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Dissociative Adsorption of Hydrogen and Oxygen on
Palladium Clusters: A Comparison with the (111) Infinite
Surface

Jadme Roqued,Corinne Lacaze-Dufaufeand Claude Mijoule®

Universite Paris-Sud 11 Institut de Physique Niaie 15, rue Georges Clemenceau,
Bat 100, bureau M 249, 91406 Orsay, Cedex, France, and Centre Interuniversitaire de
Recherche et d’Ingeerie des Mataaux (C.I.R.I.M.A.T), 118 route de Narbonne,
31077 Toulouse, Cedex 4, France

Abstract: We report a density-functional study of some properties of the dissociative interaction
of hydrogen and oxygen molecules on small palladium clusters (n=5, 7, and 10). The calculated
physisorption and chemisorption energies are compared with those of the infinite (111) palladium
surface. First, adsorption of atomic hydrogen and oxygen is investigated on the Pds, Pd;, and
Pdi, clusters. Second, the interaction between H, (O,) and the small Pds cluster is examined
and compared to the process occurring on an infinite (111) surface. Finally, the simultaneous
adsorption of two hydrogen (oxygen) atoms is analyzed in detail. As shown in a previous work,
the binding energy of the first hydrogen (oxygen) atom does not depend significantly on the
cluster size, and small two-layer clusters (n < 10) can be used to determine with accuracy the
interaction of atomic adsorbates with an infinite (111) palladium surface. In this study, we show
that the dissociative chemisorption of H, and more especially of O, on a small palladium cluster
may lead to erroneous binding energy: the cluster’s size may prevent an accurate description
of the adsorbate—adsorbate interaction as a function of their distance. It is demonstrated that
a good choice of both the size and the shape of the cluster is preponderant for a good description
of the dissociative adsorption of H, and O, on an infinite (111) surface.

[. Introduction the third-layer metal atoms (fcc site}® Mitsui et al.
Because of their importance in the field of catalysis, the determined an energetic barrier of 0.09 eV for the diffusion
interaction of hydrogen and oxygen species with palladium of an individual H atom on the Pd(111) surfdcdhe
surfaces is of prime interest. In the past, the adsorption of adsorption of Hwas also investigatetf*> Christmann et al.
atomic and molecular hydrogen on the (111) palladium and Conrad et al. concluded to a dissociative adsorption of
surface was largely investigated by experimental approdches. H, on Pd(111) with an initial adsorption energy of 0.90€V.
These studies examined atomic hydrogen chemisorption, andResch et al. also predicted, at low initial beam energies, an
it was found that the most favorable adsorption site on the indirect dissociation pathway via a molecular precursor state,
Pd(111) surface is the threefold hollow surface site above and the activation energy for the dissociation was estimated

to be around 0.05 e¥.At higher beam energies a direct
T Dedicated to Professor Dennis R. Salahub on the occasion of 5¢tivated dissociative process was obseffddre recently,
his 60th birthday. _ Mitsui et al. showed by tunneling microscopy observations
* Corresponding author fax: 33 5 62 88 56 00; e-mail that aggregates of at least three hydrogen vacancies are

Claude.Mijoule @ensiacet.fr. . . - L
* Université Paris-Sud 11 Institut de Physique Nucléaire 15. required for efficient H dissociation on Pd(111).

