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Characteristics of Pd adsorption on the MgQ'100) surface: Role of oxygen vacancies
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Using theab initio full-potential linearized augmented-plane-wave approach, we have studied the role of
surface oxygen vacancies on the characteristics of palladium deposition on théld@Gurface. In agree-
ment with recent theoretical evidence, we find that the adsorption energy of a single Pd atom is considerably
enhanced by the defects, and that an important electron transfer from the substrate towards the adsorbed Pd
atom occurs. By considering three types of palladium deposits—a single atom, a monolayer, and a bilayer—we
have analyzed the evolution of the vacancy-induced interface properties as a function of the dimensionality of
the deposit and we show that the modifications reported for the isolated Pd adatoms are to a large extent
present also for more extended deposits. However, the electron transfer across the interface remains localized
to the close vicinity of the oxygen vacancy, and the stabilization effect of vacancies is particularly strong on
lower-coordinated metal atoms. This indicates that the major vacancy-induced modification of the deposit shall
be limited to those metal atoms at the cluster edges that adsorb directly at the vacancies.
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[. INTRODUCTION important increase of the adsorption energy of metal adatoms
and a considerable electron transfer between the substrate
The microscopic processes determining the structuraland the adsorbate induced by surface oxygen
electronic, and growth properties of metal deposits on theacancies>?1-2*However, the existing results concern prin-
insulating, ionic substrates have attracted the growing attercipally the isolated adatoms or adsorbed dimers and are thus
tion of material scientists both from experimental and theotepresentative of the very early stages of cluster growth. At
retical communities. This is partially due to the known butpresent, it is not at all clear to what extent the reported strong
not yet fully understood catalytic properties of supportedmodifications of adsorption characteristics can affect the ad-
metal clusters, but also, on a more fundamental level, to thbesion and the electronic properties of more extended depos-
fact that the microscopic description of the interactions onits.
the metal/oxide interface is still far from being compl&te. The goal of the present paper is thus to analyze the evo-
The MgO (100 surface is a particularly promising sub- lution of the vacancy-induced modifications of the character-
strate for both fundamental and technological reasdfis.  istics of metal adsorption as a function of the dimensionality
perimentally it is relatively easy to prepare single-crystalof metal deposits. We will focus on the adsorption energetics,
samples of well-defined surface structure andon the related modifications of the interface adhesion energy,
stoichiometry'° Additionally, the high degree of ionicity, the and on the charge transfer between the substrate and the
rigidity of the crystalline structure, and the resulting rela-adsorbate. To this end, we have chosen to analyze three
tively simple atomic structure of the interface justify the model metal deposits, namely an isolated atom, an epitaxial
abundance of studies on metal deposition on the M) monolayer, and an epitaxial bilayer, in each case comparing
surface®’ On the other hand, the theoretical studies that havéhe adsorption characteristics obtained for the deposition on
appeared in recent years have helped the analysis and intéhe regular and on the oxygen-deficient Mg®D0) surface.
pretation of experimental results, have elucidated many basithe three systems have the advantage of covering in a sys-
guestions, and validated to a large extent the existing state ¢ématic fashion the metal-metal coordination numbers rang-
the art of quantum-mechanical approaches as adequate fimg from an isolated adatom to a fully constituted metal/
the description of adsorptiéh*and growth>® of metals MgO(100) interface, and to model zero-, two-, and three-
on an oxide substrate. dimensional deposits, respectively. This choice, although it
The existing studies have principally focused on the perdoes not allow for a direct comparison with a particular set
fect interfaces and it is only very recently that the extensiorof experimental results, has the advantage of giving a rela-
towards a controlled analysis of the role of surface pointively clear physical picture of microscopic mechanisms re-
defects has been attempted’/'8Very recent atomic force sponsible for the analyzed effects and facilitates the elabora-
microscopy(AFM) experiments have shown that the nucle-tion of general physical conclusions. In this way, it
ation kinetics is governed by point defects with a high trap-constitutes a definite basis for further experimental and the-
ping energy’® The peculiar catalytic properties of supported oretical studies.
gold clusters have been tentatively attributed to vacancy- The paper is organized as follows. In Sec. II, we briefly
induced modification of the electronic properties of the de-describe the computational settings used for the present
posited metal clusterd.In fact, theoretical studies reveal an study. Section Ill starts with a presentation of the model of
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the oxygen-deficient MgQ@100) surface used in the study, lll. RESULTS
and then summarizes the numerical results concerning the
palladium adsorption characteristics. In Sec. IV, we discuss
the results and derive some general trends in adsorption eﬁ
ergetics and interface charge transfer.

