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The reaction of ethylene on a model automotive emissions control
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The reaction of ethylene on a model automotive emissions control catalyst consisting of Rh particles on an epitaxial ceria film
grown on the (100) surface of an yttria-stabilized zirconia single crystal was studied using TPD. The TPD results showed that ethylene
undergoes dehydrogenation on the model catalyst at temperatures below 500 K depositing carbon on the Rh particles. Surface carbon
formed in this manner was oxidized to CO upon heating to above 550 K using oxygen supplied by the ceria lattice. Heating to 900 K
was found to induce reduction of the ceria film resulting in a marked decrease in oxidation activity.
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1. Introduction

The oxidation of residual hydrocarbons is an important
catalytic reaction in automotive emissions control. Current
emissions control catalysts consist of a ceramic monolith
coated with ~-aluminaand impregnated with oxide promot-
ers (CeOs, ZrO,, Lap03) and catalytic Group VIII metals
(Rh, Pt, Pd). Ceria and zirconia are particularly important
oxide components in this catalytic system. Ceria is known
to perform several functions, including stabilization of the
surface area of the support [1] and maintenance of the dis-
persion of the catalytic metals [2]. The most important
role of ceriain this system, however, is to provide oxygen
storage capacity [3—7]. The two stable oxidation states of
cerium, Ce*t and Ce®t, alow ceria to either take up or
release oxygen depending on whether the gas phase is fuel
or oxygen rich. Addition of zirconia enhances the redox
properties of ceria and results in higher oxygen storage ca
pacity [4,8-10]. This oxygen storage capacity is vital in
increasing the “operating window” of the air/fuel ratio over
which sufficient oxidation activity can be maintained.

In a previous series of studies we have investigated the
redox properties of ceria and the mechanism by which ceria
provides oxygen for reaction with species adsorbed on the
supported metals [3,4,11-13]. These studies have made use
of model catalysts comprised of ceriasingle crystalsand ce-
ria thin films supported on sapphire and polycrystalline and
single-crystalline zirconia. Our previous reactivity studies
have focused exclusively on the oxidation of CO to COs.
In the work presented here we have extended our previous
studies to include the reaction of a hydrocarbon, ethylene,
on a model automotive emissions control catalyst consist-
ing of Rh supported on an epitaxial ceria film on an yttria-
stabilized zirconia single crystal. The results of this study
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provide additional insight into the function of both ceria
and zirconia in automotive emissions control catalysts.

2. Experimental

The model catalysts used in this study consisted of Rh
particles supported on thin, epitaxial films of ceria grown
on the (100) surface of an yttria-stabilized zirconia (Y SZ)
single crystal. Ceria film growth, Rh deposition, and TPD
studies were all conducted in a single ultra-high vacuum
surface analysis system. This system had a background
pressure of 2 x 1019 Torr and was equipped with a mass
spectrometer (UTI), cylindrical mirror electron energy an-
alyzer (Omicron), ion sputter gun (Physical Electronics),
electron gun, quartz crystal film thickness monitor, and
metal deposition sources.

The Y SZ(100) substrate was cleaned via sputtering with
2keV Art ionsfollowed by annealing at 800 K for 60 min.
This procedure was repeated until the surface was free from
impurities as determined by Auger electron spectroscopy
(AES). Ceriafilms were grown on the clean Y SZ(100) sub-
strate by vapor depositing cerium metal in the presence of
6 x 10~7 Torr of O,. The cerium source consisted of a
small tantalum boat filled with cerium metal, which could
be heated by electron bombardment. Ceria films 10 mono-
layers (~40 A) in thickness, as determined using the quartz
crystal film thickness monitor, were used in this study. Af-
ter deposition of the ceria layer, the film was annealed at
600 K in 6 x 10~ Torr of O, for 1 h to ensure that the
cerium was completely oxidized. In previous studies it was
demonstrated that this growth procedure results in epitaxial
ceria films that are oriented in the (100) direction [3,14].

The Rh metal source consisted of a smal Rh wire
wrapped around a tungsten filament which could be resis-
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Figure 1. Auger spectra (2 keV beam energy) of (a) clean Y SZ(100)
surface, (b) epitaxial ceria thin film grown on YSZ(100), and (c) Rh
particles deposited on the epitaxia ceria film.

tively heated. An equivalent Rh coverage of two mono-
layers was used in this study. It has previously been
demonstrated that Rh does not wet the surface of the ce-
ria films and forms metal particles during deposition at
300 K [15,16].

