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Abstract

The adsorption properties and characteristics ofo@@u, Ag and Au atoms deposited on various sites
(regular £, AP center, ands™ center) of the alkaline earth oxide MgO and Ba®e Three members of
morphological irregularities, terrace, edge, angigex terminated corner of MgO and BaO (001) surfaaee
been studied by means of density functional calmria and embedded cluster model. The examinedectus
were embedded in the simulated Coulomb fields tiasely approximate the Madelung fields of the host
surfaces. The adsorption properties of CO hbgen analyzed with reference to the natfrehe oxide
support, pairwise and non-pairwise additivithand gaps, associative adsorption, and ektatic
potentials. CO adsorption on an oxide supp®rdrastically enhanced when CO is adsorbeda metal
deposited on this support. A dramatic changefound, and explained, when one compates €O
binding energy to©?~ and ' sites. The binding of CO precursor is maintlominated by the
E7a*~"% pairwise additive contributions and tk&244 non-additivity term increases with increasing tlasibity
of the oxide support (MgO < BaO). While the claakcontributions to the electrostatic interacticare quite
similar for the deposited metals, they are quitssidiilar when going from defect-free to defect-edming
surfaces.

Keywords. CO adsorption properties -Transition metals-Oxidpports- Density functional calculations

1.Introduction

Metal clusters and thin films on oxides play impottroles in various technological applications;hsas
heterogeneous catalySis gas sensors, corrosion-protective coatings, aiztosiectronic devicéd*. The
adsorption, growth and electronic characteristiceetal ad-atoms deposited on oxides are of spaterest
because these factors are supposed to influengehfsical and the chemical properties of metaltehssand to
help optimize a catalytic process for the desiteghaical reaction and product.

Oxide-supported metal clusters have been exgsstudied from both the experimental and th&oat
aspects?’. Among the oxide supports, the MgO(001) surfacprototype of the ionic-oxide surface, has been
most widely investigated due to its favourable ptglsproperties, such as its simple atomic strgtsirong
ionic bonding characteristics, and good chemicbifity. The surface oxygen atoms of MgO(001) wétktrong
ionic character have valence states that are alsaistated. Recent high-level computational studiesved
that on defect-free MgO (001) surfaces, metal adhsat preferred to adsorb on top of a surface oxggemt>*.

For the experimental study of the properties ofaiatl-atoms or clusters on oxides, ultra-thin exiiims
supported by transition metals are more desirabteae widely us€d?®?° Pacchioni et & based on their
density functional theory (DFT) calculations, showthat Au adsorbed more strongly on an Mo- supporte
MgO(001) surface than on an MgO (001) surface

The interaction of CO with MgO (001) surfabas received a great deal of attention in thealiteg®*’. It is
considered a prototypical system for adsorptiordied{. Moreover, since a number of metal oxides exist
naturally in rocks and minerals exposed to grouridwand their presence influences the mobility afytants,
the adsorption properties of this oxide have a geotcal relevance. Since CO is the most commoneprob
molecule in surface science that has also beemsixtdy used to characterize different MgO sanff)ese will
examine the interaction of CO with electrons stabd on the surface of MgO. We will consid@r sites, as
well as a single electron trapped in an oxygen neggpositive chargé*site).

The study of different transition metal atonegomging to the same group (Cu Ag and Au) but hdifferent
valence structure can provide new information am ghbstrate—metal and metal-CO bonding, thus hgipin
the identification of surface defects where theahatoms are stabilized. Cu, Ag and Au are reptesea of
various transition metal atoms with complete d Islagld partially filled s shell (Cu:3f4s, Ag:4d'%s,
Au:5d"%6s"). Moreover, Cu, Ag, and Au are employed as activesefian a large group of catalytic systems.

Although in early works the support was suggmbto be inert, nowadays it is well established &ven for
the less reactive supports changes in the propesfi¢he adsorbate océti*> The presence and the quality of
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the support for small clusters have been founcetofthigh relevance in the final catalytic activi§ome studies
have assigned the variation of the adsorption ptigseto the increase of electron density due ® dkcess
electron density on the oxygen atoms on more lsagiports. The variation on the basicity of the suppnplies
the madification of the chemical properties, anerétiore deserves further investigation.

In this paper we present results on the adior properties and characteristics of CO on Cg,afvd Au
atoms deposited on various sites (reguldf~, £* center, and=* center) of the alkaline earth oxide MgO and
BaO. The three members of morphological irreguksijtterrace, edge, and oxygen terminated cornétgsd
and BaO (001) surface have been identified. Thigss are illustrated in Fig. 1. Apart from the istigation of
the role of defects present in the support in thygodited metal properties and CO binding energidg®r basic
questions related to the characteristics of adserisabstrate interactions have not been fully abee yet. We
have therefore paid special attention to bond oodeservation theory, pairwise and non-pairwiseitadly,
associative adsorption, and electrostatic potemtial

2.Computational Details

Hybrid DFT and embedded cluster modedsehbeen used extensively to describe thetreléc and
geometrical structures of metal particles eatmd on regular and defective sites on metalde
surface®. Sousa et & used a cluster/periodic comparison in tlne computational model (DFT or
Hartree—Fock) for the ionic systems MnO, FetpO, NiO and CuO to establish that embeddeter
models provide an adequate representationy Tused a lattice parameter (421 pm) for thék, with
no surface relaxation or rumpling in the défieee two-dimensional system, on the basfisa previous
study.

A finite ionic crystal of 288 point chargems first constructed. The Coulomb potentials altvegX and Y
axes of this crystal are zero by symmetry as inhihgt crystal. The + 2 charges on the outer shedi®e then
modified by using a fitting procedure to make theufdmb potential at the four central sites closely
approximates the Madelung potential of the hosstatyand to make the Coulomb potential at the giglirits
with coordinates (0,£R,*R) and (+ R,0,xR) wheresRhalf the lattice distance, which for MgO and Bar@
2.105, and 2.7 respectively,, equal to zero as it should be énhbst crystal. With these charges, 0.818566 and
1.601818, the Coulomb potential in the region o@ipy the central ions is very close to that i timit cell of
the host crystal. The Coulomb potential was catedldo be (1.748) at the four central sites (comgawith
1.746 for a simple cubic ionic crystal) and (0.0)he previously defined eight points (comparedwiiO for the
same crystal). The low coordination (001) surfsites of the MgO and BaO crystals representeddgn Fivere
then generated as follows:

(a) all charged centers with Cartesian coordingteX), (1Y) and (Z=0) were eliminated to generate a flat

surface with 176 charged centers occupyingdtiee- dimensional spacgX), (xY), and (Z= 0).

