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We have studied the oxidation of the Ru(0001) surface by in situ microscopy during exposure to NOZ, an
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efficient source of atomic oxygen, at elevated temperatures. In a previous investigation [Flege et al., Phys.
Rev. B, 2008, 78, 165407], at O coverages exceeding 1 monolayer, using the combination of intensity-voltage

(1(V)) low-energy electron microscopy (LEEM) and multiple scattering calculations for the (00) beam in the
very-low-energy range (E < 50 eV) we identified three surface components during the initial Ru oxidation: a
(1x1)-O chemisorption phase, the Ru02(1 10) oxide phase, and a surface oxide structure characterized by a
trilayer O—Ru-O stacking. Here, we use dark-field LEEM imaging and micro-illumination low-energy electron
diffraction in the range of 100 to 400 eV to show that this trilayer phase is actually a Ru02(100)—(1 X1) phase
with possibly mixed O and Ru surface terminations. This identification rationalizes the thermodynamic stability

of this phase at elevated temperatures and is consistent with the observation of catalytic activity of the phase

in CO oxidation.

1 Introduction

The oxidation and surface chemistry of the late transition met-
als has attracted persistent interest in the last decades due to
their widespread use in a variety of technological areas as, e. g.,
in corrosion protection and heterogeneous catalysis.l’2 One of
the most prominent examples for the so-called pressure gap in
catalysis research is the oxidation of CO over metallic ruthe-
nium, which manifests itself in a very high catalytic activity at
high (near-ambient) pressures and a very low catalytic activ-
ity at ultrahigh-vacuum (UHV) conditions. In model studies on
Ru(0001) single crystals, this behavior has been traced back to
the emergence of ruthenium oxide phases, and specifically the
growth of RuO, (1 10) islands that were shown to efficiently cat-
alyze the formation of C02‘3 This seminal result, proving that
the metal oxide may be catalytically much more efficient than its
metallic counterpart, stimulated numerous studies that have been
dedicated to unraveling the oxidation characteristics and the ox-
idation pathway of ruthenium, from the metallic surface to the
growth of the thin film oxide. An important realization is that
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this oxide phase does not occur at near-UHV O, pressures, but
appears after dosing at significantly elevated pressures only; the
critical O, pressure has recently been determined to 1073 mbar. 4
Consequently, to enable the use of surface science tools, many ex-
periments have been devoted to understanding the static atomic
and mesoscale structure of the oxygen-rich Ru(0001) surface af-
ter oxidation, partly also by using more effective and hence more
UHV-compatible means of oxidation, e.g., suitable precursors to
atomic oxygen or atomic O directly.>

On the basis of a large number of studies, the following gen-
eral picture of the oxidation pathway has evolved: After the ini-
tial oxygen uptake of the pristine Ru(0001) surface up to about
one monolayer (ML) coverage, which can be accommodated in
the outermost layer via an oxygen adlayer with (1x1) periodic-
ity further oxygen may only be incorporated in subsurface lay-
ers, which has been argued to occur in several ways. Malik and
Hrbek brought forward the notion of a disordered incorporation
in the near-surface region of the crystal without the formation
of an ordered oxide structure.” Based on density functional the-
ory (DFT) calculations, Reuter and co-workers presented a sce-
nario for a transformation with increasing oxygen coverage, from
the (1x1)-O chemisorbed adlayer to a Ru02(1 10) surface oxide
that was predicted to proceed via the formation of a metastable
trilayer precursor phase. Experimental evidence, however, for
this particular O-Ru-O trilayer structure has been quite elusive
while similar intermediate trilayer structures have indeed been
observed in the oxidation pathway of other late transition metals
as, e. g., for Rh(lll),9 Ir(111), 10 and Pd(100). 1512

Previously, we presented an in situ study of the oxidation of
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the Ru(0001) surface by exposure to NO,, an efficient source of
atomic oxygen,’ using intensity-voltage low-energy electron mi-
croscopy (I(V)-LEEM) 13 carried out dynamically during exposure
in combination with multiple scattering calculations. 14 A key re-
sult was the identification of a “trilayerlike” surface oxide with
O-Ru-O stacking that was found to coexist with the established
(1x1)-O and Rqu(l 10) phases, which had previously been ob-
served in a large number of investigations,> over a wide range of
gas-phase conditions. Yet, this trilayer-like oxide was never ob-
served to transform into the RuO,(110) bulk-like oxide, quite in
contrast to the scenario predicted by Reuter et al. 8 Intriguingly; in
subsequent experiments on CO oxidation the trilayerlike surface
oxide was found to take part in the overall surface-catalyzed reac-
tion by direct and spillover-mediated processes, 14 adding an ad-
ditional level of complexity to the hotly debated question regard-
ing the nature of the active phase in CO oxidation.15-19 How-
ever, despite extensive efforts to address the nature of its apparent
(2x2)-like lateral ordering, the atomic structure of the trilayerlike
oxide was never completely resolved.

