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Thermal desorption spectroscopy, ultraviolet photoelectron spectroscopy, low energy electron
diffraction ~LEED!, and the reactive scattering of a CO molecular beam have been applied to
determine the relationship between the formation of the subsurface oxygen phase and the growth of
oxides during oxidation of Ru~0001!. Emission of RuOx (x,4) molecules observed in the thermal
desorption spectra during the heating of the oxygen-rich sample has been used as a simple measure
for the presence of bulk oxides. When performing the oxygen exposure at a temperature lower than
the onset for oxygen desorption (Tp,850 K! a mobile atomic oxygen species is predominantly
formed in the subsurface region. The conversion of these subsurface oxygen atoms into a regular
RuxOy phase takes place within the temperature region of 900–1150 K. The growth of oxide films
becomes the dominating reaction channel when performing the oxidation at temperatures higher
than the onset for oxygen desorption. The oxide formation is strongly reduced when conducting the
oxidation at temperatures higher than 1250 K. In this case only a relatively low amount of oxygen
atoms adsorbed on the bare Ru surface can be achieved, neither oxides nor subsurface oxygen have
been found. The presence of a RuO2 coating layer manifests itself by LEED patterns characteristic
for a particular RuO2 single crystal face as well as by additional features in the valence ultraviolet
photoelectron spectra. The oxidation of CO molecules reactively scattered at these oxygen-rich
surfaces proceeds as long as mobile oxygen atoms are present in the subsurface region. The reaction
is entirely quenched when the subsurface oxygen is replaced by an uniform film of RuO2. © 2000
American Institute of Physics.@S0021-9606~00!71010-5#

INTRODUCTION

The rapidly growing technological importance of ruthe-
nium and its oxides as materials distinguished by their ex-
traordinary properties was a stimulating aspect for this work.
Application of ruthenium supported catalysts for an
industrial-scale hydrogenolysis or Fisher–Tropsch synthesis
belongs to the most spectacular developments where the
unique properties of this material can be exploited in
practice.1–4 There are also numerous examples showing that
doped Ru oxides might form superconducting materials, e.g.,
Ref. 5.

We focus here on the changes of surface properties of
solid ruthenium effected by various oxidation procedures.
This particular choice is motivated by two recent findings:
First, it has been demonstrated that the Ru surface can be
used as a kind of storage capable of accommodating large
amounts of atomic oxygen.6,7 Other transition metals exhibit
this ability as well, but the exceptional property of ruthenium
surfaces consists of the fact that oxygen can be completely
removed by simply heating the sample up to about 1700 K
without creating oxide irreversibly incorporated in the bulk.
Second, it has been demonstrated that the CO oxidation re-
action performed at an oxygen-rich Ru~0001! surface at el-
evated temperatures becomes much more efficient when the

sample comprises a subsurface-oxygen phase.8 In this case
the integral reaction yield is by about two orders of magni-
tude higher than for samples with an adsorbed oxygen layer
only. These two findings account for the enormous catalytic
activity of ruthenium for the CO oxidation reaction con-
ducted under high-pressure oxidizing conditions.9 Two con-
cepts have been deliberated for explanation of the
subsurface-oxygen conditioned reactivity enhancement:
Oxygen atoms located between the first two Ru layers induce
a redistribution of the electron density also at the topmost
surface layer. In consequence, the activation barrier for the
reaction of CO with the topmost oxygen atoms is signifi-
cantly lowered. The second concept takes into account the
subsurface-oxygen phase as consisting of mobile oxygen at-
oms which can participate in the CO oxidation only via ther-
mal diffusion after reaching the topmost surface layer. Re-
cent molecular beam studies of the CO-oxidation kinetics
support the latter alternative identifying the thermal diffusion
of subsurface oxygen atoms as the reaction limiting step.10 It
is obvious that oxygen dissolved/incorporated in a solid
modifies the structure and the electronic properties of the
topmost surface layer.11–17 For instance, the Ru~0001! sur-
face containing a large amount of oxygen in the subsurface
region provides new adsorption sites for oxygen at the top-
most surface layer which allow a new oxygen phase to be
created. Such kind of oxygen bond does not exist at a bare
Ru surface. Moreover, this phase is found to be strongly
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involved in the CO-oxidation reaction even when performing
this reaction at room temperature, it raises the probability for
CO/CO2 conversion by one order of magnitude.18

