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Using density-functional theory we investigate the interactions and chemical properties of the coadsorption
of carbon monoxide and oxygen on ruthenigd®01). For the adsorption phases that occur in nature, where
CO occupies the top site, we find that with increasing oxygen coverage, the adsorption energy of CO can
remain practically unchanged or even exhibit a sligbtease We attribute the increase to an O-induced lateral
weakening of Ru-Ru bonds of non-O-bonded surface Ru atoms. Thus, these non-O-bonded Ru atoms can form
stronger bonds to an on-top CO adsorbate. In contrast, a more expected behavior of a notable decrease in CO
adsorption energy with increasing O coverage is observed only if the O atoms bondsambRu atoms as
CO as, for example, is the case when CO occupies hollow sites. Furthermore, for some of the structures, we
find that there is a manifestation of small activation energy barriers for CO adsorption well above the surface.
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[. INTRODUCTION pressure, and these exhibit a significantly enhanced reactivity
for CO, formation!2*3The high reactivity has been linked to

Understanding the interactions and behavior of the coadthe formation of Ru@ oxide crystallites on the RQ001)
sorption of different atomic and molecular species at surfacesurface** Recent theoretical investigations into the adsorp-
is of considerable importance for many technological protion of O in excess of one monolayer at the (B0J)
cesses, for example, heterogeneous catalysis, corrosion, asarface!®=?° as well as the atomistic mechanism by which
gas sensork;® yet, on a microscopic level, such knowledge RuO, oxide might form, have been carried ddf° These
is still rather limited. Adparticles on metal surfaces can in-studies predict that oxygen in the subsurface region prefers
teract with each other directly, e.g., through induced dipoleao stay close to the surface and to give rise to island forma-
moments or wave function overlap, or via “through- tion. The local atomic geometry in the islands can be de-
substrate” interactions mediated by the substrate surfacscribed as a trilayer structure, and it is suggested that this
band structurésee, e.g., Ref.)7they may also significantly represents a precurséand nucleation phase to the oxide
affect the physical properties and chemical activity of neighformation. It has been pointed Glthat with respect to oxi-
boring atoms. The latter effect is, for example, exploited indation catalysts, it may in fact be more common than hitherto
the deliberate introduction of so-called “promoter” speciesexpected that the initially introduced metal does not just ad-
to the surface to enhance the reactivity and control the selesorb oxygen, but that the catalytically active material con-
tivity of a catalyst, and is also noticeable when there argains subsurface oxygen as well as surface-oxide phases,
“poisoner” species present which adversely affect the reacsome of which may even be unknown at present, as they may
tion; usually reducing or quenching the reaction rate. not exist under UHV conditions.

In the present work we study, through density-functional As is evident from above, the interaction of O with
theory (DFT) calculations, the coadsorption of carbon mon-Ru(0001) is complex and depends sensitively on the gas
oxide and oxygen on ruthenium. The coadsorption of thesphase pressure and temperature. Before attempting to inves-
species on transition metal surfaces is of particular relevancéggate the interaction of CO and O on these more complex
to various heterogeneous catalytic reactions, for examplestructures involving surface oxides and/or subsurface oxy-
carbon monoxide oxidatioitsee, e.g., Refs. 1 and 8914 gen, it is first important to understand the behavior of co-
With respect to the adsorption of oxygen on(B20)), stud- adsorbed CO and O on a clean (R001) surface. The
ies have shown that a full monolayer coverade<1)-O  O,CO/Ru (0001) system represents an ideal model co-
structure can form when high ;Opressures are used or a adsorption system for fundamental study since it is very well
highly oxidative molecular species such as N®employed characterized experimentally and the known periodic struc-
at elevated temperaturés-600 K).'>®This is in contrast to  tures that form have the same surface unit cell; {2x2)-
earlier studies performed under ultrahigh-vacugoHV)  (10,+1CQ) (Refs. 9, 22, and 23 (2x2)-(20,;+1CQ)
conditions where the maximum coverage is found to bgRef. 24, and (2xX2)-(1G,+2CQ ) (Ref. 29 phases have
about 0.6 monolayers. This apparent saturation coverage Iseen identified[The top, hcp, fcc, and bridge sites are indi-
due to activation barriers for LOdissociation that build up cated by the subscripts t, h, f, and b, respectively, and in the
due to the adsorbed O. The high-coverélje1)-O structure  case where two subscripts are given—e.g., ;2©-it
has been shown to be not very reactive towards, COmeans that there are two of these particles in the surface unit
formation!*” However, surfaces with much higher oxygen cell, where one occupies the first site indicated and the other
loadings can be formed depending on the temperature anshe occupies the second site indicated. Below we often omit
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indicating the (2x2) periodicity each time since it is the tively. Test calculations for thicker layer slabs—namely, six
same for all systems considergth an earlier publicatioff  layers—show that the adsorption energies differed by only
we compared the atomic geometry of these structures as 00-04 eV. The vacuum region is taken to be equivalent to nine
tained by low-energy electron diffractiof. EED) intensity  bulk layers(=~20 A) and the atomic positions of all atoms are
analyses and by our DFT calculations, where very goodelaxed except for the bottom two Ru layers which are held
agreement was found. We also proposed that a high-densifixed at their bulklike positions. For further details we refer
(2X2)-(30,+1CQ,) structure may represent a new stableto Refs. 15 and 26. In the following sections we analyze our
phase, provided that kinetic barriers for adsorption could beesults through the calculation of various properties which
overcome. are defined below.

