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A density-functional theory investigation

Wei-Xue Li** Catherine Stampft? and Matthias Schefflér
IFritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany
’Department of Physics and Astronomy, Northwestern University, Evanston, lllinois 60208
(Received 11 August 2002; published 29 January 2003

To help provide insight into the remarkable catalytic behavior of the oxygen/silver system for heterogeneous
oxidation reactions, purely subsurface oxygen, and structures involving both on-surface and subsurface oxy-
gen, as well as oxidelike structures at the/ &) surface have been studied for a wide range of coverages and
adsorption sites using density-functional theory. Adsorption on the surface in fcc sites is energetically favorable
for low coverages, while for higher coverage a thin surface-oxide structure is energetically favorable. This
structure has been proposed to correspond to the experimentally obsetvdd phase. With increasing O
concentrations, thicker oxidelike structures resembling compressg@(Ad1) surfaces are energetically fa-
vored. Due to the relatively low thermal stability of these structures, and the very low sticking probability of
0O, at Ag(111), their formation and observation may require the use of atomic oxy@eozone, Q) and low
temperatures. We also investigate the diffusion of O into the subsurface region at low caetagdl), and
the effect of surface Ag vacancies in the adsorption of atomic oxygen and ozonelike species. The present
studies, together with our earlier investigations of on-surface and surface-substitutional adsorption, provide a
comprehensive picture of the behavior and chemical nature of the interaction of oxygen @id) Ags well
as of the initial stages of oxide formation.
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[. INTRODUCTION These include the investigation of oxygen incorporation into
the RU0001) surfacé®’ which predicted that after 1 ML of
Investigation of the interaction of oxygen and silver, with oxygen on the surface, O adsorbed in subsurface sites below
regard to the role it plays in technologically important het-the first Ru layer where an attractive interaction between the
erogeneous catalytic reactions such as ethylene epoxidatié¥ygen atoms was identified, suggesting island formation.
and the partial oxidization of methanol to formaldehyde, had/Vithin these structures, the overall O-Ru bondstrength was
a long history! Despite considerable efforts, the O/Ag sys- "ePorted to be significantly weaker than pure on-surface ad-
tem is still not well understood on a microscopic level, angdsorption, thus representing a S|g_n|f|cant de_stablhzatlon of the
the identification of active oxygen species involved in theSUrface. Subsequent investigations of this system in more
above-mentioned reactions. remains unclear. Of particulaﬁjeta" indicated that structures involving on-surface and sub-
interest is to understand the role and nature of the elusivéurface oxygen functioned as nL_JcIeatlon sites and metasta_ble
subsurface O species in the function of silver as an oxidatioRf"ecursor structures for bulk oxide formation and an atomic

. ; athway for the transition to RuQwvas predicted® Similar
patalyst. Su_bsu_rface oxygen 1S thought to_ play a crucial rOI(gé)tudies for O/RHM11)® have also recently been reported, as
in the epoxidation of ethylené.e., formation of ethylene

. . . well as studies of the initial oxidation of alloy surfaces, i.e.,
oxide, alternatively known as epoxigdenhich takes place NiAI (110.2° From a recent trend study of oxygen adsorption

under atmospheric pressure and temperatures of 500-600 K, 4 incorporation at the basal planes of Ru, Rh, Pd, and Ag,
and in the formation of formaldehyde from methanol, whichi; a5 found that the coverage at which the onset of oxygen
can occur either by direct dehydrogenation or by oxidehyyccupation of subsurface sites occurs, correlates closely with
drogenation, and also takes place under atmospheric pressyfgt predicted at which bulk oxide formation begins, and that
and temperatures of 700-900 K and 800-900 Kihis occurs at progressively lower coverages for the metals
respectively. *? more to the right in the periodic tabfé The energy cost for
Recent studies of oxidation reactions over certain othefattice distortion was found to play a key role, where it is
metal surfaces have found that metal oxides form and actigreater for the metals more to the left in the periodic table
vate the reaction, in contrast to the hitherto believed purgi.e., Ru and Rh With regard to pure free-electron-like met-
metal, i.e., for the oxidation of carbon monoxide overals, the O/A{111)?? and O/Md0001)?® systems have been
Ru®*0One may therefore wonder if similarly silver oxides investigated as well by first-principles calculations. Earlier
form and play an important role. The most stable oxide ofstudies using an embedded atom-type approach, focussed on
silver, Ag,O, however, reportedly thermally decomposes atthe energy barriers for O penetration through the surface
460 K and at atmospheric pressure, making this seem unayer of various metals and oxides, which is an important
likely; ruthenium dioxide on the other hand is stable up toconsideration particularly with regard to the kinetfé<Our
temperatures greater than 1000°KTo date there have been present investigation into the interaction of oxygen and
a limited number ofab initio studies of subsurface oxygen Ag(111), in addition to sheding light on the understanding of
adsorption and oxide formation at transition-metal surfaceshow silver functions as an efficient oxidation catalyst, also
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addresses the initial stages of oxide formation. Our generabnge of coverages are described. Also energy barriers for
findings could have implications for gold, also a noble metaloxygen penetration into the sub-surface region are reported.
oxidation cataly$P which, for the(111) surface, exhibits a In Sec. IV structures are considered that involve both on-
restructuring and chemisorption of oxygen atoms at elevategurface and subsurface oxygen species, as well as the earlier
temperature$500—800 K and at atmospheric pressdfé’  proposed (4 4) geometry’’ In Sec. V, geometries involving
very similar to Ad111). The findings of the present study higher concentrations of oxygen are considered, where the
could also have consequences for copper, which catalyses teaergetic preference of oxidelike structures is found which
oxidation of methanol to formaldehyd®. have a geometry similar to tH&11) surface of AgO. In this
Experimental evidence indicates that {i¢1) orientation  Section, we also investigate an ozone-like species adsorbed at
is an important crystal face for real silver catalysts since an Ag vacancy, as has been proposed to be the active species
high temperatures, facets with this face reSdftpresumably ~ for ethylene epoxidation. The conclusions are given
due to the fact that it has the lowest surface energy. There afg Sec. VI.
only two ordered phases of oxygen on (A@l) that have
been reported; the (44)®* and (/3X3)R30°
structures'*! The latter actually exhibits a superstructure
given in matrix notation as (261;—1x26). The (4x4) The density-functional theor§DFT) total-energy calcula-
structure has recently been investigated by scanning tunneions are performed using the pseudopotential plane-wave
ing microscopy(STM) where the atomic structure is pro- method® within the generalized gradient approximation for
posed to involve a thin surface-oxide layer! In this work  the exchange-correlation functiond®®> The pseudopoten-
(Ref. 31, it was furthermore proposed that at low coveragetials are generated by the scheme of Troullier and Martins
(#=0.05+0.03 ML), O atoms occupied subsurface octahe-with the same functionaf*’ The wave-functions are ex-
dral sites below the first Ag layer. As will be shown in our panded in plane waves with an energy cutoff of 50 Ry and
present work, however, on-surface adsorption at low coverthe surface is modeled by a five layer slab separated by 15 A
age is significantly more favorable. of vacuum. Oxygen is placed on one side of the slab where
The (3% y3)R30° phase has also been investigated bythe induced dipole moment is taken into account by applying
STM, as well as by reflection electron microscopy and re-a dipole correctiorf® The positions of the oxygen atoms and
flection high-energy electron diffraction. It forms only after the top three silver layers are relaxed until the forces on the
the exposure of silvefirrespective of the crystal fagéo O, atoms are less than 0.015 eV/A. In thex(1) Ag(111) sur-
at atmospheric pressure and high temperat880—-900 face unit cell, 21 speciak points are used in the surface
K).% Various atomic structures have been proposed for thigreducible  Brillouin  zone for the Brillouin-zone
phase; our recent STM simulation supported a surfaceintegration®® Thesek points are equivalent for all of the
substitutional geometry, however, it was noted that this strucsurface structures studied in order to maximize the accuracy
ture was onlymetastablé? To date, the atomic geometry of when comparing the energies of different coverages as cal-
neither of these ordered phases has been unambiguougylated in different supercells. We employ a Fermi function
confirmed which calls for further quantitative structural with a temperature broadening parametekgf®=0.1 eV,
analyses. and the total energy is extrapolated back to zero temperature.
In our previous work? we studied both on-surface oxy- (kg is the Boltzmann constantResults of detailed conver-
gen and oxygen adsorption in surface-substitutional sites ogence tests can be found in Ref. 32.
Ag(11]) for a wide range of coverages. The bondstrength of The average adsorption energy per oxygen atégy, is
on-surface oxygen was found to be weak compared to thealculated according to
transition metals to the left of silver in the periodic tatdeg.
Ru). With increasing coverage, there is a strong repulsion 1
between on-surface oxygen atoms, and the on-surface oxy- E= — ——[ECAIIL_ (EAIIIL L N EfreeQ)] (1)
gen adsorption becomes energetically unstable with respect No
to gas phase molecular oxygen for coverages greater than
=0.5 ML. In the present paper, we investigate pure subsumwhere Ng is the total number of oxygen atoms of the
face oxygen and structures involving both oxygen adsorbeddsorbate-substrate system per unit cell, and the total energy
on the surface and in the subsurface region, hereafter denotefi the adsorbate-substrate system, the clean surface, and the
as “on-surface-subsurface.” We also investigate the pro- free oxygen atom are representediyA9(11D, EAI(LD gngd
posed (4x4) surface-oxide phase, and oxidelike structuresE™®© respectively. That isE®A9(111) represents the O/Ag
containing higher oxygen concentrations. These results, tesystem under investigation, which, e.g., may involve purely
gether with our earlier study, provide a comprehensive unsubsurface O, or on-surface and subsurface species, or ox-
derstanding of the electronic and atomic structure, and staeelike structures.