We start with a brief presentation of the atomic and the
lectronic structures of the regular and of the oxygen-
eficient MgO(100 surfaces. Later on, we report the results
of calculations on the adsorption of different palladium de-
posits. In each case, we present a comparison of calculated
Il. TECHNIQUES electronic and atomic structures for adsorption on the regular

) ) and the oxygen-deficient surfaces.
The present study makes use of the density-functional-

based, full-potential linearized augmented-plane-were-
LAPW) method?® which has already been successfully ap-
plied to studies on surface processes and metal-oxide The existing studies on oxygen vacancies on the
interfaces’®2” In order to better account for adsorption ener-MgO(100) surface indicate that the interaction between the
getics, we have used the generalized gradient approximatiasurface vacancies is relatively weak and that it decreases
(GGA), which has proven its reliability for study of metal- rapidly as a function of the distance between the vacancies.
atom adsorption on oxides, as well as for the particular casg particular, between the 12.5% and 25% coverage of sur-
of Pd on the MgQ(100) surface'® Recent studies on vacan- face oxygen vacancies, the formation energy changes by less
cies in metal® or metal/alumina interfacsuggest that the  than 5% Furthermore, both structural and energetic contri-
performance of the GGA is not equally satisfactory for all butions due to the surface relaxation are small: the relaxation
physical systems. However, for the Pd/MJOO) interface, energy is of the order of 0.1 € and the related atomic
the excellent agreement between the present results and tHgplacements are of the order of 0.05%Ne have chosen
full-potential linear-muffin-tin-orbital (FP-LMTO) local-  the 25% oxygen-deficient unrelaxed surfatibe lateral
density-approximation(LDA) findings by GoniakowsR?  vacancy-vacancy nearest-neighbor distance of @sha rep-
tends to prove that the different choice of the exchangeresentation of an isolated oxygen vacancy. In the following,
correlation potential will not modify the principal physical we will refer to this model as the oxygen-deficient surface. In
conclusions of the study. We have used the GGA functionabrder to test the effect of limited slab thickness, we have
in the form proposed by Perdew and Waig. compared the adsorption energetics of the Pd monolayer de-
Within the FP-LAPW method, space is divided into non- posited on the fully oxygen-deficient MgQ@L.00 surface,
overlapping spheres centered on the atomic sites. Spheres @fpresented either by a three-layer-thick slab or by a five-
1.9 a.u. radius were used for oxygen and magnesium atomayer-thick slab. The difference between the adsorption ener-
and spheres of 2.0 a.u. radius for palladium. The basis sgfies in the two cases did not exceed 0.03 eV/Pd at, showing
consists of plane-wave envelope functions that are augnhat the three-layer slab is an adequate representation of the
mented inside the atomic spheres by means of a numericakygen-deficient surface.
solution of the Schidinger equation. Partial waves up lto Within these settings, the vacancy formation energy cal-
=10 are used inside the atomic spheres. We have added thalated with respect to a free oxygen atom in its spin-
so-called “local orbitals” in order to include thesZlectrons  polarized ground state is 9.5 eV. This can be compared to the
of O, 2s and D electrons of Mg, and @ electrons of Pd as existing results of the plane-wave, periodic LDA calculations
semicore states. The convergence of the basis set is coby Kantorovichet al>* and Finocchiet al®3 who, for the
trolled by a cutoff parameteR,K ,ax, Which was set equal same concentration of vacancies, report, respectively, 9.8 and
to 6 (10 Ry) during the geometry optimization. Calculations 10.2 eV. GGA calculations by Bogicevic and Jennisowell
with the cutoff increased to 128 Ry) were made for all the converged with respect to the size of the supercell, give 9.6
optimized geometries in order to estimate the adsorption ereV. Hartree-Fock calculations reported in Ref. 35 estimate
ergies, charge distributions, and densities of states. the formation energy of an isolated vacancy to be 7.8-8.1
Tests on the adequacy of this computational approach fogV. Embedded Mgller-Plesset perturbation theory up to the
representation of bulk Pd and MgO and of their surfacesecond order calculations by Scomwizal. predict 9.35 e\
were reported in Ref. 32. In the present calculations, the&Satisfactory agreement with the existing results shows that
MgO surface is represented by a three-layer-thick unrelaxethe effect of limited slab thickness on the vacancy formation
MgO slab of theoretical bulk MgO lattice constant (4.25 A energy is relatively small.
and (2x 2) surface unit cell. Pd was adsorbed symmetrically Figure 1 presents the valence-band densities of states
on both sides of the slab. We will discuss the validity of this(DOS) calculated for the perfect and the oxygen-deficient
surface model in the next section. Two-dimensiokgdoint ~ MgO (100 surfaces. Projection on the surface oxygen atoms
sampling of the Brillouin zone is converged to within 0.1 eV is plotted separately. The projection procedure, although de-
per atom(with a Gaussian broadening of 2 mRyrhis is  pendent on the choice of the atomic spheres, has the advan-
achieved with siX points in the irreducible part of the Bril- tage of elucidating the origin of different structures in the
louin zone(BZ). In order to compensate for the possible lacktotal DOS. In all the graphs, the energy scales are shifted so
of full convergence with respect to computational settingsas to align the DOS projected on the atoms of the central
all calculations necessary for the determination of adsorptiofayer of the slalinot shown in the figune In both cases, the
energies were performed with exactly the same periodic su-ermi level is placed at the highest occupied state in order to
percell. show clearly the vacancy-induced occupied states in the gap.