In this paper we focus on the energetics and chemical The adsorption energy per adparticle is calculated as the
properties of the above-mentioned structures, as well as artdifference of the total energy of the adsorbate-substrate sys-
ficial CO,0 coadsorption geometries. We identify various in-tem and the total energy of the cleér referencg system
teresting mechanisms, which we expect will also be relevantogether with that of the corresponding number of free ad-
for other similar systems: We find that for atomic configura-particles. For example, the adsorption energy of a CO mol-
tions where CO occupies the top site, its adsorption energgcule on the R{®002) surface withn adsorbed O atoms per
can remain practically unchanged or even exhibit a slight2x2) cell is given by
increasewith increasingO coverage, in contrast to a de-
crease as has been expectetf We propose that the slight
increase of the CO adsorp_tion energy with increasing _O COViyhere E(MO+COVRUjs the total energy of the adsorbate sys-
erage found can be explained as being due to an O-inducggdy, eno/Ruig the total energy of the RO00D) substrate with
reduction of the eﬁectl\_/e coordmaﬂon of the non-(_)-bondedn adsorbed O atoms, aEfC s the total energy of a free CO
surface Ru atom to which CO is adsorbed. Behavior consisy,jjecule.
tent Wlth.the more genera!ly expected 'behawo.r of a notable The difference electron density is defined as
decreasen the CO adsorption energy withcreasingO cov-
erage is observed when CO occupies a hollow site; the cru- nA(r)=n(r)MOTCOIRU_n()NO/RU_()CO 2)
cial factor dictating the affect on the CO adsorption energy is , )
thus not the oxygen coverager se but rather the number Wheren(r)™=" is the tot?ll?v_alence electron density of
of O bonds to thesamemetal atom that CO bonds to. For the coadsorption system(r)"*'~!is that of thgocorrespond-
increasing numbers of such O-Ru bonds, the CO adsorptioffd NO/Ru(0001) adsorbate structgi%oa%d_) that of the
energy is significantly and sequentially decreased. Finally, off€® CO molecule. In Eq2), U_(r)(n : g}g evaluated at
investigating the energetics of Caovethe surface, we find the fully relaxed atomic positions am(r)">"""is obtained
for certain phases the presence of activation barriers to adit these same atomic positions, but without the presence of
sorption which are preceded by a weak physisorption wellthe CO molecule. The total valence electron density is cal-
Such barriers may be expected fdissociativemolecular ~ culated as
adsorption, where breaking of bonds occurs and new bonds o
are formed. However, for nondissoci_ative adsorption_ of CO n(r)= fw f(e,T)n(r,e)de=2 fe,Te)l@i(N]2 (3)

(and other small moleculgsuch barriers are not typically —o i=1

Egé)/no— Ru_ E(nO+ CO)/Ru_|_ EnO/Ru+ ECO, (1)

)(nO+CO)Ru

expected. wheref(e,T) is the Fermi distribution at temperatufeand
¢i(r) are the single-particle eigenfunctions of the Kohn-
II. CALCULATION METHOD AND DEFINITIONS Sham Hamiltonian. The local density of stat&0S9) is

Our DFT calculations are performed using the pseudo- -
potentiaf®° plane-wav&* method with the generalized gra- n(r.e)=2, |ei(r)|?s(e—¢), (4)
dient approximation(GGA) for the exchange-correlation =1
functionaf? and the supercell approach to model the surfacand the state-resolved DOS, or projected DOS, is given by
structures which are created on one side of a four-layer metal
slab. The energy cutoff is 40 Ry and calculations were per- - )
formed using thre€ and thirty* k points in the irreducible Na(f)zzl [{pa(D)]@i(r))]*5(e—€), (5
part of the Brillouin zone of thélx 1) surface unit cell. The
smaller set is used to test the convergence of the calculatiovghere ¢,(r) is a properly chosen localized function. For
with respect to the&k-point sampling and to investigate the ¢.(r) we use the eigenfunctions of the isolated pseudoa-
phase space for possible activation energy barriers for C@®mMs, which are truncated at a radius of 2.0 bohrs.
above the surface. Calculations are then performed around
identified barrier maxima and physisorption minima with the 1. DEPENDENCE OF CO ADSORPTION ENERGY
larger set. The associated energy differences are found, how- ON O COVERAGE
ever, to be no more than 0.025 eV. Also, for the adsorption
structures, results for the two differektpoints deviate at
most for the adsorption energy, work-function change, and We first discuss the adsorption energy of CO on a clean
bond length by just 0.05 eV, 0.06 eV, and 0.03 A, respecRu(0001) surface for the various sites. The energy difference

A. CO constrained in the hcp hollow site
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TABLE |. Adsorption energy of COE.4; work-function change\®; and bond length between Ru andliz,,.co, and between C and
O, bc.o. The calculated work function of the clean surface is 5.08 eV. The nuni®gid), and(2), indicate the C-Ru bonds that have zero,
one, and two O atoms bonded to the Ru atom. Also convergence checks for two diKgueint sets are listed. The deviations in the
quantities are given a8 The subscripts “h,f” on “20” indicate that one of the O atoms in the surface unit cell occupies the hcp-hollow site
and that the second one occupies the fcc-hollow site. Similarly for the subscripts “t,f” on “2C0O,” this indicates that one of the CO molecules
occupies the top site and the second one in the surface unit cell occupies the fcc-hollow site. The “b” refers to the bridge site.

Structure Eaq (€V) Ad(eV) bru.co (A) bc.o (A)

3kpt 30kpt OE,y 3kpt 30kpt &P 3 kpt 30 kpt Sbgy.co 3 kpt 30 kpt Sbc.o
(2x2)-CO, - 1.58 - - 0.90 - - 211 - - 1.19 -
(2x2)-CO - 1.61 - - 0.88 - - 2.18 - - 1.19 -
(2x2)-CO, - 1.70 - - 0.97 - - 2.18 - - 1.20 -
(2x2)-CO, - 1.79 - - 0.51 - - 1.92 - - 1.17 -
16,+1CQ 1.68 1.72 0.04 0.75 0.75 0.00 1.95 194 -0.01 1.16 1.16 0.00
20,¢+1CQO 1.80 1.77 —-0.03 1.22 1.21 -0.01 1.92 1.95 0.03 1.16 0.00
(10,+2CQ):CO -  1.66 - 1.10 1.16 0.06 1.97 1.96 —0.01 1.16 1.16 0.00
(1G,+2CQp:COr 1.28 1.23 —-0.05 " " " 2.24 2.21 —-0.03 1.19 1.19 0.00
1G,+1CQ, 1.30 - - 1.29 - - 2.13), 2.210) - - 1.19 - -
20,+1CQ, 1.03 - - 1.57 - - 2.12), 2.161) - - 1.19 - -
30,+1CQ, 0.85 0.84 -0.01 1.73 1.69 -—-0.04 2.14 2.17 0.03 1.18 1.18 0.00