AES was used to characterize the surface of the sample
before and after ceria film growth and Rh deposition. AES
spectra of the clean Y SZ(100) substrate, the 10 ML ceria
film and the Rh-covered ceria film are shown in figure 1.
Note that peaks indicative of Zr are not present in the AES
spectrum of the 10 ML ceria film. This result is consis-
tent with previous studies and further demonstrates that the
ceria film completely covers the surface of the YSZ sub-
strate [4,14]. The lack of diminution of the Ce(NVV) peak
upon Rh deposition is consistent with the formation of Rh
particles.

Ethylene and CO were both obtained from Matheson and
dosed on the surface of the sample viaavariable leak valve
equipped with a directional doser. The enhancement of the
reactant flux to the sample due to the directional doser was
estimated to be 10 times greater than that determined using
the overall chamber pressure. Exposures quoted in this
work have been corrected to reflect this enhancement factor.
A hesting rate of 4 K/s was used in al TPD experiments.

3. Reaults

In order to allow comparisons to the reactivity of the
Rh/CeO,/Y SZ(100) samples used here with those in our
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Figure 2. Series of CO TPD results obtained from a freshly prepared
Rh/CeO,/Y SZ(100) sample. A CO exposure of 10 L was used in each
run.

earlier studies [3], CO TPD experiments were initially per-
formed. A series of CO TPD spectra obtained from a
freshly prepared Rh/CeO,/Y SZ(100) sample are displayed
in figure 2. A room-temperature CO exposure of 10 L was
used in all of the TPD runs in this series. In the first four
runs, the temperature ramp was stopped a 750 K, while in
subsequent runs, the sample was heated to 900 K. The only
desorption products detected were CO (m/e 28) and CO;
(m/e 44).

In the first TPD run, CO desorbed in a broad feature
between 360 and 620 K, with the peak maximum occurring
at 535 K. A smaller amount of CO, desorption was also
detected over this same temperature range. A quantitative
analysis of the data reveals that 18% of the adsorbed CO
was oxidized to CO,. These results are similar to those
reported in our earlier studies [3], except that the amount
of CO, produced is somewhat less.

In the second—fourth TPD runs, only the CO desorption
feature was observed. In the fifth TPD run, the first in
which the sample was heated to 900 K, the CO peak was
similar to that in the earlier runs, however, a new high-
temperature CO, peak was observed at 810 K. In our pre-
vious TPD studies of Rh/CeO,/Y SZ(100), the heating ramp
was always stopped at temperatures below 800 K, thus this
new high-temperature CO, peak was not observed. The ori-
gin of this peak has yet to be determined, but it may result
from oxidation of carbon on the surface of the ceria film.
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Figure 3. Series of m /e 28 (CO) TPD spectra obtained from an ethylene-
dosed Rh/CeO,/Y SZ(100) sample. An ethylene exposure of 100 L was
used in each run.

Heating the sample to 900 K produced significant
changes in the CO TPD results (see data for runs 6-8),
the most noticeable being the absence of CO desorption
between 360 and 620 K. This peak is replaced by a new
CO peak centered at 690 K. The peak maximum of this fea-
ture was found to increase dightly with each TPD cycle.
As demonstrated in our earlier studies using isotopically
labeled CO [3,13], the peak near 700 K results from the
oxidation of carbon atoms that are formed by dissociation
of CO at lower temperature. This peak is only observed
when the ceria film is highly reduced. This result, there-
fore, demonstrates that heating the sample to 900 K results
in substantial reduction of the ceria film.

A series of ethylene TPD experiments were performed
on a freshly prepared Rh/CeO,/Y SZ(100) sample. In runs
1 and 2 in this series, the sample was heated to 750 K,
while in runs 3-6, the sample was heated to 900 K. The
results of these experiments are presented in figures 3, 4,
and 5, which display the m/e 28, 2, and 44 TPD spectra,
respectively. The spectra for al other masses monitored,
most notably m /e 27 and 18, did not exhibit any peaks.

The first ethylene TPD run (see run 1 in figures 3 and 4)
contained both a m/e 28 peak at 570 K and a very broad
H, (m/e 2) desorption feature centered at 400 K. Unfortu-
nately, due to the relatively high background level of H, in
the ion-pumped vacuum system, the data for H, desorption
is rather noisy. It does appear, however, that there is an ad-
ditional H, desorption peak centered at ~630 K. This result
is similar to that reported by Dubois et a. for H, evolu-
tion during TPD from ethylene-dosed Rh(111) [17]. In that
study, H, desorbed in a peak centered at 400 K which had
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Figure 4. Series of m/e 2 (Hz) TPD spectra obtained from an ethylene-
dosed Rh/CeO,/Y SZ(100) sample. An ethylene exposure of 100 L was
used in each run.
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Figure 5. Seriesof m/e 44 (CO,) TPD spectra obtained from an ethylene-
dosed Rh/CeO,/Y SZ(100) sample. An ethylene exposure of 100 L was
used in each run.