The present work continues our investigations concern-
ing the incorporation of oxygen at solid Ru~0001!. Since the
exposures and temperatures applied in our previous studies
to create subsurface oxygen loads are close to the regime
where Ru can be transformed into a variety of oxides we
investigated this reaction channel in more systematic way.
By tracing the emission of O2 and RuOx (x,4) in thermal
desorption spectroscopy we were able to distinguish between
the subsurface-oxygen phase and the regular oxides, and ad-
ditionally to characterize the preparation conditions for
which either one is formed as the predominant phase. The
geometric and electronic modifications of the surface in-
duced by oxide growth manifests itself by additional low
energy electron diffraction~LEED! patterns and characteris-
tic ultraviolet photoelectron spectroscopy~UPS! features, re-
spectively. A very important means for the distinction of the
two phases is provided by their reactivity with respect to the
CO oxidation reaction. We found the RuO2 layers to almost
totally suppress the formation of CO2 in that temperature
region where subsurface oxygen showed maximum reactiv-
ity. Only at much higher temperatures where the surface ox-
ides become volatile and also oxide decomposition takes
place does the reaction resumes.

EXPERIMENT

The apparatus and the applied experimental techniques
were described in detail elsewhere.7,8 The ultrahigh vacuum
chamber is equipped with standard facilities for preparation
and characterization of metallic surfaces~LEED, quadrup-
pole mass spectrometry, Auger, UPS!. The analysis chamber
is connected to a two-stage molecular beam apparatus which
is employed for reactive scattering experiments, in particular
for the determination of the sticking coefficient. The base
pressure in the chamber connected to the molecular beam
sector does not exceed the limit of 10210 mbar and the mass
spectrum of the residual gas is characteristic for a system
pumped by a turbomolecular pump. The molecular beam is
mechanically chopped with a constant frequency in the range
of 150–350 Hz and the scattered beam pulses are monitored
by a mass spectrometer arranged in specular direction.

The Ru~0001! single crystal was cleaned according to
the procedure described by Madey, Engelhardt, and
Menzel.19 The sample is treated by a series of sputtering and
oxidizing cycles followed by an annealing flash up to 1550
K. The chemical cleanliness was examined by UPS and ther-
mal desorption spectroscopy~TDS! as well as by metastable
deexcitation spectroscopy. The roughness of the surface was
controlled by applying specular He scattering.20

Thermal desorption spectroscopy has been performed by
resistive heating of the sample with a constant heating rate of
6 K/s. The sample temperature was monitored by a Ni/NiCr
thermocouple spotwelded to the back side of the crystal. The
UP spectra of the Ru valence region have been measured by
means of a hemispherical electron energy analyzer which
collects the photoelectrons emitted in normal direction with
an energy resolution better than 0.4 eV.

The CO beam is formed by supersonic gas expansion
from a nozzle which provides a narrow velocity distribution
of the impinging molecules~diameter 20mm, input CO pres-
sure in the range 2–4 bar!. The nozzle temperature can be
varied within the range of 300–900 K. The molecular flux
has been determined by comparing the CO coverage
achieved by the scattering of the CO beam onto a bare
Ru~0001! surface to that obtained when exposing the same
surface to CO at a known partial pressure in the chamber.
The steady-state CO flux can be varied within the range of
0.6– 431014 molecules/cm2 s. The area fraction of the crys-
tal accessible to the CO beam has been determined in two
experiments. The specularly scattered CO beam at 700 K
sample temperature has been monitored whereas the sample
was shifted in a direction parallel to the surface. In this way
the beam diameter of 4.5 mm has been determined. In the
second experiment the CO thermal desorption~TD! spectra
were taken after creating a saturated layer via either exposure
to the CO molecular beam or backfilling of the chamber.
Integration of the TD traces revealed a ratio of 0.85, which
obviously represents the upper limit for the crystal area ex-
posed to the CO beam. The reaction yield has been corrected
by this effective reaction area.

The atomic ordering of the surface was monitored with a
four grid LEED optics. Surface exposure was carried out
according to the procedure applied by us for the formation of
a well-defined subsurface-oxygen phase,7 i.e., by exposing
the surface to molecular oxygen at partial pressure in the
range of 1023 mbar at a fixed sample temperature. The oxi-
dation procedures were performed within the wide tempera-
ture region of 300–1600 K. The resulting oxygen load was
determined via TDS. A precise determination of the oxygen
coverage corresponding to a monolayer,u051, was achieved
by correlating the LEED patterns with O2 TD spectra. Lat-
eral saturation of the oxygen adlayer manifests itself by very
sharp intense LEED spots in a (131)-O pattern correspond-
ing to a lateral oxygen density of 1.5831015 cm22 which is
the atomic density of the substrate. The oxygen content in
the subsurface is expressed here in terms of a monolayer
~ML !.

