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CO adsorption on the reduced RuQ(110 surface: Energetics and structure
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The adsorption sites of CO on the reduced RUQ0) surface were determined by employing the techniques
of density-functional theory calculations and quantitative low-energy electron diffraction. On the mildly re-
duced Ru®(110) surface, where the bridging oxygens are removed, twéff)dundercoordinated Ru atoms
[2f- coordinatively unsaturated siteus Ru] are exposed. On this surface, the CO molecules initially adsorb
above these 2f-cus Ru atoms in symmetric bridge positions. The CO coordinated 2f-cus Ru atoms are drawn
towards the CO molecule by 0.2 A. With increasing CO coverage, the CO adsorption site changes from the
symmetric to the asymmetric bridge position. When all 2f-cus Ru atoms have been capped by bridging CO
molecules, the 1f-cus Ru atoms are also progressively occupied by on-top CO. For comparison, on the sto-
ichiometric RuQ(110) surface, CO molecules adsorb exclusively on top of the onefold coordinatively unsat-
urated Ru atoméglf-cus Ry at temperatures below 200 K. The energetics of the CO adsorption on the reduced
RuGO,(110) surface compares favorably with the corresponding thermal-desorption spectrum.
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[. INTRODUCTION predicting the actual adsorption geometries.
In the present paper we explore the energetics and the

Ruthenium dioxide has shown to be extraordinarily activelocal adsorption geometries of CO on thdRuO,(110) sur-
in oxidizing CO molecule$;*an effect that has been traced face as a function of the CO coverage. The results are com-
to the presence of undercoordinated atoms at the ,RuCpared with those for CO adsorbed on the stoichiometric
surface*? In bulk RuQ,, which crystallizes in the rutle RuO,(110) surface, which is referred to asRu0,(110).
structure like TiQ, the Ru atoms are coordinated to six O
atoms in an octahedral configuration, while the O atoms are
(planary coordinated to three Ru atoms. The Rufdrface
with the lowest surface energy is the stoichiometric
RuO,(110), which stabilizes two kinds of undercoordinated The measurements were conducted in a UHV chafnber
atoms[cf. Fig. 1(a)]: First, the so-called onefold coordina- which is equipped with four-grid back-view LEED optics,
tively unsaturated sitélf-cug Ru atoms, which are attached
to five instead of six O atoms, and second, the bridging O
atoms, which are coordinated to two rather than to three Ru
atoms®

The microscopic steps of the CO oxidation reaction at a
RuG,(110) film on RY0001) were unraveled by a combined
endeavor, applying the experimental techniques of low-
energy electron diffractiofLEED) and scanning tunneling
microscopy in combination with state-of-the-art density-
functional theory(DFT) calculations: The catalytically ac-
tive centers on Rug§110) have been identified with the un-
dercoordinated Ru and oxygen atoms at the surface. CO D)
molecules adsorb first in terminal position above the 1f-cus
Ru atoms from where they recombine with thendercoor-
dinated bridging oxygen atom&®”’

Under mildly reducing conditions, the stoichiometric
RuGO,(110) is reduced via the removal of bridging oxygen
atoms which are partially replaced by the reducing agent
such as CO moleculésSuch a mildly reduced Rug110)
surface[in the following, referred to as-RuG,(110)] ex-
poses two kinds of undercoordinated Ru atoms, i.e., the two- g\ 1. stick and ball model of the pristir@) and completely
fold undercoordinated 2f-cus Ru and the 1f-cus Ru atomsegyced(b) Ru0,(110) surface. Large balls represent oxygen, and
exhibiting two and one “dangling bonds,” respectivelgf.  small balls represent ruthenium atoms of R(10). The pristine
Fig. 1(b)]. Intuitively one expects the CO molecules to ad- surface exposes bridging oxyges,@nd Ru atomg1f-cus Ry. On
sorb preferentially above the 2f-cus Ru atoms, since thosghe reduced Rug§110) surface, the undercoordinated O atoms are
sites offer two dangling bonds with which the CO moleculeremoved, thus exposing two kinds of undercoordinated Ru atoms:
can bond. This view will be shown to be too simple for 1f-cus Ru and 2f-cus Ru.

II. TECHNICAL DETAILS OF THE EXPERIMENTS
AND THE CALCULATIONS

a)

[110]
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Auger electron spectroscopy, thermal-desorption spectros

copy, and facilities to clean and prepare the(®01) sur- co o[i‘ltop of COa(:ymmetric

face. The sample temperature could be varied from 100 Kz R bridging 2L ousRu:

(by cooling with liquid N,) to 1530 K (by direct resistive § B [

heating. The LEED intensities as a function of the incident £ \/ O symmetric
electron energy were collected at normal incidence of theg 1.355\11,%0153? .

primary beam and a sample temperature of 100 K. A&
computer-controlled highly sensitive charge-coupled deviceg
camera was used to record spot intensities from the LEECZ
fluorescence screen. LEEIIV) curves were computed by “
using the program code of Moritzand compared with the
experimental LEED (V) curves by applying a least-squares
optimization algorithm’ based on PendryisfactorRp . A | T T
Pendry'sr factor of 0.0 means perfect agreement between 200 300 400 500 600
two LEED data sets, while a value of 1.0 expresses uncorre Temperature (K)
lated data sets.