between adsorption of CO in the hcp hollow site and in thestructures” in order to improve our understanding of the ge-
on-top site is calculated to be 0.09 eV, where the on-tomeric behavior of theséand similaj coadsorption systems.
site is energetically more favorable. The fcc site for CO isActually, depending on the experimental preparation of the
0.09 eV less favorable than the hcp site, thus 0.18 eV les€0,0/Ru(0001) systems, CO may in fact occupy such hol-
favorable compared to the on-top site, and the bridge sitéow sites(or near hollow sitesin the coadsorption with oxy-
for CO adsorption is 0.21 eV less than for CO in the on-gen, existing as aetastableghase, i.e., adsorption of CO at
top site. These values are listed in Table I, along with thdow temperature on th€x1)-O phase—only on annealing
associated work-function change, CO bond lengths and C-Ror adsorption at elevated temperatur@®0 K) does the
distances. We note that CO adsorption on @001 for 20, (+1CQ phase result with CO in the on-top sftb.
coveragedd -o=<1/3 ML actually forms islands with a\(3 The results for the adsorption energy of CO in the hcp site
% \3)R30° structurd® where CO assumes the on-top on RU000Y) with increasing O coverage are shown in Fig. 1
site2*37 but it is more instructive in the present work to use (left) where diagrams of the corresponding surface structures
the (2x2) surface cell, since then any observed change@re also included. It can be seen that there is a strong de-
with increasing O coverage can be identified as being jusgrease in the CO adsorption energy with increasing O cover-
due to the adsorbed O atoms and not due to the surfagdge; for the structure with six oxygen neighbors the decrease
periodicity or coverage. is a large 0.8 eV. We note that for the calculations with two
We note in passing that the local-density approximationand four O neighbors, we had to fix the lateral position of the
(LDA) and Perdew-type GGA's tend to favor structures with
higher coordination, and for some systems the calculated CO
adsorption site appears to be incorr&cthe reason for the -0.1 ¢ % 1 001
high-coordination preference is believed to be that the LDA _o3 | 003 |

CO in the hep site CO in the top site

and, also, Perdew-type GGAs are “jellium derived” and < 0.5 10n+1C0y
therefore prefer a more delocalized, more metalliclike bond- <™ 20,+1C0, =00 7

than the very late transition and noble met@sy., P}, this
problem is not significant.

In the following we investigate the change in the adsorp-  -1.1 o - P ¢ 01 ‘ :
; N : . 0 2 4 6
tion energy of CO with increasing O coverage. Specifically, O neighbors O neichb
we place CO in théacp hollowsite and consider increasing neighbors
concentrations of O in nelg_hborlng hcp sites. As a reference g 1. Adsorption energy of CO in the hcp siteft) and of CO
energy we use the adsorption energy of CO on the bare Sujs the on-top sitdright) as a function of the number of O neighbors.

face(no oxygen presenwith a (2x2) periodicity in the hcp  Note the scale on thgaxis on the left is a factor of 10 less than that
site. As indicated earlier, CO actually assumes on-top sitegf the right. In both figures, the first point, i.e., the energy zero, is

in the stable coadsorption structures identified to dvafés for CO adsorption on the clean surface. Insets depict the corre-
and in the pure CO adsorption systeisee above It is  sponding surface structures: Large white, small black, and gray
nevertheless informative to study these more “academicircles represent Ru, CO, and O, respectively.

ing. Apparently, for Ru, which forms stronger covalent bonds g -0.7 | @ 304100~ ] —0.07 [ 10#1CO,

-09 -0.09 1
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CO molecule during the atomic relaxation, since if we did (30,+1CO,)
not, CO moved towards the Ru at@nwhich has the least
number of O atoms bonded to it; i.e., for the HALCQ,
structure, CO is attracted to the single Ru atom in the surface
unit cell that is not bonded to oxygen, and for the 20
+1CQ, structure[where the O atoms are arranged in a
(2X1) geometny}, CO moves towards the two Ru atoitne.,

the bridge sitgthat have one bond to an O atom, as opposed
to the Ru atom in the unit cell that is bonded to two O atoms.
Extending the curve of Fig. Ueft) by placing an O atom
directly below the CO molecule in the tetrahed(tt) site
between the first and second Ru layers, corresponding to !
403, ot 1CQ, coverage, the CO molecule is completely de-
stabilized and leaves the surface. This behavior can be ex
plained in that the presence of the electronegative coadsol
bate, O, competes for metal electrons and reduces the charg P

N(¢)

transfer from the metal into the2 CO orbital. Since the 2 / \\\
latter orbital is bonding for the CO-metal bond and antibond- fx N 1 o |
ing for the C-O bond? the former is expected to be weak- Acii V| ,/ \ 2
ened and the latter strengthened. Conversely, it is interestin AR/ S S
to consider how the presence of adsorbed CO affects the ( -15 -10 -5 0 5
adsorption energy. For the O coverages of 0.25, 0.5, and 0.7 Energy (eV)

(Fig. 1, lefy, the O adsorption energies are reduced by 0.34, , _

0.30, and 0.26 eV per O atom, respectively. Thus, pread- F'C- 2. Projected density of states on the C atom of thg 30
sorbed CO in the hcp site similarly weakens the O-Ru bond 1 structure, showing the hybridization of the C@-like
strength. That is, the valence electrons of the Ru atom whicate With O-,like states of neighboring O adatoms. Insets: rep-
build bonds with the CO molecule and O atoms have to ho jesentative wave functions, in thd000 plane (uppey and the

1100) plane(lower) as indicated by the lines on the sketches of the
from Ru-CO bonds to Ru-O bonds and are therefore les tomic structure, for CO -, 50-, and 7-derived states at the re-

efficient for the individual RuX bond strengtithereX stands spective energies 0f7.01,—6.40, and-5.29 eV. The gray shaded

for either CO or Q. We may state this in even more_general and nonshaded regions correspond to different signs of the wave-
terms: a covalent bond of an atofar moleculg¢ A with a  ¢,ctions.