a high-temperature tail that extended up to 750 K. Except
for arising signa at the end of the run which is due to
desorption from the sample support hardware, the m /e 44
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Figure 6. Ethylene and CO TPD data obtained from a re-oxidized

Rh/CeO,/Y SZ(100) sample. (a) Mass 28, 2, and 44 spectra for 100 L,

300 K ethylene exposure. (b) Mass 28 and 44 spectra for 10 L, 300 K CO

exposure. The top spectrum for each mass was obtained from the freshly

re-oxidized sample, while the bottom spectrum was obtained after severa
TPD runs and is indicative of a reduced sample.

spectrum was flat. The TPD spectra for m/e 27, 26 and
25, which are present in the mass spectrometer cracking
pattern of ethylene, did not exhibit any peaks. Therefore,
the m /e 28 desorption feature at 570 K can be ascribed to
Co.

The results of the second ethylene TPD run are similar
to those of the first, except for a small decrease in the
intensity of the CO and H, desorption features and a shift
in the CO peak position from 570 to 600 K. The decrease
in the intensity of the peaks is most likely due to a change
in the morphology of the metal particles which occurred
upon heating to 750 K. The third run was the first in which
the sample was heated to 900 K. Both the m/e 28 and
2 spectra are amost identical to those in run 2; however,
the m/e 44 spectrum contains a broad shoulder centered at
roughly 800 K on the high-temperature, rising background.
In subsequent runs this feature appeared as a distinct peak
near 810 K.

As was the case for CO TPD, heating the sample to
900 K produced significant changes in the ethylene TPD
results. The m/e 28 spectra for runs 4-6 exhibit a grad-
ua increase in the CO desorption temperature along with
a rapid decrease in the peak area. By run 6, CO desorb-

ed at 700 K, and the peak area was reduced to approx-
imately 15% of that in run 3. This decrease in the peak
area can be attributed to sintering of the Rh film upon heat-
ing to 900 K. Note that a similar trend is observed in the
CO TPD data. The shape of the H, desorption spectrum
also changed significantly throughout the series. In the fi-
nal run, Hy desorbed in two peaks centered at 430 and
530 K.

To determine the reversibility of the changes observed
in the TPD results that occurred upon heating to 900 K,
experiments were also performed on reoxidized samples.
The ceria films were reoxidized by annealing at 600 K for
1 hinapressure of 6 x 10~/ Torr of O,. CO and ethylene
TPD results obtained from reoxidized samples are presented
in figure 6. In both cases, the trends observed in the TPD
results closely resemble those in the data from the freshly
prepared samples.

4, Discussion

The interaction of ethylene with Rh has previously been
studied in detail [17-23]. It has been shown that ethyl-
ene adsorbs dissociatively on Rh single crystals at room
temperature.  On Rh(100), ethylene reacts to form both
CCHgs (ethylidyne) and CCH. For coverages greater than
0.5 ML, ethylidyne predominates, while at lower cover-
ages the CCH species predominates [22]. In contrast, on
Rh(111), ethylene reacts at room temperatureto form exclu-
sively ethylidyne [17,19,20,23]. For Rh supported on alu-
mina, ethylene also adsorbs dissociatively forming primar-
ily ethylidyne, with smaller amounts of other hydrocarbon
species [21]. Upon heating to approximately 400 K, ad-
sorbed ethylidyne on Rh undergoes dehydrogenation form-
ing CCH, and CCH [22]. These hydrocarbon fragments
undergo further dehydrogenation over a broad temperature
range (500-800 K), ultimately depositing carbon on the
surface.

Based on the results obtained for Rh single crys
tals, one would expect ethylene to adsorb dissociatively
at 300 K on the Rh/CeO,/Y SZ(100) samples studied in
this investigation to form primarily ethylidyne, with pro-
gressive dehydrogenation occurring upon heating. The H,
TPD spectra (see figure 4) obtained from ethylene-dosed
Rh/CeO,/Y SZ(100) are indeed similar to those reported
in the literature for the reaction of ethylene on Rh(111)
[11,12,17,22] and are thus consistent with this scenario.