The RuQ(110) phase was produced by exposing a well-

FIG. 2. CO thermal-desorption spectrum from a completely re-

: . duced Ru®(110) surface, i.e., all bridging O atoms have been
prepared single-crystal R00J) surface to high doses of removed. The differential heat of adsorption is determined by DFT

oxygen at an elevated sample temperature of 700 K. Typicgly;. jations, while the frequency factors are estimated by applying
oxygen exposures for the preparation were severél 110 the Readhead formukRef. 16.

After the background pressure in the UHV chamber had
reached a value below 18 mbar, the sample was briefly
flashed to 600 K in order to remove contamination by re-
sidual gas(in particular, oxygeh adsorption. For the mea-
surements the sample was cooled to 100 K. The so-prepar
oxygen-rich phase on R000) exposes primarily
RuG,(110) areas in coexistence with small areas of (1
X 1)-0. In order to produce the reduced RYOL0) surface,
the surface was exposed several tintgpically, five to ten
times to 0.25 L CO at 170 K and annealed to 550 K while IIl. RESULTS AND DISCUSSION
monitoring the CQ signal with a quadrupole mass spectrom-
eter. As soon as the GGignal has vanished, the resulting
surface is considered as the reduced Rd®O). This simple In Fig. 2 we show the CO desorption spectrum from the
recipe is based on recent high-resolution electron-energy-loseduced Rug(110) surface. Three desorption states can
spectroscopy(HREELS measurements,which indicated  clearly be discriminated: the low-temperature stateznd 3
that exposing the Ruf110) to CO at room temperature and the high-temperature desorption state The CO de-
depletes the amount of bridging oxygen gradually until at asorption behavior is much simpler for CO orRuQ,(110)
cumulative exposure of about 1 L CO all bridging O atomsthan on thes-RuO,(110) surface, since almost all CO mol-
are consumed, i.e., the stoichiometric R(T10) turns into a  ecules on the reduced surface leave the surface as CO mol-
reduced Rug(110) surface where part of the 2f-cus Ru at- ecules and do not form GQn contrast to the stoichiometric
oms are capped by bridging CO molecules. At sample temRu0,(110) surface. From the present DFT calculations the
peratures below 500 K theRuG,(110) surface is no longer various desorption states can be attributed to particular CO
able to convert CO to COwithout dosing additional oxygen. adsorption sites. These assignments are also supported by
For the DFT calculations we employed the generalizedull-dynamical LEED analyses.
gradient approximation of Perdew, Burke, and Emnzéfhof  In Table | we summarize the DFT calculations for the
for the exchange-correlation functional. We usadl initio  various CO adsorption sites and CO coverages on
pseudopotentials, created with the scheme of Troullier an@d-Ru0,(110). The coverage-dependent occupation of CO
Martins,”® in the fully separable form. The electronic wave adsorption sites is summarized in Fig. 3. For low coverages
functions were expanded in a plane-wave basis set with afon the average only every second 2f-cus Ru atom is occu-
energy cutoff of 60 Ry. The-RuG,(110) ands-RuG,(110)  pied) the symmetric bridge position above 2f-cus Ru atoms
surfaces were modeled in the supercell approach by fivis the preferred adsorption site with 1.85 eV, followed by the
double layers in a symmetric slab geometry. CO moleculesn-top position above 1f-cus Ru atorfls61 e\). The ad-
were put on both sides of the Ru@lab (either reduced or sorption energy and the adsorption geometry depend criti-
stoichiometri¢ so that the inversion symmetry was pre- cally on the CO coverage. By capping all dangling bonds of
served. A vacuum region of about 16 A was employed tothe 2f-cus Ru atoms, the preference changes from the sym-
decouple the surfaces of consecutive slabs in the supercefietric bridge position to the asymmetric bridge position
approach. Calculations were performed using<(]) and above the 2f-cus Ru atontaveraged adsorption energy, 1.59
(2% 1) surface unit cells to study the coverage dependenceV). The adsorption energy at the asymmetric bridge position
The integral over the Brillouin zone was performed using ais degenerate with the configuration where 0.5 ML CO is

specialk-point sett* with eight and fourk points in the irre-
ducible part of the (X1) and the (1) Brillouin zones,
Sspectively. To accelerate the electronic relaxation, Fermi
roadening of the occupation numbers was used with a width
of 0.1 eV, and the energies were extrapolated to zero tem-
perature. All the atoms were allowed to relax.