Il. CALCULATION METHOD

bility of oxygen species at the Afj11) surface. To study the interaction between on-surface and subsur-
The paper is organized as follows: The calculation methodace oxygen, we consider how the stability of on-surface O is
is briefly explained in Sec. Il and in Sec. Ill, results are affected by subsurface @nd vice versa To do this, we

presented for purely subsurface O structufies., without define a so-called “removal energy,” which is the energy
on-surface oxygenwhere the energetics, atomic geometry, required to remove an on-surface O atom into the vacuum. It
and electronic properties for different sites and for a wideis given as
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22 " sider E©°" only for structures having one O atom on the
aal . . surface and one below it. The adsorption and removal ener-
‘le® e gies are defined such that a positive number indicates that the
i 4 - ¥ adsorption is exothermi¢stable with respect to a free O

atom, and a negative number, endotherfuicstable.
The definitions of quantities that we use to analyze our

Binding Energy(eV/atom)
N
o]

e results, e.g., total and projected density of stdfeBOS,
30 | octa s density difference distributions, and the work function, can
be found in Refs. 40,32.
32 :
0.0 0.2 0.4 0.6 0.8 1.0
Coverage 6 (ML) IIl. PURE SUB-SURFACE OXYGEN

We first study the subsurface oxygen without the presence
respect to atomic oxygerunder the first A¢l11) layer in octa  of on-surface oxygen. For oxygen occupation in the subsur-
(circles, tetra-I(diamonds, and tetra-li(triangles sites, as a func- face region there are two possible sit€3:the octahedral
tion of coverage. The horizontal full line represents half the experisite, denoted hereafter as “octa,” which has six nearest-
mental value of the binding energy of,@.56 eV). The solid lines  neighbor Ag atoms, three above and three below,(@hthe
connecting the calculated adsorption energies are to guide the eygstrahedral site, which has four nearest-neighbor Ag atoms.
Due to the presence of the surface, there are two types of
tetrahedral sites; one is where there are three silver atoms
Ou JAG(111) : W . above it and one below, denoted as tetra |, and the alternative
\S/;vh(ire E.SUb gh( is the_ total energy of the breftfarencg one, tetra Il, is just the opposite with one surface Ag atom
ystem, "i’r;qgva?t containing onfgne or mor subsurface . directly above, and three below it in the second Ag layer, as
species.Eq, can also be thought of as fche adso”Ot'c’ndepicted in the insets of Fig. 1. We performed calculations
energy of an O atom onto the substrate which contains the, v gen in these different sites for a wide range of cover-
?(;ertiuerf?ecgo(\?a??nrgfé f\gf (;b;’l'J%”SSU r?gféogozz);quatlon hold$yes, ive., 0.11 to 1 ML. We focus on adsorption immediately
below the first Ag layer as we find that oxygen adsorption
deeper in the bulk is less favorable in every césse Table
I). In the following subsections, the energetics, the atomic
whereE®n"A9(111) s the total energy of the reference system,and electronic structures, and energy barriers for O diffusion
i.e., that containing only the on-surface O species. We coninto the substrate are discussed, respectively.

FIG. 1. Calculated adsorption binding energy of oxydesth

Egenmovalz _ [ EO/Ag(lll)_ ( Eosub/A9(111)+ Efree-o)], (2)

EremovaI: _ [EO/Ag(lll)_ ( EOon/Ag(lll)+ Efree-o)], (3)

sub

TABLE I. Calculated energiesin eV) and first metal interlayer expansion for various coverages of
subsurface oxygen in the octa, tetra-l, and tetra-Il sEggis the adsorption energy with respect to atomic
oxygen andg,, is the binding energy on the predistorted surface, Bpés the energy cost of the distortion
of the substrate as induced by subsurface oxygétmout the presence of O, see textd,, is the percentage
change in the first metal interlayer distance, where the center of mass of each layer is used. The calculated
bulk interlayer distance is 2.43 A. Where available, values of the adsorption energy are given for O occupa-
tion under the second metal layé&,{second).

6(ML) 0.11 0.25 0.33 0.50 0.66 0.75 1.00
Octa
E.q 2.93 2.86 2.72 2.94 2.83 2.80 2.64
Ey 3.40 3.16 3.40 3.15 291
Eq 0.54 0.44 0.46 0.35 0.27
Ady, 6.4 10.9 10.5 21.2 28.6 29.9 33.2
E.{second) 2.72 2.64 2.70
Tetra |
Ead 2.61 2.46 2.59 2.45 2.27
Ep 3.49 3.14 3.32 2.97 2.65
Eq 0.88 0.68 0.73 0.52 0.38
Adj, 15.5 14.2 27.4 41.1 46.8
E.{second) 2.31 2.19
Tetra Il
E.q 2.44 2.43 2.49 231
Ady, 17.5 20.4 37.3 49.2
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A. Energetics 1.8 -

The calculated adsorption energigg; for Ogctas Otetra-ts 23+ (a) & = -
and Qgyay, With respect to atomic oxygen, are plotted in % L E/E\/
Fig. 1 and are listed in Table I. For,@, (circles, it can be ¥ 28 - 7z
seen that the adsorption energy decreases when the coverage =, r
varies from 0.11 to 0.33 ML, indicating a repulsive interac- ;2 33— 4
tion between the Q;,atoms; however, it increases from 0.33 i o .
to 0.50 ML, so that the effective interaction between thg.0O - 38
atoms in this range is attractive. For coverages higher than g 1.0
0.50 ML, the adsorption energy decreases again. Despite this § - (b) tetra—1
dependence on coverage, we note that the overall variation in ;“‘ 0.3 | octa
the magnitude of the adsorption energy is rather small, i.e., & 0.0 I
not greater than 0.3 eV—in sharp contrast to what we found &
for adsorption on the surface, where the corresponding value 50
is 1.93 e\?? Compared to Q,, the tetrahedral sites are a0 L © tetra—I
energetically less favorable for the whole coverage range. It r
can be noticed that the tetrahedral sites exhibit a similar de- 30 C
pendence on coverage as.fg ~ 20 - octa

From our calculations, theelative stabilityof the various < i
systems are well defined; the absolute value of the adsorption 0
energies is less so due to the error of standard DFT calcula- 00 n 0'2 ' 0‘4 0‘6 ' 0|8 1‘0
tions in describing the free O atom and moleciflén par- Coverage 6 (ML)

ticular, the experimental binding energy of Per O atom is
2.56 eV while the calculated value is 3.16 e\_//at%zrthat IS, FIG. 2. (a) Binding energies of O on the predistorted substrate,
the theoretical value is significantly overestimated. The deEb' in the octa(filled circles and tetra-I sitesfilled squaresand

viation to the experimental value highlights the difficulty in the corresponding adsorption energies, of O in the octa(open
obtaining quantitatively, the absolute adsorption energiesircles and tetra-I(open squaressites. The adsorption energies of
This is particularly problematic for this system as can beon-surface fcc-O are also showmpen diamonds (b) Energy cost
appreciated from Fig. 1: On the consideration of the theoretg, of distorting the substrate lattice to the geometry induced by
ical value of 3.16 eV, it would indicate that all of the subsur- subsurface oxygetbut without the presence of oxygeior the octa
face sites are unstable with respect to the oxygen moleculé€gpen circlesand tetra-open squaresites.(c) Percentage change
while the experimental value indicates that the octa site if the first metal interlayer distance compared to the bulk value for
stable with respect to Ofor all the coverage range. The the octa(circles and tetra-l(squarepsites.
adsorption energy of oxygen on the substrate is expected also
to be overbound, although not nearly so severely as the Qthe binding energy as being due only to electronic effects, as
molecule. we have removed the energy cost of distorting the lattice;
Compared to subsurface adsorption, on-surface adsorptiahat is, as purely reflecting the bond strength of the O-Ag
is notably more favorable for low coverages: compare 3.61nteraction. We have calculated these contributions for the
eV32 (fcc) to 2.93 eV(octa, Table. )l for coverage 0.11 ML octa and tetra | sites which are given in Table | and are also
and 3.52 eV (fcc) to 2.86 eV(octa, Table ) for coverage plotted in Fig. 2, along with the corresponding on-surface
0.25 ML. Due to the build-up of a strong repulsion betweenadsorption energié$ for comparison. In addition, the per-
on-surface adsorbatésfor a coverage of 0.50 ML, the en- centage change in the first metal-metal interlayer distance is
ergies of on-surface and sub-surface oxygen become pracghown.
cally degeneratcompare 2.92 e¥/ (fcc) and 2.94 eMocta, Comparing the binding energies of O on the predistorted
Table )]. For higher coverages, on-surface adsorption besurface with on-surface adsorptipsee Fig. 2a)], it can be
comes considerably less favorable than subsurface oxygenseen that for coverages 0.25 and 0.33 ML, on-surface adsorp-
The electron density at subsurface sites is significantlyion is still (slightly) energetically more favorable than sub-
greater than for on-surface sites which gives rise to a strongurface adsorption in either the octa or tetra-l sites, thus the
kinetic repulsion due to the orthogonalization of the wave-preference for O to be on the surface is not due to the energy
functions of the substrate caused by the presence of oxygeoost of distortion of the substrate for the case of subsurface
To reduce this repulsion, the lattice expands to an optimunadsorption. It can be seen, howe{iom e.g., Fig. 2b)] that
value*! In order to aid our discussions concerning on-the energy cost of distortion is significant and does reduce
surface versus subsurface adsorption, it is constructive to rehe adsorption energy of subsurface oxygen substantially. For
gard the subsurface adsorption eneffy;, as consisting of example, at 0.50 ML the binding energy of subsurface oxy-
two contributionsii) the energy cost of distorting tHelean gen in the octa site on the predistorted substrate is 0.48 eV
substrate lattice to the geometry induced by subsurface oxygreater than adsorption on the surface, but dldsorption
genEy and(ii) the binding energy of oxygen on the predis- energy(i.e., when paying for the distortion cgss practi-
torted substratek,,, i.e.,E,= Ep— Eq. We may then regard cally the same. Furthermore, it can be seen that like the ad-
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sorption energy, only to a greater degree, the binding energy
of subsurface oxygen decreases in the coverage range 0.5C
1.0 ML. This repulsive interaction is attributed to unfavor-
able O-O interactions due to the close proximity of the par-
tially negatively charged O atoms to one another and the
larger expansion of the metal-metal spacing for these cover
ages, which less effectively screens the O atoms.