transition metal atom, Ru in this cas&-Ru), is weakened if
the transition metal is also bonded to another atAriRu-B. of these state¢ésee lower insets of Fig.)2From investiga-
We note that with increasing number of O bonds to surfacdion of the mentioned CO-related states along the high-
Ru atoms, the Rul band is sequentially broadened and itssymmetry ("-M) line of the surface Brillouin zone, we find
center shifted down in energy, and in this respect it isthat these levels are very flat and exhibit only a small disper-
consistent with the picture that such a modiftedand binds sion. The wave function for the COo&derived state is
CO (and other adparticlgsnore weakly; see, e.g., Refs. 40 shown in the center panels.
and 41. It is interesting to consider how much less favorable these
From analysis of the projected density of states of thdartificial) structures, with CO in the hcp site, are as com-
structures shown in Fig. (left) and of the wave functions, pared to the stable structures with CO in the top site: The
we find that with increasing O coverage a hybridization oftotal-energy difference between the HOLCQ, and 1G
the CO Ir state, with states of the neighboring O atoms,+1CQ structures is 0.38 eV, and between the,2QCQ,
occurs. This gives rise to lower- and higher-lying C&like  and 2Q,+1CQ structures, the value is 0.57 eV. The corre-
states, where the COo&derived state is at an energy in sponding differences in the CO adsorption energies are 0.38
between them. This is illustrated in Fig. 2 for the 30 eV and 0.77 eV, respectivelgee Table)l Note that the first
+1CQ, structure which exhibits the largest effect. The COnumbers are the same in both cage88 e\j which is due to
lm-related states lying on each side of the C@like state  the fact that the oxygen atoms are in the hcp sites for both
can be clearly seen. Representative wave functions argructures and it is only the position of CO that is different.
shown as insets in Fig. 2 for two different cross sections. Th&he second numbers differ because in the energetically pre-
lower-lying CO Ir-like state interacts with the O, or-  ferred structure 23+ 1CQ there is one O atom in the hcp
bitals of the neighboring O ator{see upper, leftmost inget site and the other in the fcc site which is less favorable by 0.2
exhibiting a bonding nature; the higher-lying feature has &V, as compared to when both O atoms are in the hcp site as
less bonding and more antibondinglike character, as indiis the case for 2+ 1CQ,. Thus the total-energy difference
cated by the different sign of the wave function at CO andis 0.2 eV smaller than that of the adsorption-energy differ-
the O atom(upper, rightmost insgt Occupation of these ence. The structures with CO in the top site are therefore
more antibondinglike states may contribute to the reductiorsignificantly energetically more favorable and this is because
in the adsorption energy. Furthermore, it can be seen that theO can adsorb on non-O-bonded Ru atoms as will be seen
surface Ru atoms are significantly involved in the formationand discussed below.
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B. CO in the top site atom in the(2X2)-O structure, with intermediate O cover-

We now turn to consider and compare the CO adsorptio?9€: 1S 1.06 €V, i.e,, in between. We note that analogous
energy change with increasing O coverage for the case of cE@lculations for O/AGL1D), where O occupies the fcc site,
in the on-top site, as occurs for the stable structures in natu@XNiPit @ similar effect where in this case the corresponding
and which are indeed the lower-energy structures in our DFfeduction is from 0.44 e\of ghe clean surfaoeto just 0.12
calculations. That is, now the positions of the adparticles ar€V ©f the (2x2)-O structuré?® This weaker bonded surface
not fixed, but the particles assume the adsorption sites th§u atom binds CO more strongly and we find that this gain

; - ; adsorption energy even overcompensates the electrostatic
yield the lowest total energy. The CO adsorption energies ard) ) .
shown in Fig. 1(right), and the adsorption energies, work- repulsion between CO and the adsorbed O atoms. This non-

function change, and CO bond lengths and distances betwedy; Ponded surface Ru atojuf the (2x2)-20, ¢ structurg has

C and Ru are given in Table I. Interestingly, it can be seerﬁ slightly narrower and upshiftedddband. These results re-

th.at t.here IS very little Cha”ge in the CO adSOI’ptI.OH ENer9Yis Ru neighbors and is in line with the interpretation that
with increasing O coverage; moreover, after a slight 'n't'alsuch a change in the band gives rise to stronger CO bind-
decreasdcorresponding to the 13- 1CQ structurg, there g energies as has been found at step edges or on surfaces
is a slightincreasein energy(of 0.05 eV} on going to the  ynder tensile straif? We note that recently an O-induced
20, 7+ 1CQ phase, although this containshagher O cov-  syrface metal destabilization mechanism has been observed
erage. An important difference between the structures of Figfor O on C(100),***°where in this case the bond weakening
1, left versus right, is that in the former, CO bonds to Ruleads to the formation of a vacancy at the surface. We also
atoms, which also bond to O atoms, whereas in the latter, ihvestigated whether the presence of CO in the top site af-
does not. Thus, we see that in geneeapriori, one should fects the adsorption energy of the O atoms: For the O cov-
not necessarily expect a decrease in the CO adsorption earages of 0.25 and 0{&ig. 1, righ) the average adsorption
ergy with increasing O coverage; rather, one should expect @nergy is found to decrease by 0.07 and 0.01 eV per O atom,
notable decrease with an increase in tuenber of O atoms respectively. Thus, CO has only a small influence as we may
that bond to the Ru atoms to which CO is bouhdrelation  expect due to the above-mentioned localized nature of the
to this, it can be said that the O-Ru and CO-Ru bonding is &0 bonding.
rather localized (“nearsighted”) phenomenon since, al- For comparison, we also carried out calculations for the
though the O atoms are close neighbors, they affect the adorresponding structures but involving Na, which is electro-
sorption energy only modestland vice verspand the main  positive on Ru, instead of O, which is electronegative. Inter-
bonding of CO is to the single Ru atom below it. Concerningestingly, we find aroppositebehavior: The removal energy
the initial slight decrease in adsorption energy in Fig. lof the non-Na-bonded Ru atom in tt{2x2)-1Na and (2
(right) of CO for the 1@+ 1CQ structure, the corresponding X2)-2Nag, ; structuresdncreasesvith Na coverage, from 1.70
increase in the work function is 0.75 eV. This valuddss eV of the clean surface, to 1.73, to 1.87 ¢Here in the
than that of the sum of the separately adsorbed CO and @X2)-Ng structure, we place Na in the fcc site as occurs in
structures (2x2)-CO/RU0001) and (2X2)-O/Ru0001), nature] In this case there is charge transfer from Na towards
which are 0.51 eV and 0.35 eV, respectively, giving 0.86 eVthe surface, and the non-Na-bonded Ru atom becomes effec-
This indicates that in the coadsorption system there is atively higher coordinated and more stable, thus requiring
electrostatic(dipole-dipole repulsion between the adsorbed more energy to remove it. Also, correspondingly, opposite to
CO and neighboring O adatoms, yielding a depolarizationthe case for CO in the top site on the O-precovered struc-
We attribute this mechanism as being responsible for givingures, CO in the top site on tigx2)-2Nag, ¢ Structure yields
rise to the slight decrease in adsorption energy. This rathean adsorption energy that igeakerthan on the lower Na-
small decrease in adsorption energy is similar to that found¢overage(2xX2)-Na structure(by 0.2 eV}, consistent with
for the (2x2)-(1S,+1CQ)/Rh(111) system studied in Ref. the notion of anincreased stabilization of the non-Na-
42 in which CO also occupies the top site andwiich is  bonded Ru atom, and reduced reactivity towards adsorption
below O in the periodic table and also electronegatize of CO.
hollow site. Coming back briefly to the differences in CO adsorption
With respect to the slight increase in adsorption energyenergy for adsorption in top and hollow sites, it can be seen
with increasing O coveragéig. 1, righd, i.e., on going from  from the values in Table | that the hollow site for CO ad-
the 1§,+1CQ to 2Q, s+ 1CQ structures, from our analysis sorption is notably less favorable than the on-top site, i.e., by
we propose that the increase is due to the following mechaB.56 eV for CQ of the 1Q,+2CQ ¢ structure and by 0.95 eV
nism: Oxygen, adsorbed in the threefold hollow sites, formgor the CO of the 3@+ 1CQ, structure(compared to top-site
strong bonds with the Ru atoms. The non-O-bonded Ru atoradsorption on the clean surfac&his weaker adsorption en-
in the (2x2) unit cell thus loses bond strength with its six ergy is not due to just the adsorption site since for CO on the
lateral Ru neighbors, which destabilizes this Ru atom. Welean surface; the hcp—top-site energy difference is only 0.09
verified this destabilization by calculating that the removaleV (see Table). The main reason for the reduced adsorption
energy of this Ru atorfin the underlying2x2)-2G; ; struc-  energy(as discussed aboy& due to the fact that in the fcc
ture, i.e., without CO presehts significantly less than to (hcp site, CO bonds with three Ru atoms, each of which is
remove a Ru atom from the clean surface; compare 0.27 e¥lso bonded to ondtwo) O aton{s) (see rightmost two
to 1.70 eV. The removal energy for the non-O-bonded Ruatomic structures in the upper panel of Fig. B is interest-

