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Density-functional periodic study of the adsorption of hydrogen on a palladium(111) surface
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The adsorption of H on Rdl11) has been studied with density-functional calculations both with local density
approximation(LDA) and generalized gradient approximati@®GA) exchange-correlation functionals. The
surface is described by a two-dimensional slab with a frozen or relaxed geometry and a periodic adsorption of
H atoms is considered. Among the surface sites, the fcc hollow one is found to be the most stable, in agreement
with other experimental and theoretical data. The GGA adsorption energy ranges @@nto—0.53 eV(the
experimental value is-0.45 eV} while the LDA result for the adsorption energy is 0.6—0.7 eV larger in
absolute value. The optimal height of the H atom+i8.85 A relative to the surface Pd layer, very close to the
low-energy electron diffraction determination. The hcp hollow site is significantly less gtablé5 e\j than
the fcc site and its binding energy is similar to that of the bridge site. The octahedral subsurface site is stable
with respect to H, except for the frozen surface with a coverage 1. Indeed, if the surface is relaxed, the
subsurface site is only 0.1 eV less stable than the fcc surface site. For the surface hollow site, the first to second
layer Pd spacing expands when H is chemisorbed, but only by 2.7%. A larger expansion is found for the
subsurface site. In the eigenvalue spectrum, a new peak is clearly visible below the Pd band when H is
adsorbed and the position of that peak correlates with the H coordination. This surface state is mostly localized
on the H and first layer Pd. The crystal orbital overlap population curves show that the predominant Pd-H
bonding character is contained in the split-off band and indicate thatpthedd orbitals of Pd have a rather
equal contribution to the Pd-H bond. The small surface relaxation is explained on the basis of the overlap
population analysis.

I. INTRODUCTION 2 H (coveragés). The second structure was studied by quan-
titative low-energy electron diffractiolLEED) analysis™ If
Transition metals from group 10 have always attracted ®nly one type of site is supposed to be occupied on the
considerable amount of interest in heterogeneous catalysisyrface(or below the surfadethe surface fcc hollow site
especially for the hydrogenation and dehydrogenation readives the best agreemefgee Fig. 1 and Sec. Il for a de-
tions. Among them, Pd is a very active metal for hydrogenascription of possible surface and subsurface adsorption .sites
tion of unsaturated molecules and is also selective for partidt should be noted that other possibilities of single site struc-
hydrogenation of acetylene and butadiénehich are impor-  tures(including surface hcp hollow and subsurface fcc hol-
tant industrial reactions. Clearly, hydrogen is a key partnetow) give significantly worse agreement. When a mixture of
for these reactions and, considering its simplicity, the inter-
action of H with a transition-metal surface continues to at-
tract a considerable amount of attention, both from the ex-
perimental and theoretical viewpoirfts, The understanding 4 Hydrogen
of the geometric structure and electronic structure of H at- Q Pd 15t layer
oms on a transition-metal surface is of great importance for
the determination of some elementary steps of the hydroge- Q pd 209 layer
nation reaction. The ability of the H atom to diffuse on the
surfac&8 and, for Pd, in subsurface sité§ is also of inter-
est. This capability of Pd to form bulk phases with H, the
solid solution ora phase and the hydride @ phase, has

Adsorptions sites

been an additional motivation for many studies and results in ©**"*%°

a rather |arge eXperimental data set for th,PC]) occupied site for a coverage of
system'* Several theoretical studies have also appeared |, o+ o
using semiempirical or first-principle techniques, since H is a

good test case for chemisorption studies. Most of the first- Vs o

principles calculations use a cluster to model the Pd surface.