(b) all charged centers with Cartesian coordinéteX ), ( Y<-1) and (Z> 0) were eliminated to geate an

edge surface with 121 charged centers occgppim three-dimensional space ( + X ),%Y1) and (Z= 0);
(c) all charged centers with Cartesian coordingtés 1), ( Y<-1) and (Z> 0) were eliminated to geate an

O corner surface with 81charged centers ogngghe three-dimensional space &X1), (Y = -1) and (Z

= 0).

The clusters of Fig. 1 were then embedded withenddntral region of the crystal surface. All thectdons of
the embedded clusters were included in the Hanidtenof theab initio calculations. Other crystal sites entered
the Hamiltonians either as full or partial ionicaches as demonstrated previotsly

MgO, .andBa,O, clusters have been used to model oxygen vacanniegeral morphologic sites of the
MgO and BaO (001) surface (Fig. 1): M@.3 and BazO1;for the terrace, consisting of two layers (firsgea
Mg4O,; second layer: Mg@D,). MgsOy and BaOq for the edge, Mgds and BgaOg for the corner.

A neutral O vacancy was represented bysMg and BasO;; cluster for the terrace, leading to a cavity with
two trapped electrons, i.e. a neutral diamagr@ticenter with the vacancy localized in the centrehef first
layer. In this case, the geometrical optimizatiociuded the four central Mg and Ba atoms of fiastelr. MgOg
and BaOs for the edge, Mgs and BgOs for the corner. A paramagnefie center was obtained from a neutral
FF center by removing one electron from the periczétl (Fig.1). Localization of the unpaired eten
mainly in the vacancy region is corroboratéy both quantum chemical calculatithsand ESR
experiments.

As far as the density functional model is@@rned, density functional theory method was eggador the
calculations of the adsorbate—substrate interasfiofihe density functional theory calculations weesfprmed
by using Becke’s three parameter exchange fundtiBBawith LYP correlation functiondt’2 This B3LYP
hybrid functional is based on the exact form of Wesko—-Wilk—Nusair correlation potential that isedsto
extract the local part of the LYP correlation pdi@’ "2 Originally the functional B included the Slater
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exchange along with corrections involving the geadiof the density and the correlation functional LYP is that
of Lee, Yang and Parr, which includes both local aan-local term/$™"

The Stevens, Basch and Krauss compact eféeptitential CEP basis s€t&® were employed in the present
calculations. In these CEP basis sets, the dodtéecalculations are referred to as CEP-31G, anitbsly triple
zeta calculations to as CEP-121G. Only one CERsIsasiis defined beyond the second row, and thesétgare
equivalent for these atoms. These basis sets haee hised to calculate the equilibrium structure and
spectroscopic properties of several molecules, thedresults compared favourably with correspondiiig
electron calculations. The computations reportethis paper were carried out by using Gaussiany8gs{®
and the molecular orbital densities were visualizgdising the corresponding Gauss View software.

3.Results and discussion

3.1. Adsorption of single transition metal (TM) mton?" sites

The first step in this study was tovdstigate the adsorption properties of a singénsition metal
atom; Cu, Ag and Au at the terrace, edge, aygex terminated corner of MgO and BaO (001) surfate
ad-atoms are deposited on the regfl&rsite. The surface cluster models have been chossuch a way that
the stoichiometry of MgO is retained. Thus, M®; and BazO;; cluster for the terrace, M@, and BaO, for
the edge, MgDs and BgO; for the corner are selected to simulate the tstds where a metal atom will interact
directly above am?*~anion. These clusters contain two layers of iord are further embedded in a suitable
environment. For the MgO; cluster (terrace) (Fig.1) contains four cationd aime anions in the first layer and
four anions and nine cations in the second oneil&iy the first layer of the M¢gDy cluster (edge) (Fig.1)
contains three cations and sex anions, whereasettend layer contains sex cations and three anidesfirst
layer of the MgOg cluster (corner) contains two cations and fouoasj whereas the second layer contains four
cations and two anions.

We carried out calculations of adsonptienergiest, . per adatom at various adsorption sites. The
adsorption energy was calculated as a differentetalf energies.Herd&, ;, was defined as
Egas = Bryg MgOL001) — Bygrp ey — By (1)
Where By Mg0(001) and Eyg,p¢ppy are the total energies of the TM- adsorbed andciean MgO(001)
surfaces, respectively argh; is the total energy of a free TM atom. Under ttugvention, a more negative
value of the adsorption energy represents stroaggarption.

The basic centre has been found to be thd reastive one versus metal adsorption in all thailable
studies for the MgO surface and therefore is likelyoe the most reactive site for the whole seofealkaline
earth oxides. In a systematic density functionadlgf, the adsorption of single atoms of nine transittements
(Cu, Ag, Ni, Pd, Au, Cr, Mo, Pt, W) on th&*"sites has been considered. In another sfuthg adsorption of
single atoms of four transition elements (Cu, Ag, ™) on the??~sites has been considered. In a more recent
study, the adsorption of single atoms of seventemmsition elements (Cu, Ag, Au; Ni, Pd, Pt; Co, Rh Fe,
Ru, Os; Mn, Re; Mo, W) on th2*~sites has been considered by Neyman &t al.

Tablel represents the equilibrium enecgednd geometric parameters for the adsorptdnsingle
metal atom on MgO and BaO surfaces. The saftorted in this table demonstrate that the atisor
energies for MgO surface di*~site follows the trend five coordinated surfacehxee-coordinated corner
<four-coordinated step (edge) and for BaO surfacé vsite follows the trend three-coordinated cornerusfo
coordinated step (edge) > five coordinated surface.

For the noble metal adatoms of Cu, Ag, and tAa,adsorption energies of -0.541,-0.394 and &5 for
MgO surfaces, and -1.619, -1.048 and -2.057 eVB®®D surfaces were obtained, respectively. As shiown
Tablel, the equilibrium heights and adsorption giesrof Cu, Ag, on??~ of MgO surface are comparable with
those reported by Jinwoo Park ef%The quantitative changes observed are basicatipuated to the different
exchange correlation potentials and basis setsamglin the calculations. The adsorption energfethe Cu,
Ag, and Au on?2- sites increase with increasing the basicity ofdkiele support from MgO to BaO. It is clear
from Tablel that the adsorption energycdt site of MgO and BaO (001) surface, increaaesording
to the order Au > Cu > Ag.