The energy cost of distorting the substrfEgg. 2(b)] per
O atom generally decreases with increasing O coverage du
to an effective sharing of the energy cost by neighboring O
atoms. The exception, from coverage 0.33t0 0.50 ML, whered 1) o G
the distortion energy slightly increases, is because there is
significant increase of the metal interlayer spacing for the
latter coveragdsee Fig. 2c)]. The distortion energy is al-
ways larger for the tetra-| site, which is understandable due
to the larger oxygen-induced expansion of the first metal
interlayer spacingsee Table | and Fig.(2)] caused by the
smaller space in which to accommodate the subsurface G
atom.

As seen clearly from Fig. 1, the adsorption energy for the
octa site is greater than the tetrahedral sites for all the cov:
erages considered. If we remove, however, the distortion en-
ergy, we see from Table[land Fig. 2a)] that for coverage
0.25 ML, the tetra-l site has in fact slightly greater binding
energy(compare 3.49 to 3.40 gVIn this case itis the larger perpendicular to the AG11) surface and intersects the Ag atoms.

cost of distortion for the tetra-l sitecompare 0.88 to 0.54 The unit is 102 Bohr2. The positions of the O and Ag atoms are
eV) that results in the octa site having the larger adsorptiori1ndicated by the arrowé

energy. For all the higher coverages, however, the octa site

has the stronger O-Ag binding and even though the energy,yer spacing induced by on-surface oxygen was less than
cost of distortion for the tetra-I site is larger than the octa sitey 9> A for the whole coverage range investigatedil to
in all cases, this does not determine the adsorption site prefr o ML).32 The large expansion is, however, similar to what
erence and make the tetra-| site less favorable than the oc{g s peen found for subsurface O at other metal surfddés.
site. The reason that the binding energy of the tetra-I site is e O-Ag bondlengths are generally longer for the case
less favorable than the octa site for coverages greater thaf ihe octa site compared to the tetra sites, which is in-line
0.25 ML, is therefore an electronic effect. This could be dugyith the understanding that adsorbates in higher coordinated
to a less efficient screening by the metal atoms of the parjies have longer bondlengths compared to lower coordina-
tially negatively charged subsurface O atoms, due to th¢gn sites?©42 Most of the O-Ag bondlengths involving sub-
larger Ag-Ag interlayer spacing of the tetra-| site as showngyface oxygen are longer than the typical bondlength be-
clearly in Fig. Zc). o _ tween on-surface oxygen and A8.17 A), i.e., roughly 8.8,
The above findings highlight the interplay between the, 3 5 goj Jonger for the octa, tetra-l, and tetra-Il sites, re-
energy gain due to bond formation and the energy cost due @pectively.
structural deformation. These effects are materials depen- Tpe change in the work function induced by subsurface
dent: To the left of Ag in the periodic table, the transition oxygen is modest, i.e., less than 0.56 eV for all of the ad-
metals are “harder’(i.e., having higher bulk moduli and  gorption sites throughout the range of coverages considered,
the energy cost of deformation is h'gﬁé’c’” the other hand,  \yhich is in strong contrast to the case of on-surface oxygen
the energy gain due to bond formation between oxygen andqsorption, where it is as large as 4 eV at 1.00 ¥This is
the transition metal is stronger as well. due to the location of O under the surface Ag layer, which
screens well the partially negatively charged oxygen atoms,
and in addition there is, to a large degree, a cancellation of
dipole moments involving oxygen and the top two Ag layers
As seen above, subsurface oxygen occupation inducesas indicated by the difference in electron density in Fig. 3.
significant structural distortion of the Afll) substrate as The electron density of the exposéslurface silver atoms
shown by the variation of the first interlayer spacing in Tableand the silver atoms bonded to O in the second layer, is
I and in Fig. Zc): Namely, the expansion varies from 0.16 to depleted, while there is a large accumulation on the O atom.
0.81 A for Q,,when@ increases from 0.11 to 1.00 ML, and The result is very similar for the octa site.
from 0.38 to 1.14 A for Qy..;, and from 0.43 to 1.20 A for Similarly to on-surface oxygen adsorptidhthe interac-
Otetrai» When 6 increases from 0.25 to 1.00 ML. This is in tion between subsurface oxygen and silver is mainly via hy-
sharp contrast to what we found in our study of on-surfacéridization of the O-p and Ag-4d-5sp states, where anti-
oxygen adsorption where the contraction of the first interbonding states are largely occupied, indicating an ionic

O

FIG. 3. The difference in electron densityr)?, (see the defi-
nition in Ref. 32 for oxygen in the subsurface tetra-| site for cov-
erage 0.25 ML. The contour plane is in tf&l1] direction and is

B. Atomic structure and electronic properties
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E-E/eV
HeV) FIG. 5. Adsorption energy of oxygen at a coverage of 0.11 ML

FIG. 4. Total PDOS for oxygen in the subsurface tetra-| site forfor penetration into the subsurface octa site from the on-surface
coverage 0.25 ML. The Ag PDOS of the first and second metafCc-hollow site through the first Ag layer, and from the octa site to
layer atoms that are bonded to oxygen are indicated by dashed afee “bulk” tetrahedral site, through the second Ag layrom right

dot-dashed lines, respectively, and the O PDOS is indicated by ¥ [€ft). From the tetra-l site, O will move to the more favorable
solid line. The vertical dashed line marks the Fermi energy. bulk octa site under the second Ag layer. The short lines indicate the

adsorption energy with respect to half of the binding energy of the
nature and explaining the relatively weak binding energy?*y9en moleculéexperimental value “TS” represents the transi-
compared to the metals to the left of Ag in the periodic table fion _states, and the numbers on the arrows indicate the energy
This can be seen from the total projected density of states ¢FA™ers:

the O atom and of the Ag atoms in the first and second layers o . :
that are bonded to O, as shown in Fig. 4 for oxygen in thdaken as an upper limit. From Fig. 5 it can be seen that the

tetra-l site at coverage 0.25 ML. The band width of the©Nergy barrier for fcc oxygen to enter the subsurface region
Ag-4d states are notably narrower for the surface Ag atomdS 0-86 €V. For the reverse process, i.e., to diffuse to the
due to the lower coordination. As for on-surface oxygen ad_surfgce from the octa site, the barrier 1S °T"y 0'.18 9\/‘ A.S'
sorption, no other peaks occur between the Osate and suming that the prefactor for the two diffusion directions is
the Iowe’r edge of the Agdlband; we point this out because the same, and “S‘T‘Q a simple Arrhenius equation, the ratio of
such a feature has been found in some experimental studie{tﬁg gLfLuSSJ?fZCCeOefé%%?fegoioﬂfggr?ﬁgtsggg:fgijlfgf?ﬁg ;?Jr
the origin of which is under debatésee, e.g., Ref. )2 : s ” )
Clearly, purely subsurface oxygen is not responsible fmfa_\ce IS 5']2<.1O at 47.0 K and 1.6&10 at 900 K. These :
these features, nor is purely on-surface oxygen or surfacé(-'net'c considerations indicate that chemisorbed oxygen will
substitutional oxyger? This will be discussed in more detail stay on the surface at low coverage and at temperatures of
in Sec. VB. Compared to on-surface oxygen, the ©-2 a_round 47(.) K. _Eve_zn at the higher temperature of 900 K, the
PDOS for subsurface oxygen is atl@ver energy, which, dlff_?rr]encg IS Stgl S|gn|f|cet1)nt. . d . he bulk
from the initial state theory of core-level shifts, indicates that e obtained energy barrier to move deeper into the bu