§ Centre Interuniversitaire de Recherche et d'Ingénierie des The adsorption of atomic hydrogen on the (111) palladium
Matériaux (C.I.R..LM.A.T). surface was also theoretically investigated using clusterlike
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approacheg1tand slab approachBs'®in the framework  the top-fcc(or hcp)-bridge adsorption geometries that pre-
of the density functional theory. All these studies pointed sented degenerated, @dsorption energies. None of the
out that the H atoms adsorb preferentially on threefold hollow calculated @Pd(111) configuration could be related to the
sites, and the fcc site was determined as the more stablethird precursor state (peroxo-Il) which was experimentally
adsorption sité%'219 The adsorption of the fHmnolecule on identified.
small Pd (n = 1-6) clusters was also studied by DFT In the present paper, we first consider the adsorption and
calculationg? %2 and several local minima were found. They diffusion of atomic hydrogen and atomic oxygen on,
correspond to K physisorption and other dissociative =5, 7, 10) clusters (section Ill). The interaction of &hd
adsorption modes on the Pdusters. Periodic calculations O, molecules with the small Rdclusters is therefore
showed the K molecule dissociation on the Pd(111) investigated (section 1V). It is followed by the study of
surface?*#*Both activated and nonactivated pathways were successive adsorption of two hydrogen or oxygen atoms to
found?® When the dissociation process is activated, the examine the chemisorbed-HH and O—O interactions on
activation energy remains sma#-0.05 eV), in agreement  the (111) surface (section V). We compare our results with
with the experimental evidence. results from periodic calculations or experimental investiga-
Concerning oxygen species, experimental studies were firsttions for the infinite (111) surface.
carried out on the adsorption of atomic oxygen on the
Pd(111) surfac& 2 The threefold adsorption sites are found ||, Method of Calculation
to be the most stable ones (fcc or hcp sites favored
depending on the author$)?"28and the Pd(111) surface
relaxation upon O adsorption is found negligiBteThe
activation barrier for the diffusion of O atoms on the Pd(111)
surface is smaR® Experimental data are also available for

O adsorption/desorption and dissociation on Pd(¥1%)20 are added for the exchange and correlation terms. We use a
Experiments predict a complex adsorption mechanism €ON" 1 6-electron relativistic model core potentfafor the pal-
sisting of a physisorbed and up to three molecular Precursor 4 qium atoms. The valence 4p, 4d, and 5s electrons are
states. At temperatures below 200 K, several mole_cu&ar o treated explicitly with a (2211/2111/121) orbital basis set.
precursors adsorbed on the surface were characterized. Thug\ corresponding (3,4:3,4) auxiliary basis set is used for the
the O, adsorption process does not proceed in a single StePits of the charge d,ensity and the exchange-correlation

but through a sequence of several well-defined peroxo ,ontia| The H and O atoms are described by the (41/1%)
?XOIegzla;tp;?SSrrlzorzsofglIp%\{\zlg% tgutgee?lzfogqaet;;z:gdatt?]rglc and (5211/411/1) orbital basis sets and the corresponding
ygen ) A (4,2;4,2) and (5,2;5,2) auxiliary basis sets, respectively.

desorption temperature and desorption endfgyf three Small Pd clusters (n= 5, 7, 10) are used in this study to
T&ﬁgﬂi;E:ezcuorzoorsg\(/le:ZSzoKoaQiiddg 1303 S%Véz—/);ﬁ investigate the adsorption of ;Hand Q as well as the
An activation en.er o,f 2.38 eV was ?neas.ured fo.r the chemisorbed H—H and SO interactions on the (111)
associative desor t?gn of tHe O atoms at 808 Nolan surface. In order to compare our results with those of an
P ) infinite (111) surface, the PePd interatomic distances are

?r;[v:sl,lti l;;s%;zl(‘)rs ti?):donmPO(;((af f Ila)lratbrﬁa? er:ifhmgg?g; o frozen at the experimental bulk valus(Pd—Pd)= 2.75 A.
9 P g gy " The calculations are done with spin polarized wave functions.

They found a direct molecular chemisorption mechanism at It is shown that the most stable spin states for each system

Ficsoniation 8 ahways proauraor mediafeaL lon onergias, N1ave & multplcity ofin = 1 for Pd, Hy and Pk m-= 2
yS P gies, for PdH; andm = 3 for O, O,, Pd,O, and PdO,. In order

::r;\eeymﬁr;s:zggerrlzeA(: i‘%hhyséseogr?]edeigtgei::Ordtifet:te ggf[)ii/eeﬁgﬁlrto describe the electron transfer during the adsorption process,
S : ' a Mulliken population analysis is done for each system.
adsorption into a chemisorbed molecular precursor state was
observed, in agreement with the study of Nolan et al. The ) )
adsorption of atomic oxygen was also theoretically investi- I/l. Atomic Adsorption on Small Two-Layer
gated on small Rdclusterd®3 and on the Pd(111) surface Pd, Clusters
using slab approaché&s3The fcc adsorption site is predicted  In a first step, we study the chemisorption process of atomic
to be the most stable site for O adsorption on Pd(111), with hydrogen and oxygen on the surface of the clusters. The
an adsorption energy difference between the fcc and hep sitesffects of the size of the cluster and of the nature of the
of 0.2 eV3233 adsorption site are reported together with the equilibrium
In the case of @on Pd(111), several adsorption pathways Pd—O bond lengths and the activation energies for the
depending on the initial adsorption position of n the  diffusion on the surface.
surface were explore®:3234-36Honkala et al. and Eichler The size effects are studied by using small two-layer Pd
et al. found three @ molecular states adsorbed on the clusters (n= 5, 7, 10). These clusters are shown in Figure
surfacé?3>and related them to experimental evideti@@s=° 1. Three different adsorption sites are studied labeled “h”
using their vibrational frequencies: the superoxo state wasand “f ” for the adsorption on threefold hollow hcp and fcc
attributed to the top-bridge-top (first O-position of the mass sites, respectively, and “b” for the adsorption on bridge sites
center-second O) adsorption geometry and the peroxo-I to(see Figure 1). In each case, the adsorbate-cluster surface

