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ABSTRACT: Catalytic CO oxidation is a seemingly simple reaction
between CO and O2 molecules, one of the reactions in automotive
catalytic converters, and the fruit-fly reaction in model catalysis.
Surprisingly, the phase responsible for the catalytic activity is still
under debate, despite decades of investigations. We have performed a
simple but yet conclusive study of single crystal Rh and Pd model
catalysts, resolving this controversy. For Rh, the oxygen-covered
metallic surface is more active than the oxide, while for Pd, thin oxide
films are at least as active as the metallic surface, but a thicker oxide is
less active. Apart from resolving a long-standing debate, our results
pinpoint important design principles for oxidation catalysts as to
prevent catalytic extinction at high oxygen exposures.
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■ INTRODUCTION

Because of the high complexity of industrial heterogeneous
catalysts, a fundamental understanding of catalytic processes is
in many cases missing. Such an understanding has become the
main goal of surface-science-based catalysis research, and the
importance of that approach has been strongly emphasized in
the Science and Technology Roadmap on Catalysis for Europe
prepared by the European Cluster on Catalysis.1 Traditionally,
such studies are done under highly simplified conditions, on
single crystals in ultrahigh vacuum (UHV). Over the last
decades, however, there has been a strong effort toward doing
detailed surface science studies under more realistic conditions.
In this context, catalytic CO oxidation by O2 over Pt-group
metals has, because of its industrial relevance and relative
simplicity, become the fruit-fly reaction and a widely used
reference model system for oxidation catalysis. Surprisingly,
despite a lot of effort, there has been no consensus about the
catalytic mechanism on the atomic level under realistic
conditions.2

Under UHV conditions, it is well-established that the
reaction can proceed on the metallic surface through the
Langmuir−Hinshelwood mechanism. During adsorption on a

suitable metal surface, such as Rh or Pd, the O2 molecules
dissociate spontaneously, and the major barrier for the reaction
is removed. If CO is also adsorbed on the surface, it can react
with atomic oxygen to form CO2 that readily desorbs and closes
the catalytic cycle (see the bottom of Figure 1).
At more realistic pressures, mixed adsorbate structures rarely

form, but instead one of the reactants tends to dominate the
surface completely. At low temperatures, the relatively high CO
sticking probability favors adsorption of CO, which by far
becomes the most abundant surface species. At high CO
coverage, adsorbate structures form that effectively block the O2
dissociation, and an O2 molecule impinging on such a surface
will most often leave unreacted (see left part of Figure 1). This
surface is referred to as CO poisoned (and the phenomenon is
referred to as CO self-poisoning) and associated with low
catalytic activity. Increasing the temperature leads to an
increased CO desorption rate and formation of vacant sites.
These sites can either be filled by another (or the same) CO
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molecule or by an O2 molecule that now has space to
dissociate. In the latter case, the resulting O atoms will soon
react with neighboring CO molecules and leave an even larger
proportion of the surface available for adsorption of CO or O2.
If the temperature is high enough, and the gas mixture has a
sufficient excess of O2, the freed area will mainly be filled by
oxygen so that the reaction continues until all CO is removed
from the surface. Adsorbed oxygen, however, cannot block the
associative adsorption of CO, and hence, this surface possesses
high catalytic activity (see right part of Figure 1).
Since the CO oxidation is an exothermic reaction, the

transition from low to high active state is associated with a
considerable heat release that leads to a self-acceleration of the
reaction, the so-called catalytic ignition.3 Analogously, the
reverse transition is referred to as the extinction, which is
accompanied by a temperature drop. For the ignited catalyst,
the CO oxidation reaction is no longer determined by the
intrinsic activity of the catalyst but by the transport of reactants
to the catalytic surface, and thus, it is almost independent of
temperature. This can either be referred to as the reaction being
diffusion controlled or mass transfer limited (MTL). In such a
situation, assuming, as above, that the reaction mixture has an
excess of O2, the gas composition close to the catalyst will be
depleted in CO, and the surface will be exposed to an oxidizing
atmosphere of O2 and CO2.