- : from under the first Ag layer to under the second Ag layer is
subsurface oxygen is less negatively charged. 0.92 eV. This value is slightly larger compared to the case of

oxygen diffusing through the first metal layer; this is due to
the presence of the surface in that it costs less energy for the
To investigate subsurface oxygen in more detail with resurface Ag atoms to relax compared to the Ag atoms in the
gard to the energetics of its formation, we study the penetrasecond layer, which are more constricted due to other Ag
tion of O through the surface Ag layer from the on-surfaceatoms both above and below. Although configurational en-
(fce) site to the subsurface octahedral site at low coveragéropy for O in the bulk could drive oxygen to diffuse deeper
(0.11 ML). The transition state corresponds to the oxygerinto bulk region, the above results clearly show that there is
atom in the plane of the surface A1) layer. We fully relax  a large potential gradient indicating that the oxygen, in the
the first three Ag layers, but to stay at the transition state, wéwer coverage regime, will be concentrated near surface.
restrain O to be in the plane of the first @41 layer (if we As noted in the introduction, a chemisorbed oxygen spe-
did not do this, the O atom would move to one of the twocies at coverage 0.650.03 ML was observed, by scanning
minima either side The vertical distance of this top layer, tunneling microscopySTM).3! The associated feature exhib-
however, is relaxed. We also considered the diffusion barriited a depression with a diameter of4 A which, accord-
ers for oxygen under the first Ag layer to move deeper intang to the STM stimulation, suggested that the oxygen atom
the bulk, i.e., to diffuse through the second Ag layer byis located in the octa site under the first silver layer. On-
analogous calculations. In this case, the pathway is from theurface adsorption was excluded since the diameter of the
octa site under the first Ag layer to the tetra-l site under thalepression in the stimulations was significantly less, i.e., just
second Ag layer. Oxygen will then move to the energetically4=1 A. The tetra-l site was excluded on the basis that it
more favorable octa site under the second Ag layer. We noteffered less space and was expected to be energetically un-
that due to the use of a ¢83) surface cell, which will re- favorable. The alternative tetra-1l site was not mentioned. No
strict complete lateral relaxations at the transition state, thealculations, however, of energies were performed in this
barriers could be slightly lower. The present values may betudy. As our results show, at coverage 0.11 ML, the binding

C. Energy barriers for O penetration into the substrate
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energy of O on the surface is energetically significantly more
favorable than sub-surface oxygen which does not support
this assignment. The effective O-O repulsion is not very
strong in the coverage range 0.06-0.11, i.e., the adsorption ,
energy is only 0.05 eV smaller for the latter coverdgee daslasdasw
Fig. 14). Thus we believe that for the lower coverage of 0.05 To6i66E (Lan)
ML, the energetic preference for on-surface adsorption will @ 94
not change. 04

L AIS I

IV. EFFECT OF SUBSURFACE OXYGEN (@RI ) YIS DD
fcc/octa (2nn) 1T (2nn)

In the preceding section it was shown how on-surface
oxygen was energetically favorable for coverages less than FIG. 6. Schematic geometry of the X2) surface unit cells
~0.50 ML compared to pure sub-surface adsorption, but forvith on-surface oxygen in the fcc sitgQO(larger dark circlesfor a
higher coverages, subsurface adsorption was preferred. §pverage of 0.25 ML. The various sybsurface sites are depicted as
was also seen how the presence of subsurface oxygéHe small dark circles and the resulting on-surfasabsurface ge-
changes the nature of the surface Ag atoms, namely, by caulmetries defined by the Iab&.g. fcc/octa(lnn)]. There are two
ing a depletion of the electron density. In order to investigaté!erent types of subsurface sites; ones that are closestglo O
the effect that subsurface oxygen has on the reactivity of thgemted 1nn and ones that are further away, d.en‘.)ted 2nn. Note, as
surface, as a first step we study the adsorption of additiona'lrl]d'cated by thex’ on the atoms’.thei 1nngd, site is located di-

. . ectly below Q.. and the tetra-1l site is located directly below sur-

oxygen on the surface with subsurface O present. This stu ce Ag atoms.
is interesting in the sense that if on-surface oxygen is taken
to represent an arbitrary electronegative adparticle, its behav-
ior may reflect a general tendency. Investigating the interacgies vary from 2.77 to 3.27 eV. Furthermore, the 1nn set of
tion between on-surface and subsurface oxygen is also essefituctures are energetically unfavorable compared to the 2nn
tial in relation with understanding the initial formation of set. This is due to the close proximity of the former tg.O
surface oxides. We first consider many different atomic arwhich causes a considerable O-O repulsion. For example,
rangements involving structures with an O atom on the surthe adsorption energy of theost favorablestructure of the
face and one under the surface Ag layer in order to identifylnn set is 2.92 eV, while théeast favorablestructure of
energetically favorable geometries. the 2nn set is 2.99 eV. The energetically most favorable
structure of all is that where subsurface oxygen is located
in the tetra-l site of the 2nn set. This structure is de-
noted as (Q./Oetra-) =050 aNd can be seen more clearly in

We consider the case of one on-surface oxygen atom ifrig. 1Q0b).
the fcc site Q. of the (2x2) cell plus one subsurface oxy- To investigate the effect of subsurface oxygen on the bond
gen atom, i.e., a total coverage of 0.50 ML. With this ar-strength of Q., we consider the removal energy cf. Eg).
rangement, there are three high-symmetry subsurface sited/e calculated this quantity for O in all of the various sub-
namely, octa, tetra |, and tetra Il, as described above, but dugurface sites. For subsurface O in the octa, tetra-l, and
to the presence of Q, there are noviwo different kinds of  tetra-ll sites of the 1nn set, the respective removal energies
each of these sites, which can be differentiated by their relaare 2.98, 2.94 and 3.36 eV. For the same sites but in the 2nn
tive distance to Q.. We therefore assign the label “1nn” set, the values are 3.10, 3.93, and 3.64 eV, respectively.
(first nearest neighbpto indicate the three subsurface sites These values can be compared to the adsorption energy of
closest to @, and “2nn” to indicate those that are the sec- O (at 0.25 ML without the presence of subsurface oxygen
ond nearest-neighbor subsurface sites. These six possididich is 3.52 eV¥? Thus, depending on the location of sub-
subsurface sites are shown in Fig. 6. We tested all of thessurface oxygen, it can be eithdestabilize or stabilizeig-
possibilities, where the positions of the oxygen atoms andhificantly the interaction between on-surface oxygen and the
top three silver metal layers were fully relaxed. Similar ge-metal substrate. The energetically most stable structure
ometries exist when on-surface oxygen is located in the hcpOrec/Otetra-) 9050, Stabilizes on-surface O by 0.41 eV
hollow site; in the light of what is learnt from the results for (compare 3.93 to 3.52 @V The effect of the presence of
O in the fcc site, however, we viewed it necessary to onlyon-surface O on the binding of subsurfacd@® Eq. (3)] is
consider two structures for this case. like that found for the effect of subsurface O on the binding

We first discuss results of subsurface adsorption with onof on-surface O. This can be seen from the inspection of the
surface O in fcc sites. The calculatéaverage adsorption  values ofEEP®?in Table. 11, together with the values &,y
energies are given in Table II, along with the removal enerin Table | for structures involving purely subsurface oxygen.
gies[cf. Egs.(2) and (3)], and the O-Ag bondlengths and For on-surface oxygen in the hcp-hollow site, we consid-
metal interlayer expansions, as well as the work functiorered the octa and the tetra-| sites of the 2nn set for subsurface
change. O. The former, denoted as (Q/Oqcid g-0.50, IS geometri-

It can be seen that the values depend strongly on the lgzally very similar to the energetically favorable structure
cation of subsurface oxygen: The average adsorption enetOs../Oetra) s=0.50, NAMely, both involve a linear O-Ag-O

A. Energetics
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TABLE II. Calculated atomic geometries, energetics, and work function change for oxygen adsorption in
structures involving both on-surface fcc-hollow sites and subsurface sites at a total coverage of OF0 ML.
is the bondlength between on-surface oxygen and silver atoms in the first metal Iayer,R@ﬁiIs the
bondlengths between subsurface oxygen and silver atoms in the first metal yeis.the first metal
interlayer distance given with respect to the center of gravity of each layer. The bulk interlayer distance is
2.43 A.Eqis the average adsorption energy with respect to atomic oxygen, B5f1l8"?andE°"*'are the
removal energies for on-surface and subsurface oxygen atoms, as defined {2)Eared (3). Ad is the
change in work function with respect to the clean surfaegculated to be 4.45 eVThe unit of length is A

and of energy is eV.