A. Oxygen vacancies on the MgQ(100) surface
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TABLE |. Adsorption properties of an isolated Pd atom on the
E regular and on the oxygen-deficient Mg@0O0 surface: adsorption
energyE 4 (eV), Pd-surface distanag (A).

— total
---- surface oxygen

| Eads d
Regular 1.43 2.13
Oxygen-deficient 3.73 1.44

| B. Adsorption of an isolated Pd atom

N We proceed to the results on the adsorption of an isolated

= Pd atom on the regular and on the oxygen-deficient

= 5 MgO(100) surfaces. In order to represent an isolated atom in

g P the periodic calculations, we adsorb a single Pd pex 22

w - . . . .
- surface unit cell symmetrically on each side of the slab. This

corresponds to; Pd ML coverage, and to the nearest-
. neighbor Pd-Pd distance of 6 A. At this distance, the direct
. interaction between Pd atoms is negligible. For the regular
, MgO (100 surface, only the most stable oxygen adsorption
site, as determined both theoretically and experimentally, is
considered®=*! Since the plane-wave calculatidAsshow
that a full optimization of geometry changes the calculated
adsorption energy by 5% only, and modifies the adsorption

@ ®) height by less than 2%, in the following we will thus sys-
tematically neglect relaxation of the substrate.
Density of states (arb. units) In general, the adsorption energy with respect to free Pd

atoms can be estimated through
FIG. 1. Valence-band DOS for the regul@ and the oxygen-

deficient(b) MgO (100 surface. Total DOS together with projec- 1
tion on the surface oxygen atoms are plotted. All DOS have been Eags — m(EPd/MgO— EMgO_ZNE;% )
convoluted with a 0.1-eV-wide Gaussian function.
with EPY/MIO EMIO andERd  being the total energies of the
MgO slab withN Pd atoms adsorbed symmetrically on each
side, of the clean MgO slab, and of a free Pd atom, respec-
tively. In the present cas®=1, but the same formula will
ie further used wittN=4 andN =8 for the cases of adsorp-