We will concentrate here on the interaction of H atoms
with the (111) surface of Pd. On that surface, H forms three
superstructure$**°a (1x1) structure and two phases with FIG. 1. Schematic description of the various adsorption sites
V3% \/3)R30° symmetry, the first one contaiginl H per and coverages for H on palladiutfi1l) that were used in the cal-
surface unit cellcoverage;) while the second one contains culations.
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two sites is supposed, the best agreement is obtained when TABLE I. Atomic basis set used in the calculation. Each atomic
20% of subsurface fcc sites are occupied with respect to therbital is described by a numerical atomic orbithllAO) and/or a
surface fcc sites. The different population and energy of surSlater-type orbita[STO) whose exponent is given in the table. The
face hcp and fcc hollow sites is also suggested by heliunfrozen core orbitals are not indicated and only described by a NAO.
diffraction® where aC,, symmetry indicates a preferred oc-
cupation of 1 type of hollow site, without being able to tell
which one. 4s 4p 4d 5s 5p 1s 2p
The optimum Pd-H distance obtained by the LEED cal-
culation for the surface fcc hollow site is 1.78 to 1.8 A, Yes  Yes Yes Yes No Yes  No
which corresponds to a vertical height of 0.80-0.85 A of HSTO 38 315 15 185 18 128 10
above the surface. For the subsurface hollow site, the H is
found to be in the middle of the two Pd planes but shows a L )
very large vertical disorder. The relaxation of the surface wasubsurface site is found to be even more stable, which does

also studied: for the clean surface the first layer shows a ver{JOt S€ém to be in agreement with experimental data. These
small outward relaxation(+0.025-0.05 A) and the H AM calculations give a 3% surface contraction for the bare

chemisorption(coveraae? onlv sliahtly increases this out- (111) face, which is also at variance with the LEED determi-
ward relagatio(n(+0.039 t<3) +0_)65 /% 'the difficulty here is nation. The palladium hydride has also been studied with the

that the error bars are rather lar05 A). Another LEED  &ffective-medium theory’ _
study’ yields a 29(0.05 A) expansion of the first Pd inter- The calculation rr_lethoc_j and the geom_etrlcal models for
layer spacing upon H adsorption. For the diffusion of H onsurface and adsorption .WI|| be .presented in Secg. Il and 1II.
Pd, only the bulk diffusion barrier is known experiment&ly Then the results for the interaction of hydr_ogen with a frozen
(0.23 eV} but suggests a small value for the surface diffusionSU"face layer will be detaileSec. IV). The influence of the
barriers. The chemisorption energy bH, on Pd111) has Pd f|r§t interlayer relaxation _W|II be studied in Se_c. V. Fi-
been measured by Conrad, Ertl, and Hata be 0.45 eV at nally, in Sec. VI, thg electr_onlc structure and bonding of the
low coverage. This energy is dependent on the coverage arigd11D/H system will be discussed.
reaches 0.4 eV near saturatidniVhen H is in the Pd bulk,
the octahedral site is the most stable with an absorption en-
ergy of 0.2 e\*3 There is no adsorption energy value for the
subsurface site, even if there is some evidence that the con- All the calculations performed in this study have been
centration of H in the first layers might be larger than the onemade using the Amsterdam density-functional code for the
in the bulk. The vibrational states of H on @d1) have been periodic structure$ADF-Band.®” This program solves the
studied by high-resolution electron energy lossKohn-Sham equatiod$®® for a periodic structure in one,
experiments? yielding =998 cm ! for the perpendicular two, or three dimensions. Relativistic effects are not taken
mode of H on the surface site. This contrasts with the loweinto account. If not completely negligible, these relativistic
vibrational frequency of H in the Pd bull650 cm'%). effects have been shown to have only small consequences in
In the present paper, a density-functional theoretical studyhe case of palladiuff. The electron wave functions are de-
of the absorption of H atoms on a @d1) surface is pre- veloped on a basis set of numerical atomic orbith#0)
sented, both with a locallocal density approximation and of Slater-type orbitaléSTO). This kind of function de-
(LDA)] and a nonlocalgeneralized gradient approximation scribes well the cusp conditions of the atomic orbital. For the
(GGA)] exchange-correlation functional. This system has alcore of the heavy atom@n this case Pg we use a frozen
ready been studied with cluster models and first-principlesore approximation to reduce the size of the basis set. A
LDA calculations!®~?'but in that case the precise compari- characteristic of this program is to perform numerical inte-
son of chemisorption sites and the determination of the engrations for all the matrix elementS.The accuracy of the
ergies is complicated by the dependence on the cluster shapgegration in real space and the sampling of the Brillouin
and size. Embedded cluster models have also been appliedzone for the integration accuracy kspace are the two ma-
that systerf? but these calculations yield a preferred bridgejor numerical parameters in the calculation.
site, in contrast with all other theoretical or experimental At the LDA level, we use the Vosko, Wilk, and Nusair
determinations. Periodic LDA calculations on that face havéormulag? to calculate the exchange and correlation energy.
been performed by Louie and co-workérs® but only for ~ The nonlocal gradient correctioiGGA) introduced by
the analysis of the density of states and with no structuraBecké” for the exchange energy and Perd&for the corre-
optimization. The comparison of the calculated results withlation one has also been used and compared with LDA.
experimental photoemission measureméntshowever, The choice of the basis set is very important for all quan-
shows that the H atoms prefer the hollow site over the togum chemistry calculations. The use of the NAO and STO
site and suggests a 1.67-A Pd-H bonding distance. No firserbitals, instead of Gaussians, allowed us to reduce the size
principles total-energy calculation has been published for Hof this basis, which increases the computational efficiency of
on Pd111) based on periodic calculations. The chemisorp-the calculation. The Pd atom is modeled by a frozen core
tion on other faces such @410 and (100 has been the only up to the 8 orbital, and all the orbitals up until this one
subject of several density-functional approactfe’but the  are described by a NAO. Each orbital in the valence shell
(111) face has been only studied by embedded atom methos,4p,4d,5s) is represented by a double basis including a
(EAM) techniques. These EAM calculatidhs®yield iden-  NAO and a STO(see Table). The 5 NAO comes directly
tical energies for the hcp and the fcc hollow sites, and thdrom the starting configuration of the atom, which we have