4,5

Several in situ studies have, however, shown that both a
chemisorbed oxygen phase and oxides may form in conjunction
with the ignition,2,6−14 suggesting that the oxides are
responsible for the high activity. This idea is supported by a
number of UHV-based studies, indicating that the formation of
CO2 through the reaction of gas-phase CO with oxide films is
faster than with preadsorbed O on metallic surfaces.15−19 Other
studies, mainly based on infrared reflection absorption
spectroscopy (IRAS), suggest that the active surface is metallic
and that any oxide present is an almost inactive spectator phase,
which, because the metal is so active, can almost completely

cover the surface while the reaction is still in the MTL.20−26 A
very recent UHV investigation concludes that metallic Pd and
PdO have a rather similar activity, but under the studied
conditions, the metal is 2−3 times more active.27

In order to investigate the relative activity between the metal
and the oxides, under realistic pressures, we have carefully
followed the relation between surface structure and catalytic
activity, using surface X-ray diffraction (SXRD), ambient-
pressure X-ray photoelectron spectroscopy (APXPS), and mass
spectrometry (MS) during extinction of the catalyst instead of
the ignition.
Starting from a situation where the reaction is in the MTL

and the surface is covered by an oxide, we slowly lower the
temperature. This lowers the reaction rate until the MTL
cannot be maintained, and the CO partial pressure near the
surface will increase. This, in turn, leads to partial reduction of
the oxide and exposure of metallic surface. If the metal is more
active than the oxide, the reaction rate will increase. There will
then be a new equilibrium situation, where a part of the surface
will be metallic, while the rest is oxidized, and the reaction is
once again in the MTL. As the temperature is lowered further,
the equilibrium will gradually shift toward a larger part of the
surface being metallic before the MTL is restored. Hence, if the
oxide is less active than the metal, the corresponding signal
should gradually decrease until the whole surface needs to be
metallic in order to stay in the MTL, and further cooling will
result in extinction. If the metal is not more active than the
oxide, however, the exposure of more metal will not increase
the reaction rate, and the reaction will stay in the low activity
regime. That is, if the oxide is at least as active as the metal, it
will stay on the surface until the reaction is slower than the
transport of CO, and the extinction and removal of the oxide
will coincide. Finally, any additional structure that is present
in the active state and does not disappear immediately after
extinction would be significantly less active. In contrast to
what has generally been assumed, the Rh and Pd samples
showed opposite behaviors with metallic Rh and thin Pd oxides
being most active.

■ EXPERIMENTAL SECTION
The Rh(111) and Pd(100) single crystal surfaces (Surface
Preparation Lab) were cleaned in a standard way by cycles of
Ar+ sputtering and subsequent annealing. By annealing the
crystals in an O2 pressure of 10

−7 mbar, carbon contaminations
could be removed, and any remaining oxygen could be
removed by flashing at 800 °C in UHV. This procedure was
repeated until no impurities could be detected by XPS or
SXRD.
The SXRD measurements were performed in the in situ flow

reactor chamber at the surface diffraction beamline ID0328,29 at
the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. The wavelength of the incident X-rays was
set to 0.517 Å. The sample was aligned according to the bulk
Bragg reflections of each substrate. The coordinates (h, k, l) in
reciprocal space refer to a basis (a*, b*, c*) with a* and b*
spanning the reciprocal surface lattice of the substrate and c*
being perpendicular to the surface plane.
For Rh(111), |a*| = |b*| = 2π/d112; |c*| = 2π/√3a0 with a0 =

3.80 Å (Rh bulk lattice constant); d112 = a0/2; ∧a*,b* = 60°. The
substrate and surface oxide signals were monitored at (h, k, l) =
(0, 1, 0.3) and (0, 0.89, 0.3), respectively.
For Pd(100), |a*| = |b*| = 2π/d110; |c*| = 2π/a0 with a0 =

3.89 Å (Pd bulk lattice constant); d110 = a0/√2; ∧a*,b* = 90°.

Figure 1. Different phases of the Rh(111) surface. During CO
oxidation over Rh(111), four different phases are of interest. (Bottom)
Metallic surface under high vacuum conditions with low coverage,
where both CO and O2 can adsorb and react to form CO2. (Left) At
moderate pressures and low temperatures, the surface is covered by
CO, which hinders dissociative adsorption of O2 and hence the
reaction. (Right) At higher temperatures, the surface is covered by O,
but there is still room for CO to adsorb (nondissociatively), resulting
in an active surface. (Top) Under realistic conditions, a surface oxide
might form, consisting of a trilayer with O−Rh−O. There is a debate
in the literature concerning whether this surface oxide or the oxygen
covered metallic surface (right) is the active phase.
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The surface oxide signal was monitored at (h, k, l) = (0.8, 0.4,
0.74) .
For the Pd bulk oxide data, a large ACSD detector was used,