ect what we said above: This Ru is less strongly bonded to
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(nO+mCO) Adsorbate Phases on Ru (0001} with (2= 2) Periodicity
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FIG. 3. (Color) Atomic structure(upper two pane)s projected DOSlower panel, and total electron density(r) (lower middle panel
and difference densitp®(r) (upper middle pangldistributions for the (X2)-CQ, 10,+1CQ, 20,4+1CQ, 1G,+2CQy, and 3G
+1CQ, structuregfrom left to right. The contour lines are given in boht. Large, small green, and small purple circles represent Ru, O,
and C atoms, respectively. The dashed and solid lines in the density of states j®2CQ,; correspond to the top and fcc sites,
respectively.

ing to note that the value of the adsorption energy decreasand sign of the change depending critically on the details of

of 0.47 eV (with respect to the adsorption energy of CO onthe adsorption sitesnvolved, as well as on the species and

the clean surface in the hcp gifer CO in the fcc site of the coverage.

10,+2CQ;¢ phase, in which it has three O neighbors, nicely

fits the trend of a systematic and sequential decrease in CQ/ ELECTRONIC STRUCTURE OF THE COADSORPTION

adsorption energy with increasing O coverage, falling in be- SYSTEMS

tween those having two and four O-Ru bondee Fig. 1,

left), even though here the adsorption site is fcc as compared The total valence electron densityfr) [cf. Eq. (3)] and

to hep. the difference densityn®(r) [cf. Eq. (2)] of the various
From the above discussions, we see that the adsorptigshases are shown in Fig. 3, along with the sum of the DOS

energy of CO and, in this sense, its reactivity can be markfor projection on the atoms of the CO molecule. Of the mo-

edly changed by the presence of coadsorbates; the degrkeular orbital§MO's) of CO (10,20,30,40,1m,50,27*), the
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10p+1CO; 201 £+1CO; 10p+2CO ¢ 30n+1COp
FIG. 4. Lower panels: change

in work function (open circleg

& *ﬁ) J » and total energysolid circles (re-
) ferred to the situation where CO is

far from the surfaceas a function

3 é@é . & % of distance of CO from its equilib-
- 3 . © . © q rium positon for 1Q+1CQ,
o % r & 8 . ¥ @@O oi2 20,+1CQ, 10,+2CQ; (for

