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Using a combination of experimental and theoretical techniques, we show that a thin RhO; surface oxide
film forms prior to the bulk Rh,03 corundum oxide on all close-packed single crystal Rh surfaces. Based
on previous reports, we argue that the RhO, surface oxide also forms on vicinal Rh surfaces as well as on
PACS: Rh nanoparticles. The detailed structure of this film was previously determined using UHV based

68.43.Fg techniques and density functional theory. In the present paper, we also examine the structure of the bulk
61.14.Hg Rh,03 corundum oxide using surface X-ray diffraction. Being armed with this structural information, we
68.37.Ef have explored the CO oxidation reaction over Rh(11 1), Rh(100) and PtysRhs5(100) at realistic
Keywords: pressures using in situ surface X-ray diffraction and online mass spectrometry. In all three cases we find
Rhodium that an increase of the CO, production coincides with the formation of the thin RhO, surface oxide film.

Surface X-ray diffraction (SXRD) In the case of Pt,sRh;5(100), our measurements demonstrate that the formation of bulk Rh,03
In situ corundum oxide poisons the reaction, and argue that this is also valid for all other Rh surfaces. Our study

Single crystal surfaces implies that the CO oxidation reaction over Rh surfaces at realistic conditions is insensitive to the exact

Surface structure

Rh substrate orientation, but is rather governed by the formation of a specific surface oxide phase.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Heterogeneous catalysis forms the basis for much of modern
chemistry and consequently the interaction between various
molecules and metal surfaces has been thoroughly studied. While
such studies on low-index single crystal surfaces in ultra high
vacuum (UHV) have provided a detailed understanding of catalytic
reactions under such conditions [1,2], the relevance of this
knowledge to industrial catalysis is in many cases questionable.
Increasing attention is therefore directed at studies of industrially
more relevant systems involving higher gas pressures and/or more
complex surfaces [3,4].

Due to its simplicity in combination with its direct relevance to
industry, the most studied reaction, in this context, is the oxidation
of CO. This reaction is efficiently catalyzed by late transition
metals, such as Rh, Pt and Pd, where the major role of the catalyst is
to dissociate the O, molecules, which happens spontaneously in
the adsorption process. Once free oxygen atoms are present on the
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surface, CO adsorbing there can react with this O and desorb as
CO,. Since oxidation of metal surfaces has been found to block the
CO oxidation, it has been generally accepted that the active phase
of these catalysts is the metallic surface.

Another metal commonly used for catalyzing CO oxidation is
Ru. Compared to the metals mentioned above, Ru is a rather poor
catalyst under UHV compatible conditions, but superior at high
pressures. This was explained about a decade ago by Over et al.,
who showed that the RuO,(1 1 0) surface exposes special sites
where the CO can adsorb and react with O in the oxide structure
[5,6]. Similar behavior has been found for Rh, Pt and Pd as well,
where the CO oxidation reactivity increases dramatically with the
formation of a thin oxide film on the catalyst surface [7-13]. Thus,
although still under debate [14,15], it is increasingly realized that
oxygen dissociation induced oxidic phases plays an important role
in the promotion of the catalytic activity of these materials.
Further, the exact role of the oxides in the reaction process is not
known on the atomic scale during the reaction at realistic
pressures, resulting in an active scientific debate [16-18].

In this paper we summarize our results on the structure and
reactivity of Rh oxides on pure Rh as well as PtRh alloy surfaces. On
these surfaces, the oxidation process is similar, with the formation
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of an ultra-thin Rh surface oxide at intermediate O, pressures,
which develops into a corundum structured Rh,05 bulk oxide at
sufficiently high pressures. The reactivity of these oxides has been
studied by in situ surface X-ray diffraction (SXRD) and mass
spectrometry. Due to the weak interaction between X-rays and
gases, SXRD is well suited for studying gas—surface interactions at
atmospheric ambient pressures [19]. Our studies at these
pressures, but still using single crystals as model systems, connect
to our studies using traditional electron based surface science
techniques, so that a detected phase can easily be determined
during the reaction and related to the catalytic activity. In all cases,
our studies show that while the bulk Rh oxide is inactive, the
formation of a thin surface oxide coincides with a dramatic
increase in the reactivity.

2. Experiment

The SXRD measurements were performed in the high pressure
chamber [20] at the surface diffraction beamline ID3 [21] of 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 (bq,b,,bs) with b; and b,
spanning the surface lattice of the Rh substrate, as shown in Fig. 1 a
and b for (111) and (100), respectively, and bs being per-
pendicular to the surface plane.