cover ing a range in rec iproca l space of about

+ = −h k 0 32 2 reciprocal lattice units (RLU) and l = 0−
2 RLU. This enables us to follow the substrate CTR, epitaxial
bulk oxide and polycrystalline oxide simultaneously. The
substrate and epitaxial bulk oxide signals were monitored
separately at around (h, k, l) = (−2, 1, 0.5) and (−1.4, 0.8, 0.6),
respectively. The epitaxial and polycrystalline oxide signals were
studied together around (h, k, l) = (−1.6, 0.8, 1.4) .
The APXPS data were recorded at beamline 9.3.2 at the ALS

in Berkeley, CA,30,31 where differential pumping and electro-
static lenses enable measurements in gas pressures up to 10
mbar. The gas mixture was controlled by leak valves. The
sample was mounted on a special nonreactive sample holder in
order not to interfere with the catalysis measurements. The O
1s and Pd 3d5/2 levels were measured using photon energies of
650 and 435 eV, respectively. The spectra were deconvoluted
using a Doniach-S̆unjic ́ line shape convoluted with a Gaussian
line shape. A linear background was also subtracted from the
spectra. The spectra were calibrated using the Fermi edge.

■ RESULTS

Active Phase of Rh. Starting with the Rh(111) surface,
Figure 2 shows an operando SXRD measurement following the
surface oxide signal during extinction (marked with the vertical
line) in a flow of 59, 33, and 8 mLn/min (mLn = mL at 1 atm
and 0 °C) of O2, CO and Ar, respectively, and a total pressure
of 300 mbar. The constant CO2 MS signal prior to extinction in
Figure 2a shows that the catalytic activity here is in the MTL
and not depending on the temperature. Simultaneously, the
SXRD surface oxide signal in Figure 2b drops continuously,
showing that more and more metal surface is needed in order
to stay in the MTL. Hence, the Rh metal is the active phase.
The sudden drop in temperature in conjunction with the

extinction shows that the reaction releases a significant amount
of heat, as expected for the exothermal reaction.
Active Phase of Pd. Figure 3 shows a corresponding

measurement on Pd(100), but with a flow of 2.5, 2.5, and 45
mLn/min O2, CO, and Ar, respectively, and a total pressure of
200 mbar. After activation at about 300 °C, these conditions
resulted in a coexistence of two different bulk oxide structures;
one thin that grows epitaxially to the substrate and one thicker
that is polycrystalline (Figure 4b,c).8 The response of the MS
and temperature for this system is very similar to the Rh case,
with a sudden deactivation of the catalyst, except that the
temperature drop is less significant. The weaker response in the
temperature is because the lower flow of reactants results in a
lower reaction rate and a weaker heating effect from the
exothermic reaction.
This measurement was done with a large 2D detector,

enabling us to follow the oxide phases and the substrate Crystal
Truncation Rod (CTR) simultaneously. Figure 3b shows the
SXRD signal from two regions of interest, following the signal
from the epitaxial oxide (blue) and the Pd(100) substrate CTR
(red), respectively. Prior to the extinction, there are some
intensity variations that we, because they appear in both the
oxide and substrate signals, interpret as artifacts arising from
small instabilities in the beam position. In conjunction with the
extinction, however, the oxide signal disappears completely.
There is no gradual drop in intensity, as found for Rh, showing

that the epitaxial Pd oxide is at least as active as the metallic
surface.
The CTR signal mainly reflects how flat the interface

between the substrate and the oxide or vacuum is. The interface
gets slightly rougher during the reduction of the oxide, because
of the deposition of the Pd that was formerly in the oxide
structure, but it soon flattens out again and becomes slightly
more well ordered than before the reduction.
Figure 3c shows a sequence of detector images around the

time of the extinction, zoomed in such that the signals of the
epitaxial as well as the polycrystalline oxides can be seen. The
extinction occurred between the second and third images, at
about t = 1704 s. As shown above, the epitaxial oxide disappears
completely at this point, while the polycrystalline oxide is
reduced much more slowly and is not completely gone until the
last frame about 15 s after extinction. This shows that, in
contrast to the epitaxial oxide, the polycrystalline oxide is
signif icantly less active.
After activation of the Pd(100) model catalyst at the higher

temperature of 400 °C, the resulting oxide film is the single-
layer surface oxide (Figure 4a). Figure 5 shows the results from
the corresponding extinction. The results are very similar to
those from the epitaxial bulk oxide, with sudden extinction seen
in MS and temperature in conjunction with the disappearance
of the SXRD oxide signal. Therefore, we conclude that also the
Pd surface oxide is at least as active as the metallic surface. Here,