The valence band of the MgO and BaO (001)aserfwith a highly ionic nature is well known to migi
consist of O 2p valence states that are almostagatii The TM adatoms interact with the oxide sigfatoms
through the mixed bonding of the TM valence statith the 2p valence states of the surface O ariide
interatomic distances between the TM adatoms amduhface atoms of MgO and BaO (001), to whichTike
adatoms were bound, well reflect the differenceistieraction strength. For instance, a TM-O distaimcreases
according to the order Ag < Au < Cu (see Table 1).
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3.2. Adsorption of single transition metal (TM) mt@nAE sites

In theR" vacancy, the two electrons of the (formal) dianoit of the MO crystal are left at the surface and
are localized in the cavity that was previouslyumed by the now missing oxygen atom. A neufakenter
with its vanishing electron affinity is expectedewhibit adsorption properties that, to a certaditelt, resemble
those of the regula? *~ sites of MO. Indeed, the interaction of TM amhas on therP site is characterized
by stronger binding energy with shorter edpilim adsorption distance than on the surfécesite
(Tablel). The results reported in this table dertrates that the adsorption energies for MgO and Ea@1)
surface orfF site follows the trend three-coordinated corneoerfcoordinated step (edge) > five coordinated
surface. The adsorption energies are between ah@54.08 eV, and the strength of adsorption fodldhe order
Au > Cu > Ag for each metal oxide support, anddrger MgO < BaO for the considered surfaces. hindase
of the?? site, the adsorbed atoms interact with the clebedls of an anion that is firmly kept in its pasit by
ionic bonds with its neighbouring cations. Thagiste different from adsorption on a defé€tsite, which is
more like a hole with a low electron density insitat is easily polarizable. The electron densityhie vacancy
does not belong to any nucleus; the correspondaugrenic states are stabilized via interactiorhvtite vacancy
environment, first of all with the nearest surroumgdM cations. The stronger Pauli repulsions frdma tigid
MgO (001) walls are the reason why T#f~ bonds are weaker than TRE bonds. These Pauli repulsions
decrease when we go from MgO to BaO due to inangasie volume of th&f cavity. Consequently, as shown
in Tablel the binding energies of the three comsidienetals increase from MgO to BaO.

3.3. Adsorption of single transition metal (TM) mton~* sites

TheF* site of MO (001), compared with ti# site, exhibit a differences: removal of an electi@aves on
unpaired electron in the vacancy which is readilgilable for covalent bonding with an unpaired #iec of a
metal atom adsorbate, this factor is of particingportance for the M&* complexes of Cu Ag and Au. These

feature the most favourable electron configura(iai)z(a*l)0 and binding energies which are larger than those

of their TM/E® analogs with the configuratiofgy)?(a*1)". All adsorption parameters of the present serfes o
different metal atoms of* centers, Table 1, are more uniform than those obtaon#" centers. The results
reported in this table demonstrate that the adisorgnergies for MgO and BaO (001) surfacergrsite follows
the trend four-coordinated step (edge) > five comgd surface > three-coordinated corner. Theltseare less
adsorbate dependent, with an adsorption energygtied from 2.39 to 3.31 eV and 2.71 to 4.22 eVeaetyely

for MgO and BaO terrace surfaces. Compared witlorgdien onkF defect, the strength of the TH* bond is
increased for the coinage metal atoms Cu, Au andcagpling of their single valence s electron witle
electron located in the cavity results in a ratteong covalent bond. In all cases, the positivergé associated
to the defect leads to an additional contributimthie bonding from the metal polarization.

3.4. Adsorption of CO

First we have considered the adsorption ptiggeof a CO molecule adsorbed with the C-ench&retal
atom and the molecular axis normal to the surfdaney Fig.2. The energy characteristics of thegase CO
and M—CO are presented in Table 2. From thisetalthe can see that the adsorption strefgtows the
order Au > Cu > Ag. The interatomic distascbetween TM and C atom of CO molecule srerter
for both Cu CO and Au CO complexes than thfise Ag CO complexes.

The next step of adsorptivity calculatip is studying the adsorption of CO molecula its C end
on the defect free and defect-containing sugacé MgO and BaO. The adsorption energies waleulated
from the relations:

De(CO) = E(CO/E/MO) — E(CO) — EQ/MO) (2)

WhereDIe{ CC) is the adsorption energy of CO on top of metald&posited on a particular site on the surface of
the metal oxide suppoBiC0 /X007, site is the total optimized energy of the CO/X/Mdabstrate surfaces for
either defect free or defect containifgC2 is the optimal energy of CO affi /M) is the optimal energy
metal (X) of deposited on a particular site of thede support. The results are represented in TablEhe
results reported in this table demonstrate thaattsarption energies for MgO and BaO (001) surfattews the
trend four-coordinated step (edge) > five coordidasurface > three-coordinated corner. Severas facterge
from this table. First, the adsorption strength CO/ BaO complexes is stronger than thatC@d/MgO at
the three adsorption site8*”, £F and &*. This can be attributed to values of trend gaps of BaO
and MgO terraces as that calculated in Tatile Moreover, the adsorption energies folldwe orders®

< R* < o*for CO/MgO complexes and the orderf < AF < E*for the CO/BaO complexes. A
second fact in Table 3, is that on contrémythe unbounded CO@f site of MgO, the CO molecule is
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highly bounded to the same site in BaO sedaAs concluded in a comparative study by Giavdztral®
compared to the free MCO complexes, the siipa of MCO on the oxide sites resulted énhancing
back donation of charge. Such effect is mprenounced on=" centers where the electrons trapped in
the cavity are more easily redistributed otee CO empty levels. On chargégd centers the presence

of an electric field counteracts the effedttibe back donation.