RESULTS AND DISCUSSION

It is known that the oxidation of a polycrystalline Ru
sample results in a variety of different oxygen-rich layers
whose morphology, structure, and electronic properties
strongly depend on the applied oxidation procedure.21–23Our
previous study was focused on the characterization of vari-
ous oxygen states by analyzing predominantly the thermal
desorption of oxygen. Here we extend this study by monitor-
ing the possible formation of oxides over a much wider
range of oxidation temperatures. We start with the oxidation
procedure which leads to oxygen dissolution and to forma-
tion of a very reactive subsurface-oxygen phase.7,8 By expos-
ing the clean Ru~0001! surface kept atTp5750 K to oxygen
at a partial pressure of 531023 mbar (53105 L! an oxygen
load corresponding to the equivalent of 7.6 ML was created.
The corresponding O2 TD spectrum is shown in Fig. 1~thin
line!. There are three well distinguishable oxygen states: The
high-temperature desorption range represents oxygen atoms
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chemisorbed on a clean Ru surface and arranged in the two-
dimensional ordered phase, 131-O ~stateA!.24–27The domi-
nating desorption feature around 1100 K~stateB! represents
the majority of oxygen species, i.e., the subsurface oxygen
atoms escaping from the surface as molecules due to their
associative recombination.7,14–17 The low-temperature de-
sorption feature~stateC! appears only for surfaces oxidized
at elevated temperatures and additionally exposed to oxygen
at 300 K. This phase consists of very weakly bound oxygen
atoms which exhibit an extremely high reactivity with re-
spect to the CO oxidation.18

In addition to O2 TD Fig. 1 also shows that an emission
of RuOx (x,4) molecules takes place within the tempera-
ture interval of the subsurface-oxygen desorption. It overlaps
with the high-temperature shoulder of the O2 desorption.
Since all the fragments exhibit a similar desorption profile
they might reflect the cracking pattern of a higher-valent Ru
oxide. This possibility can, however, be excluded because no
signal from larger molecular species has been detected, such
as RuO4 Ru2O4, etc. The onset for the thermal removal of
the subsurface-oxygen phase is located atTD5850 K, i.e.,
about 100 K below the oxide emission onset. Hence, the
activation energy for thermal removal of the RuOx molecules
must be considerably higher than the value of 2.3 eV found
for the desorption of oxygen atoms from the subsurface
region.7,17

The obvious question as to whether the oxides are
formed already during the exposure time or dynamically in
the course of the flash can be answered by utilizing the high
reactivity of subsurface oxygen for CO oxidation. As shown
before, even at temperatures as low as 675 K, the amount of

subsurface oxygen becomes substantially depleted after CO
exposure.10 By preparing the sample twice in the same way
but exposing in one experiment the sample additionally to
500 L CO at 675 K we obtained the two desorption spectra
shown in Fig. 2. The strong reduction of the RuO3 signal
after the CO exposure definitely proves that no oxides are
created at the preparation stage. Their formation must occur
as a reaction channel competing with the diffusion-mediated
oxygen desorption, i.e., within a temperature range of 850–
1100 K. Moreover, the quantity of oxide formed correlates
with the amount of predeposited subsurface oxygen. This is
demonstrated in Fig. 3. The two RuO3 TD spectra differ only
by the initial oxygen content of the sample. Only the expo-
sure time has been altered. Exposure temperature~800 K!
and oxygen pressure (531023) were identical in both cases.
The yield of the oxide emission follows the changes of the
total oxygen content predeposited. Also, the high-
temperature cutoffs for O2 and RuO3 desorption shifts con-
currently with the increasing oxygen content. The increased
number of oxygen atoms passing the surface prior to desorp-
tion gives rise to an enhanced yield of RuxOy compounds in
agreement with the concept of two competing reactions. Al-
though a detailed analysis of the desorption kinetics is pro-
hibited by the lack of knowledge about the spatial distribu-
tion of the subsurface oxygen, the shape of the desorption
curves suggests a zero-order kinetics by both the common
leading edge and the steep cutoff, shifted upward for the 24
ML peak. By fitting the edge to an Arrhenius function the
value of 3.160.1 eV was found as the activation energy for
the removal of RuO3. Virtually identical values have been
obtained for the other emitted molecular fragments, Ru,
RuO, and RuO2. It has to be noted that the energy necessary