Figure 2. Active phase of Rh(111). The extinction of the CO
oxidation reaction over Rh(111) is followed while slowly decreasing
the sample temperature. (a) Mass spectrometry data (blue line) and
sample temperature (red line) showing that in the beginning of the
experiment, the CO2 production is mass transfer limited and does not
depend significantly on temperature. At a sample temperature of about
270 °C, however, the activity suddenly drops. (b) SXRD signal of the
surface oxide showing that the oxide disappears gradually with
decreasing sample temperature. This disappearance before the drop in
catalytic activity shows that the metallic surface is more active than the
surface oxide. (c−e) Models of the different phases present during the
experiment. In the beginning, there is a surface oxide, but the reaction
occurs on metallic areas between the oxide islands (c). Just before the
reaction stops, the surface is completely metallic and covered by O
(d). After extinction, the surface is covered by CO, which hinders
dissociative adsorption of O2 (e).
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the gradual decrease in SXRD intensity before extinction is
related to the mismatch between the surface oxide and the Pd
substrate, as described further in the online Supporting
Information.
The SXRD results for the Pd surface oxide are confirmed by

the APXPS data in Figure 6, following the O 1s and Pd 3d5/2
levels in a 1:1 mixture of O2 and CO at a total pressure of about
0.6 mbar during stepwise cooling. Under these conditions,
APXPS reveals not only what is on the surface (solid lines), but
also in the gas phase just above the surface (dotted lines). The
Pd surface oxide is identified by two components in the O 1s
spectrum, corresponding to oxygen in the oxide film, as well as
a largely shifted Pd 3d component, due to the 4-fold oxygen
coordinated Pd atoms in the oxide.
At temperatures above 220 °C, the O 1s spectra in Figure 6

display two gas-phase peaks corresponding to O2,
32 and one

corresponding to CO2, showing that the sample is catalytically
active. The CO signal is below the detection limit, showing that

the catalytic activity is in the MTL and all the CO near the
surface is immediately turned into CO2. On the surface, we find
a broad peak corresponding to surface oxygen, which is well
fitted by two components in agreement with the surface oxide
being present on the surface. In addition, there is a broad
background from the Pd 3p level, which coincides with O 1s.
The presence of the surface oxide is confirmed by the largely
shifted component in the Pd 3d level. As compared to
previously reported XPS data, from the surface oxide prepared
in pure O2, the component corresponding to 4-fold
coordinated Pd atoms is relatively small, and in order to
achieve a good fit of the data, another component had to be
introduced, between the 2-fold and 4-fold components. We
interpret this as 3-fold coordinated Pd that is present due to the
ongoing reaction resulting in an equilibrium state between
removal of O and reoxidation. Probably there is also one
component corresponding to Pd coordinated to a single O

Figure 3. Activity of the bulk oxides on Pd(100). The extinction of the CO oxidation reaction over Pd(100), covered by bulk oxide, is followed while
slowly decreasing the sample temperature. (a) Mass spectrometry data (blue line) and sample temperature (red line) showing that in the beginning
of the experiments, the CO2 production is mass transfer limited and does not depend significantly on temperature. At a sample temperature of about
235 °C, the activity suddenly drops. (b) SXRD signals from the epitaxial bulk oxide and the Pd(100) substrate CTR. The oxide signal stays close to
unaffected until extinction, when it suddenly disappears, showing that the epitaxial oxide is at least as active as the metal. The similarity between the
oxide and substrate CTR signals, prior to extinction, shows that the variations are not related to the amount of oxide on the surface, but rather small
instabilities in the beam position. (c) These SXRD measurements were done using a large 2D detector, enabling us to follow the epitaxial and
polycrystalline oxide phases simultaneously. Here, a series of detector images is shown, where both oxides can be seen and distinguished, from a time
span of 19 s around the extinction point. The epitaxial oxide disappears suddenly with the catalytic activity, while the polycrystalline phase stays
significantly longer, showing that it is significantly less active.
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atom, which coincides with the main peak corresponding to
metallic Pd.
At a sample temperature of 220 °C, the CO2 signal was

replaced by gas-phase CO, and the O on the surface was almost
completely replaced by adsorbed CO. Obviously, the model
catalyst has deactivated and is now in the CO poisoned state.
The exact analysis of the spectra are of minor importance for

this study. The main point is that we identify the surface oxide
during high activity, and because the spectra are identical until
deactivation, within the error margins, the results are not
compatible with a decreasing oxide coverage. Hence they
confirm that the surface oxide is active.