The high resolution core level spectroscopy (HRCLS) and low
energy electron diffraction (LEED) measurements were performed
at beamline 1311 at MAX II in Lund, Sweden [22] using normal
emission of the photoelectrons. The measurements were done at
liquid nitrogen temperatures in order to reduce thermal broad-
ening. The scanning tunneling microscopy (STM) measurements
were done in two different experimental chambers, one in Vienna
at room temperature using the same instrument as in Ref. [23], and
one in Lund using the same instrument as in Refs. [24,25].

The CO oxidation measurements were performed in a batch
reactor allowing for in situ SXRD measurements [20,26], in which
the system is first stabilized in the presence of pure O,. CO is then
introduced into the chamber and the oxidation reaction starts. As
one O, molecule can oxidize two CO molecules and the CO partial
pressure is kept below twice that of O,, the O,/CO pressure ratio is
automatically increased as the reaction proceeds, creating a more
oxidizing environment. The partial gas pressures, the surface phase
and the sample temperature can be followed with time during the
reaction. In the end of the experiment, we can retrieve the starting

a-Rh(111)

b - Rh(100).

O Substrate @ Surface oxide ¢ Corundum, bulk oxide

Fig. 1. Map of the reciprocal lattice of Rh(1 1 1) and Rh(1 0 0) including the surface
oxide as well as the corundum Rh,05 structures. The line marked ‘Scan’ in panel (a)
indicates the SXRD scan used in the reactivity measurements for Rh(1 1 1) shown in
Fig. 8. In panel (b), ‘Scan a’ and ‘Scan b’ correspond to the SXRD scans used in the
reactivity measurements for PtsRh;5(1 0 0) shown in Fig. 9 a and b, respectively.

conditions by evacuating the gas from the chamber and refill it
with O,. 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 condensation and distillation [26].

We follow the product formation (CO,) via online mass
spectrometry during the CO oxidation. By leaking the gas mixture
from the batch reactor into the differentially pumped mass
spectrometry chamber, the gas composition was monitored online.
The response of the mass spectrometer to a change of the gas
composition in the reaction cell is <5 s.

The crystals were cleaned as in Ref. [27]. The sample
temperature was measured using a tungsten-rhenium thermo-
couple (type C), mechanically clamped between the ceramic
heating plate and the tantalum sample clips. Also here Ni was
avoided in order to eliminate the risk of Ni carbonyl contamination.

3. Results
3.1. Surface oxide formation

In this section, we first describe the surface oxide previously
found on all close-packed surfaces. After that we illustrate how the
structural details of the surface oxide can be obtained by using a
combined experimental and theoretical approach.

The interaction between Rh single crystals and low pressures of
0, has been thoroughly studied and results in a range of different
chemisorbed structures [28,29], but is out of topic for the present
paper. At an oxygen pressure of between 10> and 10> mbar,
depending on the surface density, the oxidation process starts with
the formation of a surface oxide. This structure, exhibiting a close-
packed trilayer of O-Rh-0 as shown in Fig. 2, was first determined
for Rh(11 1) using a multimethod approach combining density
functional theory (DFT), LEED, HRCLS, STM, and SXRD as reported
in Ref. [23]. The in-plane unit cell size of the surface oxide is found
to be as = 3.02 A, which on top of the substrate lattice with
Grp(111) = 2.69 A results in a coincidence lattice between (8 x 8)
oxide cells and (9 x 9) substrate cells. Later, similar structures have
been found on Rh(1 0 0)[27] and Rh(1 1 0) [30] as well. In the latter
cases, the oxide adapts to the substrate, forming c (8 x 2) and ¢
(4 x 2) superstructures, respectively. In contrast to the (1 1 1) case,
this results in slightly distorted hexagonal oxide lattices with in-
plane lattice constants of 3.07 and 3.09 A for Rh(1 0 0) and 3.08 and
3.12 A for Rh(1 1 0). A number of surface oxides has recently been
found on other late transition metals [31].