FIG. 1. Emission of Ru atoms, RuO2 and RuO3 molecules as monitored
during the heating of a Ru~0001! surface containing 7.6 ML of oxygen~fat
traces!. The sample was prepared by exposing the clean Ru~0001! surface
kept at 750 K to 53105 L of oxygen at partial pressure of 531023 mbar.
For comparison the corresponding O2 TD spectrum~thin trace!. It reveals
three different oxygen states described in the text.

FIG. 2. Two RuO3 TD spectra taken from an oxygen-rich Ru surface before
and after exposing it to 500 L of CO at 675 K. The surface initially con-
tained 5.3 ML of oxygen. The CO-oxidation reaction has been used as a
convenient chemical tool depleting the initial oxygen content without raising
the sample temperature.
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to remove a single RuO2 molecule from a solid RuO2 crystal
requires an energy of about 4.4 eV.28,29 Thus, the RuOx ag-
gregates created by the conversion of the dissolved oxygen
are marked by considerably weaker bonds to their environ-
ment as is the case in the RuO2 crystal. Similarly, the emis-
sion of Ru atoms in the temperature region of 900–1100 K
signalizes a substantial destabilization of the surface in com-
parison with a clean Ru~0001!. The heat of vaporization for
the latter surface is 140 kcal/mol~melting point at 2607 K!,
implying that no emission of any particles can occur within
the temperature range of 900–1100 K.4 Quite similar emis-
sion of RuOx fragments was reported for Ru~0001! exposed
to NO2.6 This accordance indicates that the bond state of the
incorporated oxygen atoms and not the unique reactivity of
NO2 is responsible for the resulting surface destabilization.
The oxygen-induced destabilization of ruthenium surfaces
has also been revealed by field ion microscope studies.30 The
Ru atoms as well as the oxygen species could be removed
from oxygen-rich surface layers at a lower potential as com-
pared to a clean Ru surface.

When looking at the intense RuOx emission observed in
a narrow temperature region the question arises about the
chemical and geometrical state of the surface after removing
the oxides. Thus we checked the reversibility of an
oxidation-desorption cycle. No emission of any oxygen or
oxide molecules could be observed when reheating the
sample without depositing oxygen anew. The oxide emission
is completed at temperatures around 1300 K and by continu-
ing the heating the surface roughening caused by the removal

of some molecular fragments becomes efficiently repaired
due to annealing. This thermal smoothing of the surface was
monitored by diffuse He scattering. The mean surface rough-
ness reached that of the clean Ru surface after keeping the
surface at 1550 K for only 3 s. In this way the oxidation-
desorption cycle leaves a clean and almost perfect Ru surface
behind.

As mentioned at the beginning, the experiments de-
scribed earlier were conducted with surfaces exposed to oxy-
gen at temperatures lower than the onset for oxygen desorp-
tion TD , where the oxidation procedure predominantly leads
to the formation of mobile oxygen atoms in the subsurface
region. In order to find possible physical limits for the exis-
tence of this phase we performed the oxidation procedure at
temperaturesTp higher thanTD for the same exposure con-
ditions. Figure 4~a! shows the resulting O2 TD spectra ob-
tained for surfaces prepared atTp within the range of 825–
1150 K. Up to Tp'1000 K the capability for oxygen
accommodation is strongly enhanced whereby the majority
of oxygen atoms populate the subsurface phase. Simulta-
neously, a new state develops with the desorption maximum
at higher temperatures. It appears initially as a shoulder but
grows in intensity until it becomes the dominating feature for
Tp between 1050 and 1075 K. Concomitantly, the contribu-
tion from the subsurface-oxygen begins to decrease forTp

.1000 K and is essentially zero atTp higher than 1150 K.
No oxygen desorption is observed forTp beyond 1150 K.
The new state can be tentatively attributed to the thermal
decomposition of various RuOx molecules as the major con-
stituents of an oxide layer formed already during exposure.
Accordingly, oxygen desorbs only via recombination of two
oxygen atoms originating from the decomposition of some
form of RuxOy molecules. This process seems to be most
likely because of the rather low activation energy of, 0.5
eV for the thermal decomposition, RuOx→RuOx21 , calcu-
lated by Anderson and Awad31 for single RuOx molecules
deposited on a Ru surface.