Rg)n RiUb d12 Ead Eganmoval Erselzgoval AD

1nn

fcc/octa 2.17 2.46 2.73 2.92 2.98 2.33 181
fccltetra-| 2.19 2.18 2.81 2.77 2.94 2.03 152
fccltetra-ll 2.18 2.26 2.80 2.90 3.36 2.29 1.10
2nn

fcc/octa 2.19 2.26 2.72 2.99 3.10 2.44 1.40
fcc/tetra-| 2.10 2.09 2.89 3.27 3.93 3.02 1.15
fcc/tetra-ll 221 2.17 2.84 3.05 3.64 2.58 0.84
hcp/octa 2.15 211 2.78 3.33 3.80 3.25 1.02
hcpl/tetra-| 2.16 2.18 2.86 2.77 2.94 2.14 1.59

bonding arrangement. And as can be seen from the results Viewing oxygen as a typical electronegative atom, its
presented in Table Il, it is also a low-energy structure; in factfunction at the subsurface site may be replaced by other elec-
it is the lowest of all. That it is slightly more favorablby  tronegative species, such as chlorine, which is actually used
0.06 eV} may be understood due to the fact that the pureas a promoter in some reactions that silver catalysemay
subsurface @, structure at 0.25 ML is energetically more be expected then that chlorine will also stabilize on-surface
favorable than the Q.. site (by 0.24 eV} as shown in Table electronegative species. Also, the found enhanced stability of
I, while the difference between pure on-surfagg.@nd G,;,  on-surface oxygen due to subsurface O may also reflect the
is less(0.11 eV. behavior of other similar species at the surface. This could
Comparing the average adsorption energies of the stru@xplain the reported stabilization of CO on @G0 which
tures described above for coverage 0.50 ML to the structuresas attributed to subsurface oxyg€n.
at same coverage, but where oxygen occupies exclusively
either on-surfaceH,4=2.92 eV for fcc oxygehor subsur- _ _ _
face sites E,4=2.94 eV for Qy), it is found that the mixed B. Atomic structure and electronic properties
structures (®c/Oretrad 9=0.50 (3.27 eV and In the following we describe the main structural and elec-
(Oncp/ Ooctd 9=0.50 (3.33 €V are significantly energetically tronic properties of the energetically most favorable on-
more favorable The average adsorption energies of thesesurfacersubsurface structures. Full details concerning the
mixed structures are, however, not greater than that of on©-Ag bondlengths and metal interlayer spacing are given in
surface adsorption at the lower coverage of 0.25 ML. Othefable Il. The most notable feature of the low-energy struc-
geometries are also possible for coverage 0.50 ML, for extures is a characteristic linear,@Ag-O,, bonding arrange-
ample, pure on-surface O involving hcp and fcc siteg,(O Ment of the uppermost atoms. In-line with their energetic
+Ohep s=0.50 @nd pure subsurface O in different sites,(Q preference, they also have shorter O-Ag bondlengths; for ex-
+ Oterat) 0—0.50 ANd (Qeyrart Oretrat) p—o.50 Where the two  ample, for (Que/Oretra) s—o0.50 the Qec-Ag bondlength RY",
subsurface oxygen atoms are separated as far as possigfed the bondlength of subsurface O to the first Ag layer,
from each other. All these geometries were tested and founB;". are 2.10 and 2.09 A, respectively, and for
to be energetically unfavorable, as shown by their respectiv€Oncp/ Ooctd =050, the analogous values are 2.15 and 2.11
average adsorption energies, namely, 2.41, 2.94, and 2.95 é\i respectively. These can be seen from the inspection of
(cf. Table Ill). Altogether, our calculations indicate that oxy- Table Il to be shorter than the less favorable on-surface
gen will enter the subsurface region for coverages greatetsubsurface geometries. They are also shorter compared to
than 0.25 ML. We note that this coverage could be less, buthe corresponding bondlengths of the pure on-surface and
to determine this would require the use of larger supercellspure subsurface structures, e.g., 2.17 A for on-surface fcc
the value of§=0.25 ML may therefore be regarded as anoxygen, 2.12 for Q,,, and 2.24 A for Qg, at coverage
upper limit. Clearly, this is in contrast to O adsorption on0.25 ML. Compared to the values 6" (bondlengths of
Ru(0001) where O adsorption in subsurface sites only be-subsurface O to the top Ag layefor the two most favorable
comes energetically preferred after the completion of a fullstructures, the bondlengths of subsurface oxygen tséoe
monolayer®1’ ond Ag layer (not shown hereare pronouncedly longer,
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s — 0.(0./O Joom O atoms(dotted lines in Fig. Y. For comparison we show the
: _ 8‘“&%"30 . PDOS for the Q. and Q. atoms of the energeticaliynfa-
AT - AROSOm s vorable (Of.c/Oyeta) 9—0 50 Structure(thick dashed curves in
E 3t the upper and lower parts of the figure, respectiyedg well
&.2 5 [ as the PDOS for the structures containing purely, Q.e.,
% without Qgya.) and purely Qg (i.€., without Q) atoms.
£ 1r Considering first the results of ¢/ Oxetra-) 9=0.50, It CaN
20| e A . be seen that the PDOS forQof this structure is shifted to
> 5r  OuniOcfOundease a lower energy compared to the pure on-surfage €pecies
= — 0, 2
g 41 = 00,10 oo (compare the thick and thin continuous lines, respectively, in
= 7 AEOS O o the upper plot The antibonding states of (Q of the
§ 3r (Osee/ Oretra-) 9=0.50 Structure are around 0.74 eV lower com-
E 2 Lk pared to the case of pure A similar shift occurs for the
L O-2s state. For Qya.; Of the (Qcc/Oerra-) 9=0.50 Structure, as
I compared to Q. of the pure subsurface,Q,. at 0.25 ML,
0 -

it exhibits a similar behavior, but the magnitude of the shift
is less, i.e., around 0.56 eV for the valence PDOS and 0.45
eV for the & state. Due to the mentioned shifts to lower

FIG. 7. Total projected density of staté@DOS for the favor- ~ €nergies, the DOS at the Fermi energy decreases for the
able (Que/Oreral s—0s0 and unfavorable (Q./Oped g—o50 Struc-  (Otee/ Otetrad) 9=0.50 System compared to that not containing
tures. PDOS for @, (upper figuré and Qg (lower figure are  subsurface oxygen. This is also the case forttial DOS.
shown by thick solid lines, and the silver atoms shared by the twalhe density of states for the other energetically favorable
oxygen atoms are shown as dotted lines. For comparisgpw@h-  structure (Qcp/Oocid) 9050 (NOt Shown are very similar to
out the presence of subsurface oxydénn solid line and with that of (Qcc/Oetrar) 9= 0.50 Which is in-line with their similar
subsurface oxygen in the octa sfthick dashed lingare shown in energetics.
the upper figure. Also for comparisdtower figurg are the PDOS We now consider aenergetically unfavorableonfigura-
for Oeya Without on-surface oxygetshown as thin solid lineas  jon for comparison, namely (Q/Ooca) 9—0.50 (Where Qua
We_II as subsur_face O in the octa si_te of the urjfavorable Structures in the 2nn set of Q., see Fig. 6 and Table)lIA different
(thick dashed ling The energy zero is the Fermi energy. behavior to that described above is found: Here the PDOS

for on-surface oxygen () shifts towardshigher energies
which indicates a stronger bonding of subsurface O to thevith the presence of subsurface O, as does thesGtate
surfaceAg layer, which is also bonded to a surface O atom.(compare the thick dashed and thin continuous lines in the

In Table II, the work function changes with respect to theupper plot of Fig. 7. Furthermore, we find that all the ener-
clean Ad111) surface due to O adsorption for the on-surfacegetically unfavorable structures exhibit a higher total DOS at
+subsurface structures described above are listed. The vdhe Fermilevel compared to the energetically favorable ones.
ues vary from 0.84 to 1.81 eV, and for the energetically most To gain further insight into the bonding mechanism, we
favorable structures the values are;{@ iera) 9—0s0 1.15  calculate the difference in electron density distribution for
eV and (Qcp/Oocta p=0.50, 1.02 eV, respectively. For com- (Orcc/Otetra-) 9=0.50, as shown in Fig. 8. A depletion of
parison, the change in work function for on-surface oxygerAg-4d,, ,, states of the surface silver atoms bonded to the
at coverage 0.25 ML are 1.23 g¥ec) and 1.31 eMhcp,** O and Quya OXygen atoms occurs, while there is an in-
and the values of the work function for the on-surface fcccrease in electron density on the O atoms. The coupling be-
and hcp sites at the same coverage of 0.50 ML are more thaween Q.. and the silver atom directly below in the second
twice as large as the structures involving both on-surface anthetal layer is comparably weak, as indicated by the modest
subsurface oxygetf. Subsurface O competes with on- perturbation of electron density, and as also suggested by the
surface oxygen for the bonding charge of the surface Adonger bondlength described above. It is thgBg-Oetra-i
atoms; as a consequence, the on-surface O species direar coordination that allows a strong hybridization of the
slightly less negatively chargedompared to when there is Ag-4d,, ,, orbital with the Q.. and Qg4 Species, and also
no subsurface O. This can be seen by comparing Fipe8 screens well the electrostatic interaction between them. This
low) with that of Fig. 4 in Ref. 32, and is also indicated by is also the case for the (Q/Oqctd g0 50 System(not shown
the lower-energy position of the Os2evels for the favor-  which contains the same linear coordinatio®., Q,.;Ag-
able on-surface subsurface structure as discussed below. O,y ) and weaker coupling to the substrate underneath.

