Temperature Dependence of CO Oxidation on Rh(111) by
Adsorbed Oxygen

Marie E. Turano, Rachael G. Farber?, George Hildebrandt, and Daniel R. Killelea*

Department of Chemistry & Biochemistry, Loyola University Chicago, 1068 W. Sheridan

Rd., Chicago IL 60660

Revised submission to Surface Science

*Corresponding Author. Email address: dkillelea@luc.edu; ph: (773) 508 - 3136

"Present address: James Franck Institute and Department of Chemistry, The University of

Chicago, Chicago, IL 60637



Abstract

Carbon monoxide oxidation over oxidized Rh surfaces is known to be sensitive to
both the oxygen species present as well as the surface temperature. Although CO oxidation
on Rh(111) is a prototypical heterogeneously catalyzed oxidation reaction, questions
remain about the reactivity of the individual oxygenaceous phases present on the surface.
For example, the effects of surface temperature or the duration of CO exposure have not
been previously determined on the oxygen-rich, (2x1)-O surface adlayer. In this paper, we
present results from a study that used a combination of ultra-high vacuum surface science
techniques to measure the oxidation of CO by oxygen in the (2x1)-O adlayer. The surface
temperature during the CO exposure was varied between 100 K and 350 K, and the effect
of the surface temperature on CO oxidation was determined for CO exposures between 5
L and 300 L. We observed that the surface temperature had little effect on the CO; yield
or the amount of residual oxygen for CO exposures up to 300 K, but these quantities were
reduced after CO exposures above 300 K. We also found that CO oxidation was unchanged
by the extent of the CO exposure at both 300 K and 350 K. Taken together, these results
show that CO was oxidized over the (2x1)-O adlayer during CO exposures above 300 K
via a different reaction pathway than the one followed by co-adsorbed O and CO in the
(2x2)-20+CO adlayer and that these lower-barrier reactive sites were not regenerated

during the CO exposure.
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Introduction

Rhodium metal surfaces play key roles in important heterogeneously catalyzed
reaction schemes such as the partial oxidation of methane, which is an effective approach
to the generation of syngas [1-4]. Reactions on rhodium surfaces have attracted significant
attention over the years because of rhodium’s catalytic utility and its use in model systems
to investigate surface-mediated oxidation reactions. Of particular interest were
investigations of CO oxidation by different oxygen species on Rh surfaces, including
adsorbed oxygen atoms (Oaq), the bulk oxide (Rh203), and the surface oxide (RhO)[5-10].
Recent work from our group has investigated the structural consequences of extensive
oxidation of Rh(111) by gas-phase atomic oxygen (AO) which resulted in the formation of
the (2x1)-0O adlayer, subsurface oxygen (Osuw), and surface oxide phases. Additionally, it
was shown that exposure of highly oxidized Rh(111) to CO at modest sample exposure
temperatures (Texp) resulted in CO oxidation at defect sites, such as domain boundaries,
that removed nearly all the oxygen from the Rh(111) during the exposure, leaving little
residual oxygen (Ores) [11-14]. Motivated by these results, we determined the reactivity of
the (2x1)-O adlayer to better understand the enhanced reactivity when several phases co-
exist.

O; readily dissociates into two Oa¢ on Rh(111). As the O coverage (&b ) increases,
the O atoms first arrange into a (2x2)-O adlayer with o = 0.25 monolayers (ML, 1 ML =
1.6x10% O cm™2). As more O sticks, & increases to 0.5 ML, and the (2x2)-O adlayer
transforms into a (2x1)-O adlayer [5, 15-19]. Further exposure to Oz does not increase &o
under low-pressure conditions because O dissociation requires two adjacent vacant

surface sites, which becomes increasingly unlikely as o approaches 0.5 ML [20-22]. STM



images of Rh(111) with 6o = 0.5 ML clearly showed the surface was comprised of three
different orientation of the (2x1)-O adlayer, each rotated by 120° with respect to each other;
because of this, LEED analysis showed a (2x2) pattern [20, 23]. Although 8o > 0.5 ML is
not achievable using low pressures of O», the use of more aggressive oxidants (e.g. NO»,
ozone, or AQ) overcomes the kinetic limitations of O dissociation and achieves
significantly higher oxygen incorporation [13, 19, 20].