3.5. Adsorption of CO/TM/MO

The third step of adsorption propertigas devoted to the adsorptivity of a sin@® molecule via
its C end on the transition metal atoms;, Agiand Au deposited on the defect-free adl we defect-
containing surfaces of MgO and BaO surfacés. ddsorption energies were calculated from tlagiosls:

De(¥CO) = E{CO/¥/ MO} — E[XCO) — EfMO) (2

WhereDe{¥CO7is the adsorption energy of the XCO species omréicular site of the metal oxide support,
E{CofX /M, site is the total optimized energy of the CO/X/MGQbstrate surfaces for either defect free or
defect containingEi} 07 is the minimal energy of the XCO species, &bl is the energy of the oxide
support. The calculations have been performedimitie Z;, symmetry constraint Table 4. The results reported
in this table demonstrate that the adsorption eéeerpr MgO and BaO (001) surface follows the treéimabe-
coordinated corner > four-coordinated step (edgdive coordinated surface. Some general trends beEan
deduced from the analysis of the results of Tahlég does not exhibit tendency to bind CO. It skobk
mentioned that the gas-phase Ag—CO complexes dreund, Table 2. For Ag/MgO this is consistent vitik
experimental observation that all CO has desorbat the surface for temperatures around 120 K hatIR
spectra are very similar for CO/MgO and CO{AgO®® The theoretical calculations of Giordano etallso
report that AgMgO does not exhibit any tendency to bind CO. Heevethe situation is different for Cu and
Au adsorbed on the oxide anions of the surfacekleT4 On Cu and Au, CO is strongly bound to theaine
atoms adsorbed on oxide anions. In these caseS@hadsorption energies are increases in thero/le
(0.87eV) < Cu (-0.83eV) and in the order A&0.50 eV) < Cu (-1.09eV) at th##~site of MgO and
BaO, respectively. The strength of adsorptionofe#i the order Cu > Au for each metal oxide supportl the
order MgO < BaO for the considered series. In otherds, the strength of adsorption increases witheiasing
the basicity of the oxide support. Thus, CO is expe to desorbed from oxide anions well above room
temperature. The metal-CO bond strength, is coraitie enhanced when the metal is supported to xigeo
surface, Tables 2 and 4. It also increases witteasing the basicity of the oxide support.

Now we have considered the adsorption of @@he metal atoms deposited 8h centers. Th&® center is
an anion vacancy occupying two electrons. Hereinaghe calculations have been performed within the
symmetry constraint, and some general trends cagetaced from the analysis of the results of Tablédg
exhibits tendency to bind CO. Again the adsorpgoergies for MgO and BaO (001) surface followsttead
three-coordinated corner >four-coordinated stegdgd five coordinated surface. The adsorption giesrare
between - 0.19 and -1.20 eV, and the strength sdration follows the order Cu > Au >Ag for each aleixide
support and the order MgO < BaO for the considsezis.

The second group of defect sites considemethis study is that of the paramagnéiit centers. These
consist of a single electron trapped in the aniacancy; their electronic structure has been stuidietbtail in
polycrystalline MgO samples by ESR spectroscBi§: On these sites, Ag does not exhibit tendencyrtd 80
relative to other metals. Despite the fact that i€@trongly bound on Au, and Cu depositedfgn no clear
trends are shown regarding the strength of bindingrgies. The M—CO bonding is weaker than thathef t
complex with the defect. Not surprisingly, the miaflifferences in electronic structure caused bypbsitive
charge of the vacancy are reflected on the bindimogerties of CO and MCO.

3.6.Pairwise and non-pairwise additivity

In studying a supported-metal catalygstem, it is very important to quantify thextent to which
the support (S: MgO or BaO) affects the rmtéion of the CO ad-molecule with the tihos metal

atom. The interaction energ§s;™ %" among three subsystems; the support (Spsitian metal (TM),

and the adsorbate (CO) molecule can be dkfae
ES-TM-C0 _ pS-TM-C0 _ 8 _ gTM_ gD (4
i)

where every energy on the right-hand side of Eqg2plculated using geometrical parameters cooratipg to
the equilibrium geometry of S.M.CO.E[®)™° is the energy required to separate three subsystétheut
changing their geometrical parameters. This eneegy be decomposed into three pairwise componetsaan
non-additive termg22dd
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The non-additivity =244 ternf>®® is a measure of cooperative interactions amongsthesystems. The four
energy terms on the right-hand side of Eq. (5)cateulated from the relations:

o b i (63
E.ESCD — ES—CD _ ES_ECD [?]
E'E%-I—ED = gIM-C0 _ gTM_ L0 (&)
Znadd — Eg;'I'M—CD _ Eg;'I'M + E.ESCD + E'E:I-CD ()

In Table 5 we present total interaction energigstlie S.M.CO system, pairwise energy componentd,tha
non-additive energy terms as defined in Egs. ()—Many facts can be explored from thisldgah(i) the

small values of magnitude diﬂj':':' pairwise component, representing the intevactenergy between

support (S) and admolecule (CO) in the S-T®I-Gystem may be attributed to the largeasson
between (S) and the CO ad-molecule. Thidtraseans that the binding of CO is maimnlgminated by
the Eg'~“" term. However, it should be mentioned thae tsmalleEf, " values does not mean that

the CO is weakly bounded to the support &), a result of the large separation betw€® and the
support (S) considered in calculating this poment, this is simply because such distadoes not
represent the real equilibrium interatomic alise that corresponds to the global minimom the
potential energy surface. (i) The second fact Table 5is that the™4dterm which is a measure of
cooperative interactions among the subsystemgeases with surface defect-formation (with @aMs) and
with increases the electrical conducting proes of support (MgO < BaO). Consequentlye wan
conclude that the interaction of CO with Téfom is essentially influenced by these twatdrs; defect
formation and the electrical conductivity tfie support. The data in Tables2 and 5 providééursupport
for this observation by showing that the value ¢TM-C) in the TM-CO and S-M-CO systems differs
significantly. Furthermore, the binding of CO or thM and for the S-TM-CO system differs signifidgrtbo.
Consequently, we can conclude that the interaaifo@O with TM atom is essentially influenced by shawo
factors; defect formation and the electrical coniity of the support.

We have considered the possible associativkssociative adsorption reactions of CO at thectefree and
defect-containing surface sites of the title oxides
OC4+X—5>0+C.X—35 {107}

where X represents the adsorption §ife:, AF ar £*. The released energy# was calculated from the relation

AE = Eprtucts — ) Ereactants (11)

The reactions energetic are compiled in Table @, iacan be obviously seen that these reactionsCfo at
different sites and supports, are all calculatethdoendothermic. Namely, the assumed associatisergiibn
reactions are energetically favourable. Howevss,tendency toward the dissociative behaviour asae with
defect formation and with increasing the basicityhe oxide support, i.e., the released energy lgstspositive.
This tendency is concomitant with increasing tmersgth of the C.X bond in C.X-S structure, Table3.