COy), and 3Q+1CQ, as shown
*® : ° © i in the upper panels, from left to
= ) right. Middle panels: difference
M 1 density distributions for CO at 1.0
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e | ] on the surface. The contour lines
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two most important ones are ther&nd 27* orbitals which ~ shown here: The two lowest-lying states are largely GO 3
correspond to the highest occupied MBBOMO) and the and 4-like, respectively. The next lowest-lying feature is
lowest unoccupied MQLUMO), respectively(see, e.g. Ref. due to two states: the COo5state at a slightly lower
7). The notation here is thats"” indicates orbitals that have energy—that is, hybridized with the metad 4states—and
electron density that is concentrated along the internucledhe CO Ir-like state. With respect to free CO, this latter
axis and “z” represents orbitals that have no density on theordering isreversedn that on adsorption on the surface, the
internuclear axis. Traditionally, CO adsorption on cleanCO 5o orbital lies below the # level whereas in free CO it
transition-metal surfaces is considered to be largely deteiis the highest occupied molecular orbitaée upper curve of
mined by the donation of CO electrons to the substrate Fig. 6). There is also occupation of the CGr2 orbital as
and back donation from the metal into the unoccupied 2 seen below the Fermi level. The molecular states most af-
orbitals of CO(see, e.g., Ref. 39the quantitativebehavior ~ fected by interaction with the substrate are tlhedhd 27*.
of CO bonding to metal surfaces is more involved where théVith respect to hollow site adsorption of CO, the projected
interaction and hybridization of the other orbitdise., 40  DOS exhibits the following general differences to on-top site
and 1) with the metals states occur as weff~*®Recent adsorption: The CO &level is higher in energy and ther4
experimental and theoretical studies have provided a considewer in energy; furthermore, there is a hybridization of the
erably refined view of the CO metal bond and associatedw-like state due to interaction of the adparticles, seen, in
energetic contributions, as well as its dependence on adsorparticular, for CO in the 3P+ 1CQ, structure where the
tion site?”*® From the difference electron density distribu- distances between adparticles are the smallgisown in
tions in Fig. 3, it can be seen that there is a depletion ofnore detail in Fig. 2, as discussed abpve
electron density from the COd5orbitals and an increase in
the 27* states. For adsorption of CO in the on-top site, simi- V. ENERGY BARRIERS FOR CO ADSORPTION
lar features occur for each system. For CO in hollow sites
(see rightmost plot in Fig.)3in comparison, there is a larger ~ We now turn to another aspect of these systems: namely,
depletion of the CO & orbitals and a larger increase of elec- the possibility of kinetic hindering to CO adsorption due to
tron density into the CO 2* orbitals. Also, the region of the presence of energy barriers. For the structures shown in
maximum electron density increase between CO and th€ig. 3, we have calculated the total energy as a function of
metal surfacdregion of bond formationoccurs between the the height of the carbon atom of the CO molecule above its
CO 27* orbitals and the Ru d orbitals that point out of the adsorption site. The atomic positions of all other atoms are
surface, rather than in the region directly between the CQully relaxed at each step, except that (irtially ) constrain
molecule and on top of the Ru atom, as is the case for ththe CO axis to be perpendicular to the surfaegéth the C
on-top site adsorption. Furthermore, we see clearly the sigend towards the surfagand that the bottom two Ru layers
nificant role of the metatl states of the Ru atoms to which of the slab are held fixed. The results are shown in Fig. 4
CO binds, where in all cases they are depleted of electrofsolid circles.
density. For the 1Q+1CQ phase, the results show direct, unac-
The atom-projected CO DOS are shown in the bottontivated adsorption of CO into the on-top site. This is consis-
panels of Fig. 3. For CO in the top sitdashed curve for tent with experiments which measure a high sticking coeffi-
10,+2CQ) the results are similar for all of the systems cient for CO coveragess<1/4. Also showing unactivated
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. ,/ tion: namely,=36°. These larger angles can be understood in
\‘®// At the barrier- that for this structure, the neighboring adparticles are farther
i away and the repulsion slightly less.
PES isvery flat for To gain insight into the mechanisms responsible for the
\the tilt angles shown buildup of the energy barriers, we first consider the work-
3 function change with respect to the underlying structure ver-
sus distance of CO from its equilibrium position on the sur-
face (open circles in Fig. ¥ It can be seen that iall cases
considered there is a strong minimum present for CO at
- about 1.0 A above its equilibrium position and then an abrupt
A increase occurs. We also show the difference demsity)
s of the coadsorption system with C@ & A above its equi-
FIG. 5. Atomic geometry at the CO adsorption barrier maxi- librium position, where the barriers are a maximgwhen
mum for the 3Q+ 1CQ, structure, indicating that the potential en- present and where the work-function change is a minimum
ergy surfacgPES is very flat with respect to tilt angles of the CO (see middle panels of Fig.)4For no energy barrier, in both
axis: For tilts of=30° to the surface normal, the energy changes bycases(two leftmost figures charge has been depleted from
less than 0.05 eV. Large and small pale circles represent Ru and fhe Ru 4l,. states and accumulation has occurred in the
atoms, respectively, and dark circles CO. Note that for the CO molhonding region between the Ru and C atoms, and also into
fecgle, the twp additional O at_oms shown are intended just to helghe Ry 4, ,, states. We can also notice a redistribution of
indicate the tilts of the CO axis. charge in the molecule; i.e., electron density is depleted from
the 5o-like orbitals and there is a slight enhancement in the
adsorption is the result for the 2@+ 1CQ phase. On add- 27*-like states. These changes can be observed already for
ing a second CO molecule into the fcc site of the,10 CO at larger distances, i.e., between 1.5 and 2.0 A above the
+1CQ phase to form the 1+ 2CQ ¢ structure, an activa- surface(i.e., distances of the C atom of CO from its equilib-
tion barrier of~0.2 eV is found. Interestingly, it can be seen rium position as we found from analysis of th@elative
that there is also a physisorption well f0.1 eV at about number of electrons in the atomic orbitals as a function of
2.5 A from the surface. We note that the employed exchangedistance. With closer distances of CO to the surface, the
correlation functional does not describe the long-range vaibonding charge between C and Ru increases and back dona-
der Waals interactions, so the depth of the physisorption weliion into the CO 2™ orbitals occurgsee Fig. 3, therefore
may not be accurate. Experimentally, in order to achieve adstrengthening and forming the Ru-CO bond. Concomitant
sorption of CO into the fcc site, higher CO exposures arawith this movement of the electron density into these regions
required® i.e., ~10° langmuir (L) (1 L=10"°Torrs). In is the rather sudden increase in the work function, which sets
correspondence, the sticking coefficient, which is initiallyin as soon as the wave functions start to significantly overlap.
close to 1, drops by a factor of 60 at CO coverages greatdt is interesting to note that the “action of bonding” takes
than about 0.25. Thus, our calculated energy barrier, togethglace “quickly,” i.e., over a short and critical distance: The
with the decrease in available adsorption sites, is consistemidsorption energy increases by 1.08 eV and 1.07 eV over a
with, and helps explain, the experimentally reported drop indistance of just 0.5 A, respectively, for the J-©1CQ and
sticking coefficient. The adsorption of CO into the vacant2Q, ¢+ 1CQ structures.
hcp site of thg2x2)-30,,/Ru (0001) structuréwhich exists For the case of an energy barrier to CO adsorption, in
in naturd®®Y also exhibits an energy barrier, in this case ofboth situationgtwo rightmost figures of Fig. ¥ the electron
~0.35 eV. This implies that CO pressures higher than thoséensity redistribution in the surface region appespposite
used to obtain the 1,3-2CQ ¢ structure mentioned above to when there is no barrier: Thereaahancemerninto the Ru
would be required in order to realize this structure experi4d states(and the O P, orbitals for the 3@+ 1CQ, struc-
mentally. ture) and chargedepletionfrom the region on the surface
We explored whether or not releasing the constraint thatlirectly below the molecule, and no increase in electron den-
the CO axis be held perpendicular to the surface would yieldity in the bonding region between CO and Ru. There is also
a reduction of the identified energy barriers. We tested altlepletion from the CO & orbital and an increase in the
possible directions and found that the barriers remain, and=*-like states. Similarly, these redistributions begin to take
are in fact smallest for the assumed collinear geometry—theffect already at about 1.5-2.0 A above the surface. To try
potential energy surfaces are, however, found to be very flaand understand the origin of the energy barrier and of the
for a range of angles. In particular, for the 3OLCQ, sys- weak physisorption well, we analyzed the DOS and differ-
tem, tilts of up to=30° away from the surface normal in any ence density for the 13- 2CQ ; structure for different dis-
azimuth yield an increase in the energy barrier of less thatances of the CO molecule from the surface: namely, 6 A
0.05 eV. For larger angles the energy barrier becomes largeiCO far from the surfade 2.5 A (corresponding to the phy-
This is depicted in Fig. 5. For the 4@ 2CQ; structure, the  sisorption well minimun, 1 A (corresponding to the barrier
PES is even flatter, with larger angles of up #@1° not maximum, and in its equilibrium position. The results are
changing the barrier height by more than 0.03 eV for tiltsshown in Fig. 6. From the upper pari&ft) of the difference
towards neighboring O atoms. For tilts towards neighboringdensity (CO at 6 A), there is practically no interaction be-
CO atoms, the angle is smaller for the same energy devidween CO and the surface. The corresponding DiQper-
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COat (10 +100) investigation into CO oxidation via an Eley-Rideal reaction,
where a physisorption well for the C atom of CO at 3.5 A
I6 It 50 directly above the adsorbed O atdire., the distance be-
5 tween C and @ad)] was found®! This suggests that the
_ ! ' mechanism giving rise to both these wells may have the
- s : - same origin, which the above analysis shows is due to an
254 attractive overlap of théails of the wave functions associ-
—— e ated with the above-mentioned particles. The DOS at the
physisorption well minimum exhibits only slight changes as
oL compared to when CO is far from the surface, e.g., a small
upward shift in the CEO30 and an equally small downward
‘ _ _ ; RO o . shift of the CQ 50 orbitals, which is consistent with the
= - W B increase in electron density at the C atom of;@@d of the
slight increase in adsorption energy, respectively.