Now we turn to the complementary reaction channel,
i.e., we have to answer the question, how the RuO3 emission
becomes modified when performing the oxidation at tem-
peratures above the onset of the oxygen desorptionTD . Fig-
ure 4~b! shows the corresponding desorption profiles ob-
tained for surfaces exposed to the identical oxygen dose of
53105 L at different temperaturesTp . Two temperature re-
gions are clearly distinguishable from the sequence of the
RuO3 spectra. ForTp lower than about 970 K, similar to the
oxygen desorption@Fig. 4~a!#, the oxide emission grows with
increasing preparation temperature concomitant with an ex-
tension of the falling edge to higher temperature. In contrast,
for Tp higher than about 970 K the opposite is the case, the
RuO3 emission strongly lessens with now the leading edge
shifting to higher temperatures. ForTp above 1150 K the
RuO3 emission disappears completely.

A plausible explanation of the data presented in Fig. 4 is
found by considering the very restricted stability region of
the Ru oxides. If no oxide is created during the preparation
the dynamic oxide formation starts during the thermal scan at
about 1000 K, as shown in Figs. 1 and 2. This reaction pro-
ceeds at higher temperatures as long as sufficient oxygen is

FIG. 3. Thermal desorption of RuO3 molecules from two Ru surfaces con-
taining 9.3 and 24 ML of oxygen. The higher oxygen content was obtained
by prolongation of the exposition time. In both cases the preparation was
carried out under an oxygen pressure of 531023 mbar and at sample tem-
perature of 800 K.
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available in the subsurface region. Both channels are mir-
rored in the TD spectra shown in Figs. 4~a! and 4~b! as thin
line curves. But already at preparation temperatures about
850 K a second O2 desorption state starts to develop, it fi-

nally reaches a maximum at about 1200 K. We interpreted
this emission as being due to thermal decomposition of the
Ru oxides which begins to be a stable component for oxida-
tion temperatures above 850 K. As apparent from Fig. 4~a!
the oxide becomes the dominating phase with increasing oxi-
dation temperatures, while less of the admitted oxygen is
deposited in the subsurface region. From 1050 K on, almost
all oxygen exists as oxide until atTp'1150 K, no stationary
oxygen phase is produced. The intermediate stage~subsur-
face oxygen and oxides! is also clearly reflected in the series
of RuO3 desorption spectra. As long as a part of RuO3 is
dynamically created, the leading edge stays roughly between
1000 and 1100 K, although the growing amount of the sta-
tionary oxide phase manifests itself by a shift of the decreas-
ing flank to higher temperature thereby shifting the apparent
maximum to higher temperature as well. AboveTp'1000 K,
the falling edge becomes stable while the rising edge shifts
to higher temperature. This must be connected with the fact
that Ru oxide is the majority species formed. Moreover, the
stable position of the falling edge of the RuO3 desorption
peak is strong evidence that the decrease of the RuO3 emis-
sion is not due to a reduction of the oxide phase during
preparation but reflects its thermal decomposition. As appar-
ent from Fig. 4~a!, the O2 emission resulting from oxide
dissociation passes the maximum at about 1200 K, clearly
above the RuO3 desorption maximum.

Figure 5 compares the total oxygen content with the
RuO3 emission, both as functions of the preparation tempera-
ture Tp . It must be noted that while the oxygen content is
given in ML equivalents the RuO3 emission could not be
calibrated against O2 . Smaller RuOx molecules, namely RuO
and RuO2, exhibit the same dependence on the preparation
temperatureTp . The resulting amount of oxides clearly de-
pends on the sample temperatureTp . It reflects the above
discussed temperature conditioned dynamic balance between
the formation, decomposition, and removal of various oxy-
gen species appearing at the surface as intermediates. Above
Tp51150 K neither oxides nor subsurface oxygen could be
found. There are two possible explanations: either the Ru
oxides cannot be formed because of the vanishing sticking
probability for the impinging oxygen molecules, or the cre-
ated oxides become immediately decomposed and/or re-
moved from the surface. The former possibility is rather un-
likely since the measurements of the initial sticking
coefficient performed recently by Wheeler, Seets, and
Mullins32,33 show that although a temperature induced low-
ering was observed the sticking probability atTp around
1000 K remained still high enough for an efficient incorpo-
ration of the adsorbed oxygen for the exposures applied here.
Thus, an expected decrease of the sticking probability with
coverage would not account for the total lack of oxygen as
observed in TDS forTp.1150 K. The second alternative is
more likely. For experimental confirmation we tried to detect
the emission of RuO3 molecules which exposing the Ru sur-
face kept atTp51300 K to an intense oxygen beam. For the
highest achieved molecular flux of 431014 cm22 s21, no gas-
phase RuOx molecules could be detected, however, even
when operating our mass spectrometer at the highest sensi-
tivity. On the other hand, high-pressure oxidation experi-