The data in Tables 7a—7c represent bgad calculations as the differences betwees tops of
valence band and bottoms of conduction bapnfisthe defect-free surfaces and as the rdiffees
between the HOMOs and LUMOs of the defecttaming surfaces for the TMCO complexes (€atd);
TM/MO (Table 7b), and CO/TM/MO (Tables 7c )hél data in Table 7b for the free substratéMgO
(00 1) surface show that the values of baags decrease according to the order(-3.78 eV) >0~
(-3.34 eV) >FF (-1.94 eV).

However, upon the adsorption of TM/MgiD,can be seen from the data in Table [7&t there is a
reduction in the values of band gaps for miktals at the®®”, A" and &* sites. The band gaps
decrease in the order Au (-2.38 eV) > Cu93 eV)> Ag (-1.83 eV) attfF~ and in the order Au
(-0.98 eV) > Cu (-0.71 eV )> Ag (-0.68 eaft) ther® site and in the order Cu (-3.65¢eV) > Ag
(-3.59eV) > Au (-3.37 eV) at tha™* site.

Moreover, upon the adsorption of CO/TMM (0 O 1), with the exception of a slightrease in
the case CO/TM/MgO (TM = Cu, Ag and Au),sharp decrease in the band gaps are obsdovedll
TM/©*~ and AP sites. Such decrease follows the order AL.22eV) > Ag (-1.20 eV > Cu (-0.41 eV) ,
while at ther® site the order is Cu (-0.92 eV) > Au (-0.8¥%) > Ag (-0.78 eV). Contrary to the
f%-andRF sites, an increase in the values of baagsgis recorded at the CO/Tf/sites compared to
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those of theR:*site of MgO (0 O 1) surface. Such increfmdlews the order Ag (-3.67 eV) > Au
(-3.54 eV) > Cu (-3.38 eV) for th&* site, respectively.

Regarding the values of band gaps B¥BRO (0 O 1), Table 7b, that is; a redumctiin the band
gaps at botlr and &* sites of TM/BaO with respect to those o&@B surface. While an increase in
the band gaps is observed for at @@site of TM/BaO. For the® and the &* sites the decrease in
band gaps follows the and Ag (-0.43 eV)Cr (-0.42 eV) > Au (-0.41 eV), the order Aul.70 eV)
> Ag (-1.69 eV) > Cu (-1.68 eV). respectivewhile at the??~site, the decrease in the band gaps
follows order Au (-0.96 eV) > Ag (-0.94 eV Cu (-0.87 eV)

However, upon the adsorption of CO/TMIB40 O 1), the datain Tables7c show thatthe &2~
andrF sites there is a reduction in the bandsgéw all TMs. At thef* site there is an increase in
the band gaps upon the adsorption of CO/TMDIB@® O 1) for all metals. One can see tiare is
nearly a consistency between the band gapltseand the adsorption energies.

Fig.3, plots the HOMOs, of the MO (Mg®ig.3a; and BaO:Fig.3b), TM/MO, and CO/TMIM
One can recognize the polarization inducedadgorption, and the distortion occurred lie & and &*
centers (s-like shape). The figure confirmedrémilts in Tables7a—7c and the adsorption prasediscussed
above. It is clear from Fig.3a that, thésea difference in the shape of HOMO of tieee adsorption
sites; 727, /¥, and £*. The HOMO for the oxygen vacancieg€ and&* has a large s-like character. The
increase in adsorption height observed inMygd (2.734) can contribute to the Pauli repulsion of th
metal valence electrons with those in therlptal's of the surface oxygen atom. Thereféhe HOMO
of Ag/?®~complex has the characteristics of an antbun orbital. However, upon the adsorption of
Ag/FF and AgFTsites, the interatomic distances are redueediing to a larger overlaps between the
HOMO of MgO and LUMO of Ag atom. Moreovempon the adsorption of CO/Ag/MgO, the Ag-S
distance decreases at tiié~as well ass® sites and increases at tigsite. Consequently, one can
recognize the stronger polarization in botses; 2*~andA" site than that at th&"* site of the HOMO
of MgO and LUMO of Ag of the complex CO/Agd®.

A similar behaviour is observed for tilB®aO systems (BaO, Ag/BaO, and CO/Ag/BaO) kagpin
mind the smaller band gaps of the BaO sadac

It is necessary to analysis the rmgndmechanism and confirming the above resuit qualitative
and quantitative aspects. For this reason, tttal charge-density contours in the (01 plane of the
free substrate MO (MgO and BaO), Ag/MO (asrepresentative for the other TM), and CQOWMQ
systems are shown in Fig.4. These contouesrlyl show that the changes in the chargasity are
restricted to both the adsorbates; CO motecuds well as Ag, and the adsorption sf$, £*, and
FY), while the rest of oxide remains unpertdibén other words, the charge distributiom the sub
interface layer and in the lower half ofetlinterface layer is nearly identical to that the bulk-like
center layer. A result means that the bondias a very local nature. It should howgeweentioned
that, the same behavior was observed forater transition metal atoms (Cu, Au).

It is generally accepted that the electrastadtential plays a key role in the interactiorisadsorbates with
ionic substrates. In order to understand the plessddectrostatic contributions to adsorbate—sutestra
interactions, the electrostatic potentials (ESREr the oxygen anion2{~) site of the defect-free terrace
surfaces and the anion vaca@® and ~*) sites of the defect containing surfacesarfable sizes have
been calculated and presented in Fig.5, fon batdes (MgO and BaO). From this figure, it is eh&d that
the electrostatic potential depends significantly the cluster size, where the strength of the wedetitic
potentials follows the order terrace > edge > coineconsistence with the results of Ferrari anddRionf”’.
This indicates that the electrostatic potentialstitd defect free and defect containing surfacese wery
different and the shapes of the functions were disgimilar. On the other hand, the trend of thectbstatic
potentials follows the orde?®~ = FF = F*. Since the electrostatic interaction of an admdkswvith the surface
will mainly consist of electric field induced dimpand electric field derivatives-induced quadrupal@ments,
one expects that the classical contributions tcatfraolecule—surface interactions are quite diffegang from
the defect free to the defect containing surfacsve crossings that occur at about 1 A imply ttre
electrostatic interactions are identical regardéddfe nature of the surface, defect free or defentaining.