Fig. 3 shows LEED, STM, SXRD and HRCLS results from the surface
oxide as found on Rh(1 1 1). The moiré pattern found in LEED is
straightforward to interpret as resulting from the coincidence
between the surface oxide and substrate lattices. This interpretation

Rh(111) - (9x9)

Rh(100) - c(8x2)  Rh(110) - c(4x2)

Rhin: Qin:

@ oxide @ interface@ bulk @ surface® interface

Fig. 2. Models of the surface oxide structure as found on Rh(1 1 1), Rh(1 00) and
Rh(110).
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Fig. 3. (a) LEED, (b) STM, (c) SXRD and (d) HRCLS results from the (9 x 9) surface
oxide on Rh(1 1 1). The surface oxide consists of a hexagonal O-Rh-O trilayer, with
an in-plane lattice constant dox = (9/8)agy. This results in a coincidence between
(8 x 8) oxide cells and (9 x 9) substrate cells, yielding a moiré pattern clearly visible
in LEED and STM. (c) The SXRD in-plane scan in the direction of the dotted line in the
LEED image, reveals an in-plane lattice constant for the surface oxide to be 3.02 A.
(d) The O 1s spectrum reveals two components corresponding to the two O layers in
the oxide structure, while the Rh 3ds,, spectrum reveals three component
corresponding to the bulk, the Rh atoms in the surface oxide (+0.74 eV) and the
atoms at the interface between the substrate and the oxide (—0.21 eV).

is confirmed by the STM image showing a long-range corrugation
corresponding to the coincidence, and atomic resolution of the
surface of the moiré structure [23]. While it is difficult to extract the
exact periodicity from the LEED and STM images, SXRD can be used
to probe the in-plane lattice constant with a high degree of precision.
Fig. 3 c shows a SXRD in-plane scan in the direction of the dotted line
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in the LEED image at L = 0.3 RLU (reciprocal lattice units). The first
and second order substrate crystal truncation rods (CTRs) are found
at H=-1 and H = -2RLU, respectively. In addition, peaks
corresponding to the surface oxide show up at H=—-0.89 and
H = —1.78 RLU, yielding an in-plane lattice constant for the surface
oxide of dso = (1/0-89)aRh(l 11) = (9/8)aRh(] 1) = 3.02 A, and a
coincidence between (8 x 8) oxide cells and (9 x 9) substrate cells
as discussed above.

Information about the chemical composition can be obtained
from HRCLS results as shown in Fig. 3 d. The surface oxide is
identified by the splitting of the O 1s spectrum into two peaks
showing that two different kinds of O are present. The intensities of
these peaks are close to equal, but by varying the photon energy
the component at higher binding energy is found to be more ‘bulk
like’ than the one at lower binding energies. This agrees well with
two layers of oxygen in a lattice as described above. The Rh 3 ds;
spectrum reveals three peaks interpreted as corresponding to bulk,
the interface between the substrate and the oxide, and the atoms
within the surface oxide (see Fig. 2). The latter peak is shifted
towards higher binding energies due to the high coordination to O
atoms for Rh atoms in-between the two O layers. Further, the
intensity of the surface oxide peak is close to that of the surface
peak for a clean surface in agreement with the model showing one
layer of Rh in-between two similar layers of O.

Having the experimental information above, it is possible to
create a plausible model for the structure and perform ab initio
calculations. First, the termination of a bulk corundum
Rh,05(000 1) surface was calculated. The calculations showed
that Rh segregates from the second to the first Rh layer, yielding a
termination of [bulk Rh,03]-Rh-03-Rh3-03, indicating a high
stability of the Rh-O-Rh surface trilayer, consisting of close-
packed O and Rh layers. Relaxing the top 3 layers on the Rh(11 1)
surface resulted in an in-plane lattice constant of 3.10 A, in good
agreement with that measured by SXRD. Further confirmation of
the structure could then be obtained by simulating the STM images
and calculating the core level binding energy shifts [23]. A similar
procedure was done for the surface oxide on the Rh(1 0 0) surface,
the difference being that quantitative LEED and SXRD was also
applied, firmly establishing the correct structure of the surface
oxide [27]. In passing, we note that the STM images of the trilayer
oxides on all Rh surfaces show point defects, probably oxygen
vacancies, with typical concentrations of a few percent. To
conclude, we have obtained ‘fingerprints’ for several different
methods, in order to identify the surface oxide on single crystal
surfaces in UHV as well as more complex substrates and
surroundings when approaching realistic conditions.