FIG. 4. ~a! O2 TD spectra obtained after exposing the surface to 53105 L of
oxygen at fixed sample temperaturesTp within the range of 825–1150 K.
The preparation temperatures chosen here cover the region where the oxy-
gen desorption takes place, i.e., in this region the oxides growth competes
with oxygen removal.~b! RuO3 TD spectra taken after applying the same
oxidation procedure at different temperaturesTp within the region of 750–
1100 K.
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ments with hot polycrystalline Ru wires show rather high
partial pressures of RuO3 and RuO4 vapors even at tempera-
tures lower than 1000 K.34,35 However, these experimental
conditions correspond to equilibrium between the Ru surface
and the gas phase which cannot be realized with our experi-
mental setup. It should be emphasized that for samples oxi-
dized atTp.1000 K the mass spectrum of the molecular
fragments emitted exhibits a new peak due to the emission of
RuO4 molecules, which has been completely absent for
samples oxidized atTp,1000 K.

In order to support the presence of stable Ru oxides, the
above-presented TD study was supplemented by a simple
qualitative LEED analysis. The four LEED patterns shown in
Fig. 5 ~A, B upper part and C, D lower one! represent the
main classes of LEED pattern observed in the whole tem-
perature region between 300 and 1600 K. The gray horizon-
tal bars indicate the mean spot intensity and the temperature
regions where the corresponding patterns appear. Structure A
has been described previously.26,27,39It represents a saturated

layer of adsorbed oxygen atoms where the adatoms occupy
the threefold coordinated hcp sites. The characteristic (1
31)-O spots are the only features for oxidation temperatures
Tp up to about 700 K. The presence of this (131)-O struc-
ture also signifies the formation of a subsurface-oxygen
phase without a significant admixture of RuOx complexes.7

For higherTp (TD,Tp,TM) the brightness of the (131)-O
spots substantially fades and a large number of additional
weak spots starts to dominate the LEED images. Since a
detailed structural analysis of such a complex pattern is be-
yond of the scope of this work, we selected only the most
intense spots from the new pattern~pattern B! as simple
markers for the formation of domains differing from the (1
31)-O adsorbed layer. ForTp.TM , the corresponding
LEED patterns reveal the formation of a well ordered phase
of clear symmetry~pattern C!. In addition to the very intense
(131) reflexes, well ordered and sharp (232) spots appear
suggesting the formation of a modified RuO2 crystal phase.
The ~110! and the~100! surfaces of RuO2 have been studied
by the means of LEED, Auger, and x-ray photoelectron spec-
troscopy~XPS!.21 Both faces undergo a series of reversible
reconstructions which result from preparation-dependent loss
of surface oxygen. The corresponding pattern changed from
(131) via c(232) into hexagonal orp(132). The agree-
ment of the symmetry of pattern C with the hexagonal struc-
ture of the reconstructed RuO2 crystal surfaces suggests that
the corresponding surface is covered by a RuO2 layer.

When performing the oxidation atTp.1300 K where, if
any, only a tiny amount of oxygen remains at the topmost
layer, pattern C undergoes a dramatic transformation. The
LEED images~pattern D! nearly resemble the ones observed
for an oxygen monolayer adsorbed on Ru~0001!. The ob-
served sequence of LEED patterns supports the notion of
four temperature regions with respect to the state of the re-
sulting oxygen phase:Tp,TD the oxygen phase created con-
sists mainly of mobile oxygen atoms dissolved in the subsur-
face region. Partial transformation into oxides occurs for
TD,Tp,Tm . At Tp.Tm the highly symmetric LEED pat-
tern indicates the formation of an ordered oxide phase.
Above 1200 K no oxides remain at the surface.