■ DISCUSSION
Our measurements show that, for CO oxidation, the most
active phase of Rh(111) is a metal surface, which under

Figure 4. Models of the oxide structures on Pd(100). The surface
oxide (a) and the thin epitaxial bulk oxide (b) expose the PdO(101)
surface plane with Coordinatively UnSaturated (CUS) Pd atoms (light
blue), which act as active sites. (c) When the oxide grows thick
enough, it instead exposes the more stable (100) surface orientation,
which does not have any CUS Pd atoms, and hence is less active. At
the same time, it relaxes and looses its registry with the substrate. As a
result, the oxide film breaks up in many crystallites with random
orientation (illustrated by the blue and green Pd atoms), resulting in a
powder-ring-like feature in the SXRD.

Figure 5. Activity of the surface oxide on Pd(100). The extinction of the CO oxidation reaction over Pd(100), covered by the surface oxide, is
followed while slowly decreasing the sample temperature. (a) Mass spectrometry data (blue line) and sample temperature (red line) showing that in
the beginning of the experiment, the CO2 production is mass transfer limited and does not depend significantly on temperature. At a sample
temperature of about 235 °C, the activity suddenly drops. (b) SXRD signals from the surface oxide, respectively. This oxide signal stays close to
unaffected until extinction, when it suddenly disappears, showing that the surface oxide is at least as active as the metal.

Figure 6. Confirming the activity of the surface oxide on Pd(100) with
APXPS. O 1s and Pd 3d5/2 spectra measured during CO oxidation
while stepwise reducing the temperature. The presence of the CO2 gas
phase peak and the absence of a corresponding CO peak shows that
the catalyst is highly active until the extinction when the temperature
goes below 250 °C. The split of the O 1s peak corresponding to
oxygen on the surface, together with the largely shifted component in
Pd 3d5/2, shows that the active surface is oxidized, and there is no
significant change in the spectra until the extinction. This does not
agree with an oxide phase with low activity that is gradually reduced
while the temperature drops. Hence, the APXPS data confirms the
SXRD results showing that the Pd surface oxide is active.
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reaction conditions will be covered by chemisorbed oxygen. In
contrast, the Pd surface oxide and a thin epitaxial PdO(101)
film grown on Pd(100) are at least as active as metallic Pd,
while only for a thick polycrystalline PdO film we find a lower
activity. These results are rather surprising considering that
previous studies have shown very similar results for Rh and Pd.
With these results in mind, however, we can reinterpret the

results of previous studies without disagreements. At low
temperatures, the surfaces are covered by CO, which poisons
the reaction by inhibiting O2 dissociation. When the temper-
ature increases, the CO starts to desorb and the catalyst
becomes active. At a certain temperature, the reaction ignites
and the activity increases drastically. Several studies have shown
that this coincides with the formation of oxides on the surface,
but FTIR results by Zorn et al.26 show that the surface stays
metallic until the ignition. Not until the reaction has
significantly increased the O2:CO partial pressure ratio around
the surface, the oxides may form. Hence, the oxides are not
responsible for the change to high activity, but rather a result of
it. This discussion is valid for Rh and Pd, as well as the other Pt-
group metals. The present results, however, show that thin PdO
films are more active than (or at least as active as) the Pd metal
and can keep the high activity until a lower temperature. In
contrast, a thick PdO film, as well as the surface oxide formed
on Rh, are low-active phases.
At first sight, however, there seems to be a slight

