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Sensitivity of catalysis to surface structure: The example of CO oxidation on Rh
under realistic conditions
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Using a combination of surface x-ray diffraction and mass spectrometry at realistic pressures, the CO
oxidation reactivity of Rh(111) and Rh(100) model catalysts has been studied in conjunction with the surface
structure. The measurements show that the presence of a specific thin surface oxide is crucial for the high
activity of the Rh based CO oxidation. As this oxide is readily formed on all Rh facets, we conclude that the
specific Rh crystal planes exposed during catalysis will not directly influence the reactivity. This is fortified by
the very close similarity between the Rh(111) and the Rh(100) results.
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I. INTRODUCTION

Transition-metal based catalysts, consisting of dispersed
active metal nanoparticles on an insulating oxide support,
form the basis of much of modern chemistry. These nanopar-
ticles, or nanocrystals, expose various facets, the most abun-
dant of which, in the case of an fcc metal, are the (111) and
(100) surfaces due to their low surface energies, according to
the Wulff construction.! The catalysis related properties of
different facets have therefore been extensively explored un-
der ultrahigh vacuum (UHV) conditions, using model single-
crystal surfaces, demonstrating that for many reactions, the
surface orientations present on the nanoparticle have a strong
impact on the catalytic activity.>® At more realistic pres-
sures, the effects of the surface orientation on the catalytic
properties is in principle unexplored, both experimentally
and theoretically.

A very recent in situ reflectance absorption infrared spec-
troscopy (RAIRS) study of CO oxidation on Pt-group metals
under relevant conditions shows the existence of a “hyperac-
tive” oxygen-covered phase.” This could agree well with ear-
lier studies showing that the CO oxidation reaction over Pt
and Pd model catalysts is more efficient when a thin oxide is
present on the substrate surface,®'* a situation which may
correspond to that of a real catalyst at work. Although such
thin oxides have been shown to exist on a number of
transition-metal surfaces,!'! their role in catalysis at realistic
conditions is under debate.!?

In the case of Rh, one of the active components in auto-
motive catalytic converters,'>!'* no such studies have been
performed previously. It has, however, been shown that in
high oxygen partial pressures, a similar thin trilayer O-Rh-O
surface oxide is formed on all Rh surface orientations inves-
tigated so far.!>"1° These studies include low-index surfaces
as well as the (553) and (223) high-index surfaces, where the
stepped surface structure completely vanishes during the sur-
face oxide formation.'®!® A very recent density-functional-
theory study by Mittendorfer et al.?’ showed that this also
applies to Rh nanoparticles.
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In the present paper, we have used surface x-ray diffrac-
tion (SXRD) and mass spectrometry to investigate the rela-
tion between the presence of oxide structures and changes in
the CO oxidation activity over Rh(111) and Rh(100) surfaces
in situ at catalytically relevant pressures. Although there are
some minor differences, the general behavior is practically
identical for the two surface orientations. Starting with the
surface oxide in pure O,, introducing CO reduces the oxide
and leaves the surface in a metallic phase. At this point, mass
spectrometry reveals a low CO, production. As the reaction
proceeds, the O,/CO ratio in the chamber rises and at one
point the surface oxide is reformed. Concurrently, a large
increase in the CO oxidation rate can be observed.

The results show that for CO oxidation, the Rh surface is
much more active in the surface oxide phase than in the
metallic phase. Since a similar surface oxide is formed on all
Rh surfaces, including nanoparticles, our results strongly
suggest that the reactivity of a Rh based CO oxidation cata-
lyst is not sensitive to the specific crystal planes exposed but
is governed by the surface oxide formation. This conclusion
is fortified by a very close similarity between the Rh(111)
and the Rh(100) results.