A. Energetics
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TABLE I. Calculated(averagetIDFT binding energie&(6) for TABLE Il. Calculated (averageyl DFT binding energie€(6)
the system CO on reduced and stoichiometric RU@0) for vari-  for the system CO on reduced and stoichiometric RU@0)
ous adsorption sites, and the binding energies of the bridging @r-Ru0,(110) ands-Ru0,(110), respectively E i is the differen-
atoms. CQ_,,: CO molecules symmetrically bridging 2f-cus Ru tial heat of adsorption as defined in the text. The annotation is the
atoms. CQ_,,: CO molecules asymmetrically bridging 2f-cus Ru same as in Table I.
atoms. CQ,_,;: CO molecules adsorb on top of the 1f-cus Ru
atoms. CQ,_,;: CO molecules adsorb on top of the 2f-cus Ru System 0co  Eco(6) (eV) Egir (€V)
atoms. @,: Bridging oxygen atom.

r-Ru0,(110)-(2x 1)

System E(6) (eV) 1/2—0:1.85
1CQ,_y, 1/2 1.85
r-RuG,(110)-(1x1) 1CQy_ 1 112 1.61
COot-21 1.04 1—1/2:1.33
COs 1.30 2CO, 1 1 1.59
COutr 1.59 1CQ,_p+1CQy 1 1 1.62
COt-1f 1.46 2CO, 1 1 1.46
3/2..1:1.32
r-RuG,(110)-(2x<1) 2CO,_p+ 1COy_ 1 3/2 1.50
COot-21 0.95 1CQ,_p+2COy 1 312 1.37
COs-r 1.85 2-3/2:0.74
COpt-11 1.61 2CQ, p+2C0y_ g 2 1.31
r-RuG,(110)-(2x 1) s-RuG,(110)-(2x 1)
10+ COs iy 151 1/2—0:1.30
104+ COq iy 173 1COy_ 1 1/2 1.30
1Gy 1.60 1—1/2:1.10
20y, 1.60 2CQy_ 1 1 1.20

located in the symmetric bridge position above the 2f-cus Rwccupied, the on-top position at the 1f-cus Ru atoms is even
atoms and 0.5 ML CO is situated in the on-top configurationmore favorable than the symmetric bridge position between
above the 1f-cus Ru atoms. Although the binding energiegf-cus Ru atoms. We may add that at the beginning of our
are similar, the frequency factors, and accordingly the enstudy DFT and LEED calculations arrived at different con-
tropy terms, of these configurations should be quite differengjusions about the adsorption site. While LEED favored the
since the diffusion barrier along the 2f-cus Ru atoms andsymmetric bridge position above the 2f-cus Ru atoms, DFT
along the 1f-cus Ru atoms are 0.9 eV and 1.1 eV, respeGayored the CO adsorption on top of the 1f-cus Ru position.
tively. Therefore it is not clear from the DFT calculations Tpis discrepancy was resolved by the discovery of the asym-
which configuration is the stable one at finite temperature, in,qtric bridge position. At even higher CO coverages also the
particular at temperatures close to desorption. If complet§s_,s Ru atoms are occupied by on-top CO. In addition, an
rows of cus Ru atomseither 2f-cus Ru or 1f-cus Blare  jyieresting result is that the adsorption energy of CO in a
bridging O vacancy is as high as 1.73 eV. This means that

a) b) whenever a bridging O vacancy has been formed, CO will

move from the on-top site above the 1f-cus Ru atom toward

the vacancy due to thermodynamics if the kinetic limitation
2f-cus 2f-cus 2f-cus  2f-cus 2f-cus  2f-cus  2f-cus  2f-cus can be overcome.

The CO bonding is considered to be mainly determined
by the first coordination shell of the CO molecules, i.e., the
adsorption site. Our DFT calculations reveal, however, that
) = the binding energy of CO on top of the 1f-cus Ru atoms is
C

rather sensitive to the presence of bridging oxygen atoms,
@2 ﬁ? @,2 @2 @2 which are located in the third coordination shell. While the
T P T ot i Siods {Phous Ot s Sheus binding energy is only 1.20 eV for the case of the
g O ?D i i

s-Ru0,(110) surface, this value increases to 1.46 eV when
1f-cus  1f-cus  1f-cus 1f-cus  1f-cus  1f-cus

1f-cus  1f-cus  1f-cus 1f-cus 1f-cus 1f-cus

the bridging O atoms have been removed. Obviously the
various surface Ru atoms interact quite strongly via the at-
tached in-plane oxygen atoms £0n Fig. 1).