MNrey

Energy (V)

| E - A At closer distances to the surface—namely, at the barrier

! « | B s.o00e-0a maximum, 1 A from the surface—the wave functions begin

| i | B to overlap. The electron density is further displacesay

f : " e from the region on the surface directly beneath the CO mol-

| | 1.5008-03 ecule and into Ru d,2 states and, in contrast to at the well
-2.1090-03 minimum, also out of the COdborbitals. There is enhance-
';""""""‘ ment of the electron density into the CG"2states and also

300e-03

into the adsorbed COmolecule and the Padatom.(Note
that this was shown already in Fig. 4, but plotted on a dif-

<A00=e-03

w C
e
L0

|

: ; ;_um os ferent scalg.The observed displacement of the electron den-
f : 3.0006-04 sity away from the bonding region of these entities (@@d

| : “RLpnae-ay surface with preadsorbed ¢@nd Q) indicates arepulsive

{ ﬁ i iesin interaction. At this position of COfrom the surface, the

| L. . i - _3.1008-08 DOS show that the COaorbital moves to a slightly lower
Ly @ v = 2.7006-03 energy as does thes4 The 5 state is notably lower in
i o q* s =¥ S00ui energy andbroadenedcompared to when CQs at 2.5 A.

The development of some higher-lying statessodénd p,

FIG. 6. (Color Upper figures: projected DOS of the C atom of character(i.e., CO Sr-like) in the region—4 to —2 eV can
CO for different distance& of CO; above its fcc equilibrium site  be noticed. These states are identified as being antibonding-
of the 1Q,+2CQ; structure. Lower figures: corresponding differ- like through investigating the spatial distributions of the
ence densityn®(r), plots for CQ at 6 A (upper left, at 25 A, wave functions. That is, the sign of the involvépproach-
corresponding to the weak physisorption weipper right, 1 A at  ing) CO 5o-like wave function isoppositeto those that it
the barrier maximun{lower left), and in its equilibrium position nteracts with at the surface. The development of such anti-
(lower right. The units are ire bohr 3. Note the contour lines are bondinglike states is largely responsible for the repulsive
a factor of ten smaller than those in Fig. 3. (Pauli-like) interactiont? and the energy barrier.

With even closer distance of G the surface, i.e., at the
most curve in Fig. b are essentially those of the free CO equilibrium geometry, a significant increase of the electron
orbitals, but aligned with the substrate Fermi level: namelydensity into the CO 2* states occurs, which form a bond
30, 40, 1w, 50, and the unoccupied7® state(in order of  involving the Ru 4i,2 orbitals. This can be clearly seen in
lowest to highest energy the lower rightn®(r) plot of Fig. 6. The corresponding DOS

At the physisorption wel[upper rightn®(r) plot in Fig.  also show significant changes, in particular that the @© 5
6], we can see that CO is “polarized” with an electron den-like state has moved down in energy to below the CO 1
sity increase at the C atom. There is also a polarization of thetate and the CO@state up in energy. Thertderived or-
adsorbed CPOmolecule, with an increase in electron density bital also exhibits a broadening and hybridization due to in-
at the O end of the COnolecule, i.e., towards the incoming teraction with O-Ru states, in which the O atoms bond to the
CO; molecule. On plottingn®(r) on a smaller scale, an in- same Ru atoms as GO
crease in electron density can clearly be seen connecting the The described electron redistribution, or polarization, of
C atom of CQand the O atom of CO Furthermore, a deple- the CO molecules taking place at the physisorption well
tion of the electron density at the adsorption site on the surminimum of the 1Q@Q+2CQ structure also explains the
face can be noticed which is related to By, ,-like states weak maxima seen in the work-function change at this dis-
(with some extended-like character. The distance between tance(see Fig. 4; i.e., an induced effective surface dipole
the C and O atom§.e., the C atom of the incoming G@nd  moment that points towards the surface—i.e., the negative
the O atom of the adsorbed QQs 3.36 A—notably longer end outside the surfadas is the case in the upper right
than the CO bond lengtte.g., 1.16—1.20 A, cf. Table).l  n*(r) plot of Fig. 6—will give rise to an increase in the
This distance iwery similarto that which we found for our work function, as observed. At closer distances to the sur-
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CO at clean Ru(0001) very similar to that described above for the HRCQ
0.5 ' ' ' system(Fig. 6, lower lefi, the barrier being larger in the
latter case because the displacement of charge out of the

~ 00 surface Ru 4,,,, states and into the Rud4. states also

> disturbs and destabilizes the binding of the preadsorbed (CO
L 05 and Q) adparticles.