disagreement with the recent report by Weaver et al.,27 which
states that the metallic Pd(111) surface is 2−3 times more
active for CO oxidation than the (101) surface of the epitaxial
Pd oxide. In addition, it is found that the surface oxide, with a
single PdO(101) layer, is significantly less active than the
epitaxial bulk oxide. First of all, the error margins in our
statement that the oxides are at least as active as the metal are
possibly quite large. For instance, if the temperature drops too
much during the initial reduction (see the Introduction), the
reaction rate would not be high enough to reestablish the MTL
even if the exposed metal is more active than the oxide.
Similarly, the metal surface will be rather rough after reduction,
because of the deposition of the Pd that was formerly in the
oxide structure, which may lower the catalytic activity of the
exposed metal surface.33 Hence, what we can safely say is that
the thin Pd oxides are not significantly less active than the metal
and, although we have not been able to quantify this, we believe
that a factor of 2−3 is too much.
In case there is a differences between the relative activities in

our study and the one by Weaver et al., there are several
plausible explanations. Most obvious is the fact that we studied
Pd(100), whereas Weaver et al. studied Pd(111). Although the
corresonding bulk oxides are the same, the surface oxides and
the metallic surfaces will be slightly different. Further, the study
by Weaver et al. was performed in UHV, while our
measurements were done at pressures in the order of 100
mbar, close to realistic conditions for an industrial catalyst.
Although the basic mechanisms would be expected to be
similar, there might be differences. For instance, as the reaction
on the oxide surface involves reduction and reoxidation of the
oxide, the surface present during reaction will not be the perfect
oxide, but rather an equilibrium structure, which depends
heavily on the reaction gas mixture. In fact, our APXPS results
show that, in addition to Pd atoms with 2- and 4-fold
coordination to O, the active surface oxide exhibits 3- and
possibly 1-fold coordinated Pd atoms.

The difference between Rh and Pd is most likely found in the
surface structure of the corresponding oxides. Both the surface
oxide and thicker oxide grown on Rh(111), have been found to
expose fully oxygen terminated surfaces (see the top part of
Figure 1), on which CO adsorbs very weakly.34 The thin oxides
on Pd(100), on the other hand, expose PdO(101) planes with
Coordinatively UnSaturated (CUS) Pd atoms, where CO can
adsorb (see Figure 4a,b).17−19,35 These CUS atoms act as active
sites for the reaction with O from the oxide structure. If the
oxide grows thick enough, however, it loses its registry with the
substrate and breaks up into several crystallites with random
orientation (illustrated by the blue and green Pd atoms in
Figure 4c), resulting in a powder-ring-like signal in SXRD. We
expect these crystallites to expose (100) facets, as this has been
predicted to be the most stable surface orientation of PdO
without the presence of a Pd substrate.35−37 In contrast to the
(101) facet, the (100) does not expose any CUS Pd atoms,
which explains the low activity of the thick Pd oxide.

■ CONCLUSIONS
To conclude, we have studied the activity for catalytic CO
oxidation over Rh and Pd oxides under oxidizing conditions in
CO and O2 partial pressures in the order of 10−100 mbar. The
results show that the Rh surface oxide shows low activity, while
thin PdO(101) films grown on Pd(100) are at least as active
toward CO oxidation as the metallic surface. Thicker PdO
films, exposing the (100) plane, however, show low activity.
The difference between the high- and low-activity oxides is that
the highly active oxides expose CUS metal atoms that act as
active sites.
These results are likely possible to generalize. The oxide

formation has been found to be similar on all investigated Rh
surfaces, including low-index and vicinal surfaces, as well as
nanoparticles.38−46 Similarly, surface oxides based on
PdO(101) units have been reported for (100)47−49 and
(553)50,51 surfaces of Pd, and on (100) and (111) facets, it
has been shown that epitaxial bulk oxides with (101) surface
orientation can form.52−54 For further generalization, a
RuO2(110) oxide film, exposing CUS sites, is found to grow
on Ru(0001), making it likely that the active phase of Ru is also
oxidized, in agreement with the results of Over et al.15,16 Pt, on
the other hand, has been found to have a completely O
terminated surface oxide, similar to Rh, and the Pt oxide would
consequently be expected to show low activity. It has, however,
been found that there is another structure forming on Pt(110)
during high CO oxidation activity under moderately oxidizing
conditions.12 The corresponding structure is not properly
determined, but a combined SXRD and DFT study suggests a
structure that includes both O and C, and exposes CUS Pt
atoms.
The present study resolves a long-standing debate concern-