The alteration of bond strength of the supgdCO fragment or?2-,RF and¥&*sites of the oxide support
can be understood and rationalized with simpletaklsichemes that include the highest occupied ratdec
orbitals (HOMOSs) and the lowest unoccupied molecatbital's (LUMOS) of the oxide support. In Table
list the HOMOs and LUMOSs of MCO fragments togethdth the HOMOs and LUMOs of the defect-free and
defect-containing surfaces of the oxide support®s€ data were then further represented graphicakyg. 6.
As shown from Table7, and Fig. 6, the reactivityttod deposited MCO fragments on the various sitexiole
supports increases significantly (from MgO to Ba@@h decreasing the value of the energy gap (HOMO-
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LUMO) of the substrate. In other words there isn@dr correlation between the strength of the suppCO
bond and the basicity of the crystal. For examptmsider the adsorption energies of CuCO fragmanthe
f7#~site of MgO and BaO. The energy gaps HOMO —LUMOréases from —3.34 eV for MgO, to — 0.88 eV for
BaO. The corresponding adsorption energies (baetgihs) of CuCO fragment increases simultanedusiy
—1.29 eV on MgO, to —3.42 eV on BaO. This is agbkgually well to the whole set of MCO fragmentstba
examined oxide supports. The results are in lirth wicreasing the basicity of the oxide support] aith the
amount of charge transferred from th& anion of the oxide support to the MCO adsorbate.

4.Conclusion

In this study, the adsorption structures aledtronic properties of the CO molecule on the atdms (Cu,
Ag and Au) deposited aR® and~™* defect sites as well as on regul~ of the alkaline earth oxide MgO and
BaO (001) surfaces at low coordinated surfaces wtudied by DFT and the embedded cluspgroach.
The three members of morphological irregularitiesrace, edge, and oxygen terminated corner of NMg®
BaO (001) surfaces have been identified. The moliisters were embedded in simulated Coulomb fitlds
closely approximate the Madelung fields of the msfaces, and the adsorption properties have healyzed
with reference to the bond order conservation enemgirwise and non-pairwise additivity, associativ
adsorption, and electrostatic potentials. The aaignr of CO on a metal in the gas-phase or on dheosupport
is drastically enhanced when CO is adsorbed ontalrdeposited on this oxide support. While Ag doe$
exhibit tendency to bind CO on the defect-freeatef on Cu and Au CO is strongly bound. The stren§CO
adsorption increases with increasing the basicitthe oxide support so that CO is expected to defmm
oxide anions well above room temperature. The m€@l bond strength, is considerably enhanced when th
metal is supported to the oxide surface. Whilea@ums are bound at the oxide anions of the defeetdurface,
Au atoms are bound at ti# centers of the defect-containing surface. Theratéon of CO with the metal M is
essentially affected by two factors, defect formatand basicity of the support. The reactions, G@ at
different sites and supports, are all calculatedgeendothermic. The oxide support surface hasmaiderable
effect on the interaction of CO with the metal dtelrole is not restricted to supporting the metat also
influences the interaction of the CO moleculehvitte TM atoms. The binding of CO is dominated HyE (i)
M-CO term, and the non-additivity increases with insieg the basicity of the support. While the claisic
contributions to the adsorbate—surface interactaesquite similar for the deposited transition aigtthey are
quite different when going from defect-free to agfeontaining surfaces. In the framework of theidigsof the
support, the electrostatic potential generatedhieyaxide modifies the physical and chemical praperof the
adsorbed metal and therefore its reactivity vetkasCO adsorbate.
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Table 1:
Calculated parameters for the adsorption complek€i, Ag and Au atoms on regulaf- sites as well as the
defect & and&*) on terrace, edge, and oxygen corner of MgO aa@ B01) surfaces.

Terrace Edge Corner

Oxide Met: Iy 2- FSEI- F.5'+ 1 2- FSD F.5'+ r 2- FSI:II F.5'+

d(M-S) De (evd(M-S) De (evd(M-S) De (evd(M-S) De (eV)d(M-S)De (eV) d(M-S) De (evd(M-S) De (evd(M-S) De (eVd(M-S)

De (eV

1.99 1.35 1.34

MgO 0.541
2.73

1.62 1.67 2.01 1.48 1.60 1.87

1.351 2.677 2.206 1.564 2.773 1.836 2.498

1.84 191 2.40 1.87 181 1.59

0.394 1.045 2.393 0.573 1.260 2.550 1.211 2.221

2.48 1.70 1.71 2.32 1.76 1.64 1.43

0.557 2.220 3.308 2.811 2.382 3.513 1.147 3.142

BaO Cu

1.95 1.46 1.46 1.89 1.41 1.39 0.90

1.619 3.086 3.225 2.288 2.834 3.037 3.065 3.149

Ag 233 -1.048 1.88 1.88 2.22 1.82 1.80 1.48

2.576 2.713 1.426 2.420 2.612 2.329 2.714

Au

228 -2.057 1.66 1.65 2.20 1.60 1.58 2.10 1.30 2.06

4.087 4.224 2.461 3.850 4.036 2.918 4.069

2.507
2.292

3.140

2.285
1.978

3.495

d(M-S): optimal distances in A between adsorbeetals and surfaces site , De: optimal guEmnrenergies in

eVv.
Table 2:

Structural and energetic parameters of CO and MCOptimal adsorption height. De: optimal adsaptnergy. M:

transition metal.
—De means the system is bound.

CO
d(C-O)d 1.17
D(O)ev 8.92
M-C-O
CU Ag Au

dn-c) & 1.93 420 2.07
dc-0) & 117 117 117
De(O)ev 7.33 7.66 6.90
De(CO)ey 039 0.02 040
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Table 3:

Calculated parameters for the adsorption complek&O on the regulaf? ¢~ and defect&® and&*) sites of the oxide
supports. d: optimal adsorption height. De: optiad@dorption energy.
-De means the system is bound. M: transition imeta

FLAT

EDGE CORNER
Oxide - ] + - i + - 0 +
7 F F 0 F K o F, F;
MgO
d(s-C)(A) 411 0.56 0.94 151 0.57 0.94 401. 0.31 0.55
d(C-0)(A) 1.17 1.32 1.24 1.20 1.31 1.23 201. 1.28 1.24
De(O)ev -11.05 -6.87 -6.53 -6.14 -8.64 -9.53 -6.454 -8.548 -9.592
De(CO)ev -0.46 0.32 -0.37 471 -0.06 -0.68 3.532 0.142 -0.412
BaO
d(s-C)(A) 423 -0.06 -0.04 1.398 0.345 6.27 1.32 0.25 0.216
d(C-0)( A) 1.17 1.31 1.32 1.222 1.300 1.294 1.23 1.26 1.257
De(O)ev -7.00 -6.85 -6.51 -5.42 -9.78 -9.57 -6.033 10.303 -9.837
De(CO)ev -0.16 2.27 -2.51 3.15 -1.35 -2.06 1.249 -1.094 -1.698
Table 4:

Calculated parameters for the adsorption complb#@© on the regulaé*~and defect & and#™) sites of the oxide
supports S. d: optimal adsorption height. De: roptiadsorption energy.
M: transition metal. -De means the system is ldoun

FLAT EDGE CORNER
Oxide 7 - -FED &4‘ o & '%D &+ £ - '%D E-'-

Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag  Au Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au
MgO
d(S-M)(A) 1.99 2.732.48 1.621.84 1.7 178 1.95 1.78 1.99 2.40 1.99 150 1.71 1.60 1.73 18 170 187 208216 1.511.63 147 150 1.63 1.48
dM-X)(A) 1.83 2.322.09 1.892.17 2.09 1.99 2.31 223 1.87 2.21 1.87 1.90 2.17 2.10 200 234 230 1.86 2.051.95 1.99 2.35 2.31 2.00 2.35 2.28
d(X-0)(A) 120 1.161.17 1.181.18 1.18 1.16 1.16 1.16 1.19 1.17 1.19 118 1.18 1.18 116 116 116 1.16 1.161.16 1.161.16 1.16 1.16 1.16 1.16
De(O)ev 7.41 -7.46-6.59 -8.00-7.77-7.76 -9.81-10.05-9.59 -7.49 -7.45 -6.82 -8.02 -8.35-7.76 -9.82 -10.09 -9.67 -8.57 -9.137.95 -8.48-8.65-8.42 -9.83 -10.04 -9.65
De(CO)ev 0.83 -0.09 0.87 -1.20-0.59-0.54 -1.00 -0.66 -0.73 0.05 4.50 3.83 -1.14 -0.65 -0.66 -0.81 -0.54 -0.55 -1.74 -1.80-1.66 -0.70-0.43-0.42 -0.75 -0.50 -0.51
De(MXO)ev -1.05 -0.48-0.37 -2.22-1.7 -2.42 -3.29 -3.04 -3.63 -1.57 -0.63 -0.69 -2.32  -1.90-2.64 -3.20 -3.08 -3.66 -3.19 -2.992.40 -2.81-2.64-3.16 -2.88 -2.77 -3.24
BaO
d(S-M)(A) 194 212215 1.251.521.60 1.58 1.92 1.65 1.89 2.22 2.22 1.40 1.81 1.64 157 1.88 1.64 181 2.022.10 1.70 2.03 1.87 1.06 1.46 1.18
d(M-C)(A) 1.75 2.021.99 1.97 2.20 2.45 2.13 2.77 2.80 1.86 2.04 1.95 197 297 3.02 214 315 3.09 184 204195 415298 3.84 3.18 3.32 3.44
d(C-0)(A) 120 1.201.20 1.201.18 1.17 1.17 1.16 1.16 1.20 1.20 1.20 1.19 1.16 1.17 1.17 117 116 117 1.171.18 1.17 1.17 1.17 1.16 1.16 1.17
De(O)ev  -7.49 -7.34-6.71 -7.23-7.81-7.61 -9.02 -9.78 -9.53 -7.53 -7.33 -6.80 -7.45 -7.89-7.77 -8.83 -959 -9.31 -8.29 -8.267.57 -7.58-7.55-8.25-8.72 -9.55 -9.42
De(C O )ev -1.09 -0.37-0.50 -0.53-0.01-0.19 -0.26 -0.17 -0.17 -1.11 -0.42 -0.26 -0.33  -0.08 -0.07 -0.14 -0.10 -0.09 -1.68 -0.991.22 0.51 0.39 0.52 -0.06 -0.06 -0.05
De(MCO)ev -2.32 -1.34-1.76 -3.23-2.57-3.88 -3.10 -2.86 -4.00 -3.01 -1.83 -2.31 -2.78 -2.48-3.51 -2.79 -2.70 -3.72 -4.36 -3.30-3.74 -2.25-2.31-3.14 -2.55 -2.48 -3.44
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Table 5:

Total interaction energies of the S.M.CO systeifFE( ™ P, pairwise components E[P'P, E(i)P°P, E(i)P" P and the
non-additivity terme™34of CO adsorbed on Cu, Ag , Au deposited

on the defect-free®~ and defect-containingaf, £*) surfaces of the alkaline earth oxide series. Mngition metal. All
energies are given in eV.

FLAT EDGE CORNER
- + - + - +
Oxide 02 A i 02 i i 0? i #
Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au Cu Ag Au
MgO
E(@i)S..M..C - -
o -1.440.50 0.77 -2.60-1.71-2.83 -3.67-3.06-4.04-1.95-0.64 -1.09 -2.71 -1.91 -3.04 -3.58 -3.09 -4.06 -3.57 -3.01 -2.81 -3.20 -2.65 -3.57 -3.26 -2.79 -3.65
E(i)S..M -0.600.41 1.64 -1.41-1.12-2.29 -2.68-2.39-3.31-2.00-5.14 -4.93 -1.56 -1.26 -2.38 -2.77 -2.55 -3.51 -1.84 -1.21 -1.15 -250 -2.22 -3.14 -251 -229 -3.14
E(i)S..CO  -0.460.46 0.46 0.32 0.32 0.32 -0.37-0.37-0.37 4.71 4.71 4.71 -0.06 -0.06 -0.06 -0.68 -0.68 -0.68 3.53 3.53 3.53 0.14 0.14 0.14041 -0.41 -0.41
E())M..CO  -0.390.02 0.40 -0.39-0.02-0.40 -0.39-0.02-0.40-0.39-0.02 -0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40
quc 0.02 0.39 1.74 -1.13-0.89-0.46 -0.24-0.280.04 -4.28-0.20 -0.48 -0.70 -0.58 -0.19 0.26 0.16 0.54 -4.89 -5.32 -4.79 -0.46 -0.56 -0.16 0.04 -0.07 0.31
BaO
E(@i)S..M..C - -
o -2.711.36 2.17 -3.62-2.59-4.28 -3.48-2.88-4.40-3.40-1.84 -2.72 -3.40 -2.50 -3.92 -3.18 -2.71 -4.12 -475 -3.32 -4.14 -2.08 -1.69 -2.85 -2.63 2.0z -0.81
E(i)S..M -1.610.99 1.67 -3.09-2.58-4.09 -3.22-2.71-4.22-2.29-1.43 -2.46 -2.83 -2.42 -3.85 -3.04 -2.61 -4.04 -3.06 -2.33 -2.92 -3.15 -2.71 -4.07 -2.88 2.4/ -3.79
E(@i)S..CO  -0.160.16 0.16 -2.27-2.27-2.27 -2.51-2.51-2.51 3.15 3.15 3.15 -1.35 -1.35 -1.35 -2.06 -2.06 -2.06 1.25 1.25 1.25 -1.09-1.09 -1.09 -1.70 41.7C -1.70
E()M..CO -0.390.02 0.40 -0.39-0.02-0.40 -0.39-0.02-0.40-0.39-0.02 -0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 -0.39 -0.02 -0.40 -0.39 0.0z -0.40
ghat -0.550.19 0.06 2.12 2.27 2.48 2.63 2.36 2.73 -3.87-3.55 -3.00 1.16 1.28 1.69 231 198 2.38 -2.54 -2.22 -2.07 255 214 272 233 21z 5.08
Table 6:
FLAT EDGE CORNER
C 2- 1] + 2— 1] —+ 2— 1] +
a Fr Fr a Fg Fy a il Fy
\%
10.590 7.192 6.162 8.078 5.807 7.978 7.209 5.914 6.404
B
6.840 4.588 3.999 5.7947 5.658 4.731 4.505 6.432 5.362