CO has a high sticking probability on Rh(111), and forms a (\3xV3)-R30° adlayer
on Rh(111)[24, 25] with 8co = 1/3 ML and prolonged CO exposures lead to higher CO
coverages [26, 27]. On the (2x1)-O Rh(111) surface, CO molecules insert themselves as
adsorbed CO (COaq) into the O adlayer, forming a (2x2)-20+CO adlayer[17, 28, 29].
Between 350 K and 600 K, CO,q is effectively oxidized by Oa.q to form CO> (g), leaving
behind approximately 0.25 ML O, but no COaq[7, 11, 30]. CO is also oxidized by the
(9x9)-0 surface reconstruction[31], the RhO> surface oxide[32], and other oxygen surface
phases [11, 33, 34]. Although the overall kinetics of CO oxidation on rhodium have been
investigated[7], it is unclear what the effects of Tex, and CO exposure on CO oxidation
may be. This information is needed to better describe the temperature dependent reactivity
of the (2x1)-O surface. In this paper, we present results from a study of CO oxidation
where the extent of CO exposure and surface temperature of Rh(111) with an (2x1)-O
adlayer were varied. We found that the amount of CO oxidized was largely insensitive to
the duration of the CO exposures and the exposure temperature only had a modest effect.
These results show that CO oxidation may occur via lower-barrier pathways, but co-

adsorbed O and CO in the (2x2)-20+CO adlayer remained inert and did not produce CO>



at an appreciable rate up to 350 K. The reactive species or sites that oxidized CO at 350 K
or below were not regenerated after they reacted to form CO,.
Experimental

Experiments were conducted under UHV conditions. The interconnected UHV-
STM system was previously described[14] and consists of two chambers: a
preparatory/analysis chamber (base pressure of 1 x 10719 torr) and a STM chamber (base
pressure of 4 x 107!! torr). The preparatory chamber was equipped with a PHI 10-155
Auger Electron Spectrometer (AES), a Fissions RVL900 low energy electron
diffractometer (LEED), and a Hiden HAL 3F 301 RC quadrupole mass spectrometer
(QMS) which was equipped with a shroud (also known as a Feulner cap[35]) to provide
greater signal-to-noise during TPD measurements. The QMS was mounted on a translation
stage, and was moved to within 3-4 mm of the front face of the Rh(111) crystal for TPD
experiments.

The Rh(111) crystal (Surface Preparation Labs, Zaandam, The Netherlands) was
mounted on an exchangeable tantalum (Ta) sample plate by welding to two supporting Ta
wires underneath, and a type K thermocouple was welded directly to the back of the crystal
for accurate temperature reading. The crystal could be cooled with a liquid nitrogen cooling
loop to 100 K and heated using electron beam heating to 1400 K. The crystal was cleaned
using the standard preparation cycles of Ar* sputtering followed by annealing at 1300 K.
A 1300 K anneal was sufficient to clean the crystal between experiments. Surface
cleanliness was verified with AES and a crisp (1x1) LEED pattern.

The (2x1)-O adlayer on Rh(111) was prepared by exposure to O2 via backfilling

the chamber to a pressure of 1x10° Torr for 60 seconds, equating to a 60 Langmuir (L, 1



L =10 Torr s O2) Oz exposure. As demonstrated in previous publications, the coverage
was determined to be 0.5 ML using a combination of LEED, AES, and STM [13, 14]. For
CO exposures, the chamber was similarly backfilled to a pressure of 1x10° Torr for
varying lengths of time while the Rh(111) crystal was held at Texp. Two sequential TPDs
were then performed: one from 100 K to 600 K with a ramp rate of 4 K s™! for CO and CO»
desorption (CO; yield) , and one from 400 K to 1400 K with a ramp rate of 3 K s™! for
recombinative desorption of residual O (Ores) as O2. The STM was a PanScan Freedom
STM from RHK Technology, cooled by a closed-cycle He cryostat, and a temperature of
30 K was used for imaging. A cut and pull 80% Pt, 20% Ir 0.25 mm diameter wire was
used as the tip. All images were recorded in constant current mode. No drift correction
was applied to the images, but limited processing (e.g. cropping, mean-plane subtraction,
or removal of streaks or blemishes) was performed using the Gwyddion[36] software
package (available at http://gwyddion.net).
Results and Discussion