ing the active phase in CO oxidation. The knowledge about the
activity of different oxide phases can have a major impact for
dealing with some of the common problems with the oxidation
catalysts of today. For instance, our results explain why Pd and
Ru are less prone to oxygen poisoning (deactivation due to
oxygen exposure) than for example Rh, which has oxides
inhibiting CO adsorption.55 Furthermore, our results can be
used to decrease the effect of oxygen poisoning on Pd based
catalysts even more. A bimetallic system where the PdO grows
on top of another metal, which does not oxidize, might be able
to stabilize the active (101) facet of the PdO film. In fact, PdAu
bimetallic catalysts are reported being less sensitive to oxygen
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poisoning,56,57 and possibly the limited thickness of the PdO
film is part of the explanation.
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This work is done within the Röntgen-Ångström collaboration
“Time-resolved in situ methods for design of catalytic sites
within sustainable chemistry”. The authors thank the Swedish
Research Council, the Swedish Foundation for Strategic
Research, the Crafoord Foundation and the Knut and Alice
Wallenberg Foundation for financial support. The staff at the
ESRF and the ALS are gratefully acknowledged. This research
used resources of the Advanced Light Source, which is a DOE
Office of Science User Facility under contract no. DE-AC02-
05CH11231.

■ REFERENCES
(1) Centi, G.; Perathoner, S.; Gross, S.; Hensen, E. J. M. Science and
Technology Roadmap on Catalysis for Europe. A path to create a
sustainable future; ERIC aisbl Pub.: Bruxelles, Belgium, 2016.
(2) van Spronsen, M. A.; Frenken, J. W.; Groot, I. M. Surface science
under reaction conditions: CO oxidation on Pt and Pd model catalysts.
Chem. Soc. Rev. 2017, 46, 4347−4374.
(3) Frank-Kamenetskii, D. A. Diffusion and heat exchange in chemical
kinetics; Princeton University Press: Princeton, NJ, 2015; pp 463−466.
(4) Matera, S.; Reuter, K. First-principles approach to heat and mass
transfer effects in model catalyst studies. Catal. Lett. 2009, 133, 156.
(5) Zetterberg, J.; Blomberg, S.; Gustafson, J.; Evertsson, J.; Zhou, J.;
Adams, E. C.; Carlsson, P.-A.; Aldeń, M.; Lundgren, E. Spatially and
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Mittendorfer, F.; Kresse, G.; Dudin, P.; Kiskinova, M. Initial oxidation
of the Rh(110) surface: ordered adsorption and surface oxide
structures. J. Chem. Phys. 2006, 125, 094701.
(42) Klikovits, J.; Schmid, M.; Merte, L.; Varga, P.; Westerström, R.;
Resta, A.; Andersen, J. N.; Gustafson, J.; Mikkelsen, A.; Lundgren, E.;
Mittendorfer, F.; Kresse, G. Step-orientation-dependent oxidation:
from 1D to 2D oxides. Phys. Rev. Lett. 2008, 101, 266104.
(43) Mittendorfer, F.; Seriani, N.; Dubay, O.; Kresse, G. Morphology
of mesoscopic Rh and Pd nanoparticles under oxidizing conditions.
Phys. Rev. B: Condens. Matter Mater. Phys. 2007, 76, 233413.

(44) Nolte, P.; Stierle, A.; Jin-Phillipp, N.; Kasper, N.; Schulli, T.;
Dosch, H. Shape changes of supported Rh nanoparticles during
oxidation and reduction cycles. Science 2008, 321, 1654−1658.
(45) Jin-Phillipp, N.; Nolte, P.; Stierle, A.; Dosch, H. Initial oxidation
of MgO-supported Rh nanoparticles studied by TEM. Surf. Sci. 2009,
603, 2551−2555.
(46) Rupprechter, G.; Hayek, K.; Hofmeister, H. Electron
microscopy of thin-film model catalysts: activation of alumina-
supported rhodium nanoparticles. J. Catal. 1998, 173, 409−422.
(47) Todorova, M.; Lundgren, E.; Blum, V.; Mikkelsen, A.; Gray, S.;
Gustafson, J.; Borg, M.; Rogal, J.; Reuter, K.; Andersen, J.; Scheffler,
M. The Pd (100)−(√5 × √5)R27°−O surface oxide revisited. Surf.
Sci. 2003, 541, 101−112.
(48) Kostelník, P.; Seriani, N.; Kresse, G.; Mikkelsen, A.; Lundgren,
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