’ Our calculations are based on the density-functional theory
and performed in the framework of the LCGTO-MCP-LSD
method incorporated in the deMon program package release
3.337738 The Vosko-Wilk-Nusair local potenti# is used,
and the nonlocal gradient-based corrections of Pettidiv



Pd 10

Figure 1. Small palladium clusters used for the study of
adsorption of atomic and molecular species on threefold hcp

Table 2. O Adsorption on hcp, fcc, and Bridge Sites of

the Pds, Pd;, and Pdg Clusters®

(h), threefold fcc (f), and bridge (b) sites.

Table 1.

the Pds, Pd;, and Pdq Clusters/

H Adsorption on hcp, fcc, and Bridge Sites of

site Eads d(Pd—H) q(H)
PdsH ht —2.96 1.79 -0.12
PdsH bt —2.73 1.71 -0.07
PdsH fi —2.94 1.79 —-0.13
Pd;H ht or h2 —2.91 1.80 -0.13
Pd/H bt or b2 —2.68 1.72 —0.09
Pd/H fl —2.83 1.79 -0.13
PdioH htor h3 —2.87 1.80 —0.12
PdioH h2 —2.86 1.79 —0.15
PdioH bt or b* —2.70 171 —0.07
PdioH b2 or b® —2.73 1.71 —0.08
PdioH florf2 —2.84 1.79 —-0.14
experimental —2.682
other computa- hcp —3.8t0 —3.4»
tions hcp —2.82¢

fce/hep/bridge —2.65/—2.59/—2.454

fcc/hep/bridge —2.69/—2.60/—2.60¢

fcc/hep/bridge —2.73/—-2.67/—2.557

fcc/hep/bridge —2.79/—2.74/—2.619

fce/hep/bridge —2.73/—2.69/—2.58"

fce/hep/bridge —2.57/—2.49/—-2.35/

aReference 2. b Reference 9 (cluster approach). ¢ Reference 11

(cluster approach). ? Reference 12 (periodic computations). € Refer-

site d(Pd—0) q(0O)
PdsO ht —3.67 211 -0.53
PdsO bt —3.50 203 -0.50
PdsO fl —3.96 211 -0.55
Pd,O ht or h? —3.77 211 -054
Pd;O bt or b? —3.38 204 -052
Pd;O f —3.79 211  -0.50
Pd1,0 ht or h3 -3.79 211 -0.58
Pd100 h2 —3.74 212 -0.48
Pd100 b! or b* —3.36 203 -0.50
Pd;00 b2 or b3 —3.29 205 -0.48
Pd100 florf2 —3.66 210 -0.50
other computa- hollow/bridge —3.51/—3.342

tions hcp/fce/bridge —3.41/—3.60/—3.05

a Reference 31 (periodic computations). ? Reference 32 (periodic
computations). ¢ Euqs is the adsorption energy (in eV), d(Pd—O0) is
the distance between the oxygen atom and the nearest Pd neighbor
(in A), and g(O) is the oxygen Mulliken net charge.