The (2x1)-O Rh(111) surface was exposed to 30 L carbon monoxide (CO) at
various temperatures (Texp). During a TPD measurement between 100 K and 600 K, COaq
was oxidized to form CO», as shown in Figure 1A. The CO; yield (Y¢,,) showed only
slight variations as a function of Texp between 100 K and 350 K. The CO- reaction product
desorbed in a broad feature between 350 K and 550 K, and the peak shape changed slightly
as Texp was increased from 200 K to 350 K; but for all Teyp conditions, neither dramatic
changes in the shape of the desorption peak nor its intensity were observed. However, the
changes in the CO, desorption are worth noting, because the different desorption peaks

suggest different reaction pathways. For Texp <300 K, the CO; desorption trace had two
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Figure 1: TPD spectra after exposure of 30 L CO at various temperatures (Texp)
to 0.5 ML O on Rh(111) in (2x1)-O adlayer. A) CO, desorption from the
reaction between Oag and COaq during TPD ramp to 600 K. B) TPD of residual
oxygen after Oag + COag — COz (g) reaction.

peaks, one near 400 K, and a broader peak near 450 K. For Texp = 300 K, a lower-
temperature shoulder was observed around 375 K. With increasing Texp, the shoulder and
400 K desorption peak blended together, and slightly decreased in intensity, until, for Texp
=350 K, the shoulder was gone and the 400 K peak was significantly attenuated. Such
behaviors were not surprising because the CO oxidation rate was appreciable at 350 K, as
indicated in the CO2 TPD experiment in Figure 1A. The shoulder and two peaks in the
CO; desorption spectra were indicative of different CO oxidation mechanisms or sites,
because the higher temperature desorption peak was far less sensitive to Texp than the lower
temperature desorption features. At the same time, the higher temperature peak broadened

further and shifted to higher temperature, possibly because the reaction was occurring on



a more ordered surface that required additional thermal energy to overcome the reaction
(or diffusion) barriers.

To better understand the TPD data, LEEDs were taken after 30 L CO exposures at
Texp =300 K and Texp = 350 K, as well as after the CO> TPD, as shown in Figure 2. These
two temperatures represent the regimes under which distinctly different CO2 and Ores
desorption quantities were observed. Following exposure of Rh(111) with the (2x1)-O
adlayer to 30 L CO at either Texp = 300 K or 350 K, the LEED showed a (2x2) pattern
(Figures 2A and 2C). These LEED patterns were in agreement with other studies after
similar exposures of CO on 30 L O on Rh(111)[37] and show the extensive formation of
the (2x2)-20+CO adlayer. The surface was likely more ordered after CO exposure at 350
K than 300 K, as the LEED pattern for Texp = 350 K was a bit sharper than the one from
the 300 K CO exposure. However, the same pattern was observed for both exposure
temperatures.

Figure 1B shows the recombinative desorption of residual oxygen (Ores) during a
TPD measurement from 600 K to 1400 K. These spectra quantified the coverage of Ores
(6o, res) adsorbed to the Rh(111) surface after COaq was oxidized or desorbed. The black
trace in Figure 1B corresponds to the 8o = 0.5 ML (2x1)-O surface with no CO exposure,
and was used as a benchmark to quantify o, s on Rh(111) [14]. If there was no Oes, then
this indicated that O.q¢ was the limiting reagent and would have been entirely consumed by
some combination of oxidation of impinging CO during the CO exposure and/or
subsequent reaction with CO.q during the TPD measurement. Compared to the pristine
(2x1)-O TPD, it was clear that although a 30 L CO exposure caused a sizable decrease in

Ores at all temperatures, 8o, res > 0 for all conditions. After an abrupt change at Tex, = 300



Figure 2: LEED patterns taken of (2x2)-20+CO on Rh(111) after 30 L CO exposures
at A) 300 K and C) 350 K. The LEED patterns shown in B) and D) are from the
residual oxygen remaining after heating the surfaces to 600 K in a TPD experiment to
oxidize and desorb CO.q. All LEED patterns were taken with an electron energy of 62
eV.

K, there was only a modest decrease in &p, s with increasing Texp. Each iteration of the
experiment began with the same (2x1)-O 8o = 0.5 ML surface, so the initial 8o was the
same for all doses; any observed decrease in residual oxygen would have been the result

of either reaction with CO adsorbed to the O-covered, or oxidation of CO to CO; during

the CO exposure.