Here, we address the structure by the analysis of an extended
I(V)-LEED data set within the framework of multiple scattering
calculations and additional dark-field LEEM experiments, which
directly link objects in real-space to crystallographic information
from electron diffraction. We demonstrate that all available ex-
perimental data are consistently explained by the formation of a
Ru02(100)—(1><1) thin-film oxide, which is found to be both in-
trinsically and extrinsically active in CO oxidation. This result is in
contrast to the purely intrinsic activity of the RuO, (110) phase 14
and sheds new light on the complex origin of the high activity of
oxidized ruthenium surfaces in CO oxidation catalysis.

2 Experimental and computational details

The experiments have been performed in a commercial low-
energy electron microscope (LEEM III, Elmitec) including an en-
ergy filter, formerly installed at beamline USUA at the National
Synchrotron Light Source (NSLS) at Brookhaven National Labo-
ratory (BNL).20 The Ru(0001) crystal (Mateck) was cleaned by
established procedures, 1 essentially comprising repeated cycles
of oxidation and subsequent flash-annealing. The oxidation ex-
periments were performed at temperatures of 750 and 790 K; the
sample was exposed to NO, at partial pressures of 5x 1077 to
1 x 107% mbar, with total doses in the 1000 L range (a dose of 1
langmuir (L) amounts to 1.33 x 10 mbar-s). Simultaneously, the
evolution of the surface structure and morphology was followed
in situ using LEEM, which is able to record “live” images of the
surface transformations at video rates. After completing the ox-
idation process, i. e., after pumping down to UHV conditions and
considerably reducing the sample temperature, local structural in-
formation was obtained from micro-illumination low-energy elec-
tron diffraction (WLEED) acquired by confining the incident beam
to an area of 1 um in diameter. This uLEED capability is espe-
cially useful if, as in the case presented here, the surface compo-
sition is structurally inhomogeneous on the mesoscale, allowing
for independent determination of surface structure by diffraction
techniques. Both LEEM and LEED data were processed with the
GXSM software package developed by P. Zahl and co-workers. 21
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Fig. 1 (Color online) (a)-(c) LEEM time-lapse sequence acquired during
exposure of the Ru(0001) surface to NO,, at 750 K and p(NO,) = 1x 107% torr.
The electron energy is 8.4 eV. In (c), the areas illuminated in the uLEED
experiments (Figs. 2b, c) are indicated by dashed yellow circles labeled “A” and
“B”, respectively.

The multiple scattering /(V)-LEED calculations have been per-
formed using the newly developed AQuaLEED package22 that is
based on existing Barbieri/Van Hove packages, 23 which include
the phase shift calculation package and the symmetrized auto-
mated tensor LEED (SATLEED) package. The layer doubling ex-
tension by Materer24 is also employed.

3 Results and discussion

The evolution of the Ru(0001) surface upon exposure to NO, is
illustrated by the time-lapse LEEM sequence displayed in Fig. 1.
Two RuO, phases are seen to independently grow from the
(1x1)-O adlayer phase (light gray contrast), one consisting of
anisotropic, needle-like islands and appearing in dark contrast
while the other manifests itself as round, dark gray islands that
first decorate the substrate step edges before nucleating on the
terraces (Fig. 1b). After a NO, dose of 760 L, virtually the
whole O adlayer has been consumed by the growing RuO, phases
(Fig. 1c). The needle-like islands have already been unambigu-
ously identified 1425 as RuO,(110), whose characteristic integral
LEED pattern (Fig. 2a) is a mixture of three single-domain, rect-
angular uLEED patterns as the one shown in Fig. 2b, which has
been recorded by solely illuminating the encircled region “A” in
Fig. 1c.