The identification of two quite distinct oxidation regimes
(Tp,TD andTp.Tm) calls for looking also at the electronic
properties of the resulting oxygen phases. The electronic
structure of oxidized surfaces has been usually analyzed by
applying the XPS, e.g., Refs. 21 and 36. The binding ener-
gies of the Ru-3d and O-1s core states were taken as a
simple electronic probe of the oxygen states created. Unfor-
tunately, the oxidation of a ruthenium surface is merely re-
flected by a gradual broadening and an intensity increase of
the respective peaks prohibiting a definite distinction be-
tween subsurface oxygen and the oxide formation.14 There-
fore, we focus here on the electronic modifications of the
valence band induced by oxidation. Figure 6 shows two rep-
resentative HeI-UP spectra taken after performing the oxida-
tion at 700 K~upper spectrum! and at 1000 K~lower one!.
The most intense feature in the upper spectrum, the peak at
4.4 eV, is characteristic for the subsurface-oxygen phase.37,38

It has been attributed to the occupied O-2p state. For sur-
faces consisting of oxides only, the intense O-2p peak dis-

FIG. 5. Total oxygen content~open circles! and the RuO3 emission~open
squares! vs preparation temperatureTp . The curves result from the integra-
tion of the TD profiles presented in Fig. 4. The oxidation conditioned geo-
metrical structure of the surface is represented here by four schemes of
LEED patterns which are representative for the selected preparation re-
gimes. All LEED images were taken at room temperature with an electron
energy of 95 eV. The appearance regions for the characteristic LEED struc-
tures are shown as wrappers indicating roughly the relative intensity of the
major spots.
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appears and is replaced by three weaker bands centered at
3.4, 4.6, and 7.2 eV. The peak at the Fermi level becomes
more intense. These spectral features closely resemble the
angle-integrated photoemission spectrum of a clean RuO2

crystal published by Danielset al.38 The theoretical density
of states for solid RuO2 calculated by Mattheiss40 is well
reproduced by the main spectral features seen in our spec-
trum. The short vertical lines mark the energy positions of
the centers of the theoretical peaks. They coincide quite well
with our triplet structure. Thus, both the LEED and the UPS
establish that the phase created by the oxidation of the ruthe-
nium surface atTp.TM represents a thick uniform RuO2

film.
In the following we will amend the characterization of

various oxygen species created at the surface by means of
their reactivity. The CO/CO2 conversion process is used here
as a simple measure. Again, two representative samples were
prepared by exposing the surface to the same oxygen dose at
different sample temperatures~750 and 1000 K!. As outlined
previously, two distinct oxygen phases are created, the
former containing about 7.1 ML of mobile subsurface oxy-
gen, and the latter dominated by Ru oxides. As deduced from
O2 TD spectra, the oxide covered sample contains the large
oxygen amount of about 49 ML. Subsequently, the prepared
samples were exposed to a constant CO flux and heated with
a constant rate~6 K/s! while the CO2 flux was detected with
a mass spectrometer. Figure 7 shows the CO2 signal. The
surface containing the subsurface-oxygen phase~curve a! ex-
hibits a high reactivity in the low temperature region be-
tween 300 and 600 K which has been attributed to the high
mobility of the dissolved oxygen atoms.10 For the sample
covered by the oxide layer~curve b! only a moderate con-

version yield could be monitored at these temperatures. The
yield starts to increase at the high temperature region be-
tween 1050 and 1100 K where, as shown previously, the
decomposition of the RuO2 layer takes place thereby supply-
ing very efficiently the topmost surface layer with atomic
oxygen. Unfortunately, as seen in Figs. 4~a! and 4~b!, there
exist at least two additional channels which reduce the resi-
dence time of the supplied oxygen atoms considerably: The
oxygen desorption as well as the formation and emission of
RuO3. Both channels compete strongly with the CO oxida-
tion and in consequence only a reduced conversion yield is
observed. The dissociation limited reactivity of the RuO2

layers contrasts with the diffusion limited reactivity of the
subsurface oxygen phase, in particular in the activation en-
ergies of the process supplying the oxygen atoms for the CO
oxidation reaction. As mentioned previously, for subsurface-
oxygen the diffusion rate has been found to be very high due
to the low activation energy of less than 0.3 eV.10 In contrast
for crystalline oxides this process is characterized by an al-
most ten times higher value of the activation barrier.41