In Fig. 7 we show the projected density of states fgr, O The energetic preference for the fcc/tetra-l and hcp/octa
and Q. atoms of the energetically favorable (i.e., alinear O-metal-Darrangement is found also at higher
(Otee/Oretra-d 9=050 Structure. They are labeled “ coverage. In particular, we also considered oxygen coverages
Otce(Otee/ Oretrad 9=050 and  “O tetra-f Otce/ Oretra-d 6=0.501 - of 2.00 ML. These structures involve a full monolayer on the
respectively, and are denoted by thick continuous lines in theurface and full monolayer under the first Ag layer, where
upper and lower parts of the figure. We also show the PDO$here are a total of six possible configurations. We tested all
for the first layer silver atoms which are bonded to these tw®f these and as mentioned above, the energetically favorable

E-E, (V)
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FIG. 9. Sketch of the atomic structure proposed in the STM
study of Ref. 30 for the (X4) phase. The surface unit cell is
indicated. The oxygen atoms are represented by small dark circles,
the uppermost Ag atoms by gray circles, and the intact plane of
Ag(111) atoms lying below the “O-Ag-O” trilayer are represented
as the open circles.

and find that it has a low enerdgee Fig. 14 In obtaining

FIG. 8. The difference in electron densityr)* (see the defi- this value, we have used the chemical potential of Ag in bulk
nition in Ref. 33 for (O./Oera-) 9=0.50- The contour plane is in  to take into account the energy of the Ag atoms in the mixed
the[211] direction and is perpendicular to the Ad1) surface and trilayer. We also considered a “stoichiometric structure,”i.e.,
intersects the Ag atoms. The unit is T0Bohr 2. The positions of corresponding to AgD within the trilayer in which the Ag
the O and Ag atoms are indicated by the arrows. atoms sitting on top of underlying substrate atoms are

present and found, in agreement with other recent calcula-
structure is again that involving on-surface O in the hcp sitdions of these two geometriéthat it is less favorable by
and subsurface O in the octa site(f#Oqcia) g—2.00 (by 0.07 0.7 eV per cell.
eV), and the next most favorable structure is that for on-
surface O in the fcc sites and sub-surface O atoms in the V. FORMATION OF A SURFACE OXIDE
tetra-1 sites (Q./Oretra) 9y=2.00- The average adsorption en-
ergies of these structures, are however, unstable with respect A Accumulation of oxygen in the subsurface region
to gas phase © Such linear O-metal-O geometries have also  |n order to gain insight into the stability of structures with
been found to be the most energetically favorable of thos@igher concentrations of oxygen, we performed calculations
considered for other transition metals, e.g.Rand Rh®  for many different geometries. Since there are no experimen-
As will be seen below, this is actually the primary building tal results to provide guidance, and no additional ordered
block involved for the energetically favorable structures in-phases observed, we use)(Z) surface cells and Systemati-
volving higher oxygen concentrations as well as in silMer cally investigate the many possible atomic configurations at
oxide Ag,O. In addition, oxygen adsorption on 4.0 with  the given coverages. Such a study would be unfeasible with
(nX1) reconstructiorf$ involve a similar O-Ag-O configu- the larger (4<4) cells, and given the very similar local
ration. atomic geometry mentioned above of the proposes 4%
structure and our identified low-energy structure at 0.5 ML
(and similar electronic structurewe view this as an appro-
priate strategy.

The proposed atomic geometry for thex(4)-O/Ag(111) We first investigate various geometries involving 0.75
phasé®3! bears a very close resemblance to the identifiedViL. Considering the addition of another O atom to the en-
low-energy (Q./Oetra-) 9=050 Structure. The difference be- ergetically favorable systems with total O coverage 0.50 ML,
ing that the surface Ag atoms of the former structurerseoe  our results show that oxygen will occupy subsurface sites
commensurate with the underlying X11) surface unit cell, rather than on-surface sites to avoid the strong dipole-dipole
i.e., the upper O-Ag-O “trilayer” is laterally expanded to repulsion. As seen in Table Ill, for the energetically favorable
equal that of the€111) surface of bulk AgO. In addition, to  configuration described above for 0.50 ML of oxygen
avoid Ag atoms sitting in top sites directly on top of the (Opcp/Ogcd 9050 the addition of an O atom to the on-
underlying Ag atoms, these Ag atoms are missing, i.e., onsurface hcp site yields an average binding energy of 2.97 eV,
per (4x4) cell. This results in a stoichiometry of the trilayer but it is 3.25 eV if the additional O atom occupies the sub-
of Ag; gdO with a corresponding oxygen coverage of 0.375surface octa site below the first Ag layer £ Oqcid g-0.75-

ML (see Fig. 9. We calculated the average O adsorptionA similar result is found for the other energetically favorable
energy of this structur@ncluding full atomic optimization  structure at 0.50 ML (€./Oietra-) y=0.50. IN that it is ener-

C. The (4X4)-0/Ag(111) phase
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TABLE IIl. Average adsorption energgper oxygen atomE g 3.26 eV (Que/Orerrart Otetrat) o—0 75 With average binding
and work function changA®, for oxygen in various sites and for energy 3.29 eV, as well as (@/Oocta) =075 (3.25 e\Vl.
various coverage®lg,, fon, and by, represent the oxygen cover- Interestingly, the slightly more  favorable one
age in the subsurface and on-surface regions, and the total coveraq@f IOtrart Oretrat) o— 0.7 [depicted in Fig. 1@)], is simi-
; [ cc etra- etra-1l/ =0. . '
respectively. The energy unit is eV. lar in structure to the bulk silver oxide A@, where both
subsurface oxygen atoms are located at the center of a silver

Bon Osuo Eag Ad tetrahedron, and the silver atoms shared by the O atoms are
Oiota= 0.25 in a linear chain. Within the accuracy of our calculations,
fce 0.25 - 3.52 1.23 however, these three structures are essentially degenerate.
octa - 0.25 2.85 0.09
Orora=0.50 . . . . .
foe 0.50 292 299 B. Higher O concentrations and formation of an oxidelike film
hcp 0.50 2.83 2.36 We now consider the incorporation of higher concentra-
foc+hep 0.50 241 253 tions of atomic oxygen. For a coverage of 0.75 ML the fa-
octa 0.50 2.94 0.09  Vvored structures have 0.25 ML oxygen on the surface and
octattetra Il 0.50 2.04 0.02 0.50 ML be_tween the flrst_and second Ag Iaye_rs. We will
tetra-H-tetra Il 0.50 295 0.27 now determine the energetic preference for adding one more
octattetra | 0.50 278 0.46 O atom and then subsequently a second one, resulting in total
fecftetra | 0.25 025 397 115  coverages pf 1.0Q ML and 1.25 ML, respgcuvely. In particu-
lar, we will investigate whether oxygen will prefer to occupy
hcp/octa 0.25 0.25 3.33 1.02 . ’ ,
o 075 the subsurface region under the first mef[al layer along W|_th
total the two oxygen atoms already there, or if the O atoms will
hcp/octa 050 025 297 222 yeside deeper in the “bulk” region, i.e., under the second
hcp/octa 0.25 0.50 3.25 142 qetal layer.
hep/octat-tetra |l 0.25 0.50 3.26 0.85 The results are shown in the lower part of Table Ill. For
fec/tetra | 0.50 0.25 2.90 2.19  additional oxygen occupation under the first Ag layer, as an
fec/tetra | 0.25 0.50 3.06 147 example, we show that for the hcp/octa system the result for
fcc/tetra Htetra I 0.25 0.50 3.29 0.98  subsurface coverages of 0.75 and 1.00 ML with O in the octa
ot 1.00 site. The average adsorption energies are 3.09 and 2.89 eV,
hcp/octa 0.25 0.75 3.09 1.63  respectively. However, if these additional oxygen atoms oc-
hcp/octa 0.25 1.00 2.89 1.58  cupy instead sites under ttsecondAg layer, in particular,
fccltetra H-tetra Il according to the identified preference for a linear O-Ag-O
ftetra | 0.25 0.75 3.13 0.66  bonding arrangement, then the average adsorption energies
fccltetra H-tetra Il are 3.13 and 3.22 eV, respectively, which are clearly ener-
Jtetra H-tetra |l 0.25 1.00 3.22 1.02 getically more favorable compared to additional oxygen oc-
fec/tetra H-tetra |l cupation under the first Ag layer. The latter structure is
__Jtetra H-tetra I 0.25 2.00 321 117 shown in Fig. 10d), where it can be seen, in comparison