Comparing the uLEED pattern shown in Fig. 2¢, which has been
collected from region “B” in Fig. 1c, with the integral pattern dis-
played in Fig. 2a directly proves that the blurry diffraction spots
must be attributed to the second, dark gray RuO, phase. In our
previous publication, 14 this hexagonal pattern was attributed to
a (2x2)-ordered phase with a slightly stretched lattice constant,
compatible with a trilayerlike, strain-relaxed surface oxide. In the
following, we will show that this pattern actually originates from
the coexistence of six rotational domains of epitaxial RuO, (100).
A schematic LEED pattern for epitaxially grown RuO,,(100) with
the [001] direction oriented along the (2110) high symmetry di-
rections of the substrate is displayed in Fig. 2(d). From the com-
parison with the experimental pattern (Fig. 2c), it becomes clear
that the azimuthally strongly broadened spots near the position
of the (01) spots of Ru(0001) (not visible) are actually comprised
of two diffuse, yet distinct (11) spots belonging to different rota-
tional domains of RuO, (100).

The spatial distribution of the different rotational domains
can very elegantly be visualized by dark-field LEEM when selec-
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(a)

Fig. 2 (Color online) (a) Integral LEED pattern (55 eV) of the oxidized Ru(0001)
surface after exposure to 760 L of NO, at 750 K. (b) Single-domain uLEED
pattern (55 eV) of RuO,(110) recorded from the single dark island labeled “A” in
Fig. 1c. The sharp LEED spots in (a) are the result of a superposition of three
single-domain patterns rotated by 0 and +120°, respectively. (c) uLEED pattern
(55 eV) of the surface region labeled “B” in Fig. 1c. The (10) and (01) reflections
of one rotational domain are marked exemplarily. (d) Schematic LEED pattern of
the epitaxially grown RuO,(100) phase on Ru(0001) including 3 rotational
domains (red, green, blue). The positions where the (1x1) substrate LEED
spots would show up are marked by white circles.

tively employing three azimuthally rotated (01) LEED reflections
(Fig. 2¢) for imaging. Typically, dark-field imaging is performed
by tilting the incident electron beam such that the desired LEED
beam with non-vanishing parallel momentum transfer is reflected
along the optical axis of the imaging column of the LEEM instru-
ment. By introducing a suitable aperture into the beam path, only
this beam is employed for image creation, and only those parts of
the surface that contribute to this spatial frequency will show up
bright in this dark-field image.2® In Ru oxidation, we have suc-
cessfully used this approach to analyze the grain structure of the
RuO, (110) islands, 25.27 which yield stronger and sharper reflec-
tions than the RuO, (100) phase observed here.

The result of the dark-field experiment following oxidation by
exposure to NO, at 790 K is shown in Fig. 3. In the bright-
field reference image (Fig. 3a), the chemisorbed O adlayer ap-
pears bright while the Ru02(110) and Ru02(100) phases are
gray and black, respectively. Independent of the electron kinetic
energy (4 - 100 €V), no contrast is observed within the (100)
patches. Strikingly, however, in dark-field mode employing three
azimuthally rotated (01) LEED reflections (Figs. 3b-d) a distinct
contrast is observed within the islands, directly proving that they
are composed of a “wheel-like” mixture of distinct rotational do-
mains that all seem to originate from the center where the initial
nucleation of the oxygen-rich phase took place. This is better vis-

Physical Chemistry Chemical Physics

Fig. 3 (a) Bright-field LEEM image (electron energy: 40 eV) and (b)-(d)
dark-field LEEM images (electron energy: 30.5 eV) acquired after oxidation by
NO, exposure at 790 K using the azimuthally rotated (01) LEED reflections of
the RuO,(100) phase, enabling the selective imaging of the individual rotational
domains.

ible in the zoomed images presented in Figure 4.

The alternating contrast within the chemisorbed O adlayer ev-
idences partial thermal reduction of the (1x1)-O phase and is ra-
tionalized as follows: The creation of O vacancies and their subse-
quent ordering induces the formation of the (2x2)-30 phase,28
which on individual Ru(0001) terraces may appear in three ro-
tational domains rotated by +120°. In LEED, this process leads
to the emergence of additional half-order LEED spots so close to
the (01) reflections of Ru02(100) that both beams may pass the
contrast aperture unperturbed in a dark-field experiment. Due
to the A/B stacking of hexagonally close-packed ruthenium, the
substrate surface has only threefold rotational symmetry, and
(2%2)-30 domains on adjacent terraces that are separated by
monatomic steps will additionally be rotated by another 60°.
At certain diffraction conditions, i.e., electron kinetic energies,
this broken symmetry will cause the appearance of clearly three-
fold symmetric LEED patterns from individual terraces,2? conse-
quently causing an alternating contrast on the adlayer terraces
in dark-field LEEM if the individual terraces are predominantly
covered by a single rotational domain. We also note that this
(2%2)-30 phase can independently be identified by /(V)-LEEM
analysis. 30