3.1.1. Vicinal surfaces and nanoparticles
Having established that an O-Rh-O trilayer surface oxide is
formed on all close-packed Rh surfaces, we turn our attention to
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Fig. 4. LEED and SXRD measurements of oxidized Rh(5 5 3) showing that at 10> mbar the steps bunch together forming large surface (1 1 1) facets covered by the (9 x 9)

surface oxide.
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vicinal Rh surfaces and Rh nanoparticles. On vicinal Rh surfaces,
oxygen exposure is found to induce large rearrangements of the
surface [32-34]. Fig. 4 shows LEED and SXRD results after exposing
a Rh(5 5 3) surface to 10~ mbar of O, at 450 °C. The LEED pattern
in panel (a) is similar, though less sharp, to the one from Rh(11 1)
shown in Fig. 3 a. This indicates that the surface oxide is formed
here as well but slightly less well ordered. The SXRD scans in Fig. 4
b and c are similar to the ones in Fig. 3 ¢, but in the K direction
instead of H. Furthermore, they are made at several different L
values and plotted in (55 3) and (1 1 1) coordinates in panels (b)
and (c), respectively. Starting with panel (b), the peak at
K = —4 RLU corresponds to the periodicity of the (55 3) planes.
Since the other two peaks are moving when the L value is changed,
they must origin from facets of a different surface orientation. By
plotting the same scans in (1 1 1) coordinates instead, we see that
the middle peak is now moving while the other two are constant in
K. As in the case of the (1 1 1) surface (Fig. 3¢c), the peaks are found
at K=-1 and K = -0.89 RLU, corresponding to the in-plane
periodicity of the (11 1) substrate planes and the surface oxide,
respectively. Hence the surface oxide is formed also on this vicinal
surface and in order to fit the large unit cell of the (9 x 9) structure
(seen in LEED) onto the (1 1 1) terraces, the surface is rearranged
into large (11 1) and (1 1 1) facets through step bunching. Similar
results have been found for Rh(3 3 2) [33], which exposes (11 1)
terraces separated by (1 0 0) steps, and this behavior seems to be
general for vicinal Rh surfaces.

Turning to Rh nanoparticles, already a decade ago Rupprechter
et al. observed the formation of a thin oxide layer on Rh particles by
the use of transmission electron microscopy [35]. A thin Rh oxide
phase was also found to be a highly effective catalyst using in situ
X-ray absorption fine structure measurements [36]. A recent DFT
study by Mittendorfer et al. shows that nanoparticles are expected
to behave as the vicinal surfaces under oxygen exposure, hence
exposing large (1 1 1) and (1 0 0) facets under pressures where the
surface oxide is formed [37]. This was confirmed in a recent SXRD
study by Stierle and co-workers [38]. Given this evidence, we
conclude that the same surface oxide found on the close-packed
single crystal surfaces as well as on vicinals, also forms on the
facets of Rh nanoparticles.

3.1.2. AllOyS.' Pt25Rh75(1 0 0)

Turning to the oxidation of PtRh alloys in Fig. 5 we show HRCLS
measurements of the Rh 3ds, and Pt 4 f;, from the clean
(bottom) and the oxygen exposed (top) PtasRhs(1 0 0) surface. For
the clean surface, the Rh 3 ds,, level shows a weak surface
component while the Pt 4 f;, exhibits a strong surface
component. These observations are consistent with Pt segregating
to the surface under UHV conditions [39,40]. If the surface is
exposed to 1073 mbar O, at a sample temperature of 400 °C, the
surface properties change significantly. In the Rh 3ds/, level, a
strong oxide component and a weak interface component appears,
indicating that a surface oxide has formed. The binding energies of
these components are close to those found for the surface oxide
formed on the Rh(1 0 0) surface [27]. No oxide component can be
observed in the Pt 4 f;, level. The intensity relations are
consistent with Rh segregating to the surface and forming a surface
oxide while the interface between the surface oxide and the
PtsRh75(1 0 0) is dominated by Pt, as illustrated in Fig. 5 b. In Fig. 5
¢ we show STM images from a Pt,sRh;5(1 0 0) surface exposed to
10~ mbar O, at a sample temperature of 400 °C. In this case the
trilayer surface oxide has not completely covered the surface, but
co-exists with the lower-coverage shifted row reconstruction [41].
The hexagonal nature of the surface oxide can clearly be seen, as
well as a number of defects, presumably missing O atoms in the
top-most O layer. Finally, the observed LEED pattern from the
Pt,sRh;5(1 00) oxidized surface is almost identical to that
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Fig. 5. (a) HRCLS from the clean and oxygen exposed Pt;sRh7s(1 0 0) surface. The
bottom Rh 3ds;; and Pt 4 f;, spectra from the clean surface both show well
resolved surface components. The upper spectra show that while no oxide
component can be observed in the Pt4f component after an O, exposure of
10~ mbar at 400 °C, the Rh emission exhibits a clear oxide induced peak, similar to
what has been observed previously on the Rh(1 0 0) surface [27]. (b) Models based
on the HRCLS for the clean and the O exposed surface. (c) STM images (—1V
0.65nA) from a PtysRhys(100) surface exposed to 104 mbar O at a sample
temperature of 400 °C. The brighter areas correspond to the trilayer surface oxide
while the darker to the p (3 x 1)structure.