Next, we will quantitatively check how the CO2 yield
depends upon the preparation temperatureTp . The integral
CO/CO2 conversion probability,g, was determined by mea-
suring the oxygen consumption upon exposure of the
oxygen-rich surfaces to 103 L of CO ~sample kept at 525 K!.
The surfaces investigated have been prepared by identical
oxidation procedures at different temperaturesTp , covering
a range from 500 to 1200 K. Figure 8 shows the function

FIG. 6. Two UP~21.2 eV! spectra of the valence region taken after perform-
ing the oxidation at 700 K~upper spectrum! and at 1100 K~lower one!.
Under these preparation conditions the surfaces contained 5.1 and about 48
ML of oxygen, respectively. The upper spectra represents a surface contain-
ing only the mobile subsurface-oxygen phase whereas the lower one exhib-
its all symptoms of a solid RuO2 phase. The vertical thin lines mark the
energy positions of the majord-band features as predicted by the theory for
RuO2 phase.

FIG. 7. CO2 emission monitored from two different oxygen-rich Ru sur-
faces exposed to CO beam and heated with a constant rate up to 1600 K.
The surfaces differed by the state of the major oxygen species deposited.
The surface oxidized at 750 K contained about 7 ML of mobile oxygen
atoms in the subsurface and the one oxidized at 1000 K was covered by an
oxide film containing more than about 50 ML of oxygen. The CO flux
carried by the beam was about 431014 cm22 s21.
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g(Tp) ~black line, open circles! together with the initial oxy-
gen content,Cinit , deposited at the sample, versusTp ~gray
line, full circles!. For Tp,TD , where the sample contains
predominantly subsurface oxygen, both functions increase
with Tp . This concurrent behavior stops atTp.TD , where
the further monotonic increase ofCinit is associated with a
drastic decrease of the conversion probabilityg. For Tp

aroundTM'1000 K only a low reactivity was observed al-
though a rather large oxygen content still remains in the
surface (Cinit , gray line!. This reduction coincides with the
temperature range where the formation of regular RuO2 coat-
ing layers has been identified. ForTp.TM the mean reactiv-
ity drops to a value at least ten times smaller than the one
obtained when subsurface oxygen is the dominating species.
Thus, the presence of the oxide layers results in a significant
reduction of the surface reactivity. Moreover, when the ox-
ides become the dominating species and form a RuO2 coat-
ing film, g becomes extremely small comparable to the value
known for CO oxidation performed at an oxygen submono-
layer on a clean Ru~0001!.8 It must be emphasized that the
conversion probability given is determined for the CO-
oxidation reaction run at 525 K. At this temperature, the Ru
oxides are stable and only the subsurface oxygen is active
~see Fig. 7!. The oxygen content on the other hand includes
the total oxygen amount, i.e., also the nonreactive fraction
captured in the oxide layers. However, the CO beam as ap-
plied here probes only the topmost layer of the surface. Thus
it cannot be excluded definitely that the RuO2 oxides form

only a thin film blocking the access of subsurface oxygen to
the surface. But such a configuration appears unlikely in
view of the TD spectra in Fig. 4 and the UPS data in Fig. 6.

SUMMARY

The formation of various oxygen states appearing during
the oxidation of a Ru~0001! surface has been characterized
by the means of UPS, TDS, LEED and reactive scattering of
a CO beam. For oxidation temperatures below the onset for
oxygen desorption,TD , the surface contains predominantly
mobile and very reactive oxygen atoms in the subsurface
region. Thermal removal of this oxygen is accompanied by
the emission of various RuOx (x,4) molecules which are
formed dynamically from the subsurface oxygen at high tem-
peratures. For preparation temperatures in betweenTD

'850 K andTM'1000 K, both the content of dissolved
oxygen and the RuOx (x,5) emission increase with the
preparation temperatureTp . The thermal removal of oxygen
proceeds then via recombinative desorption as well as the
decomposition of present oxides. The corresponding LEED
patterns reveal a coexistence of oxidelike surface domains
and regions terminated by the 131-O phase. Such a state,
however, only slightly reduces the high initial reactivity of
the surface. The situation changes dramatically when per-
forming the oxygen exposure at even higher temperatures,
Tp.TM . The resulting new oxygen phase has been identi-
fied by LEED and UPS as a RuO2 film which almost com-
pletely quenches the reactivity. All these experiments em-
phasize the unique properties of the subsurface-oxygen phase
which in contrast to the oxide phase should be attractive to
those real-world catalytic reactions where atomic oxygen is
involved.
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