After this re-assignment of the LEED spots of oxidized
Ru(0001), we turn to the atomic structure of the Ru02(100) is-
lands. For this purpose, we have performed an intensity-voltage
(I(V)) LEED analysis, i.e., we have measured the variations in
LEED spot intensities with electron energy and compared them to
simulations for the RuO, (100) phase based on multiple scattering

1-7 13
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(a) (b) (c)

Fig. 4 (a-c) Dark-field LEEM images (electron energy: 30.5 eV) acquired after
oxidation by NO,, exposure at 790 K using the azimuthally rotated (01) LEED
reflections of the RuO,(100) phase and the (%0) spots of the (2x2)-30 adlayer
phase.

theory. 3132 The model surface structures have been optimized to
fit the experimental /(V) data.

The experimental /(V)-LEED dataset, consisting of the (00),
(01), and (10) diffracted beams of the surface oxide in the range
of 100 to 400 eV, was acquired from area “B” of the oxidized
surface with a diameter of about 1 um (see Fig. 1c). For this
purpose, the incident electron beam was confined to the selected
region of interest by using an illumination aperture in the LEEM
apparatus, thereby avoiding problems related to spherical aber-
rations of the objective lens in non-corrected low-energy electron

microscopes. 33
— Experiment
(10) --- Otermination
W e Ru termination

Intensity

250 300 350 40

200
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Fig. 5 (Color online) LEED 1 (V') curves of the RuO,(100) phase. The
experimental curves (solid lines), acquired after oxidizing the substrate by
exposure to NO,, are compared to optimized theoretical curves (dashed lines)
for two RuO,(100) surface terminations.

In the I1(V) calculations, all the three possible surface termina-
tions of truncated bulk RuO, (100), i. e., termination with a ruthe-
nium layer, single oxygen layer, and a double oxygen layer, have
been considered to account for potential surface reduction due
to the elevated temperature during the measurements directly af-
ter oxidation. As the anticipated thickness of the oxide layer is
about 2 nm, the calculations have been simplified by assuming
an infinite depth of the RuO, crystal, i.e., the influence of the
ruthenium substrate has been neglected. The lattice parameters,
measured from the composite diffraction pattern (Fig. 2a) using
the known values of the Rqu(l 10) phase 34 for calibration of re-
ciprocal space, are ¢ = 3.11+0.01 A and a)=4.60+0.03 A, indicat-
ing that the oxide layer is slightly stretched along the y-direction
with respect to bulk rutile RuO,, (space group P4,/mnm), which
exhibits lattice parameters of ¢y = 3.106 Aand ag=4.493 A.3° The
distortion of the tetragonal lattice was accounted for by adjusting
the vertical lattice parameter a, = 4.42 A according to the pub-
lished Poisson ratio of 0.323¢ in the calculations. Furthermore,
the vibrational parameters (Debye temperatures) of RuO, were
estimated on the basis of literature data.3”

+

1st layer O atom

2nd layer Ru
atom

3rd layer O atom

CoeQe

%
=
@

@ Bulk O atom
@ Bulk Ru atom
Ru substrate

+ + lattice point

Fig. 6 (Color online) Top view of the optimized O-terminated RuO,(100) phase.
The x and y axes are pointing along the [10] and [01] directions of the
RuO,(100) surface, which are parallel to the [001] and [010] directions of bulk
RuO,, respectively. The arrows demark the size of the surface unit cell. The
first-layer O atoms are not present in the Ru-terminated phase; details regarding
the slightly different surface relaxations are given in Tab. 1.

The experimental data and the best-fit calculated I(V) curves
using the experimental lattice parameters are compared in Fig. 5;
the surface models and the best-fit surface relaxations are pre-
sented in Figs. 6 and 7, and the adjusted structural parameters
are reproduced in Tab. 1. Interestingly, the ruthenium and the
single O layer terminated surface structures yield almost the same
Pendry R-factor38 of 0.23 +0.05, indicating a satisfactory match
between theory and experiment in either case; the alternative
oxygen-rich termination (O double layer) produced a significantly
worse R-factor of 0.30 +0.06, from which we conclude that the
actual structure, characterized after oxidation (i.e., at elevated
temperature and thus reducing conditions) does not show such
an oxygen-rich termination.