Figure 3 shows the coverage of residual oxygen (&b, res, left axis, in red) and the
desorption of CO; (right axis, in blue) plotted against CO exposure temperature (Texp). For
Texp between 100 K and 300 K, Y;, decreased slightly, but &ors was essentially
unchanged. This suggests that a bit more CO may adsorb at lower Texp, slightly enhancing

the oxidation of CO to COa. For Texp > 300 K, there was an abrupt decrease in do,-.s and a
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Figure 3: Coverage of residual oxygen (&b, res, left axis) and CO: yield (Yo, , right
axis) plotted against the CO exposure temperature. The data points are the average
integrals of the TPD spectra, error bars indicate 95% confidence interval.
Representative spectra are shown in Figure 1.

slight decrease in Y;(,. However, further increase in Texp had little effect on the amount of

CO; that desorbed. Now, because the sample was cooled to below 100 K after the CO
exposure, a significant amount of time elapsed between the CO exposure and the TPD
measurement. Therefore, because the CO> yield observed in the TPD experiment did not
vary depending on the time elapsed between the start of the dose and TPD measurement,
other reactions, e.g. reactions with background gases or slower regeneration of more
reactive sites, were not removing Oag or COaq. Therefore, the CO; observed in the TPD
experiment could only have been from the Langmuir-Hinshelwood reaction between Oaq
and COaq4. Previous work have demonstrated that O.q was more tightly bound to Rh(111)
that COaq and Oaq prefer different surface sites with COaq at fcc top sites[37, 38] and Oaq
on bridge sites[38]. Because the two adsorbates preferred different binding sites, O.q does
not hinder CO adsorption[33]. Additionally, the barrier for CO diffusion is significantly
lower than for desorption [7, 30, 38, 39], implying that co-adsorbed CO and O remained

until reaction occurred. Therefore, when 8o, res > 0, CO was the limiting reagent and Y,

was representative of the amount of CO adsorbed to the surface. It is apparent from Figures

1 and 3, that the amount of CO.¢ was modestly more for Texp < 300 K, dropped for Texp >
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300 K, and then was largely unaffected when Tex, was between 300 K and 350 K. An
additional point is that the indicator for CO oxidation during the CO exposure is not Y,
but would be 8o .s; the oxygen remaining on the Rh(111) surface after COaq¢ was removed
by oxidation or desorption.

Go.res 1s shown by the red data points in Figure 3. It is clear that there was a
significant decrease in o s going from Texp = 300 K to 310 K. As Texp was further
increased to 350 K, there was a roughly linear decrease of 8o, with increasing CO
exposure temperature, but the magnitude of decrease was smaller than the initial step from
300 K to 310 K. In the temperature regime 300 K < Texp < 350 K, Yo, was flat, as
discussed above, suggesting the amount of CO.q was roughly constant. However, the
decrease in p,.s meant that some CO was oxidized during the exposure, decreasing &o.
Again, this was anticipated based on the TPD data. Because O.g was not completely
removed, the reaction probability must have dropped as the CO exposure continued.

The changes in the surface structure after the CO, TPD are shown by the LEED
patterns in Figure 2B and 2D, and it is clear that Tex, had a significant effect on the resultant
surfaces. For CO exposure at Texp = 300 K (Figure 2B), the (2x2) pattern was eliminated
and a new pattern consisting of (1x1) spots, a hazy center pattern reminiscent of a flower,
and faint, diffuse spots in the half-order position between the (1x1) spots was observed.
The presence of these diffuse spots after oxidation suggests that reaction disrupts the
surface order and increased temperatures were not sufficient to restore the surface. Ores
were largely stochastically distributed about the surface and were not in islands of either

the (2x2)-O or (2x1)-O adlayer. Alternatively, the LEED pattern for Ors from CO
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exposure at Texp = 350 K (Figure 2D) retained the (2x2) pattern, although the half-order
spots were rather distorted. From the data in Figure 3, &o,.s = 0.25 ML for Texp = 300 K.