activation energy is of the order of 0.25 eV showing that
one hydrogen atom can easily diffuse over an (111) pal-
ladium surface. All calculated adsorption energies depend
weakly on the size of the cluster showing that the H-surface
interaction is localized. Furthermore the cluster-H distances
remain almost constant for the same types of adsorption sites,
~0.82 A (fcc and hcp) and-1.02 A (bridge) as well as the
hydrogen net charge which is of 0.12:15 e for adsorption

on fcc or hep sites and 0.08 @n bridge sites. In the case
of atomic oxygen adsorption (Table 2) the most favorable
structures correspond also to the adsorption on fcc and hcp
sites. The adsorption on a bridge site is about-0.5% eV
higher in energy. The cluster-O distances are almost un-
changed for the same types of adsorption sitels39 A (fcc

and hcp) and-1.50 A (bridge). The electronic transfer from
the cluster to the adsorbate is significant. The oxygen net
charge is around 0.5€0.55 € for adsorption on fcc or hep
sites and 0.50 eon bridge ones. The diffusion barrier
between two adjacent hollow sites is of the order 0.2%0

eV. As for hydrogen, various properties of O adsorption are
nearly size independent, showing that the-Rl surface

ence 13 (periodic computations). f Reference 14 (periodic computa-
tions). 9 Reference 15 (periodic computations). " Reference 18 (per-
iodic computations).  Reference 19 (periodic computations). / Eags is
the adsorption energy (in eV), d(Pd—H) is the distance between the
hydrogen atom and the nearest Pd neighbor (in A), and g(H) is the
hydrogen Mulliken net charge.

interaction is localized.

IV. Molecular Adsorption on Small Two-Layer

Pd, Clusters

Here we turn our attention to the study of the molecular
interaction of H and Q with a small two-layer Pglcluster,

and we discuss the meaning of differences between a cluster-
like approach and periodic calculations or experimental
investigations on the infinite Pd(111) surface. To do this,
we chose to investigate the adsorption process,ard G
following the pathway corresponding to an initial fcc-hcp
orientation of the diatomic molecule over the cluster's surface
DFT total energies of X, Rgland PdX systems. Adsorption  (Figure 2). We restrain our study to a two-dimensional
energies of atomic hydrogen on Pakre given in Table 1; potential where both variables are the-X bond lengthr

the most favorable structures correspond to the H adsorptionand the Pd surface—Xdistancez. Thus the adsorption

on fcc or hcp sites without any significant energy gap energies are given by

between both siteg\Eaqs= 0.02—0.08 eV). The adsorption
on a bridge site is less favorable and corresponds to a
diffusion barrier between two adjacent threefold sites. The

distance is optimized. Adsorption energiggsare calculated
by using the equation

Eags= E(PAX) — [E(X) + E(Pd)] 1)

where X= H or O, andg(X), E(Pd), andE(PdX) are the

Eaadr,2) = E(PAX,)(r,2) — [E(Pd) + E(X)]  (3)
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Table 3. Various Parameters of the Adsorption Process of
3.0

H, and O, on the Pds Cluster
H2 Oz

-3.0 20 -1.0 0.0 1.0 2.0 3.0
d(H-H) in A

phys. TS chem.  phys. TS chem.

Figure 3. H—H equilibrium distances (A) as a function of the

surface-H, distances (A) for the adsorption pathway displayed r (}2) 0.75 0.90 1.93 123 125 233
in Figure 2. Large circles are Pd atoms and small ones, H Z(A) 342 145 084 320 1.9 1.39
atoms BO(X—X) 1.0 1.0 0.10 20 20 1.20

g(X) (au) 00 00 -013 00 00 -072

where X% is H, or O,, and therE(Xy) is the total energy of ~ €neray(ev)  —0.06 015 —091  —042 031 —0.29
the X; molecule in the gas phase. The diatomic molecule

center of mass is positioned over a bridge site, while both . e : .
adsorbate atoms are respectively over an fcc and hCpprecursor state can be identified as the physisorption,of H

adsorption site (Figure 2). Such an approach is chosen®" the cluster surface. The physisorption endtgysis small

because for example previous theoretical studies concerningand .equal t0-0.06 eV on Pd (see Table 3). When H__
the dissociative adsorption ofldn Pd(100) surfaces showed contlr!ues to move toward the qluster surface, a transition
that a rotation of the hydrogen molecule out of a plane State is observed whose energy is equat@15 eV on Pd