FIG. 3. Schematic diagram of the adsorption sites of CO on the In Table Il we summarize théaverageyl CO binding en-
reduced Rug(110) surface as a function of the CO coverage.ergy E(6) together with the differential “heat of adsorption”
These sites were determined by the DFT calculations. Eqir as a function of the CO coveragé is defined as
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TABLE lIl. Pendry's r factor values between experimental LEED data sets for various preparation
conditions. Bold numbers indicate “identical” LEED data sets; italic numbers, indifferent>A(53L CO at
285 K, heating to 400 KK B: A+5 L CO at 120 K, C: Brheating to 210 K, D: Gheating to 285 K, E:
D+heating to 360 K, and F: Eheating to 665 K annealing for 5 minutesfactors between various surface
preparations: B vs C: 0.13, C vs D: 0.20, D vs E: 0.15, and E vs F: 0.34.

System A B C D E F

Stoichiometric Ru@(110) (1) 0.31 0.60 0.53 0.30 0.30 0.12

Stoichiometric Ru@(110) (2) 0.31 0.65 0.59 0.34 0.33 0.10

$-RuQ,(110): 10 L CO at 300 K 0.19 0.62 0.54 0.14 0.14 0.42

$-RuQ,(110): 10 L CO at 300 K+ 5 L at 50 K 0.57 010 0.17 0.42 0.60 0.66

A 0 0.58 0.32 0.15 0.05 0.28

0,E(6,)— 0,E(6,) 300 K a previously(with CO) saturatedr-RuQ,(110) sur-
Eairt( 61— 02) = 0,— 0, ’ (1) face reveals two vibrational losses at 235 meV and 245 meV,

which were assigned to CO molecules attached to 2f-cus Ru

i.e., Eqir is the discrete derivative of-E(6), the integral rather than to 1f-cus Ru atoms. Specific bonding geometries
heat of adsorption. For first-order desorption the differentiafor these CO species were not offered by the authors since it
heat of adsorption approximates the activation energy fofs well documented that HREELS is not reliable in deducing
desorption and is therefore the chemically relevant quantityhe adsorption site of CO; in particular this technique failed
to compare with experimental thermal-desorption spectra. several times for the discrimination between bridge and on-

For a thorough discussion of thermal-desorption spectrgop positions?® With the DFT calculations we are now able
also the(attemp} frequency factor is an important quantity to assign these vibrational losses to specific adsorption ge-
which is directly related to the entropy gain in the course ofometries. The vibrational loss at 235 meV is related to CO in
desorption. To estimate the frequency factors we used thgye symmetric bridging position above 2f-cus Ru atoms,
Readhead formul® According to the transition state while the loss at 245 meV is ascribed to CO sitting in the
theory'’ the entropy gain during desorption is directly related asymmetric bridge position above the 2f-cus Ru atdafs
to the attempt frequency of the CO molecule to overcome thgigs. 3a) and 3b)]. The lower vibrational energy of the
activation barrier for desorption, i.e., how many times persymmetric bridging CO is also consistent with a higher de-
second the CO molecules run against the activation barriejree of back donatiofisee below than for the case of the
for desorption. A commonly used value for the frequencyasymmetric bridge CO position. For comparison, the DFT-
factor is 1% Hz, which assumes that the adlayer is com-calculated vibrational frequencies are 238 meV for the sym-
pletely mobile on the surface. However, for localized adsorpmetrical bridging CO above the 2f-cus Ru atom, 247 meV
tion the entropy between the initial state and the desorptiofor the asymmetrical bridging CO above the 2f-cus Ru at-
state of CO(identical to the transition state for first-order oms, and 258 meV for on-top CO above the 1f-cus Ru at-

desorption is different by several orders of magnitutfe. oms. These values are in excellent agreement with experi-
Strong localization of the CO molecule ®ARuG,(110) is  ment.

suggested by the corresponding diffusion barriers of CO on
the surface which are about 1 eV.

Let us now return to the discussion of the desorption
statesa, B, andy’ in Fig. 2. The low-temperature state at ~ With LEED (either quantitative or in the fingerprinting
180 K has not been identified so far. From the DFT calculamodé?), we studied the surface structures of various CO
tions the desorption states at 300 K correspond to CO in thphases on the reduced Ry(@10) surface. We saturated the
terminal position above 1f-cus Ru, but the state at 365 K iseduced Ru@(110) surface with CO and then heated the
ascribed to CO molecules asymmetrically bridging the 2f-cusample to predetermined temperatures in order to depopulate
Ru atoms. The high-temperature desorption state at 560 Kpecific desorption statdsf. Fig. 2. In Table Ill we com-

(v' state is related to symmetrically bridging CO molecules pare these experimental LEED data sets for various CO over-
adsorbed above the 2f-cus Ru atoms in a diluted phase. Cortayers with those of the clean Ry(110) surface and differ-
bining the calculated values for different heat of adsorptiorently prepared CO overlayers. More specifically, we started
with the Readhead formula, we estimated the correspondingith a reduced Rugf110) surface which was prepared by
frequency factors which are in the range of® 10*® Hz.  three cycles of 5 L CO exposure at 170 K and flashing to 400
These high values corroborate the strong localization of th&; this preparation method is referred to as surface A. Sur-
CO layers on the-RuO,(110) surface consistent with the face B is produced by exposing an additional 5 L CO at 120
estimated diffusion barriers, i.e., 0.9 eV along the 1f-cus RWKK to surface A. Subsequently, this surface was flashed to 210
atoms and 1.1 eV along the 2f-cus Ru atoms. K (surface @, 285 K (surface D, 360 K (surface B, and