8o,res dropped to = 0.15 ML for Texp = 350 K, indicating a 40 % decrease in &pe;. The
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Figure 4: CO; yield (Y¢o,2) and residual Oaq for varying CO exposure at 350 K and
300 K. A) TPDs showing the CO desorption for CO exposures of 5 L, 30 L, 120 L,
and 300 L. B) TPDs showing the desorption of the residual O.q after reaction with
COaq. In both A) and B) the solids lines correspond to CO exposures at 300 K and the
dotted at 350 K. The colors correspond to the same CO exposures in both. C) and D)
show the residual oxygen coverage (&o,res) and Y¢g, , respectively. For CO exposure at
300 K, there is little change in either 8o res o1 Y¢o, after 30 L CO. At 350 K, Y, was

also insensitive to CO exposure, but o s shows a small decrease going from 30 L to
120 L CO.
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remaining Oyes were likely arranged in a (2x2)-O adlayer with sizable areas of randomly
distributed chemisorbed O atoms, as 8o was less than the 0.25 ML O required to cover the
entire surface in the (2x2)-O adlayer. There was also a 30 % decrease in Y, comparing
Texp 300 K to 350 K. The fact that both 8o es and Y, decreased meant that there was less
CO adsorbed to the surface after exposure, and the CO reacted away more Oaq at 350 K
than at 300 K. However, there was still ample Ores, meaning that the reaction pathway
enhanced at 350 K, when compared to 300 K, was not accessible everywhere on the surface
and that the reactive surface sites or species were not regenerated during the CO exposure.

The relatively modest impact of variation in the surface temperature of the (2x1)-
O adlayer on Rh(111) during exposure to CO was likely the result of oxidation at surface
sites the offered lower barrier reaction pathways, but it is unclear if such sites would be
restored to further oxidize CO, for all the experiments discussed above were for CO
exposures of the same 30 L duration. Because the rate of CO> formation was appreciable
at 350 K (as shown by the above-baseline partial pressure of CO> in Figure 1A), it is
plausible to assume that if the sites were regenerated at 350 K, prolonged CO exposure
times would have continued to remove Oaq as the CO exposure progressed. Conversely, if
such sites were not regenerated and CO simply stuck to the surface forming the (2x2)-

20+CO adlayer, both 8o s and Y¢o, would be invariant with CO exposure. As we show

below, the latter case was observed, indicating that CO oxidation proceeds via different
pathways on the (2x1)-O adlayer on Rh(111). The existence of different reaction
mechanisms at different surface sites has recently been observed for CO oxidation on the

steps and terraces of platinum, where Neugebohren et al. found that the lowest-barrier
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reaction pathway was between O.q on steps and rapidly diffusing CO from the terraces
[40]. It is possible that Rh behaves similarly.
Figure 4 shows TPDs of CO; desorption (Figure 4A), as well as the desorption of

Ores (Figure 4B) for several CO exposures at both 300 K and 350 K. Figures 4C and 4D

show plots of o,res and Y¢, vs. CO exposure, respectively. It is clear from Figure 4 that
increased CO exposures over 5 L had, at most, a modest effect on 8o res or Y¢, for CO

exposures at either 300 K (blue data points) or 350 K (red data points). This implies that
the 5 L CO exposure was sufficient to cover the surface in the (2x2)-20+CO adlayer and
that CO2 desorption between 350 K and 550 K was from that phase as well. For CO
exposures at 300 K, there was consistently more CO; and Ores than for the 350 K exposures,
again suggesting that some Oa.q was reacted away during the CO exposure at 350 K.
However, prolonged CO exposures at either 300 K or 350 K did not further diminish 8o, res
suggesting that whatever species or sites that were responsible for the oxidation reaction
were consumed by CO exposures of 5 L or less and were not regenerated. This was in
marked contrast to our previous observation of a strong dependence of Ores on CO exposure
for the mixed (2x1)-O and RhO> oxide with Osu,, where O was nearly entirely consumed
during the 300 K CO exposure, leaving only a small amount of O.q in the (2%2)-20+CO
adlayer[11]. Although the reaction rate is non-zero for CO> formation at 350 K (as shown
by the TPDs in Figures 1 and 4), the reaction that manifests itself as the shoulder and 400
K COz desorption peak has run its course by the time the Tex, = 350 K CO exposure reached
30 L. After the reactions occurred, these lower barrier sites were inert and could only
adsorb CO that was not oxidized later, as the area would be denuded of O.4. Unfortunately,

we were unable to detect desorption of COa.q reliably and quantitatively during the TPD
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measurement because of the significant background of CO and the cracking of CO> in the

QMS ionizer.