observed from the Rh(100) surface [27], the difference being
weaker coincidence spots and the higher partial pressure needed
for the full surface oxide formation on Pt,sRh75(1 0 0). All in all, our
results are in good agreement with previous observations of the
segregation of Pt and Rh in the presence of oxygen [41], and that at
higher oxygen exposures the trilayer O-Rh-O surface oxide is
formed on the alloy surface as well.

3.2. Bulk oxidation

At significantly higher oxygen pressures a thicker bulk-like
oxide film is formed [23], which displays a corundum structure as
shown in Fig. 6. The cell is built up by 6 units, each containing two
slightly separated hexagonal Rh layers, with one atom each, and a
single three times denser O layer, yielding a stoichiometry of
Rh,05. The structure has a lattice constant of 5.13 A in the plane,
and 13.8(= 6 x 2.3)A out of the plane.

The corresponding reciprocal lattice will have an in-plane
lattice constant of 2.69/5.13 = 0.544 RLU;q; (reciprocal lattice
units relative to the Rh(1 1 1) lattice), which if rotated 30° relative
to the Rh(1 1 1) lattice yields a reciprocal lattice map as described
by the squares in Fig. 1. Note especially the (H,K) = (—1,—-1) CTR
appearing at (—0.907,0) RLUq11, only slightly outside the (—1,0)
reflection of the surface oxide. Out of the plane the reciprocal
lattice constant will be 6.58/13.8 = 0.477 RLU;1;. Due to the
internal structure of the unit cell, however, some of the lattice
points will be absent or have a low intensity in the SXRD
measurements. The distance of 2.3 A between adjacent Rh layers
results in pronounced peaks at a distance of 2.86 RLU;1; along the
CTRs.

In order to describe the expected intensities as measured by
SXRD, the individual structure factor of each lattice point has to be
calculated. These are shown in Fig. 7 a-d, where the area of each
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point reflects the magnitude of the structure factor. In the figure,
the structure factors along each CTR (H, K) is superimposed by the
corresponding (—H,—K) in order to account for the expected
presence of two different domain orientations (rotated 180° with
respect to each other).

After exposing the Rh(1 1 1) surface to 100 mbar of oxygen at
650 °C, a well-ordered bulk oxide of this structure could be found
with SXRD. The sample was then cooled and the UHV chamber
evacuated. This procedure did not affect the oxide within our
detection limits. L-scans along a number of CTRs from the oxide
reflections were recorded, as shown in Fig. 7 e-1. The peak positions
and intensities should be compared to the corresponding structure
factors as shown in Fig. 7 a-d, where the spot sizes are proportional
to the strengths of the individual structure factors. All the
experimental scans are well reproduced by the calculations,
proving that this oxide has the Rh,03 corundum structure.

13.8 A

3.3. Catalytic activity—metal, surface oxide, and bulk oxide

The catalytic activity towards CO oxidation was studied in a
batch reactor, which was first filled with O, followed by pulses of
CO. The activity is measured by mass spectrometry following the
decrease in O, and CO and increase in CO, partial pressures.
Simultaneously the phase of the model catalyst is monitored by in
situ SXRD.

In pure O,, as discussed above, a Rh oxide is formed, either in
the form of a surface oxide, a bulk oxide or a mixed phase with
surface-oxide and bulk-oxide covered areas. When CO is intro-
duced the reaction starts consuming oxygen from the oxides to
form CO,. Depending on the amount of CO that is introduced, the
oxides can be either partly or completely reduced. As will be shown
below, the reactivity is very high when the surface oxide is present,
Fig. 6. Model of the Rh,0; bulk oxide corundum structure. but low otherwise, i.e. both in the metallic and the bulk oxidized
phase. As the reaction proceeds, since each O, molecule consumes