¥

Since the position of the origin of the energy axis is arbitrary,
the corresponding tick marks are not labeled explicitly.
The valence band of the clean MgQO0O0 surface has
principally oxygen 2 character. Due to a weakening of the
Madelung field at the surface, the contribution of the surfac
oxygen atoms is shifted towards higher energies with respect. oo . ,
to ){ﬁe bulk (center of the slab Thegprincipalgmodificationp eights and binding energies are shown in Table .
introduced by the surface vacancies is the appearance of oc- AS far as adsorption on the regular surface is concerned,
cupied electronic states in the gap. This new feature in th@Ur results are fl_JIIy consistent with the_data (_EX|st|ng in the
band structure corresponds to two electrons left on the sufiterature. Periodit’ and cluste¥” calculations give, respec-
face when a neutral oxygen atom is extracted. The detailefively, Eqqs=1.3 eV (d=2.08 A) and 1.35 eV (2.11 A Sat-
analysis of the related wave functions and charge densitig§factory agreement between the periodic and cluster results
shows that these two electrons remain relatively well localconfirms the adequacy of the presefitPd ML model to
ized at the vacancy sif¢:>*3*363In the present case, the represent isolated Pd adatoms.
vacancy states form a narrow bafid8 eV) positioned 2.0 With respect to the regular Mg@00 surface, the pres-
eV above the bulk valence-band maxim@#BM). This can  ence of an oxygen vacancy very clearly stabilizes the adsorp-
be directly compared to the band between 1.7 and 3.2 eVion. To our knowledge, only two studies of the adsorption of
above the VBM reported in Ref. 33 and to that at about 2.3an isolated Pd atom on an oxygen vacancy have been re-
eV above the VBM reported in Ref. 34. As was clearly ported in the literature. Our results are in excellent agreement
shown in Ref. 33, the position and the width of the vacancywith those of Matveevet al,”* who, using an embedded
band depend on the vacancy concentration. In fact, 12.5% afluster approach within the Becke-Perdew gradient-corrected
the surface vacancies produce a nearly nondispersive band@gnsity-functional-theoryDFT) method, found the Pd atom
about 2 eV above the VBM. The broadening visible in thebound by 3.76 eV at 1.53 A above an isolated oxygen va-
present calculations is principally due to the lateral interaccancy. On the contrary, our results differ considerably from
tions between the vacancies. As for the vacancy-formatiothose of Ref. 21, where the Hartree-FogkF) -based em-
energetics, this comparison shows that the effect of the slabedded cluster approach gives an adsorption energy of 1.55
thickness on the electronic properties of the vacancy is pra®V and an adsorption height of 1.73 A. In this latter case, the
tically negligible. underestimation of bond strength is mainly due to the lack of

on of a monolayer and of a bilayer. Calculated adsorption
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correlation effects but also to an embedding scheme that did
not include effective core potentials to avoid the unphysical , - e
polarization of the oxygen atoms at the cluster border. surface oxygen

It is worth mentioning that very similar calculations on e k
Ag adsorption on the regular and oxygen-deficient surfaces | E |
have been recently performed within an equivalent periodic N
slab approact and within a cluster modéf Although these E A

two sets of results are not directly comparable because the 0 , ¥
approximations on the electronic interactions employed by T N Tl
the two groups are not the sanfilartree-Fock and DFT, —
respectively, the adsorption energy of an isolated Ag adatom ' P,
on the vacancy given by the periodic HF apprdd$inearly :
five times bigger than the energy given by the cluster DFT
calculations’? The authors of Ref. 24 tend to attribute this ¢
important difference to two effects: possible deficiencies of
the embedding scheme used in the cluster calculations, or ¢ =
possible interaction between the periodic images in the slab
calculations. We belive that the excellent agreement between
our periodic-slab results and the results of cluster calcula-
tions by Matveevet al?? shows the perfect equivalence of
the two qualitatively different methods for description of the ; ‘
surface processes. T~ 4
From an experimental point of view, using a rate equation TSy A
model to describe the nucleation process of Pd on MgO ob- (@ (b)
served by AFM, Haast al!® estimate an adsorption energy
to about 1.2 eV for regular sites and a trapping energy to
somewhat more than 1.5 eV for the surface defects. Taking

into account the good agreement between the experimental g\ 2. valence-band DOS of an isolated Pd atom adsorbed on

and theoretical estimation of adsorption energy at the regulahe regular(a and on the oxygen-deficiefi) MgO (100 surface.

surface, the important difference between the calculated agerojections on the surface oxygen and on the Pd atom at the regular

sorption energy for Pd at an oxygen vacancy and the expericlea) and at the vacancishadedl sites are plotted. All DOS have

mental trapping energy suggests that they are not oxygeteen convoluted by a 0.1-eV-wide Gaussian function.

vacancies that have been observed experimentally. The na-

ture of these defects has not yet been unambiguously identie related to two principal factors. First, the strong hybrid-

fied. ization between the Pd and the vacancy state lowers the po-
The important difference between the adsorption characsition of the vacancy state and enhancessitehybridiza-

teristics of Pd atoms on the regular and oxygen-deficiention of the Pd outer shells. Second, in the absence of the

surfaces can be related to the vacancy-induced modificationsrface oxygen atom, the Pauli repulsion decreases consider-
of the electronic structure. In Fig. 2, we show the valenceqply.

band DOS calculated for the two cases. Projections on the Pd
atom and on surface oxygen are plotted separately.