The found CO adsorption sites based on our DFT calcufinally to 665 K for 5 minutegsurface F. For the surfaces
lations are consistent with recent HREELS data of CO adA—F complete experimental LEED data sets were taken at
sorbed on the reduced Ry@10) surfacé® Annealing at 100 K. The comparison among the experimental data sets is

B. Adsorption geometries
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TABLE IV. Optimum Pendry’sr factor achieved with various top-view 6.38
model structures for the RyQL10) surface that was exposed to 10 W O O o _
L CO at 300 K. The best factors are given in bold. CQy,: CO 3.11[ . L.“O
molecules symmetrically bridging 2f-cus Ru atoms. .C: CO f
molecules asymmetrically bridging 2f-cus Ru atoms.,C@: CO N\ ) O O 4 1.20 + 0.40(1.29)
molecules symmetrically bridging 1f-cus Ru atoms. £@&: CO @ @ @ @
molecules adsorb on-top of the 1f-cus Ru atoms,C£: CO mol- ? @ O S O O < L2000
ecules adsorb on-top of the 2f-cus Ru atoms,C@ bridging CO 2.02'+ 0.08 (2.05)

molecules above bridging O atoms. §®): CO molecules on-top
above bridging O atoms. side view

@ & &
Model structure Optimum factor 2.77 £0.05 1.03+0.15 (1.11)

2.79) 1.75+£0.17 (1.68)
r-RUO,(110) P00 Q0 0.130.06 (0.18)

COy i 0.67 o) T AT A o 11006019
077012 \ T N I 7 Y
CObr-as . 0.61 81 ~ 1194012 (1.23)
ggj,?r - 0%24 O.O (o)@.@ ;_J\ O. 1.25+0.15 (1.31)
COy_ i + COWy 1 0.52 O @ N @ 0.661TO.20 (0.;1)
COpt-1f + COhr—2t 0.61
COu_1f + 0.5 CQ,_ o 0.40 1CO QQ:; LEED  DFT
COpt—of + COy— 1t 0.67 '
COpt-2f + COpt- 1 0.69 FIG. 4. The optimum surface geometry of the CO on the re-
COpt— ¢ 0.29 duced Ru®(110) surface, when the stoichiometric Rif®10) sur-
COupr 0.27 face is exposed to 10 L CO at room temperature. The structure was
determined by LEED and DFT calculatiofsarameter values are in
s-RuO,(110) parenthesgsCO sits in an asymmetric bridge position above 2f-cus
Bare surface 0.46 Ru atoms. All values are in argstrom. The corresponding layer spac-
CO, 1/ 053 ings in bulk RuQ are 1.27 A and 0.635 A.
COp_1 0.52
Oy + COy—o 0.59
Oy + COy_o 0.86
quantified by using Pendry’s factor. If two experimental |
LEED data sets are very simildi.e., Pendry’sr factor is WM 20
low, say, below 0.10-0.15then also the local adsorption ﬁ
geometries of the ordered part of the surface are very similar; \’}:‘Q 0,3
note that the reproducibility of experimental LEED data is \ 3
quantified by 0.08. This kind of approach is termed the B A{:“ e (13)
LEED fingerprinting technique, whose utility and broad ap- g5 ”
plicability have been demonstrated by a manifold of instruct- ) \f\\{u}-%}’\ 1.2)
ing example$! <
In order to produce the reduced Ry@10) surface one 7 ‘::AW a1
can also expose the stoichiometric R(OLO) surface to 10 g A |
L CO at 300 K. According to the recent HREELS stldlyis é o —— 1,0)
should lead to a surface where no bridging oxygen is left on e «J\,./x%\_/\
the surface and where part of the 2f-cus Ru atoms are satu- = il Tp—— " (0(2)
rated by CO molecules. A LEED analysis of this phase re- N o)
vealed that indeed the bridging O atoms are replaced by CO tTTT
molecules residing above the 2f-cus Ru atoms in an asym- Asymmetric Bridge Position expt.
metric bridge configuration, while no CO is sitting above the of CO over r-RuOx(110) s calc.

1f-cus Ru atoms. This surface was then exposed to 5 L CO at
50 K in order to occupy also the low-energy adsorption sites.
Again a complete LEED analysis of this phase showed that
in addition to the asymmetric bridge positions, CO molecules
occupy the 1f-cus Ru atoms in the on-top position. FIG. 5. Comparison of experimental LEEDV)) data and simu-

The quantitative comparison among the experimentalated LEED (V) curves for the CO-Rug§110) with CO sitting in
LEED data sets suggests the following conclusi@fsTable  the asymmetric bridge position above 2f-cus Ru atoms. The opti-
IV): Surface A and the surface with CO in the asymmetricmum R factor is 0.27.