5,3 The found presence of activation barriers for nondissocia-
8 -1.0 tive adsorption carries with it some possible implications for
;5 the interpretation and modeling of experimental results and

theoretical simulations of surface processes. For example,
with respect to the former, we may think of thermal desorp-
tion which is one of the most widely used experimental tech-
4.0 6.0 8.0 niques for studying the binding energies of adsorbed species.
Zc( A) In this experiment one prepares an adsorbate layer of a given
initial coverage at a given temperature and measures the de-
FIG. 7. Total energy, referred to the situation where CO is farsorption rate of the particular species as a function of in-
from the surface, for CO above the tdpolid circles and hcp  creasing temperature. From such experiments the desorption
hollow (open circles sites of the clean R000]) surface with the  energy can be determined, i.e., the energy needed to remove
CO axis perpendicular to the surface and the C end down, as a particle from the surface and bring it into the gas phase.
function of distance of CO from the position of the Ru afgmo  Often this value is directly correlated with the binding en-
which the C atom binds. ergy of the adparticle to the surface, and if there is an acti-
vation barrier for adsorption, it would imply that the binding

face, the above-mentioned repulsive interaction becomegnergy would beoverestimatedy the barrier height, given
dominant and displaces the electron density away from théhat the binding energy is typically referred to the energy of
adsorption site into the Ru states as seen imthe) distri-  the particle in the gas phagaway from the surfage Con-
butions (Figs. 4 or 6 and also out of the COdbstate. The cerning theoretical simulations of experimental data, using,
maximum of this repulsion coincides with the observed de-£.9., kinetic rate equations ab initio calculations of surface
crease and minimum in the work function. At even closerprocesses using kinetic Monte Carlo calculations, the effect
distances, bond formation involving the CGr2 states and  of the neglect of such activation barriers to adsorption could
the Ru 4,2 states that point out of the surface can occurhave consequences for the results and their interpretation;
thus giving rise to an increase in the electron density in the.g., if, as is often done, the coverage of a species on the
bonding region and in the7? stateqsee, e.g., the difference surface is assumed to be directly related to the deposition
density in far right panel of Fig.)3and therefore the corre- rate (which may be reasonable for low coveragesut if in
sponding abrupt increase in the work function, as the bondeality barriers are present, the resulting coverage will be less
formation is completed. than assumed from the applied deposition rate. For example,
Finally, we considered the possibility of the existence ofthe found activation barriers for CO adsorption of 0.2 and
energy barriers to adsorption of CO at tbiean Ru(0001) 0.35 eV(assuming a simple Arrhenius relationship and room
surface. In Fig. 7 we show the total energy versus distance demperaturgwill yield factors of 4.4<10™* and 1.3<10 °
CO from the surface, above the top and hcp hollow sites. Adess for the number of particles hitting the surface, respec-
before, the CO axis is held perpendicular to the surface witliively, which is considerable.
the C end down and atomic relaxation included at every step.
For the top site, no energy barrier occurs, as was the case for VI. CONCLUSION
the coadsorption systems where CO adsorbed in on-top sites. In summary, we have investigated the energetics and in-
For CO at the hcp site, however, we observe a small barrigieractions of (2x2)-(nO+mCO)/Ru (0001) coadsorption
of 0.08 eV. The energetics in Fig. 7 show that CO from thesystems. We observed behavior consistent with the general
gas phase will be initially attracted to top sites, which is thepicture that increasing the O coverage results in a decrease of
most stable site for adsorption on ®001. In each case the CO binding energy. This occurs when CO occupies a
(top and hollow the work-function change as a function of hollow site and O atoms bond to tisameRu atoms as CO.
distance exhibits a similar behavior as shown earlier for theMe also find behavior different to this: namely, that with an
coadsorption systems, namely, a minimum at atfod for  increase in O coverage there can be practically no change or
the C atom of CO above its equilibrium position, and a shargeven a slightincreasein the CO adsorption energy. This
increase for closer distances as the molecule-substrate wawecurs for CO in the top site, and we attribute the slight
functions start to overlap and form the bond. increase in energy as being due to an O-induced lateral
It is interesting to consider the mechanism giving rise toweakening of Ru-Ru bonds that reduces the “effective coor-
the barrier in this case as there are no coadsorbates presedination” and destabilizes the non-O-bonded Ru atom that
In order to gain insight into this, we calculated the differenceCO bonds to making it more reactive, thus binding the CO
density distributions for CO at the hcp sitelaA above the  molecule more strongly. This destabilization is quantified by
surface. The obtained electron redistribution taking place ira significant reduction in the energy required to remove the
the CO molecule and at the surface Ru atoms is found to bronbonded Ru atom of as much as 1.4 eV. Thus, a decrease

I
=
th
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in the CO adsorption energy is primarily expected with anisorption well. The origin of the latter is attributed to an
increase in the number of O atoms tkaare a bond with the attractive interaction between thails of the wave functions
same Ru atoms to which CO is bondadt simply with the of the preadsorbed species and the approaching CO mol-
O coverageper se Analogous calculations involving the ecule, while the origin of the former is attributed to a Pauli-
coadsorption of CO and the electropositive atom Na, insteatike repulsive interaction involving occupation of weak anti-
of the electronegative atom O, show a qualitativepposite  bondinglike states. We anticipate that the identified
behavior. We also identified the presence of activation barrimechanisms and behavior may also be valid for other similar
ers for CO adsorption, which are preceded by a weak physsystems.
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