Two qualitative differences in the DOS of the adsorbate
should be stressed. First, the position of the Pd level with We proceed to the presentation of the results of the depo-
respect to the substrate valence band changes as a functionsition of an epitaxial Pd monolayer, which, with respect to
the adsorption site. When adsorbed on the surface oxygethe zero-dimensional, isolated Pd adatoms, represents a
this level is well above the MgO valence band, whereas thenodel two-dimensional deposit. Again, theX2) surface
two intersect when Pd is adsorbed above the surface vacanaell, this time with four Pd atoms adsorbed at each side of
An increase of the Pd bandwidth and a downward shift of itgshe slab, was used. Respecting the model character of the
center of gravity contribute to this effect. Second, the charconsidered metal deposits and preserving the epitaxial struc-
acter of the Pd band changes. When adsorbed above the sture of the interface, we optimize only the vertical positions
face oxygen, the § and 4 components are clearly sepa- of the Pd atoms.
rated, and the occupied Pd band has a strorgharacter. On the regular surface, as can be seen in Tables Il and I,
When adsorbed above the vacancy, the two components hihke increase of Pd coverage induces an important increase of
bridize. A rough inspection of the corresponding DOS re-the adsorption energy. This is mostly due to the additional
veals that the electronic population of the Pd atom is biggePd-Pd bonds within the monolayer, the interaction between
when adsorbed at the vacancy. We will propose a quantitahe Pd and the substrate being weaker.
tive electron counting scheme in the next section. The presence of the vacancy further increases the adsorp-

As already pointed out by the authors of Ref. 21 and Reftion energy. The numbers given in Table Il correspond to an
22, the increase of the adsorption energy on the vacancy caverage over four inequivalent Pd atoms of thex@) sur-

Energy (eV)

Density of states (arb. units)

C. Adsorption of a palladium monolayer
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TABLE Il. Adsorption properties of an epitaxial Pd monolayer ¢
deposited on the regular and on the oxygen-deficient M§Q | [
surface: average adsorption energy per Pd &by (eV), aver- E yay O )
age Pd-surface distanc@) (A), corrugation of the Pd layer s h
Ad (A). -

/

(Ea) (d) Ad Ji

Regular 2.15 2.21 0.00 S -
Oxygen-deficient 2.57 2.00 0.66 i g

~._ __s" S —— total

i ; \ iF / - - - - surface oxygen
face cell, one that is adsorbed at the vacancy and the remain_ ) 1/ Salladium

ing three that are adsorbed at the neighboring regular surfacé® e YN
sites. An alternative way to look at the energy would consist § s - . e
in a calculation of the gain induced by the vacancy, which & ~_ ok
can be estimated to be 1.68 eV/surface cell. This value, much ¢ I
smaller than the corresponding result for the adsorption of ; Y
isolated atom2.30 eV}, suggests that although it exists, the e | )
stabilization effect of the vacancy weakens considerably in N S (
the presence of an extended deposit. The effect of weakening oy )
of the deposit-substrate interactions as a function of increas- . [ B S~
ing coordination number of atoms within the deposit, typical e ¥ s
for interactions of many-body character, was already re- N
ported for Pd deposited on the regular MG0o0 surface® (@) A4 (b)
The presence of the vacancy causes a corrugation of the
adsorbed Pd film: the atom at the vacancy site adsorbs rela-
tively close to the surface (1.53)Aits neighbors at the regu-

lar sites ads_orb at.a someyvhat higher distance (2.19 A FIG. 3. DOS for a Pd monolayer adsorbed on the regalaand
Clegrly, the mte_ractlons within the monolayer make the re, e oxygen-deficiertb) MgO(100) surface. Total DOS and pro-
sulting corrugation (0.66 Aconsiderably smaller than the jections on the surface oxygen and on the Pd atom at the regular

difference between the adsorptior) h.eights of an isolated atoMeap and at the vacancishadedl sites are plotted. All DOS have
at the vacancy and an atom within 1 ML on the regularpeen convoluted by a 0.1-eV-wide Gaussian function.

surface (0.77 A At the same time, the balance of Pd-

vacancy and Pd-Pd interactions results in an increased ad- D. Adsorption of a palladium bilayer

sorption height of Pd at the vacancy with respect to the case . o .