While our 7(V) analysis does not allow a distinction between
the Ru and the single-layer O terminations, it provides strong ev-
idence that the assumption of a bulk-like Ru02(100) structure is
indeed correct. The indistinguishability of the two terminations
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Table 1 Surface relaxations of the RuO,(100) oxide phase for both possible surface terminations as determined by the (V') LEED model optimization. Values are
given in angstroms; the coordinate system is shown in Fig. 6, the z axis is oriented outward along the surface normal. The x coordinates were not optimized due to the

mirror symmetry of the surface.

atom initial position O termination Ru termination

X y z Ay Az Ay Az
(0] 1.555 0.89 0.86 -0.16+0.36 +0.10+0.07 - -
Ru 0 0 0 +0.01+0.12 —-0.01+£0.02 +0.02+0.14 —-0.02+0.02
0] 1.555 3.71 —-0.86 +0.04+£0.17 +0.05+0.10 +0.10+0.16 +0.10+0.11
o 0 1.41 -1.35 - - +0.05+0.25 +0.05+0.11

Fig. 7 (Color online) Stereoscopic image enabling a quasi-threedimensional
view of a ball-and-stick model of the RuO, (100) phase (side view, roughly along
the x axis). Ru atoms: larger teal balls; O atoms: smaller red balls. The
top-most oxygen atoms, which are present only in the O-termination model, are
rendered semi-transparent. The depicted surface relaxation corresponds to the
optimized O-termination model; details regarding the Ru-terminated model are
given in Tab. 1.

may simply result from the relatively small /(V) data base (cu-
mulative range 900 eV) due to the limited number of diffraction
spots accessible in the LEEM instrument. The small data base is
also reflected by the relatively large uncertainties of the R-factors
and structural (i.e. relaxation) parameters. It is also possible,
however, that both terminations coexist, either in ordered subdo-
mains or a disordered manner, reflecting the reducibility of this
oxide phase. The azimuthal smearing of the LEED spots indicates
the presence of different registries to the substrate, which might
likely induce different levels of strain in the thin-film oxide de-
pending on azimuthal orientation, potentially further affecting its
reducibility.

The identification of the surface oxide as Ru02(100)-(1><1)
also serves to elucidate and reconcile its previously stated cat-
alytic behavior 14 with the present state of knowledge. In oxida-
tion catalysis involving reducible oxides, a likely scenario is the
Mars-van Krevelen type mechanism in which the substrate is re-
peatedly reduced by the reactant and sequentially reoxidized by
the oxygen supplied from the gas phase.3? Our I(V)-LEED re-
sults suggest that the reducibility of the RuO, (100)-(1x1) phase
is directly linked to the facile removal (and replenishment) of the
top-most oxygen layers, very similar to the stripping of the bridg-
ing O atoms on the RuO, (110) surface found upon reduction by
CO. 4941 Thus, our present identification of the RuO, (100)-(1x1)
phase and our previous!4 observation of reduction of the sur-

face oxide during CO exposure and subsequent re-oxidation by
0O, exposure are consistent and indicate a surface Mars-van Krev-
elen type mechanism in which the oxygen vacancies in the near-
surface layers are healed upon reoxidation in the second catalytic
half-cycle. Furthermore, this interpretation is also in agreement
with other findings from the literature since the unreconstructed
Ru0, (100) phase is actually known to exhibit a similar catalytic
activity as the (110) phase.® It is very interesting, however, to
realize that the previously identified cooperative effect1# in the
oxidation of CO is now clearly identified as oxygen spillover from
the RuO, (100) patches to the O chemisorption phase. So far, no
such evidence has been presented for the existence of a similar
effect of the RuO, (110) phase, rendering this study the first ob-
servation that the occurrence of spillover may critically depend
on the particular surface orientation of the oxide and the struc-
ture of the inter-phase boundary.