II. EXPERIMENT

The measurements were performed in the high-pressure
chamber?! at the surface diffraction beamline ID3 (Ref. 22)
at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. The wavelength of the incident x rays was
set to 0.724 A. The sample was aligned according to the
bulk Bragg reflections of the Rh substrates. The coordinates
(H,K,L) in reciprocal space refer to a basis (b;,b,,b3) with
b, and b, spanning the surface lattice of the Rh substrate, as
shown in Figs. 1(b) and 1(c) for (111) and (100), respec-
tively, and with b; perpendicular to the surface plane.

The CO oxidation measurements were performed in a so-
called batch reaction chamber, in which the system is first
stabilized in the presence of pure O,. CO is then introduced
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FIG. 1. (Color online) (a) Model of the surface oxide found on all investigated Rh surface orientations, here shown on top of a (111)
surface. Maps of the reciprocal spaces corresponding to (b) Rh(111) and (c) Rh(100), including the surface oxide as well as the corundum
structured bulk oxide. b; and b, define the basis in which reciprocal vectors are expressed. The Rh(100) surface shows two domains of each
oxide structure, indicated by the dashed (surface oxide) and solid (bulk oxide) unit cells. The red lines show the SXRD scans shown in

Figs. 2(c) and 3(c).

into the chamber and the oxidation reaction starts. As one O,
molecule can oxidize two CO molecules, the O,/CO pres-
sure ratio is automatically increased as the reaction proceeds,
creating a more oxidizing environment. In this way, the par-
tial gas pressures, the surface phase, and the sample tempera-
ture can be followed with time during the reaction. At the
end of the experiment, we can retrieve the starting conditions
by evacuating the gas from the chamber and refilling it with
0,. The CO gas line is specially equipped with a piece of
curled copper tubing, which can be heated to 575 K and acts
as a trap for Ni carbonyls. The line also has two liquid N,
traps to further clean the CO by subsequent steps of conden-
sation and distillation.??

The crystals were cleaned as in Ref. 16. The sample tem-
perature was measured using a tungsten-rhenium thermo-
couple (type C), mechanically clamped between the ceramic
heating plate and the sample clips. Also here Ni was avoided
in order to eliminate the risk of Ni carbonyl contamination.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a model of the surface oxide found on
all investigated Rh surfaces, built up by three close-packed
hexagonal layers of O-Rh-O."> Depending on the substrate,

the in-plane lattice constant varies between 3.0 and 3.1 A,
which yields coincidence lattices of (9 X 9) and ¢(8 X 2) with
(111) and (100) substrates, respectively. Figures 1(b) and
1(c) show the corresponding reciprocal lattices as seen by
SXRD on the (111) and (100) substrates, respectively. In the
(100) case, we find two different domain orientations due to
the hexagonal structure of the surface oxide and the square
substrate. The figure also indicates where the corundum
structured bulk Rh oxide would appear if present.

Figure 2 shows the results of a typical experiment on
Rh(111). Panel (a) shows the partial pressures of O,, CO,
and CO,. At r=—1000 s, 300 mbar of O, and close to no CO
and CO, are present in the batch reactor. At this time, the
diffraction measurements detect the presence of the surface
oxide on the surface [Fig. 2(c)]. At time =0, 330 mbar CO is
added, and the CO, production starts. This is seen in the
figure as a slow rise in the CO, signal and drop in the O, and
CO signals. Here, no surface oxide can be detected [Fig.
2(c)]. Since a single O, molecule can oxidize two CO mol-
ecules into CO,, the rate of decrease in the CO partial pres-
sure as well as the rate of increase of CO, is twice the rate of
decrease of O,. This also ensures that an oxidizing environ-
ment is being approached. The spike in the O, signal at 7
=0 is due to the CO being added in one side of the chamber,
pushing the gas already in the chamber toward the other side
where the mass spectrometer is located. At r=~3300 s, we
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FIG. 2. (Color online) The CO oxidation and surface structure of the Rh(111) surface during realistic reaction conditions. (a) Partial
pressures of O,, CO, and CO,. The experiments starts in pure O,, and CO is added at =0, which starts the CO oxidation reaction. As the
reaction proceeds, the O, and CO pressures decrease, while the CO, signal is rising. At 7=3300 s, there is a sudden increase in the reaction
speed, as is directly monitored in (b). (b) The CO, production as derived from (a). (c) Consecutive SXRD scans along the red line in Fig.
1(c), showing the presence or absence of the surface oxide. The surface oxide is removed immediately after adding the CO at r=0 and
reappears simultaneously with the dramatic increase in the reaction rate at 7~3300 s. (d) Sample temperature during the experiment. Note
the dramatic increase in sample temperature simultaneous with the switch to high activity.