of an isolated atom. The structural results show very clearly Ve turmn now to the adsorption of an epitaxial Pd bilayer,
that the vacancy-induced modifications within the deposited?hich can be considered as the simplest model of a three-
Pd layer go beyond the second Pd neighbors, and Suggéglmensmnal deposit. As before, we use thex() surface _
that the (2<2) surface unit cell is not large enough to avoid UNit cell, we preserve the fcc structure of Pd, expand its

completely the metal-mediated interactions between the pedteral lattice parameters so as to match those of MgO, and
riodic images of the vacancy. optimize the vertical positions of all Pd atoms. Table Ill sum-

As far as the DOS for the regular surface is concernedr,“arizes the_ §tructural and energetic characteristic of Pd bi-
two principal effects are clearly visible in Fig. 3. With re- layer deposition on the regular and on the oxygen-deficient
spect to the adsorption of an isolated atom, the width of thd19O (100 surfaces. _ _
Pd band and the hybridization between thandd compo- On the regular surface, if compared to the 1-ML deposit,
nents increases. On the other hand, the Pd-O hybridization & Observe a further, small increase of the adsorption energy.
considerably smaller. Both these effects reflect an importarft@Membering that at present the energy is averaged over the

intralayer bonding and a reduction of the metal-oxide
interactions? TABLE lll. Adsorption properties of Pd bilayer deposited on the
When an oxygen vacancy is present, the Pd atoms withifegular and on the oxygen-deficient MGOO) surface: average ad-

the layer become inequivalent, and the corresponding PcEOTPtion energy per Pd atof,s (eV), average adsorption height
projected DOS changes considerably. The contribution of théds) (A), average distance between Pd layéds) (A), and the
Pd atom adsorbed at the vacancy is shifted downwards offfrugation of the interface and of the second Pd laye; and
the energy scale, and its width is considerably reduced. Thedz (A).

electronic population at this particular atom is higher, indi-

Density of states (arb. units)

cating an electron transfer from the vacancy. The reduced (Eaag {du), {d) Ady, Ad;
width of its DOS reflects a small hybridization with the rest Regular 2.91 2.34,1.73 0.00, 0.00
of the layer and suggests a high degree of localization of thexygen-deficient 3.04 2.12, 1.74 0.43, 0.00

transferred electrons.
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|
“‘ E isolated Pd atom, Pd monolayer, and Pd bilayer on the regular and

I TABLE IV. Adhesion energyE.q, (eV/interface Pd atof an
| = \' T on the oxygen-deficient Mg@O00) surface.

F 2 e Eadh Pdatom  Pd1ML  Pd2ML
SR Regular 1.43 0.58 0.53
o) Oxygen-deficient 3.73 1.01 0.81

though as before the DOS of the Pd atom directly on the
vacancy site is shifted towards lower energies and more lo-
) £ s calized than those of other Pd atoms, one can see its clear
N S hybridization with the rest of the metal band. Contrary to the
B case of the 1-ML deposit, in the present situation the center
) of gravity of the LDOS of the atom at the vacancy is situated
: well within the Pd band.

Energy (eV)

(o IV. DISCUSSION

. palladium 1st layer
2= palladiumEnd layer In the following, we will focus on two qualitatively dif-