parallel to the surface increases the endfg¥hus the (Table 3). It corresponds.to an activat_ion energy of 0.21 eV.
diatomic molecule axis is kept parallel to the cluster surface The (H—H) bond length increases slightly to 0.90 A, and
and perpendicular to the Pd—Pd bond (Figure 2). The the bond order remains equal to 1. No charge transfer is
molecule is moved toward the cluster's surface following Observed between the molecule and the clustez, At1.59
the z-axis, and the HH bond length is optimized for each A a sharp transition is observez.corresponds to the edge
surface—adsorbate distance. The corresponding adsorptior®f the jellium which would represent the metal in a simple
pathways are displayed in Figures 3 and 4. metal-like description; it is equal to the distance between
IV.1. H, Adsorption on Pds. Figure 3 shows the variation WO (111) planes. Thus Hs dissociated when placed in a
of the H—H bond lengthr when H is moved toward the ~ '€gion of high electronic density. Each H atom is screened
cluster surface. All the properties associated with the Dy the electron density of the cluster. The electrostatic
precursor state, transition state, and chemisorbed state aréepulsion leads to a HH distance of 4.18 A. Finally, when
summarized in Table 3. When= 3.42 A, the H molecule zcontinues to decrease, the-Rd, interaction increases, and
stabilizes in a precursor state. In this state, no electron transfethe H atoms locate on the hcp and fcc sites leading to a
between the cluster and the adsorbate is observedy and decreasing of. At the chemisorption sites, the H atoms are
remains equal to 0.75 A (Figure 3, Table 3). TheiMayer slightly bound (BO= 0.10), but the electrorepulsion is also
bond order is equal to 1, and no chemical bond is formed significant so that the HH distance reaches 1.93 A while
between the adsorbate and the substrate. Therefore, thishe hcp-fce distance is only 1.59 A.




IV.2. O, Adsorption on Pds. As in the case of K

by Honkala et al? we chose to investigate the adsorption
pathway corresponding to an fcc-hcp itial adsorption
position (results in Table 3). For the same reasons as H
adsorption on Pgl we have constrained the,@ynamic
adsorption process to 2D cuts of the 6D PES. The molecular
axis is kept parallel to the cluster surface and perpendicular
to the Pd-Pd bond (Figure 2). The adsorbate is moved
toward the P¢surface following thez-axis, and the O—0O
bond length is optimized for each valueafThe adsorption
pathway is displayed in Figure 4. As it was the case fgr H
we first observed a physisorbed state locatedat3.2 A,

with an energy of-0.42 eV. In this state, no electron transfer
is observed between the cluster and the molecule. The O
molecule still has the same conformation as that in the gas
phased(O—0)= 1.23 A (Figure 4), the O—O0 bond order

is still equal to 2, and no chemical bond is observed between

Table 4. Chemisorption Energy of Two Hydrogen Atoms
adsorption, from the unlike £adsorption pathways studied Coadsorbed on Various (111) Sites®

q(H)
sites Eags AEags  H! H2  BO(H—H)
PdsH, hi/f1 -091 +0.09 -0.12 -0.13 0.10
Inf —1.02
Pd7H> hi/fft -0.72 +0.12 -0.14 -0.12 0.10
Pd7H> ht/h2  -0.69 +0.23 -0.13 -0.13 0.00
Inf —0.92
PdioH2 hi/f1 -0.59 +0.22 -0.12 -0.13 0.10
Pd1oH- hi/h? -0.54 +0.29 -0.13 -0.14 0.00
PdioH2 hi/f 2 —-0.56 +0.25 -0.12 -0.13 0.00
PdioH2 h1/h3 -0.65 +0.19 -0.13 -0.13 0.00
Inf —0.82
other work? hcp/hcp —0.73
other work? hcp/fcc  —0.69
hcp/hep —0.89
fcclfce —0.99

the adsorbate and the substrate. On the other side, the aReference 12 (periodic computations — coverage = 1). » Refer-

physisorption energy of £is much larger than that of H
showing that the electronic cloud ot,@ strongly polarized

by the presence of the palladium surface.zAt 1.95 A, a
transition state is determined with an energy of 0.31 eV
leading to an activation energy for the dissociated chemi-
sorption of 0.73 eV. At this point, the Ospecies is still
molecular, the O—O length increasing very slightly to 1.25
A. At zy=1.59 A a sharp transition is observed. Thusi©
dissociated, and the electrostatic repulsion leads to-®0
distance of 3.6 A. Finally, whencontinues to decrease, the
O—Pdg interaction increases, and the O atoms locate on the
hcp and fcc sites leading to a decreasingrofAt the
chimisorption site, the O atoms are always relatively bounded
(BO = 1.20), but the electrorepulsion is largg@) = —0.72