In the following paragraphs, we address the structural implica-
tions when using 0, or NO, as oxidants in Ru(0001) oxidation
experiments. During both O, and NO,, exposure, the RuO,(100)
phase is found to nucleate first among the oxygen-rich phases and
preferentially at step bunches or other line defects whereas the
growth of other RuO,, orientations is subsequently found follow-
ing secondary nucleation events in adjacent areas. 1442
larity in oxidation behavior for O, and NO, indicates that the ini-
tial nucleation step is not significantly influenced by the oxidation
kinetics, which is largely governed by the need to overcome the
activation barrier for dissociation of the O, molecule, but by ther-
modynamics instead: The enhanced stability of the Ru02(100)
orientation is very likely due to the formation of a coincidence
lattice at the metal-oxide interface in which the [010] direction
of the oxide roughly matches twice the row spacing (2.34 A) in
the (1100) directions of the underlying Ru(0001) substrate, as re-
vealed by closer analysis of Fig. 6. The enhanced stability of the
(100) oriented RuO, surface oxide is also consistent with obser-
vations that show a transformation of RuO, (110) into RuO, (100)
once the O adlayer phase has been completely consumed. 14 This
transformation process, which was not easily understandable in
the trilayer model, results in an apparent roughening of the lat-
eral shape of the RuO, (110) needle-like islands already at 750 K,
which is apparent when comparing their boundaries in Figs. 1b-
c: Whereas the edges between the (110) oxide islands and the O
adlayer phase are smooth, they become increasingly jagged and
ill-defined with further NO,, exposure once the adlayer has van-
ished locally. As the changes in the oxide morphology are less

This simi-
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pronounced at 750 K than at 810 K, the extent of this transition
from the (110) to the (100) phase clearly depends on tempera-
ture, rendering this phase transformation a thermally activated
process.

Lastly, we address the influence of the oxidant on the oxide
morphology. At the same oxidation temperature, the relative sur-
face coverage of the (100) versus the (110) orientation is con-
siderably higher for oxidation by NO,. The strong preference
for the Rqu(l 10) orientation when oxidizing with o, in a tem-
perature range of about 600 to 700 K is most probably related
to the previously identified autocatalytic growth of RuO,(110)
due to the strongly enhanced probability of O, dissociation at the
growing oxide surface, 34 which has been estimated to be around
70%.43 Such a strongly enhanced dissociative sticking coefficient
for 0, has not yet been identified for Ru02(100), whose nucle-
ation therefore is limited by the local amount of atomic oxygen.
This qualitative picture is consistent with the observation that for
oxidation by 0, the nucleation and growth of the RuO, (100) ori-
entation is predominantly found at step bunches or grain bound-
aries, 4> where 0O, dissociation and incorporation is known to be
more effective. At similar oxidation temperatures, however, this
precondition is not necessary in the oxidation from NO,, in which
case atomic O is supplied effectively.2° Finally, we note that the
depicted scenario is also in qualitative agreement with the find-
ings for electrochemical oxidation of the Ru(0001) surface, which
is a rather aggressive form of oxidation and which induces the
formation of small Ru02(100) islands already at room tempera-
ture. 44

4 Conclusions

We have revisited the oxidation of the Ru(0001) surface by expo-
sure to NO, at elevated temperatures. By close re-examination
of previously reported LEED datal“ together with new results
of additional in situ dark-field LEEM and I(V)-uLEED experi-
ments, the structure and morphology of the previously identi-
fied O-Ru-O stacked trilayer phase# could unambiguously be
resolved as an unreconstructed RuO, (100) surface oxide occur-
ring in six rotational domains with possible structural disorder.
This finding reconciles the observed growth behavior, notably the
lack of transformation between the previously assumed trilayer
and the Ru02(110) bulk oxide, and the catalytic activity with
results from other authors in the literature. Furthermore, new
light is shed on the oxidation pathway and catalytic activity of
Ru(0001) in CO oxidation, allowing for the following two more
far-reaching conclusions: First, in terms of materials design by
oxidation routes, our results clearly demonstrate that the choice
of oxidant strongly influences the resulting structure and mor-
phology, providing a convenient handle for finetuning the target
material. The applicability of this kinetic effect is expected to di-
rectly translate to other materials systems and oxidation processes
sufficiently governed by kinetics. Incidentally, a similar approach
has very recently been followed for improving the catalytic activ-
ity of the related Pd(111) system, where surface modification by
pre-oxidation at higher temperatures enabled efficient and sus-
tainable CO oxidation at room temperature.4> Second, our re-
sults demonstrate an unprecedented structure sensitivity in oxy-

gen spillover from the RuO,, islands to the Ru metal, which for the
present RuO,/Ru(0001) system was shown to depend on the spe-
cific surface orientation of the oxide, rendering the (100) orienta-
tion spillover-active and the (110) orientation spillover-inactive.
This finding is a direct manifestation of the importance of precise
interfacial structure and control at the (in this case planar) phase
boundary in surface chemistry and oxidation catalysis.
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