T T T
0 50 100 150 200 250
Energy (eV)
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bridge position are similar but not identical. Surface A is top-view 6.38 001
different from a stoichiometric Ruf0110) surface. Surface —) O Q o 10
B is identical to a surface where CO resides in the asymmet- 3.111 £ :

ric bridge position above 2f-cus Ru atoms and occupies all 58

B is similar to surface Gannealed to 210 Kas indicated by

LA O Q ~
the available 1f-cus Ru atoms in the on-top position. Surface ) 137 (1.29)
W (PO HAGQIOR: (1.07)

anr factor of 0.13. The agreement with the structure model 2.02
in which all 2f-cus Ru and 1f-cus Ru atoms are occupied by e
CO is, however, worse. This might point toward a loss of . 1 5
on-top CO at 1f-cus Ru atoms, when removing the CO mol- 120003 03% @ % &) omnnt
ecules from the low desorption state at 180 K. Flashing the 1,5W._ Ehavey ® 00 o 1,96+ 0.06 (1.98)
surface to 285 K removes all the on-top CO above the 1f-cus 35004 005" —e O g~ ©=0.07:+0.10(0.10)
Ru atoms, leaving a surface with CO molecules sitting in o o Q201 01»)
asymmetric bridge positions above the 2f-cus Ru atoms. WL e © o © e
Flashing the surface to 360 K results in a surface structure o G.@_e_@.ﬂw)
that is again dominated by the presence of CO in asymmetric - - 127(1.25)
bridge positions. Surfaces D and E may differ in terms of the O A S A O 160m
coverage of asymmetric and symmetric bridge CO mol- T T
ecules. The factor between data sets D and E is 0.15, sug- @ OOsbuio

@ © O ® :Ru LEED DFT

gesting somewhat different surface structures. On the other
hand, the agreement between data sets E and A is 0.05, rig. 6. The optimum surface geometry of the CO on the re-

clearly showing that these surface structures are essentially,ced RuQ(110) surface, when the stoichiometric R§®10) sur-
identical. Finally an anneal to 665 K for 5 minutes leads to aace is exposed to 10 L CO at room temperature and then to 5 L CO
surface structure which is similar to a stoichiometric at 50 K. The structure was determined by LEED and DFT calcula-
RuG,(110) surface. This surface structure is also supportedons (parameter values are in parenth@s€O sits in an asymmet-

by activity measuremenfs. It was evidenced that a com- ric bridge position above 2f-cus Ru atoms and occupies all 1f-cus
pletely reduced Rugi110) surface is inactive in oxidizing Ru atoms in the on-top position. All values are in angstrom.

CO. However, annealing at a temperature above 500 K i

able to reactivate such a surface, an effect that was attributei e 2f-cus Ru atoms, and the CO molecules adsorb in on-top

to Tﬁiﬁg%ﬂg\%i%dvgéngh(;"aé%?;igg frrwless;r:;ag;ail the Sur_positions at the 1f-cus Ru. The surface structure is indicated
face structures of the various CO overlayers on the reduced Fig. 6, while in Fig. 7 the corresponding calculated LEED

RuG,(110) surface which were determined by quantitative

O molecules reside in an asymmetric bridge position above

LEED in combination with DFT calculations. The preference NI

for particular adsorption sites of CO have already been pre- e (2/0)

dicted by the DFT calculations. Exposing a R{®DL0) sur- %/\_ 03)
o L S »

face to 10 L CO at 300 K leads to a surface where all bridg-
ing oxygen atoms are replaced by CO molecules in
asymmetric bridge positions. We tested various structure
models for this experimental LEED data set. The optimum
r-factor values are collected in Table IV. On the basis of this
extended LEED analysis all but two models, where CO mol-

,,,,,, PE R 5 )

’w{\/‘W~ 12)

LEED Intensity (arb. units)

) . . 11
ecules bridge the 2f-cus Ru atoms, can clearly be ruled out. [ an
Whether the CO molecules are sitting in a symmetric or in an \JM

o hy A e (1,0
asymmetric bridge position cannot be discriminated from the - —
present LEED analysis. However, DFT calculations resolved V\A@/\ T~—  o»
this issue by giving a clear preference to the asymmetric i o B i
bridge position when all 2f-cus Ru atoms are occupied. The el

. . : S T | (LAY,
structural characteristics of this CO overlayer are depicted in ST
Fig. 4. The agreement between experimental and theoretical Asymmetric bridging CO expt.
LEED dat be judaed fi Fig. 5. Th Il t over 2f-cus-Ru e cale.
ata can be judged from Fig. 5. The overall agreemen and on-top CO over 1f-cus-Ru
between the structural parameters determined by DFT calcu- T | | |
0 50 100 150 200 250

lations and quantitative LEED is good. The only parameter
value where both techniques significantly differ is the verti-
cal position of the threefold coordinated surface oxygen with  F|G. 7. Comparison of experimental LEBDV) data and simu-
respect to the 2f-cus Ru atoms. lated LEEDI (V) curves for the CO-Rugi110) with CO sitting in

Exposing this surface to 5 L CO at 50 K results in apoth the asymmetric bridge position above 2f-cus Ru atoms and the
surface structure where both the 2f-cus Ru atoms and then-top position above 1f-cus Ru atoms. The optimBmfactor is
1f-cus Ru atoms are completely occupied by CO molecule.29.