@ |, Ko (b) =1 © K=2 ) K=3
=3 =3 ' 'y o T3 @ 'Y =3
5 2 . & E 2 ' | ¢ 0 5 2 " . E 2 . .
5 = = =)
- - - -
1 1 21 21
- - - |
0 0 0
432101234 4-32-101234 432101234 432101234
H (RLUgn 0,) H (RLUgn0,) H (RLUgn_o,) H (RLUgn_0,)
(e) (f) (9) (h)
i H=-1, K=0 i H=-2, K=0 2 H=-3, K=0 i H=-1, K=1
c c c c
3 3 35 =
a g 8 g
< < L 5
> Py = 2
® B B @
; e c c [ oy
L L L L
= [ = [= =
= 1 2 g = 1 2 3 = 1 2 3 = 1 2 3
L (RLUgn(111)) L (RLUgn(111)) L (RLUgn(111)) L (RLUgn(111))
(i 1) (k) (]
?,: H=-2, K=1 E H=-1, K=2 :‘9‘ H=-4, K=2 ?,: H=-1, K=3
c c c c
35 5 = 5
g g g g
< < < T
> > = >
2 2 2 2
['F] [ [F]
24 Eh o 1| Se— £
= 1 2 3 = 1 2 3 = T = 1 2 3
L (RLUgn¢111y) L (RLUgn¢111)) L (RLUgp¢111y) L (RLUgp¢111y)

Fig. 7. (a-d) Calculated positions and structure factors for reflections corresponding to the Rh,03 corundum structure. (e-1) Measured CTRs from a Rh(1 1 1) surface exposed
to 100 mbar of O at 650° C showing excellent agreement with the calculations, confirming that the oxide formed exhibits the corundum structure.
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Fig. 8. The CO oxidation and surface structure of the Rh(1 1 1) surface during the reaction. (a) Partial pressures of O,, CO and CO,. The experiments starts in pure O,, and CO is
added at t = 0, which starts the CO oxidation reaction. As the reaction proceeds the O, and CO pressures decreases, while the CO, signal is rising. At t ~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). Frame (c) shows consecutive SXRD scans along the line ‘Scan’
in Fig. 1a, showing the presence or absence of the surface oxide. The surface oxide is removed immediately after adding the CO at t = 0, and reappears simultaneously with the
dramatic increase of the reaction rate at t ~ 3300 s. (d) Sample temperature during the experiment. Notice, the dramatic increase in sample temperature simultaneous with

the switch to high activity.

two CO molecules, the O,/CO partial pressure ratio increases, and
at one point the gas mixture again becomes oxidizing enough for
the surface oxide to return. Simultaneously we find that the high
activity returns.

3.3.1. Pure Rh

Fig. 8 shows the results of such an experiment on Rh(11 1).
Panel (a) shows the mass spectrometry signals corresponding to
0,, CO and CO,. The chamber is initially filled with 300 mbar O,
and at t = 0, the same amount of CO is introduced, starting the CO
oxidation reaction. The reaction rate can be followed directly in the
derivative of the CO, signal as shown in panel (b). Panel (c) shows
the SXRD surface oxide signal as measured by consecutive scans
along the line marked ‘Scan’ in Fig. 1 a. Finally, the sample
temperature is monitored in panel (d).

Concentrating first on the reactivity as shown in Fig. 8 b, we find
a sharp peak at t = 0, followed by a low activity until t~3300s,
where the activity suddenly rises by about one order of magnitude.
Continuing to panel (c), in pure oxygen (t<0) we find that the
surface oxide is present. SXRD data around t = 0 is missing since
we, with the present setup, cannot do SXRD measurements while
manually changing the gas pressures. It is clear, however, that the
introduction of CO eventually reduces the surface oxide. Here, the

surface is catalytically highly reactive for some time, probably until
the surface oxide disappears and does not form again, explaining
the peak in reactivity at t = 0. The surface is now found in a
metallic phase in which it is presumably covered by CO until
t~3300 s, where the surface oxide returns. Note that the switch
between metallic and oxidized phase coincides perfectly with the
rise in reactivity.

The sample temperature shown in Fig. 8 d tells a similar story;
starting at a preset temperature of 240 °C, there is a small peak as
the surface oxide is reduced at t = 0, followed by a slight decrease
of the temperature due to the larger cooling effect of the higher gas
pressure now present in the chamber. After the switching to high
activity at t ~3300 s, the CO oxidation reaction heats the sample
and the temperature rises as much as 80 °C. It could be argued that
sample temperature governs the formation of the surface oxide,
and thus the formation of the surface oxide is due to the increased
reaction rate heating the sample, although we have no indications
for this. However, whatever the reason for the appearance of the
surface oxide, reactivity increases strongly as soon as it appears.
Furthermore, at the highest reactivity, the rate is probably limited
by CO diffusion in the gas phase. The reaction rate is so fast that the
nearby volume around the sample becomes depleted by CO, and
therefore the reaction rate becomes saturated. This means that if
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Fig. 9. (a) CO oxidation on Pty5Rh;5(1 0 0). Repetitive HK-scans (‘Scan a’ in Fig. 1b; L = 0.5) during reaction conditions (bottom part) with simultaneous mass spectroscopy
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during reaction conditions (bottom part) with simultaneous mass spectroscopy measurements of the gas content (top part). The blue and red intensity envelopes indicate the
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article.)

no CO diffusion limit would have existed, the observed reaction
rate would have been even higher. Future experiments using a flow
reactor with smaller volume and by the use of smaller samples
should reduce experimental problems due to temperatures and
diffusion limitations.