Figure 5: 15 x 15 nm? STM images of: A) the (2x1)-O adlayer after a 60 L O, exposure at
300 K; B) the (2x2)-20+CO after a 2 L CO exposure at 220 K; and C) the (2x2)-20+CO
adlayer in B) after annealing at 325 K. Imaging conditions were A) -108 mV, -0.61 nA; B)
0.84 V, 180 pA; C) 0.69 V, 256 pA.
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In order to investigate how the surface changed as the temperature was raised above
300 K, we obtained STM images of the surface before and after annealing at 325 K, a low
enough temperature where we would not expect an appreciable amount of CO oxidation.
Figure 5A shows an STM image of Rh(111) after an exposure of 60 L Oz at 300 K resulting
in a complete (2x1)-O adlayer. The (2x1)-O adlayer has been previously described [14, 16,
23] and the co-existence of different domains rotated by 120° were evident in the upper
right corner of Figure 5A. Following a 2 L CO exposure at 220 K, the surface was
predominantly covered in the (2x2)-20+CO adlayer, as shown in Figure 4B. The bright
circular features in the (2x2)-20+CO structure were adsorbed CO molecules. The bright
white blotches were likely spurious adsorbed species or CO. Upon annealing this surface
at 325 K, the surface changed slightly, as shown in Figure 5C. The occurrence of bright
raised areas decreased, and there were more dark regions between areas of (2x2)-20+CO.
The result was that the (2x2)-20+CO structure was still predominant, but its coverage
decreased slightly compared to the unannealed (2x2)-20+CO surface. It is important to
note that the STM images were taken after brief CO exposures where the surface would
not be fully covered in the (2x2)-20+CO adlayer; such coverage would not be expected
until an exposure of closer to 30 L CO. Despite not having a full adlayer, the apparent CO
coverage still decreased between Figures 5B and 5C. The CO molecules remained in the
(2x2) registry and were aligned with the (2x1)-O adlayer, indicating that CO was not
oxidized on the surface, but more likely desorbed as intact CO. We were unable to
determine the surface structure in the dark regions of the STM images, but assume they are

(2x1)-0O because of the small change in 6o, s shown in Figure 4.
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Figure 6: STM image (25 x 25 nm?) A) of the area around a monatomic Rh(111) step
after a 2 L CO exposure to the (2x1)-O adlayer at 220 K, and B) the same sample
annealed at 325 K. Imaging conditions were A) 1.08 V and 1.08 nA and B)0.60 V
and 487 pA.

Figure 6A shows STM images of the (2x1)-O Rh(111) surface after a 2 L CO

exposure at 220 K near a step edge. Looking more closely at the step edges of the surface,
the structure of the area around the step was not much different that either the upper or
lower terrace (Figure 6A). However, as shown by the STM image in Figure 6B, after
annealing to 325 K there was noticeably less (2x2)-20+CO structure proximal to the step
edges. This was interesting because step edges and defect sites are often the most reactive
sites on a metal surface, but it has been reported recently, in an electrochemical study, that
CO oxidation on the terraces was preferred over step edges [41], and the same was
suggested by the STM image in Figure 6B. The fact that there was insufficient thermal
energy during the CO exposure for COaq or Oaq to diffuse to lower coordinated sites, where
reaction may have been facile, could explain why the CO islands persisted in the STM
images in Figures 5 and 6 and the non-regeneration of the low-barrier sites at temperatures
of 350 K or less.
Conclusions

The effects of temperature and duration of CO exposures on the oxidation of CO
by Oaq on Rh(111) were studied. Rh(111) surfaces prepared with the (2x1)-O adlayer were

exposed to CO at several temperatures between 100 K and 350 K, and CO exposures
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between 5 and 300 L were performed at both 300 K and 350 K. TPD measurements
quantified the CO» yield between 300 K and 600 K, and 8o,.s after CO oxidation between
600 K and 1400 K. We found that 8o, .s was systematically lower after CO exposures at
350 K compared to exposures at 300 K or lower. The CO oxidation rate was greater at 350

K than at 300 K, as observed in the TPD experiments, yet 8b,.s and Y¢(,, did not change

as the CO exposure increased. These findings mean that there are multiple reaction
pathways available for CO oxidation on Rh(111), and that the lower-barrier pathway
involves reaction sites that were not regenerated at temperatures of 350 K or below. The

lower-barrier reaction did not occur below 300 K, as indicated by invariant Y¢o, and &o,res

for exposures CO at temperatures of 300 K or below. These observations show that even
for homogeneous surfaces, multiple reaction pathways are accessible for CO oxidation and
that complete, accurate models for heterogeneously catalyzed oxidation reactions must
include more channels than only reaction between co-adsorbed species.
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