The TPD results displayed in figure 3 clearly demon-
dtrate that, on Rh/CeO,/Y SZ(100), surface carbon formed
by the dehydrogenation of ethylene can be oxidized to CO.
The oxygen for this reaction must be supplied by reduction
of the ceria support. During TPD using an oxidized ceria
film this process results in a CO peak centered at 570 K.
Note that this peak temperature is significantly greater than
that for CO desorption from CO-dosed samples (see fig-
ure 2). This demonstrates that the CO peak at 570 K results
from a reaction limited process. The rate-limiting step for
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this process can be either oxidation of the adsorbed car-
bon or the transfer of oxygen atoms from ceria to Rh. As
shown in figure 2, oxidation of adsorbed CO to CO, using
oxygen from the ceria lattice commences at temperatures
below 500 K. This indicates that transfer of oxygen from
the ceria to the Rh is relatively facile for a freshly grown
ceria film. Thus, the CO peak at 570 K in the TPD results
from the ethylene-dosed sample must be limited by the ki-
netics of the C+ O reaction. It is interesting that oxidation
of surface carbon formed by dehydrogenation of ethylene
results only in the production of CO and not CO,. Appar-
ently once CO is formed it desorbs before it can be further
oxidized to CO..

The trends observed in the ethylene TPD series provide
insight into changes in the oxidation activity of the model
catalyst as a function of the extent of reduction of the ceria
film. In the ethylene TPD results for the freshly prepared
catalyst, CO desorbed in a peak centered at 570 K. Since
the production of CO reguires the remova of oxygen from
the ceriafilm, each successive TPD run increases the extent
of reduction of the ceria layer. As shown in runs 2 and 3
in figure 3, reduction of the ceria film produces an increase
in the CO desorption temperature. In these runs the CO
peak is centered at 590 K. This shift can be attributed to
a gradual shift in the rate-limiting step from the kinetics
of the surface reaction to transfer of oxygen from the ceria
layer to the Rh.

As shown in runs 4-6 in figure 3, heating the Rh/CeO,/
Y SZ(100) model catalyst to 900 K produced a marked in-
crease in the CO desorption temperature. In run 4, the
first run after the sample had been heated to 900 K, the
CO peak resulting from oxidation of adsorbed carbon is
centered at 650 K, while in run 6 it appears a 700 K.
This again demonstrates that the activation energy for trans-
ferring oxygen from the ceria film to the supported metal
is a strong function of the extent of reduction of the ce-
ria. It isinteresting that similar trends are observed in the
TPD results for the CO-dosed samples that had been heated
to 900 K. As discussed above, CO dissociates on reduced
Rh/CeO,/Y SZ(100) at arelatively low temperature and the
resulting surface carbon is reoxidized to CO at high tem-
perature. Taken together, these results clearly show that
heating to 900 K significantly reduces the ceria film. This
conclusion is consistent with our previous TPD study of O,
desorption from ceria single crystals and ceria supported on
polycrystaline zirconia [11,12]. That study demonstrated
that the desorption of O, from a zirconia-supported ceria
thin film commenced at approximately 800 K. In contrast,
O, desorption commenced at 1300 K from the ceria single
crystal surface. The ability of the zirconia-supported ceria
film to release oxygen at lower temperature is believed to
be responsible for its enhanced oxidation activity.

Both the CO and C;Hs TPD results for reduced
Rh/CeO,/Y SZ(100) samples exhibit small CO, desorption
peaks near 810 K. Although the origin of these peaks has
yet to be unambiguously determined, it is unlikely that they
result from oxidation of carbon deposited on the Rh, since

this pathway would proceed through CO, which desorbs at
lower temperature. Another possibility is that the CO, pro-
duction results from the oxidation of C on the ceria rather
than the metal. Although both CO and ethylene do not ab-
sorb on the surface of the ceriafilmsin UHV, it is possible
that a small fraction of the carbon atoms deposited on the
metal diffuse onto the ceria support.

5. Conclusions

The results of this study demonstrate that ethylene ad-
sorbs dissociatively on Rh sites on Rh/CeO,/Y SZ(100)
model catalysts at room temperature and then undergoes
additional dehydrogenation upon heating. Surface carbon
formed by this process is oxidized to CO at temperatures
above 550 K. This result demonstrates that, like CO, hy-
drocarbons adsorbed on the supported Rh can be oxidized
using oxygen supplied by reduction of the ceria film. Fur-
thermore, the extent of reduction of the ceria layer plays an
important role in determining the overall oxidation activity.
As the ceria film becomes more reduced, the desorption
temperature of the oxidation product, CO, increases sub-
stantialy. For an oxidized film, CO production is appar-
ently limited by the C + O surface reaction, while for a
more reduced film, CO production is limited by transfer of
oxygen from the ceria film to the supported metal. These
changes were found to be reversible and annealing in oxy-
gen restored the activity of the system. The results of this
study also provide additional evidence that ceria supported
on zirconiais more easily reduced than bulk ceria. Heating
to 900 K results in significant reduction of the zirconia-
supported ceria, while heating to 1300 K is required to
reduce bulk ceria
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