At first glance, one might get the impression that the surface
oxide actually poisons the surface, since the CO production rate
eventually decreases after the appearance of the surface oxide.
However, the following simple argumentation shows that the
decrease in reactivity can be explained by the consumption of the
CO and the declining sample temperature. Assuming an Arrhenius-
like temperature dependence of the reactivity with a barrier of
0.51 eV [10], a temperature drop from 320 to 260 ° C would yield
an activity decrease by a factor of 3. Adding to this that the CO
pressure decreases from 250 to 100 mbar would in total result in a
7.6 times lower activity. The peak activity in Fig. 8 b is close to
0.45 mbar/s and as a result we would expect an activity of
0.059 mbar/s at the end of the experiment. This agrees nicely with
our experimental results, where we find a CO, production rate
between, between 0.05 and 0.1 mbar/s at the end of the
experiment, in good agreement with the above estimation. Thus,
the decline in activity can be explained by the decline in
temperature and CO pressure alone, and is therefore not connected
to a poisoning of the surface by the surface oxide.

From these measurements it is clear that the appearance of the
surface oxide dramatically increases the catalytic reactivity of the
Rh(1 1 1) model catalyst. As reported in Ref. [11], very similar
results were found for Rh(100), indicating that the substrate
surface orientation is of minor importance and the catalytic
activity is instead controlled by the surface oxide formation. Since
this process is found to be similar on all Rh surfaces, including
those of nanoparticles, these results can be expected to be valid
also for industrial catalysts.

3.3.2. PtosRh75(100)

Similar measurements on the Pt,sRh;5(1 0 0) alloy surface are
shown in Fig. 9. In panel (a), the SXRD scans, shown in the lower
part, were preformed along the line in Fig. 1 b marked ‘Scan a’. In
this experiment the PtRh surface was initially exposed to 500
mbar O, at 500 K, and a number of CO pulses, inducing reduction
and reoxidation, were supplied. At t = 0, the surface oxide peak can

clearly be observed. By introducing 200 mbar CO (t~ 1750 s), the
surface oxide is removed as evidenced by the disappearance of the
diffraction peak. At t~4600s, the O,/CO pressure ratio is high
enough for the trilayer surface oxide to return and, as in the case of
pure Rh, this coincides with a dramatic increase of the CO oxidation
rate.

In Fig. 9 b, the SXRD scans are performed along ‘Scan b’
indicated in Fig. 1 b, and monitor the presence of the surface oxide
as well as bulk oxide. In this experiment the sample was initially
exposed to 250 mbar of O, at 500 K, resulting in a mixed phase
with surface oxide as well as bulk oxide present. Introducing
61 mbar of CO (not shown) removed the surface oxide film while
the bulk oxide remained, co-existing with metallic surface areas.
This is the situation found at t=0. At t~1125s, the 0,/CO
pressure ratio is again high enough for the surface oxide to
reappear, which as above coincides with a large increase in
reactivity. This experiment shows that while the surface oxide film
is essential for the increase of the catalytic reactivity, the bulk
oxide film rather poisons the surface, in accordance with earlier
observations [42]. The fact that the surface oxide film is active in
CO oxidation but not the bulk oxide was recently confirmed by the
use of low energy electron microscopy (LEEM) [43].

4. Discussion

We have shown that in the case of Rh as well as PtRh alloy single
crystals, the same trilayer O-Rh-O surface oxide is formed.
Furthermore, ample evidence in the literature indicates that the
same thin oxide is also formed on Rh nanoparticles [35,37,38]. This
is a remarkable observation, and demonstrates the stability and
ubiquitousness of this particular surface oxide.

In the case of Pd, the situation is different. Here, a large number
of different surface oxides can be formed [24,25,44-49] prior to the
bulk PdO formation [50,51] depending on surface orientation and
terrace width. Concerning the reactivity, the active phase of Pd has
been attributed to a thin PdO film [8] as well as an ordered surface
oxide in CO oxidation [12], and in the case of methane oxidation
PdO seeds [52].