Energy (eV)
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data are compared with experimental ones. The latter adsorp-  top-view
tion site of CO was also determined in a recent LEED/DFT

analysis of the CO adsorption on the stoichiometric 6.22
RuO,(110) surface.

2.60+0.10 2.71)

Probably the most important CO surface structure for @)
gaining a deeper insight into the adsorption behavior of the e
reduced Rug(110) surface is the low CO coverage phase, S0P LORale)
which is related to surface A. For this reason we tested again o
various reasonable model surface structures, whose optimum S view . .
r factors are listed in Table V. From this analysis it is clear &Y 1574017 (1.16)
that surface A is best described by a structure where the CO aYaliaYe) 1.42 +0.17 (1.56)
molecules are sitting in symmetric bridge positions above the  0.09+003 T e T e “:3-34 020(102 ;?-04)
2f-cus Ru atoms. On the average every second bridge posi- 0, ./ —O—~O0——~0C——
tion is occupied by CO. Yet, an ordered X2) overlayer (0.65) - - 3B By
phase is not formed, very likely due to the high diffusion OO 0 Csoem p——
barne_r of CO along the rows qf 2f-cus Ru atoms. ThIS res_ult o O = & T
fits nicely to the DFT calculations we presented in Section < N
[l A. Moreover, both DFT and LEED calculations revealed OQO:vuxo
that the 2f-cus Ru atoms attached to the CO molecules are ® O @ :Ru LEED (DFT)

drawn towards the CO molecule by about 0.2 A. This lateral
relaxation of the 2f-cus Ru atoms obviously allows for a
much better overlap of CO molecular frontier orbitals with followed by a short flash to 400 K: this procedure was repeated
those from the substrate. The.excellent agreement amongt ee times. The resulting structure consists of a reduced
structural p:_:lrameters determmeo! by DFT and LEED 9IVe$u0,(110) surface, wheréon the averageevery second pair of

fL!rther Confldence_ to the determined surface geometfy 2f-cus Ru atoms igsymmetrically bridged by a CO molecule. The

Fig. 8). The experimental and calculated LEED data sets argomic geometry was determined by LEED and DFT calculations

compared in Fig. 9. Without CO adsorption, this lateral re-(parameter values are in parenthgsadl values are in angstrom.
laxation of 2f-cus Ru atoms on the Ru(@10) surface costs

0.29 eV per Ru atom. However, this energy penalty is morgy, - : :
. . e preferred adsorption site when no lateral relaxations of
than offset by the energy gain due to a better CO bonding t(awe FI)?u atoms are (E,)onsidered. This is even true when CO

the surface which amounts to 0.87 eV. :
) . .. adsorbs into the (1) O, vacancy structure. In the (2
At first glance one could think that the asymmetric brldgexl) unit cell, however, the 2f-cus Ru atoms have the free-

position 1s t?‘ke” by CO. because this _conf|gurat|on WOUIddom to relax towards the CO molecules, thereby optimizing
reduce the direct repulsion between adjacent CO molecule

This suggestion is not compelling since the CO-CO repul-ﬁm.()\/erlap of CO & and 27 orb|t§1ISIW|th appropriate Ru
: . . grbitals. When the CO coverage is increased so that every
sion can be estimated as the energy difference between o

top CO molecules at 1f-cus Ru atoms in a(2) and a (1 Brldge position among the 2f-cus Ru atoms is occupied, a
X 1) unit cell, which amounts only to 0.15 e(¢f. Table ).
Rather, the asymmetric bridge position of CO is in general

FIG. 8. The optimum surface geometry of surface A, i.e., the
stoichiometric Ru@(110) surface was exposed to 5L CO at 170 K

A o

Y

TABLE V. Optimum Pendry’'sr factor achieved with various

model structures for surface A. The bedactors are given in bold. ;”7 / : A L
CO4_p: CO molecules symmetrically bridging 2f-cus Ru atoms. § COon i Wb (1,3)
CP,_p: CO molecules asymmetrically bridging 2f-cus Ru atoms. 3 r-RuO,(110): I ©,5) &
CO,—11: CO molecules adsorb on-top of the 1f-cus Ru atoms. 2| Surface A g