au) so that the ©0 distance reaches 2.33 A (in place of
1.59 A for the hcp-fee distance). Finally, we can notice that,
for this pathway, no molecular chemisorbed precursor is

observed on the surface and that this reactional pathway is

activated. It is in good agreement with the periodic calcula-
tions of Honkala et at? Furthermore, comparison of phys-
isorption and chemisorption energies show that the O
molecule may dissociate on PdHonkala et af? found that
the adsorption of two oxygen atoms constrained on two

adjacent adsorption sites (fcc-hcp) is endothermic. Our results

show that the @adsorption process on the smalkRtuster
is different relatively to an infinite (111) surface for low
coverage.

V. Interaction between Chemisorbed Atoms
on Small Two-Layer Pd , Clusters

In this part, we study the interaction between two adsorbed
atoms (hydrogen or oxygen) on thesPled;, and Pgy clusters

(Figure 1). The first atom being adsorbed in the most stable
position, i.e., the hcp site, the second one is allowed to
migrate on other threefold sites (hcp or fcc). The range of

ence 23 (periodic computations). ¢ Exgs(eV) is the H! plus H2 adsorp-
tion energy, g(H) is the Mulliken net charge located on each H atom,
and BO is the H—H bond order. The different adsorption sites are
illustrated in Figure 1.

fcc—fcc one’s (see ref 23), but only the hcp-fcc configuration
is available on the three studied clusters.

V.1. Hydrogen—Hydrogen Interactions. Hydrogen—
hydrogen interactions when chemisorbed on, PR}, and
Pd,o are summarized in Table 4. The first atom is chemi-
sorbed on the hsite, while the second one is chemisorbed
on other three-hollow sites {5, 7, 10), |& (7, 10), and ¥
and I# (10). Chemisorption energies as well as charge transfer
and bond orders between the two atoms are reported. In each
case the adsorption energy is compared to that of two atoms
occupying the same sites without interactidviefgsin Table
4) and to the more stable chemisorption configuration where
both atoms are chemisorbed on hcp sites, without interaction
(labeled Inf in Table 4). Concerning the nearest neighbor
adsorption sites, i.e.,*fi' the adsorption energy decreases
smoothly with the size of the cluster showing that the size
effects are not negligible. Nevertheless, in each case, the
chemisorption is dissociative which is not the case for the
infinite surface®? Chemisorption on these sites shows that a
significant electrostatic repulsion arises between both atoms
due to the electron transfer from the cluster to the H atoms
(q(H) = —0.13 e). On the other hand, electrostatic repulsion
is partially compensated by a small chemical binding energy,
the bond order of the HH bond being equal to 0.10. The
h'/h? interaction (P¢l Pd,o) is not more stable than thé/ft
configuration. In that case the net charges of the H atoms
are the same, but the electrostatic repulsion is smaller due
to a larger H-H distance. On the other hand, there is no
more attractive chemical binding between both atoms.
Finally, the B/h® configuration is the more stable on theid
cluster, but there is always a repulsive energy of the order

the atom—atom interaction is then discussed and comparedf 0.17 eV.

to the reference state where the two atoms are not in
interaction. The pathway of the hcp-fcc dissociative adsorp-
tion was analyzed more particularly. In fact, it is known that

the most stable end configuration of the dissociation is the

V.2. Oxygen—Oxygen Interactions. Oxygen—oxygen
interactions when chemisorbed onsPBd;, and Pd, are
summarized in Table 5. As for hydrogen adsorption, the first
atom is chemisorbed on thé kite, while the second one is



Table 5. Chemisorption Energy of Two Oxygen Atoms
Coadsorbed on Various (111) Sites?