Returning to Rh, the reactivity data in the present manuscript
shows that, at relevant pressures and temperatures, the catalytic
activity for CO oxidation is drastically increased with the formation
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Fig. 10. Different phases in which the catalyst surface can be found in an
atmosphere of O, and CO. If the surface is CO covered (a), there is not enough space
left in order to allow for dissociative O, adsorption and the reactivity is low. (b)
Perfect films of the surface or bulk oxides blocks the CO adsorption and hence the
catalytic activity. Co-existence of CO covered metallic surface and surface oxide (c)
allows O and CO to react along the edges of the surface oxide. Finally, an oxygen
covered metallic surface (d) allows CO adsorption and is active. The latter surface
has not, however, been observed in situ under industrially relevant conditions, and
as mentioned above the reaction barriers are expected to be higher in this case than

in (c).

of the trilayer. This is clear from the in situ measurements
presented above.

Under UHV conditions, the fact that CO has a very low
adsorption energy on the surface oxide [53], would imply the
opposite, namely that the surface oxide poisons the surface. In
order to find an explanation for the behavior at elevated pressures,
Fig. 10 shows a number of different phases, in which the catalyst
surface can be found. Our model is based on previous UHV
observations [53] and DFT calculations [10]. In panel (a) the surface
is in a metallic phase covered by adsorbed CO molecules. Since the
0, adsorption is dissociative it needs a larger free surface area than
can be found in-between the CO molecules, which makes this
phase inactive. Similarly, the oxide surfaces shown in panel (b) are
fully covered by O atoms which does not allow for CO adsorption,
also resulting in inactive surfaces. To make the surface oxide active,
either defects or co-existing metallic areas, where the CO can
adsorb, are needed (panel (c)). Alternatively a surface with
adsorbed O atoms, as shown in panel (d), will still allow for CO
adsorption (which is not dissociative) and be active. According to
the DFT calculations in Ref. [10], however, the reaction barriers
involved in forming CO, using chemisorbed O is significantly
higher than those for using O from the edge of the surface oxide,
and hence the reactivity is expected to be lower in case (d) as
compared to (c). A border type of process is also supported by our
previous UHV based investigations of the reduction of the trilayer
on Rh(1 1 1) [53]. In that study, we could show that the reduction
starts at defects, and expands in a circular fashion from the initial
reduction seed.

However, it could be argued that a different phase and/or a
different process could be responsible for the increased activity,
and that the surface oxide would not participate in the reaction. In
this scenario, the surface oxide would be a mere byproduct of
having surface areas where O, dissociation is still possible, but
with the CO oxidation occuring in this other surface phase. For
example, our measurements cannot exclude the presence of a
disordered chemisorbed oxygen or disordered surface oxide
[54,55] phase on the surface, although we have never observed
such a phase previously either ex situ in UHV [56] or during in situ
studies at higher pressures. As SXRD is not particularly sensitive to
the oxygen atoms, we could also consider a different process based
on a defective trilayer structure, in which oxygen vacancies or
groups thereof in the top-most layer are the active sites at which
CO can adsorb as proposed in Fig. 10(c). This could be described as a
Mars-Van Krevelen type of process [57]. One reason for such a
scenario could be the interfacial stress/strain between the trilayer

and the Rh(1 1 1) surface as has recently been suggested [43], and
would also explain the apparent inactivity of the thicker bulk oxide
although its surface structure appears to be the same as the
structure of the trilayer. On the other hand, the inactivity of the
bulk oxide could also be explained if the trilayer of the bulk oxide is
too high above the substrate so that the CO can not reach it at the
borders, or that the bulk oxide trilayer has no O vacancies for
chemical reasons.

5. Conclusions

In summary, we have investigated the details of the oxidation of
Rh at realistic oxygen pressures. Thin RhO, surface oxide films
form prior to the bulk Rh,03 corundum oxide on all Rh surfaces
investigated so far. This includes Rh vicinal surfaces and Rh
nanoparticles. Furthermore, by the use of in situ surface X-ray
diffraction combined with online mass spectrometry, we have
shown that the presence of a trilayer RhO, surface oxide always
coincides with a high CO, production rate, suggesting that the
trilayer oxide is highly active in CO oxidation. The formation of the
bulk Rh,03 oxide poisons the surface. Various reaction mechan-
isms for the observed behavior have been discussed.
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