with 10(b) and 1Qc), that with continuous O incorporation,
the same structure can keep forming. Actually, the average
getically favorable for the additional oxygen atom to occupybinding energy of 3.22 eV at coverage 1.25 ML, has already
a subsurface site, namely, the tetra-l sitg.{ra)9=075 cONverged to the value of the structure at the higher coverage
(3.06 eV}, instead of an on-surface fcc-hollow s{@&90 eV. of 2.25 ML (3.21 eVj, as shown at the end of Table IIl. This
The reason that the average binding energy ofvalue is also very close to the calculated heat of formation
(Onep/ Ooctd p=0.75 With 0.50 ML octa oxygen is 0.19 eV for bulk Ag,0, which is 3.23 eMalso referred to the free O
more favorable than (Q/Oiea.) g—o0.7s With 0.50 ML tetra-l  atorm).*®
oxygen, is mainly due to the difference in energy of the pure In Fig. 11, the work function change of the identified en-
subsurface Q, and the pure subsurface Q) structures at ergetically favorable structures involving on-surface and sub-
coverage 0.50, which as shown in Table I, is 2.57 eV for thesurface oxygen, as well as that for thex(4) structure are
latter and 2.94 eV for the former. shown, where they are compared to the values of pure on-
We also tested if it is energetically more favorable for thesurface adsorption. It can be seen that they are significantly
two subsurface O species to occupy different types of sublower than for on-surface adsorption and vary between 1.1 to
surface sites. For instance, as shown in Table lll O 0.5 eV. Interestingly these values are close to that of
+ Otetra-t) 6=0.50 AN (Qera-rt Owetract) 0= 0.50 have average ad- ~1.0 eV as reported experimentally for @d1) when sub-
sorption energies of 2.94 and 2.95 eV, respectively, veryected to high oxygen pressures and high temperdtiiree
close to Qg at same coverage?.94 e\j. We find that the value for the (4< 4) structure is also in very good agreement
energetically most favorable structures at coverage 0.75 Mwith the value of 0.55 eV reported by Bae¢ al*’
do involve subsurface O atoms in different sites, in addition The identified energetically favorable structures with high
to that where they both occupy the octa site, namelyO concentrations e.g., 1.25 ML or 2.25 ML are like silirgr
(Onep/ Ooctat Otetra-tl) 9=0.75, With average adsorption energy oxide AgO(111) but under a compressive lateral strain of
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© - © FIG. 11. Work function change for on-surface O adsorption in
(b)3.27 ¢V /0.50 ML the fcc site(squares (from Ref. 32 and of the (4<4) and the
oxidelike structures with higher oxygen concentrati¢ngngles.
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AT O & and has considerably narrowed due to the significant in-
B e o o G —34% crease of the spacing between the metal layers and the weak

%’5 © © “l@ ‘@ hybridization with the O-p states. Also, two extended
shoulders appear either side of it. These features are very
(¢)3.29eV/0.75 ML similar to those of the the oxide surface under zero lateral

strain, which will be reported in detail elsewhéfe.

We calculated the removal energies of the on-surface oxy-
gen of the favorable structures. The resulting energies are
very similar to what we found for the favorable 0.50 ML
on-surface-subsurface structures discussed above in Sec. IV,
namely, they are all in the range of 3.90—4.01 eV. These
bondstrengths are actually the strongest we have found for
this system, and such species could be important for under-
standing how silver functions as an efficient oxidation

FIG. 10. Atomic geometry of energetically favorable structurescatalyst.
for increasing oxygen concentratioria) on-surface fcc oxygerib)
fcc oxygen plus subsurface oxygen in the tetra-l gitgas for (b) 1. Relative stability of the oxidelike structures

but with additional oxygen in the tetra-1l sit@j) as for(c) but with .
additional oxygen under the second Ag layer in the tetra-l and It has been seen above that the average O adsorption en-

tetra-1l sites. The average adsorption energy with respect to thE'9IES of the e”efge“ca"y favorable structures¢at0.50 )
clean Ag111) substrate and free oxygen atoms, as well as the cor@nd 0.75 ML are slightly greater than the heat of formation
responding coverage, are given at the bottom of each figure. Thef the bulk oxide referred to atomic oxygéaompare 3.27
relative variation of the first and second interlayer spacings with@nd 3.29 eV to 3.23 el For the higher concentration struc-
respect to the bulk value is also given to the right of the figurestures, the values are, however, extremely clésempare
Large pale gray and small dark circles represent silver and oxyged.22 and 3.21 to 3.23 @VThis is very interesting since the
atoms, respectively. oxidelike structures, although similar in geometry to ideal
Ag,0(111) surfaces, are laterally compressed by a large
18%. The character of the oxide is already present for covamount. To investigate why the energies are so close, e.g.,
erage 0.75 ML: In addition to the same local atomic coordi-whether the underlying A411) surface plays a role, or if the
nation, the vibration of subsurface oxygen,.f@, in distortion actually has little effect on the energetics, we study
(Otee/ Otetra-rt Oretrat) 9—0.75 i calculated to be 526 cit  the relative stability of the oxidelike structures in comparison
which is very similar to the experimental value of 545¢cm  with true Ag,O(111) structures. In particular, we calculate
for oxygen in bulk AgO.*® The calculated valence band for free-standing AgO(111) layer structures under zero strain
the oxidelike  structure  (/Opart Otetrai/ Owra  and under a compressive strain of 18%, which corresponds
+ Oetrat) 6= 1.5, Shown in Fig. 12, also bears a close resem-o the strain of our identified oxidelike structures due to be-
blance to that of bulk AgO. The upper panel shows the ing commensurate with the underlying @g1) surface.
result of the uppermost{Q-Ag-Oera @toms, and the lower For a thickness involving five metal layers, it is found that
one shows the result for Q.. under the first metal layer the true oxide is energeticallgssfavorable by 0.05 eV per
and Qg5 Under the second metal layer, as well as the silveoxygen atom than the oxide film under the strain. For thicker
atom in the second layer to which they commonly bond.films corresponding to seven metal layers, the energy differ-
Compared to the clean surface, or lower coverage structuregnce between two structures decreases to just 0.005 eV per

40.9 %

37.6 %

(d)3.22eV/1.25ML

045408-12



SUBSURFACE OXYGEN AND SURFACE OXIE . .. PHYSICAL REVIEW B 67, 045408 (2003

responsibléand on the other hand an associatively adsorbed
ozonelike species at a surface Ag vacancy has been
proposed?® We investigated the latter species, the atomic ge-
ometry of which is shown in the insets of Figs. 13 and 14.
We find, in agreement with Ref. 49, that the molecular
ozonelike species is energetically preferred compared to
three separate O atoms adsorbed at the vacancy edges. We
considered two vacancy concentrations for the adsorption of

[ O _Aglst_o

tetra-1

fee

N W A

Projected Density of States(states/eV)

0 the ozonelike species, namely, 0.11 and 0.33 ML, corre-
> [ Opnn~A2i—Oro I sponding to O coverages of 0.33 and 1.0 ML, respectively.
4 | I The atomic geometry is found to be similar to the ozone

I | molecule in the gas phase, namely, when adsorbed on the
31 : surface the calculated bondlength between the O atoms is

[ I 1.41 A and the angle is 118 deg, while for the free molecule
2r | the respective values are 1.27 A and 117 deg. The longer
1L I bondlength between the O atoms when adsorbed on the sur-

- | face indicates that the inter O-O bonding is weakened. The
0_8 mz adsorption energy is very similar in each case, indicating that

they interact little with each other. Compared to the oxidelike
structures they are energetically unfavorable. However, if va-
FIG. 12. Total projected density of states for the oxidelike struc-cancies were provided “for free(i.e. not taking into account
ture (Qce/Oetrg + Otetra-tt/ Otetrg + Oterra-id 9=1.25- The upper figure  the vacancy formation energythen such a species is ener-
shows the PDOS for @ (dashed ling the uppermost Ag atoms getically favorable forf=1.0 ML (see Fig. 14 We expect,
bonded to both O atom@olid line) and Qg (dotted ling under  however, that the concentrations of vacancies will be rather
the first layer. The lower figure shows the PDOS fq,Q, (dashed  |ow and this species will not be present in large concentra-
line) under the first metal layer, the shared Ag at@wlid line) and  tjgns.
Oetra (dotted ling under the second metal layer. The Fermi energy  \wjith regard to the electronic structure, we find that there
is indicated by the vertical dashed line. are indeed a number of electronic states in the energy regime
below the bottom of the Ag-d band as can be seen from

oxygen atom, where the deformed oxide film is still pre-piq "13 "\which shows the projected density of states on the O
ferred. Only for thicker structures involving nine metal lay- 4;0ms In particular, features are seen at energies 2

ers does the true oxide filfzero strain become energeti- 3.5, 6.0, 7.0, 8.5, 14.4, 19.5, 24.8 eV bel@y. Reported

cally favqraple(by 0.02ev per oxygen atomrhis cquld be experimental features observed on polycrystalline silver are
taken to indicate that a transition to the natural oxide surfacgt 3.5,9.2, and 11.2 eV belo, which were thought to be
will only happen at or beyond a critical thickness corre- o té hyaroxl§ and features E)bserved for the OIAGO
sponding to about nine metal layers. The transition may no ystem are at 3’3 70.95 12.7. 17.3 eV. which were attri-
occur immediately because the energy gain is still very smalll, o o the associ,ative,:ly adsorbéd ozoneli,ke spdliesan

and it may take more layers in order for sufficient strainb

to build Also. the int tion bet th d e appreciated that there is some overlap of these various
energy to build-up. AISo, the interaction between the oxi eenergies, but it is not possible to draw any solid conclusions
structures and the metal substrate, which was not con5|dere8Irl the basis of such comparisons

may hinder the transition. That the structures with the In order to visually summarize the main energetics of our

smaller lateral dimensions are not notably less favorable thafbsults we show in Fig. 14 the average adsorption of oxygen

the true oxide structures can be understood in that there is g Ag(111) versus coverage. This also includes our earlier
significant expansion normal to the surface, as shown in Fidasults for pure on-surface and surface-substitutional