ferent aspects of the vacancy-induced modifications of the
Pd/MgQ(100) interface. First, we will see to what extent the
strong increase of bonding that is found for adsorption of
@ (b) single Pd atoms and that is potentially relevant for the early
stages of the metal deposition does influence the adhesion of
an extended interface, and thus the equilibrium atomic struc-
Density of states (arb. units) ture of the deposited clusters. Second, we will analyze more
quantitatively the charge transfer between the substrate and
FIG. 4. DOS of a Pd bilayer adsorbed on a regidand onthe  the deposited metal and the related electron redistribution
oxygen-deficientb) MgO(100 surface. Total DOS and projections within the deposit. Understanding the evolution of the charge
on the Pd atoms at the regulaiean and at the vacancishadedd  transfer as a function of the dimensionality of the deposit
sites are plotteq. All DOS have been convoluted by a O.l-eV-Widemay help to understand if the recently proposed arguments
Gaussian function. relating the particular reactivity of small metal particles to
the electron transfer from the surface vacancies remain valid
Pd atoms at the interface and in the second layer, its increasdso for extended deposits.
can be principally related to the increase of the coordination
of Pd atoms within the deposit. The interaction between the
substrate and the adsorbate has a tendency to weaken
further3® In order to analyze the evolution of bonding at the inter-
The presence of the vacancy changes the adsorption efice, we will supplement the analysis of adsorption energies
ergy by about 0.1 eV only. The corresponding gain of energyVith respect to free Pd atom&{yJ by evaluation of adsorp-
due to the presence of the vacancy amounts to 1.04 e\fon energies with respect to the unsupported Pd deposit
surface cell, and reflects a further important weakening of théEaan - The former contains information on both Pd-Pd and
stabilization effect of the vacancy. In parallel, the adsorptionPd-MgO interactions, whereas the latter, which can be ex-
height of the Pd atom directly at the vacancy increases (1.8@ressed as
A), and as a consequence, the corrugation of the interfacial
layer becomes smaller. However, even in this case the differ-
ence between the vertical positions of the Pd atoms at the
vacancies and at the regular sites remains of the order of 0.5
A. The small difference between the interlayer distafig  (where EPY™99, EMIO and ESS  are the total energies of
calculated for the regular and oxygen-deficient interfaces rethe MgO slab with a Pd deposit on each side, of the clean
flects the particularly rapid attenuation of the vacancy-MgO slab, and of an unsupported Pd deposit, respectively,
induced modifications in the direction perpendicular to theand N is the number of Pd atoms at the interfaggves
interface. directly the Pd-MgO contribution and approaches closely the
As can be seen in Fig. 4, the main modification of theadhesion energy of the interfagsee Table 1V. Although
electronic band structure with respect to the 1-ML case conwithin these settings the reference for calculationg gf, for
sists of an important widening of the Pd band, which in thethe regular and oxygen-deficient interfaces are not precisely
present case clearly overlaps with the substrate valence barttie same, we have verified that the difference is of the order
The vacancy-induced modification of the DOS is small. Al-of 0.02 eV/at, much smaller than the discussed energetics.

A. Adhesion energy of the interface

deposi

1
Eadh: _ m(EPd/MgO_ EMgO_ 2EPd ?
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The energetics of Pd deposition on the regular MgQa0) TABLE V. Charges per Pd atom for an isolated Pd atom, a Pd
surface as a function of the deposit size has been alreadyonolayer, and a Pd bilayer deposited on the regular and the
discussed in detail and related to the modifications of th&xygen-deficient MgQL00) surfaces. For the Pd bilayer, the first
electronic structure in Ref. 30. The present results reproduc@nd the second column correspond to the interface and the second
well the principal tendency, namely the reduction of the in-Pq I_ayer, r.espectively. Dgcor_nposition_ over inequivalent Pd atoms
terface bonding for more extended deposits, reflecting th&/ithin the interface layer is given explicitly.
many-body character of the interactions. It is worth pointing
out that the adhesion energy calculated for the Pd bilayer
approaches closely the experimental estimate of 0.51-0.58egular —0.36 ~0.13 —0.08 ~0.02
eV/Pd at, obtained from the Wulff-Kaishev construction ap-oyygen-deficient —0.86 —0.93, —0.01 —0.63, —0.03 —0.01
plied to deposited Pd clusters of 10—20-nm $ize.

As far as the deposition on the oxygen-deficient surfaces
is concerned, the adhesion energies are considerably ep- . -
hanced. Their decrease along the series is principally due od atoms. In the case of adsor.puon on .the oxygen-deflue_nt
the weakening of the Pd-vacancy interaction, but also to théurf{;\ce, thg electronic occupations of different Pd atoms in
modification of bonding within the Pd deposit. The substrateN€ interfacial layer are not the same, so we have performed
induced changes of cohesion of the deposit were already di& SUPPlementary decomposition of the electronic charge dis-
cussed for the regular surface in Ref. 44, and we return tgibution p(r), consisting this time in the evaluation of the
this question when analyzing the changes of bonding in P#iadial electron density functiop(r) for each Pd atom. We
dimers adsorbed on Mg@00) surface defect® then use thdr6p(r)r2dr, wherer; corresponds to the mini-

