activity for CO
dissociation, so that morphological changes in the Rh could
explain enhanced dissociation (22,23). On the other hand,
in studies of Rh single crystals, less than 10% of the ad-
sorbed CO typically dissociates, in marked contrast to our
observation of as much as 80% dissociation. Furthermore,
the TPD experiments in this study do not provide evidence
for a change in the Rh particle size or morphology upon
reduction of the support. Accounting for the fact that some
of the CO desorbed as CO; on the oxidized sample, the to-
tal area of the CO TPD peaks were nearly the same for Rh
supported on both oxidized and reduced ceria/YSZ films.
Taking these factors into account, an explanation based en-
tirely on a change in the morphology of the Rh particles
upon reduction of the ceria does not appear to account for
the large increase in CO dissociation activity.

A second possibility to account for enhanced CO dissoci-
ation on the reduced Rh/ceria/ YSZ samples is that reaction
occurs at the Rh-ceria interface, with sites from both phases
participating. In this case, migration of the adsorbed oxy-
gen atoms formed during CO dissociation from the Rh to
the reduced ceria could provide a driving force for the dis-
sociation reaction. Support for this mechanism comes from
FTIR studies, which have identified CO species that bond
with the carbon end of the molecule attached to Rh while
the oxygen interacts with a Ce™ cation (24). Species of this
type have an unusually low v(CO) stretching frequency,
~1695 cm~, due to transfer of electron density into CO
antibonding orbitals. This frequency is at the low end of the
range characteristic of a C-O double bond. A reduction in
the C-O bond order for these species would imply that they
are prime candidates for dissociation. A mechanism of this
type might also explain why CO, is not produced during
CO desorption measurements. Ordinarily, one would ex-
pect a Rh surface with substantial coverages of both CO
and oxygen (formed by CO dissociation) to form CO; very
rapidly, leaving some carbon on the surface. However, we
did not observe either CO, or carbon deposits in multiple
TPD experiments, suggesting that oxygen atoms must have
a very short residence time on the Rh.

The chief difficulty with this picture is that it cannot easily
account for the invariance in the percentage of CO which
undergoes dissociation with Rh particle size. If dissociation
occurs at interfacial sites, one would expect this percentage
to decrease with increasing Rh particle size, even if car-
bon resulting from dissociation were able to rapidly diffuse
to the rest of the surface. This mechanism also provides
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no explanation for why Pt and Pd are different from Rh,
nor does it explain why the structure of ceria should be
important.

A variation on the Rh-ceria interface mechanism in-
volves formation of a partially oxidized Rh species in con-
tact with ceria. It can be argued that the adsorptive prop-
erties of CO will be influenced by electronic interactions
between Rh and ceria in this case and that the properties
for supported Rh could be very different from those of Pt
or Pd. The idea that a reaction could occur between Rh
and ceria seems quite likely, given that Rh reacts with lan-
thanide oxides to produce stable perovskites (25). Although
the present XPS results do not provide evidence for bulk
RhOy formation, partially oxidized Rh species may form
to a small extent at the Rh-ceria interface. Obviously, this
mechanism would still require relatively rapid migration of
carbon from the interface to the rest of the Rh surface.

It should also be pointed out that Rh lies directly below
Co and directly to the right of Ru in the periodic table
and that both of these metals readily dissociate CO. This
coupled with the fact that highly stepped surfaces of Rh
exhibit some activity for CO dissociation (22,23) suggests
that Rh is close to having the capability to dissociate CO.
A reducible oxide support, such as ceria, may simply act to
promote this tendency. It may well be that the degree of
crystallinity of the ceria support influences the interaction
with Rh due to differences in the extent of reduction of
the support. For the highly crystalline ceria, the extent of
ceria reduction in the immediate vicinity of the Rh may be
greater, thus providing a larger promotional effect. There
is at least some evidence to support this hypothesis. For
example, it has previously been shown that polycrystalline
ceria films release considerably more oxygen, and at lower
temperatures, than do single crystals (16). This suggests that
bulk reduction may be important for the polycrystalline
materials, while only surface reduction plays a role for the
more crystalline materials.

Whatever the correct explanation is for the high reactiv-
ity of Rh/ceria/YSZ, our results have several implications
for the use of Rh/ceria catalysts. First, the dissociation of
CO could provide an important deactivation mechanism for
automotive emissions-control catalysts. While one would
expect CO dissociation to be reversible, a catalyst which had
the propensity to catalyze this reaction would likely have
a higher light-off temperature and poorer performance as
an oxidation catalyst. It should be noted that some catalyst
formulations for automotive applications specify that ceria
and Rh be separated from one another in the washcoat (26).
Our results may provide a partial explanation for why this
is desirable.

Although the interactions between Rh and ceria may be
deleterious in automotive applications, the results of this
study suggest that these interactions might be utilized to
promote other reactions of interest. For example, dissocia-
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tion of CO will be an important step in CO; reforming of
methane and CO hydrogenation. Rh/ceria may also have
interesting properties for other reactions.

SUMMARY

The results of this study demonstrate that adsorbed CO
dissociates on YSZ-supported Rh/CeO, and that the frac-
tion of CO which undergoes dissociation increases signif-
icantly as the CeO, surface is reduced. Isotopic labeling
studies demonstrated that O atoms resulting from CO dis-
sociation exchange rapidly with oxygen from ceria. CO dis-
sociation was not observed on CeO,-supported Pd or Pt,
indicating that the metal—ceria interactions resulting in CO
dissociation are Rh specific.
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