notice a significant increase in the reaction rate. This change
coincides with the return of the surface oxide as shown in
Fig. 2(c). By the end of the experiment, almost all of the CO
has been converted into CO,.

Figure 2(b) shows the CO, production rate, i.e., the activ-
ity of the model catalyst. From the start there is no CO
present and hence no activity. At =0 we find a peak in
activity as the surface oxide is reduced, followed by a low
but slowly rising reaction rate. At t=~3300 s, as above, we

see a sudden increase in activity as the surface oxide appears.

Figure 2(c) shows consecutive SXRD scans along the line
indicated in Fig. 1(b), showing the presence or absence of
the surface oxide. As seen in Fig. 1(a), the bulk oxide would
also be visible in these scans, but it does not appear through-
out the experiment. After adding O, at r=—1000 s, the sur-
face oxide peak can be detected. The surface oxide is re-
moved immediately when CO is introduced at r=0 and
reappears again at =~3300 s.
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FIG. 3. (Color online) The CO oxidation and surface structure of the Rh(100) surface during realistic reaction conditions. (a) Partial
pressures of O,, CO, and CO,; (b) CO, production; (c) consecutive SXRD scans showing the presence or absence of the surface oxide; and
(d) sample temperature during a CO oxidation experiment on Rh(100). For details see Fig. 2.

Shown in Fig. 2(d) is the variation in sample temperature
during the experiment. Starting at the preset temperature of
about 240 °C, we find a small peak at t=0 as the CO is
introduced and the surface oxide is reduced. After this, the
temperature drops to about 230 °C due to the higher cooling
effect of the increased amount of gas in the chamber. In the
metallic phase, between =0 and 3300 s, the temperature is
slowly rising, and before the switch to the oxidized phase,
the temperature is back to about 240 °C. As the oxide re-
turns, the temperature suddenly rises by about 80 °C, due to
the exothermic nature of the reaction. The increase in tem-
perature corresponds to an annealing of the sample, which
increases the domain size of the surface oxide, explaining the

higher and sharper peaks found in Fig. 2(c) at #>3300 s as
compared to those at r<<0.

Shown in Fig. 3 is a similar experiment as that above but
for the Rh(100) surface. Although there are some apparent
differences between the two surfaces, the result is essentially
identical to the (111) case.

In summary, the (100) surface is oxidized in 300 mbar O,
at a temperature of 7~240 °C, resulting in a surface oxide.
No bulk oxide can be detected, either by in-plane scans or by
out-of-plane scans under these conditions. At =0 s, 390
mbar CO is introduced into the chamber, which reduces the
oxide, leaving the surface in a metallic phase with CO and O
competing for the adsorption sites. In this phase we again
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find a slow CO oxidation rate, resulting in a rising O,/CO
partial pressure ratio. When the ratio is high enough at ¢
=16 000 s, the surface oxide is reformed, which coincides
with a major rise in the CO, production rate.

The longer waiting time between reduction and reoxida-
tion in the Rh(100) case is due to accidentally adding much
more CO and simultaneously pumping some O, at =0. The
lower peak in reaction rate is due to the lower amount of CO
available once the surface switches back to the surface oxide
phase.

In experiments not shown here, we have found that the Rh
bulk oxide is not active in the CO oxidation process. Thus
the presence of the surface oxide has to be responsible for
the high activity. We cannot, however, rule out that patches
of metallic surface coexist with the surface oxide.