The vacancy-induced increase of the adhesion energy canum of p(r), as an estimation of the charge of the particular
be expected to produce a modification of the equilibriumatomic site(see Table V. It should be stressed that the above
atomic structure of the deposited clusters. A simple argumerdecomposition remains arbitrary and we will thus not insist
based on the Wulff theorem and applied to the known, pyraen the precise values of calculated charges. This applies also
midal form of the Pd deposits on the M¢IDO) substrat®  to what we will call charge transfer and what, within the
would suggest a reduction of the cluster height and thus agbove decomposition scheme, can be induced by a real elec-
increase of the proportion of th&00) facets with respect to tron transfer between atoms, or by a strong polarization of
the (111) ones. This effect, and the related change of edggneir electronic clouds.
lengths, will necessarily lead to a modification of the cata- \yhen palladium is deposited on the regular surface, the
lytic properties of the deposited clusters. On the other handyjectron transfer from the substrate to the adsorbate is rela-
the strong dependence of the stabilization effects of vacane|y small and it clearly decreases as a function of the Pd
cies on the coordination of the metal atoms suggests that the, erage. Both its direction and its evolution are fully coher-
vacancies would preferably occupy the undercoordinated resqt with the microscopic model proposed in Ref. 30, accord-
gions of the inter_face corresponding to the cIuster’:s_edgeﬁlg to which the formation of Pd-O bonds pushes the anti-
and corners. This observation seems coherent with thggnding oxygen states above the Fermi level and results in
atomic structure of the Au clusters on the OX%’(Qe”'def'C'e”%m electron transfer towards Pd. Furthermore, since the Pd-O
MgO (100 surface as reported by Sanchetzal,” where a = honding becomes weaker when Pd gains its metal neighbors,
three-dimensional cluster does not cover the vacancy. Takingyis electron transfer diminishes. In the case of adsorption of
this into account, the modification of the reactivity by vacan- 5, isolated Pd atom, a similarly small electron transfer was
cies at the cluster edges may in fact be the principal experig, ng by Matveewet al22
mentally detectable effect. Although the controlled genera- \yhen a vacancy is present, the electron transfer from the
tion of surface defects may seem to be a tool for a fine-tuning,nstrate to the adsorbate is much more pronounced. The
of the catalyst's reactivity, one should not forget that theresent estimation in the case of an isolated Pd atom corre-
presence.of.vacancies may also bg at the ori_gin of st.ruct_urzf.(g‘teS fairly well with that by Matveeet al22 In the case of
defects within the deposit and that it may modify the kineticsy extended deposit, the increase of electronic population of
of cluster growth and the cluster-size distribution. the Pd atom directly at the vacancy is accompanied by a
decrease at the neighboring Pd. Although the horizontal
range of vacancy-induced modifications clearly excedes the
(2% 2) cell, its vertical modifications are principally limited

In order to access the evolution of the charge transfeto the interface layer, the second Pd layer being only slightly
between the MgO and the Pd deposit as a function of thenodified.
deposit dimensionality, we have used two complementary Although the precise electronic occupations are probably
techniques. The first one, based on the Bader-likenot entirely meaningful, the present results show clearly that
method?®>32 consists of a partition of space into layers, de-oxygen vacancies are at the origin of an enhanced electron
limited by the local minima in the electron density profile transfer from the substrate towards the deposit. The electrons
p(2)=[p(x,y,z)dx dy along the directiorg, perpendicular transferred remain well localized on the atom at the vacancy
to the interface. The results of this decomposition can beaite, which receives additional electrons from its metal
associated with charges of the subsequent Pd atomic layenrsgighbors of the interfacial layer. Taking this into account,
which on the regular surface are directly related to charges offe expect that the modification of the reactivity suggested

Pd atom Pd 1 ML Pd 2 ML

B. Electron redistribution at the interface
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already for the catalysis for the isolated adat6hmay in For more extended deposits, the stabilizing effect of va-
fact concern only extremely flat clusters or edges and cornergancies attenuates quite rapidly. Its strong dependence on the
of three-dimensional clusters. In the direction perpendiculagoordination of the deposited metal atoms suggests that va-
to the interface, the modification of the electronic occupa-<ancies will preferably occupy regions at the cluster’s edges
tions remains fairly localized to the interface region and it isand corners. With regard to the electron redistribution at the
likely that the effect of the vacancy site will be completely interface, we find that the strong electron transfer from the
screened for the case of a three-dimensional deposit. ThEHbstrate to the deposit remains also for more extended de-
observation seems to be in agreement with the results dfosits. In all cases, however, the transferred electrons remain
Sanchezt al,?° where, although the oxidation process takesvery well localized on the Pd atom at the vacancy. One can
place on a three-dimensional cluster, the key vacancythus expect that the major vacancy-induced modification of
induced modification of the dissociation barrier happens athe reactivity would be limited to those metal atoms at the
the edge atom adsorbed directly at the vacancy. cluster edges that adsorb directly at the vacancies. Either
direct or indirect effects on the other atoms of a three-

dimensional particle should be relatively small.
V. CONCLUSIONS
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