:‘: H .,p’ %, (1,2)
Model structure Optimunn factor 5 04 .
r-RUO,(110) 2l Ve 0y
0.5 ML CO_, 0.26 ==

— 7 Ly
1.0 ML CO_y, 0.37 W"me 2
Bare surface 0.32 £ ’
1.0 ML COy—_1¢ 0.75 f\ 0,1 20

T T T T T T T T T
é'g mt goa‘br g'gi 0 100 200 3000 00 200 300
: Oabr ' Energy (eV) Energy (eV)

s-RuG,(110) FIG. 9. Comparison of experimental LEBDV) data and simu-
Bare surface 0.35 lated LEEDI (V) curves for Surface A, i.e., a reduced RyD10)
On-top CO above 1f-cus Ru 0.77 surface with every second pair of 2f-cus Ru atoms bridged by a CO

molecule. The optimunip factor is 0.26.
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TABLE VI. Comparison of structural and electronic characteristics from DFT calculations among the
CO-RuQ,(110) surfaceseither reduced or stoichiometyiand CO-R@000J), in particular the internal C-O
[d(C-O)] and Ru-C[d(Ru-C)] bond lengths in angstrom. The occupation factiors of the CO-2r orbital
are deduced from the projection of the Kohn-Sham states of the adsorption system om thel&ular
orbitals. The overlap of noninteracting systems has been subtracted. BE is the CO binding energy in electro
volts. CQ_y,: CO molecules symmetrically bridging 2f-cus Ru atoms.,G CO molecules asymmetrically
bridging 2f-cus Ru atoms. GQ 1 CO molecules adsorb on-top of the 1f-cus Ru atoms,GP CO
molecules adsorb on-top of the 2f-cus Ru atoms.

System d(C-0) d(Ru-O BE fon

RU(0001)-(y/3% \/3)R30°-CQy, 1.16 1.93 1.80 0.40
s-RuO,(110)-(1X 1)-CQy_ 1 1.13 1.95 1.20 0.22
r-RuG,(110)-(2x1)-CO,_y, 1.16 2.06 1.85 0.40
r-RUO,(110)-(1X1)-CQ,_p 1.13 1.99 1.59 0.34
r-Ru0O,(110)-(2x1)-CQy_ 45 1.15 1.93 161 0.30
r-RUQ,(110)-(1X 1)-COy_ 1 1.14 1.94 1.46 0.29
r-RUO,(110)-(1X 1)-COy_ o 1.15 1.94 1.04 0.32

lateral relaxation of the Ru atoms is forbidden on symmetryhal C-O bond length; recall that the CQr2orbital is an
grounds. The only way to maximize the overlap between thexntibonding molecular orbital with respect to the internal
CO orbitals and the Ru orbitals is to modify the local adsorp-C-O bonding.
tion geometry from the symmetric to asymmetric bridge po-

sition. With the observed asymmetric bridge position both

the o donation andr back donation are quite strong.

In Table VI the C-O and the Ru-C bond lengths are com- The adsorption geometries of CO on the stoichiometric
pared among the various CO-Ry(@10) surfaces and the and the reduced RyD110) surface were determined by em-
CO-RU0001) surface. We collected only values derived ploying the DFT and LEED techniques. On the stoichio-
from our DFT calculations since the error bars for LEED- metric RuGQ(110) surface, CO molecules adsorb exclusively
derived values are too large to allow for a sensible discusen top of the onefold undercoordinated Ru atofifcus
sion. The absolute values determined by DFT may also b&u).? On the reduced Rug110) surface, where the bridging
subject to large error bars but the relative values are reliablexygens are stripped off, the CO molecules adsorb first
since we used in all DFT calculations the same approximaabove the twofold undercoordinated Ru atoi2fscus RU in
tions such as the pseudopotentials; systematic errors shouddsymmetric bridge positiotbinding energy, 1.85 eMup to
therefore be the same, i.e., independent of the particular sys-coverage where every second bridge position of 2f-cus Ru
tem under consideration. If the coordination of the CO ad-atoms are occupied. Beyond this CO coverage, additional
sorption is the same, then the Ru-C bond length followsCO molecules are accommodated above the 2f-cus Ru at-
closely the corresponding binding energies: The smaller thems, changing the adsorption site from the symmetric to the
binding energy, the longer the Ru-C bond. Table VI revealsasymmetric bridge positiotaveraged binding energy, 1.59
also that with increasing coordination number of CO theeV). When all 2f-cus Ru atoms have been capped by asym-
metal-C bond length increases; this is a quite general phanetric bridging CO molecules, also the 1f-cus Ru atoms be-
nomenon for CO adsorption on metal surfattBhe internal  come progressively occupied by on-top C&veraged bind-
C-O bond length follows a similar trend: The stronger theing energy, 1.31 e\

CO-surface bond, the longer the internal C-O bond. This

IV. CONCLUSIONS

trend is even better captured by the population analysis of
. ACKNOWLEDGMENTS
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