The calculated released enerdfy for adsorption reactions of CO 6™, £F, and/* sites of the oxide supportAE implies

that the reaction is endothermic.

All energiesgiven in eV
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Table 7a:
Highest occupied molecular orbital's (HOMOs) anadst unoccupied molecular orbital's (LUMOs) of MCO

fragments. All energies are given in eV.

CuCO AgCO AuCO
HOMO -5.259 -5.063 -4.392
LUMO -2.761 -1.627 -2.859
Table 7b:

Tops of the valance bands (V.B.), and Hwmtoms of conductions bands (C.B.), of defes® surfaces of

MgO and BaO crystals.

As well as the highest occupied moleculabitals (HOMOSs) and the lowest unoccupied roolar orbitals

(LUMOSs) of the defect-containing
surfaces before and after the adsorptiofMMMO systems. All energies are given in eV.

Oxide Metal 2= Fl F;‘
V.B. C.B. HOMO LUMO HOMO LUMO
MgO CO/MgO -7.068 -3.779 -5.362 -3.812 -10.747 08.4
Cu -4.616 -4.211 -4.781 -3.863 -10.654 -7.273
Ag -4.929 -3.725 -4.591 -3.808 -10.534 -6.868
Au -5.000 -3.785 -4.683 -3.864 -10.613 -7.069
BaO CO/BaO -4.024 -3.135 -3.806 -3.079 -7.166 -6.472
Cu -3.767 -3.188 -3.742 -3.118 -6.880 -5.702
Ag -3.743 -3.193 -3.697 -3.110 -6.777 -5.149
Au -3.755 -3.188 -3.650 -3.149 -6.786 -5.157
Table 7c:

Tops of the valance bands (V.B.), and lmétoms of conductions bands (C.B.), of deffree surfaces

of MgO and BaO crystals.
As well as the highest occupied moleculdsitals (HOMOs) and the lowest unoccupied rooler

orbitals (LUMOSs) of the defect-containing
surfaces before and after the adsorptiorCOf molecule. All energies are given in eV.

- 7 — 1] +
Oxide Metal i} F. F.
V.B. C.B. HOMO LUMO HOMO LUMO

MgO Free -7.061 -3.724 -5.738 -3.795 -10.518 -4.73
Cu -5.817 -3.882 -4.635 -3.929 -10.766 -7.112
Ag -5.451 -3.617 -4.597 -3.915 -10.714 -7.119
Au -6.242 -3.867 -4.828 -3.890 -10.752 -7.385

BaO Free -4.000 -3.118 -3.719 -3.173 -6.980 -5.115
Cu -4.052 -3.181 -3.610 -3.186 -6.824 -5.147
Ag -4.121 -3.186 -3.610 -3.180 -6.837 -5.150
Au -4.140 -3.181 -3.613 -3.207 -6.837 -5.147
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Fig. 1.Schematic representation of low coordinated sites with different coordination atthe surfaces of MgO (001)and Bad (001). (aiterrace; (b) edge, (c) corner. Red spherss: 02 Vellow
spheres; Mgt? | Bat?

J

Fig. 2. A representative sketch of CO adsorbed etahoxide (up row) and on deposited metal atoro@n
row) of the defect-free (left) and defect-contagh{night) surfaces of oxide supports.
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& SZTIDR DS >

COMh g/ MgD OO e FE-Me0) GO T MeD

Fig. 3 (a) Flots of the HOMOs of the various sites of clean MgO (uppet row), Ag/Mlg0 (second tow, Ag as atepresentalivel CO/AZ/MED (the lastrow ). (b Like {2) but for
BaD, Red spheres: 02 ; yellow spheres: MaO ¥, eyan sphete: Ag, gray sphete: C atom.

AgFiRa0

CA g BaD COfAgFE-BaO COisgFE Bal

Fig. 3. (Contiraed)
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COMAg MO COIAGFSMEO0 COtAF MeD

Fig. 4 (9 Total charge-fensity contours in the (I 0 1) plane of Mgl clean susface (upper row), Ag/gO (row D), CO/Ag/Me0 (row 3 of defectfies (right colums))
and defect-containing sufaces (FE middle colume, and FE left columed ¢8) Like (%) but for Bad.

COrg BaO COfAg/FL-Bad COlAFS BaO

Fig. 4. (Contitued)
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Fig. 5 a: Electrostatic potential curves over the defect-free (077 and defect containing susfaces FE and FJ centers at the terrace sites
of the M gD and BaQ surface.
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Electrostatic potential curves over the defect-free (0°7) and defect containing surfaces FE and F& centers at the edge sites of
the MaD and BaD sutface.
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Fig. 5c : Electrostatic potential curves over the defect-free (077 and defect containing sufaces & and A centers at the corer sites

of the Mg and BaO sutface.
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Fig. 60d) Molecular orbital energy levels (HOMOs and LUMOs) of MCO fragments deposited on 0% sites of oxide supports. (b) Molecular arbital energy levels (HOMOs and LUMOS)
of MCO fragments deposited on F sites of oxide supports. (c) Maolecular orbital energy levels (HOMOs and LUMOs) of MCO fragments deposited on F# sites of oxide supports.
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