In the first part of our work, we studied the adsorption of
a single hydrogen and oxygen atom. In both cases, we find

q(0) that there is no cluster size effect on the H (O) adsorption

sitts  Eae AEgs O! 0?  BO(O-O) energies which are equal on the th.ree c_Iusters when we
PdO, WL 025 4164 —074 —070 120 compare the same types of adsorption sites. The hcp and

Inf _ 218 fcc threefold hollow sites are found to be the most stable
Pd;0, hift -0.34 +1.58 —0.73 —0.62 1.13 without a significant energy gap. The calculation of the
Pd;0; ht/h?  -130 +0.70 -0.61 -0.61 0.03 energy barriers shows that both atoms can diffuse over a
Pd100 Lnl];fl 73'29 +1.42 —-072 —0.66  1.17 (111) palladium surface.
pdiﬁoi hih2 142 4037 —0.65 —052 004 In the second part, we investigated the adsorption of H
Pd100, hi/f 2 —1.48 +0.22 —-0.61 -050 0.00 and Q on the small tWO-Iayer Rctluster. Our results show
Pd;00; hi/h3 -1.75 +0.09 -0.61 —0.61 0.00 that H, adsorbs dissociatively on the Pdluster with an

Inf —184 electron transfer from the surface toward each hydrogen atom
other work —2.392

of about 0.13 . Due to this small negative charge carried
by each hydrogen atom there is a weak electrostatic repulsive
effect between both hydrogen atoms. It induces a weak
destabilization of the adsorption energies relatively to a single
adsorption. For oxygen adsorption, our calculations show that
O, cannot adsorb dissociatively on thesRiluster because
the only two available threefold sites are too close. When
O, adsorbs on the cluster’s surface, there is an electron

a Reference 2 (experimental). © Eygs(eV) is the O plus O2 adsorp-
tion energy, q(O) is the Mulliken net charge located on each O atom,
and BO is the O—0O bond order. The different adsorption sites are
illustrated in Figure 1.

Table 6. Cluster Size Effects on the Dissociative
Chemisorption Energy, Transition State Energy, and
Physisorption Energy of H, and O,

Echem Ers Epnys transfer toward each oxygen atom of about 0.75umbich
H @) H o H o induces a strong O—O repulsive effect due to the short
Pds —-0.91 -029 +0.15 +0.31 -0.06 —0.42 distance between them. Due to this electrostatic effect, the
Pd, -0.72 —-0.34 +0.30 +0.33 -0.08 —0.39 physisorbed state on Pi$ found to be more stable than the
Pdio -059 —0.29 +0.31 +0.35 -0.08 —0.66 chemisorbed one.
other work® —0.694 +0.019

In the last part of this work we investigated the coadsorp-
tion H—H or O—0O on various three-hollow sites. Due to
the adsorbateadsorbate electrostatic repulsive interactions,
chemisorbed on the other threefold sites:(5, 7, 10), B there is a size effect which depends on the number of
(7, 10), £, and K (10). Chemisorption energies as well as threefold hollow sites available on the cluster surface. This
charge transfer and bond orders between the two atoms areffect is stronger for oxygen than for hydrogen because the
also reported. Concerning the nearest neighbor adsorptiorelectron transfer toward oxygen atoms is greater than on
sites, i.e., Wf! the adsorption energy decreases significantly hydrogen atoms.
with the size of the cluster showing that the size effects are  This study clearly shows that the dissociative chemisorp-
not negligible. In each case, the chemisorption is not tion of H, and more especially of Oon a small palladium
dissociative, the physisorption energy being lower in energy cluster may lead to erroneous binding energies due to the
(see Table 6). Chemisorption on these sites show that a strongluster shape: the close threefold hollow sites on the cluster’s
electrostatic repulsion arises between both atoms due to thesurface may prevent an accurate description of the adserbate
electron transfer from the cluster to the O atomgéQ) = adsorbate interactions as a function of their distance.
—0.72 e). On the other hand, electrostatic repulsion is However, a good choice of both the size and the shape of
significantly compensated by a non-negligible chemical the cluster can lead to a good description of the dissociative
binding energy, the ©0 bond order being equal to 1.20. adsorption process of Hand Q on an infinite (111)
Nevertheless the chemisorption energy becomes six timespalladium surface.
smaller compared to the case where the two O atoms
chemisorb without interaction. Contrarily to the case of
hydrogen adsorption, the/h? configuration for oxygen
adsorption on Pdand Pdp is much more stable that thé/h
L. In that case the net charges of the O atoms are slightly
lower, and the electrostatic repulsion is smaller due to a larger
O—0 distance. The chemical binding between both atoms
becomes very small. Finally, thé/h® configuration is the
more stable on the Rglcluster, with a repulsive energy
decreasing to 0.09 eV.

a Reference 23 (periodic computations). 2 All values are in eV.
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