.10' For the O/R(000Y) system,” from similar calculations, adsorptior? as well as for investigations into bulk substitu-
it was found that Rug{110) layer structures become ener-

icall ¢ bl diol f the identifi dtcional adsorption. There is one point in this figure not dis-
getically more favorable compared to layers of the iaentilied;, ;ssq i the present or previoiRef. 32 paper so far and
on-surface-subsurface structures with the same st0|ch|om-t

; . hat is for the adsorption of an oxygen atom on the surface in
etry, after a thickness equivalent to only two or more metaltpe fcc site near a preexisting vacancy with coverage 0.25

layers. In this case the lateral deviation between the naturgh; The adsorption energy is seen to be less favorable than
RuG,(110) oxide and the on-surfa¢subsurface structure , the ideal(111) terrace, but if such vacancies were pro-

was equal to 15% and 35% in tyeandx directions, respec- vided for free(i.e., without paying the vacancy formation

tively, where the natural oxide is more expanded. energy cost it can be seen that their binding to the surface is
considerably stronger than on the idé&all) terrace, com-
pare 3.83 eV to 3.52 eV. We expect a similarly stronger
Another issue of debate in the literature is the origin ofbinding of O at other undercoordinated Ag atoms such as at
several electronic states observed lying in the energy regiothe edge of steps or kinks, as has been found for other
below the Ag-4l band and above the OsZemi-core level. Oftransition-metal systems. Considering Fig. 14, at a glance,
On one hand it has been proposed that hydroxl groups atiese results predict that at low coverage, O prefers to adsorb

2. Adsorption of an ozonelike species
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FIG. 13. Total projected oxygen density of states for the ozone- 40L——1 L
like species adsorbed at an Ag surface vacancy. The upper panel 0 02 Ogover;);e g (IS['E) 12

shows the valence-band energy region and the bottom panel, the

lower-energy region. “)" indicates the center O atom of the FIG. 14. Average adsorption ener@yith respect to atomic D
ozonelike species and the @" indicates the left and right O  yergus coverage for the different structures considered: pure on-
atoms of the ozonelike species that are bonded to two surface A t5ce oxygen in fcc-hollow siteisliamonds, surface- and bulk-
atoms. substitutional adsorptioftriangles, pure subsurface oxygen in oc-
tahedral sites under the firésubsurface octpa.and secondbulk
octa) Ag layers(circles, an ozonelike molecule adsorbed at a sur-
on the surface, but with increasing coverage the thin (4ace Ag vacancy(left-pointing triangley and surface oxidelike
X 4) surface oxide is favored. For higher concentrationsstructuregsquarey as illustrated in Fig. 10. The vertical downward
thicker oxide like structures similar to th@11) surface of pointing arrows directed at dashed lines with open symbols, indi-
Ag,0O are preferred which have a coverage of 0.25 ML oncate the correspondiriginding energief the structures involving
the surface and 0.50 ML between each Ag layer. These ersurface Ag vacancies, i.e., the vacancy formation en&gf (see
ergetics relate well to the general behavior found experimenRef. 32 for the definitiopy is not taken into account. The adsorption
tally in the early work of Czanderrid,whose study shows energy of O in the fcc sitétriangle with a neighboring surface Ag
that the isosteric heat of adsorption of oxygen on silver powYacancy is also shown fa=0.25 ML, as well as the correspond-
der decreases from 0.91 to 0.37 eV per oxygen afaith N9 binding energy.
respect to 1/2 the binding energy of)Q and then remains
constant at 0.400.02 eV per oxygen atom for coverageés _
=0.33 to about 0.90 ML, which was attributed to the growth EOJF_ZEAQ EAQZO'_ ©
of an oxide layer. Using the above equation, and referring the energy to that of
a free O atom, we obtain for the O chemical potentig
=3.23 eV. This is just the heat of formation of 4@,
C. Thermodynamic and kinetic considerations AH oyige, but referred to a free O atom instead of to 120
thermal equilibrium, the bulk oxide will be formed when the 1d€ formation, it has been proposed that the critical coverage

oxygen chemical potentialo satisfies the equation, 0. at which 'the' transition occurs is thermody!’namically,
rather than kinetically, determined. Belogy, the differen-

tial heat of adsorption of chemisorbed oxygen is higher than
the heat of formation of the oxide, but abo¥g it becomes
lower. The differential heat of adsorption at a given coverage
Hggfs( #) can be thought of as the energy required to remove
. . a single O atom on the surface at that coverage, or equiva-
Where ag(buig @nd iag,o are the chemical potentials of an |enly, the energy gain on adsorption of a single O atom to
Ag atom in bulk and of the bulk oxide A@, respectively. result in that coveragg.e., with the presence of other pread-
This equation can be expressed in terms of the total energigsrbed O atoms The criteria for the critical coverage be-
of the respective systems, i.e., yond which bulk oxide formation is expected to occur is

Mot 2 i ag(bulk)= KAg,0: (4)
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diff d(OXE 4d0)) cantly different temperature rang€s00—-600 K and 700—
AHoxige=Hadd 0) =——q5 | % 900 K, respectively and both occur at higltatmospherig
pressure. Our investigations in this direction are in progress.
dEads( 0)
=Eaad 0c) + acXT . (6)
b, VI. CONCLUSIONS

Applying this to the O/A¢111) system, using the on-surface  In the present work, we have systematically investigated
adsorption energies from our previous paffewe obtain a  pure subsurface oxygen and structures involving both oxy-
critical coveragef. of 0.24 ML. This value correlates very gen adsorbed on the surface and subsurface oxygen, as well
closely to the coverage of 0.25 ML found from our extensiveas oxidelike structures at the Adl surface through
DFT calculations when oxygen starts to penetrate into theensity-functional theory calculations. Compared to pure on-
subsurface region, suggesting onset of oxide formation andurface oxygen adsorption, which exhibits a strong decrease
occupation of subsurface sites are linked. Similar correlain adsorption energy with increasing coverage, pure subsur-
tions for O at other transition metal surfaces, namelyface adsorption exhibits a weak dependence on the coverage,
Ru(0001), Rh(111), and Pd111) occur, where it is found that where the octahedral site is favored for all of the investigated
the critical coverage is higher for the “harder” metals to- coverage range of 0.11 to 1 ML. Comparing the adsorption
wards the left of the TM serie6.e., Ru.?* energies of pure on-surface O and pure subsurface O, we find
In contrast to our theoretical results that predict the for-the former is energetically favored over the latter for cover-
mation of oxidelike films, to our knowledge, experimental ages up to around 1/2 a monolayer, whereafter the pure sub-
studies employing high pressures and elevated temperaturesrface structures are preferred.
have only reported the thin ¢44) surface oxide to The energetically favorable structures involving both on-
date?®~3+475Formation of an oxide requires first, sufficient surface and subsurface oxygen have a lower density of states
numbers of dissociated oxygen atoms, and second, it require$ the Fermi energy and involve less iorfless negatively
significant mass transpo(e.g., diffusion of Ag atoms or O chargedl O atoms as compared to the energetically unfavor-
atoms which can only take place at elevated temperaturesable structures. As quantified by the concept of a “removal”
Given that the heat of formation of bulk silver oxide is low, energy, the presence of subsurface oxygen modifies the on-
we expect that the formation of thicker oxidelike layers maysurface oxygen-silver bond significantly. Depending on the
be prevented either because the temperature at which theylsorption site, it caeither stabilize or destabilizéhe on-
are likely to decompose is not high enough for sufficientsurface oxygen, and vice versa. The energetically most fa-
atomic rearrangements to occur, or that so far there haveorable structures, howevetabilizethe on-surface oxygen.
been insufficient concentrations of oxygen atoms delivered On the basis of the energetics of all the calculated struc-
to the surface; indeed th@11) surface of silver has an ex- tures we find the following scenario: At low coverages oxy-
tremely low dissociative sticking coefficient for,10 ©. gen prefers to stay on the surface in the fcc site. With in-
Possibly with the use of atomic oxygen or ozotvehich  creasing coverage a thin ¥44) surface oxide is
readily dissociates at the surfacand low temperatures, energetically favorable, and for higher concentrations, the
thicker oxide films could be formed experimentally. This hascalculations predict the formation of oxidelike structures
recently been done for studies on the oxidation of tH@j  very similar to AgO(111). We propose that with the use of
surfacé? as well as for polycrystalline silver when exposed atomic oxygen or ozone and low temperatures, such thicker
at room temperature to a mixture of oxygen and ozonepxidelike films may be observed experimentally.
where thick films have recently been reportéd. Having thoroughly studied the energetics, and atomic and
In order to gain more insight into the behavior of the electronic properties of the O/AflL]) system, as is crucial
O/Ag system as an oxidation catalyst and to identify thefor gaining further understanding into the function of silver
possibly active O species, it is important to be able to takeas an oxidation catalyst, the next considerations must address
into account the effect of temperature and gas pressure. lthe effect of elevated temperatures and high pressures, since
particular, the catalytic reactions of ethylene epoxidation andhese are the conditions, under which the real catalysis takes
the partial oxidation of methanol take place at two signifi-place. This will be the subject of our following publications.
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