As stated above, it has recently been shown that similar
surface oxide structures, exhibiting three close-packed layers
of O-Rh-0O, are found on all investigated surface orientations
of Rh, including the low-index (111), (100), and (110) as
well as the stepped (553) and (223) orientations.!>"!° In the
latter cases, the steps were bunched together, forming large
{111} facets containing flat films of the surface oxide. In fact,
a PtysRh;5(100) alloy also behaves in a similar way, as
shown in recent experiments.?* Even Rh nanoparticles has
been shown to exhibit a thin oxide film.>>?% A very recent
density-functional-theory (DFT) study by Mittendorfer er
al®® showed that, as in the case of stepped surfaces, the
nanoparticles expose surface oxide—covered low-index facets
at high oxygen pressures. In combination with the present
results, showing that the surface oxide is crucial for the high
CO oxidation activity of Rh based catalysts, this strongly
suggests that the catalytic activity is not controlled by the
detailed structure of the Rh substrate surface itself but rather
by the oxidation properties. This, in turn, also means that the
surface orientation of the facets plays a minor role in the
control of the reactivity, which is strongly supported by the
fact that we do not observe any significant differences be-
tween the behaviors of the (111) and (100) surfaces.

The difference in reactivity between the (surface) oxi-
dized and metallic Rh surfaces is striking and definitely rules
out the metallic surface as solely responsible for the high
activity of Rh based CO oxidation catalysts. The exact reac-
tion process cannot be determined from the present measure-
ments. Although UHV based experiments show that CO can-
not adsorb on the surface oxide even at 90 K,? the increase
in chemical potential at higher pressures may still yield rea-
sonable adsorption energies and reaction barriers.”® On the
other hand, recent DFT calculations by Westerstrom et al.’*
showed that CO oxidation on the edge of the Rh surface
oxide on Pt,sRh;5(100) exhibits significantly lower reaction
barriers than on the metallic surface, or on the surface oxide.
Thus, the coexistence of the surface oxide and metallic sur-
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face areas could be responsible for the highest activity. An
alternative explanation could be the presence of defects such
as missing O atoms at the surface of the oxide film. Such
defects would create undercoordinated Rh sites, suitable for
CO adsorption and oxidation, similar to the reaction process
in the RuO, system.?’ In essence, such a process would be
similar to a process at the edge of a surface oxide island as
described above.

Our results also agree well with recent in situ RAIRS
results by Chen er al.,” showing that a hyperactive oxygen-
covered phase can be found at high O,/CO pressure ratios.
In contrast to our findings, however, they reported that the
active surface is not oxidized but covered by a monolayer of
chemisorbed oxygen. This statement is based on ex situ XPS
measurements, performed after quenching the active struc-
ture by cooling and evacuating the chamber. It is difficult to
know whether the structure really stays unchanged through
this process. This could explain the different results from the
two studies. Another explanation would be that the phase
with chemisorbed oxygen is present only in a rather narrow
pressure range or slightly different conditions, such that our
measurements miss it.

IV. CONCLUSIONS

To conclude, we have studied the relationship between
surface structure and CO oxidation reactivity over Rh(111)
and Rh(100). Both systems show practically identical behav-
iors. Starting with the surface covered by a surface oxide,
introducing CO reduces this oxide and leaves the system in a
metallic low-activity phase. When the O,/CO pressure ratio
is high enough, the surface oxide returns. Concurrently the
CO, production rate increases dramatically and the sample
temperature increases by up to 80 °C. This clearly shows
that the surface oxide plays a crucial part in the high activity
of a Rh model catalyst. Since the surface oxide is formed on
all surface orientations, this strongly indicates that the CO
oxidation reactivity on Rh based catalysts is not sensitive to
the specific crystal planes exposed during catalysis but is
governed by the surface oxide formation. This agrees well
with the practically identical behaviors found for Rh(111)
and Rh(100).
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