Pd H

Il. CALCULATION METHOD
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chosen to be d°5s'. This configuration improves the qual- —— DA
ity of the basis, but has no influence on the final solution, --@-- +GGA
when the convergence is reached. We have also introduced a 0+

5p STO as a hybridization function on the Pd atom. The -0.5
hydrogen atom is represented by the same kind of basis set, ]
including a NAO and a STO for thesland a STO p for the
polarization. It has been shown that this kind of basis is large
enough to investigate the adsorption of hydrogen on a me-
tallic surface®® The use of NAO’s in the basis set is also
efficient in reducing the basis set superposition errors since
the isolated atoms are quite well described. The ADF code
uses an auxiliary basis to fit the electronic density. A large set
has been used here in order to achieve a good accuracy. For
the palladium atom, the fit basis includes 60 STO’s
(21s,13p,12d,8f,6g) and for the hydrogen, we use 17 STO’s
(7s,4p,3d,2f,19). FIG. 2. Potential energy curve for a displacement of H perpen-
On a more technical field, all the calculations are per-dicular to the P¢l11) surface at an fcc hollow site. Calculations
formed with an integration accuracy greater than“i@nd at  with LDA (triangles, full line and GGA (circles, dashed line
least 15k points in the reduced Brillouin zone for all the exchange-correlation functionals are indicated. The wihitack)
two-dimensional(2D) cells. Some more accurate tests onsymbols correspond to a coverage afsl The half H, dissociation
those parameters show a very small deviation of the energgnergy, which is the limit for a stable adsorption, is given. The
and suggest that in this case, the numerical accuracy of thed(111) surface is represented by a frozen three-layer slab with a
program is around 0.02 eV, not including the systematic dePd-Pd distance of 2.75 A.
viation due to density-functional approach.

L] N 1] = 1
w N ;o=
'R PR FERYS RN FEu

Binding energy (eV)

] SI»
S
el

less stable. For each of those sites, we have studied the in-
fluence of the coverage with two different H arrays in rela-
IIl. DESCRIPTION OF THE MODEL tion with two ordered structures found by LEED. The first

The choice of periodic calculations allowed us to study®n€ 18 @ X1 surface, implying that there is one H ad-
tom for one Pd atom on the first lay@roverage L The

the adsorption of hydrogen at nonzero coverage, which i& i ) - k
very important for the catalytic point of view. The real con- Sécond one is g/§>< V3 surface with one H in the unit cell
ditions of the reaction involve normal or high pressure infor three metallic atomécoverages, Fig. 1).

hydrogen. In order to be close to the catalytic conditions, it is
more reliable to take in account the incidence of the high
coverage on the surface. The goal of the study is to investi-
gate the behavior of a hydrogen atom overlayer dii)
palladium surface. The surface itself is modeled by a slab, For each of the previous sites, we performed an optimi-
that is a solid, infinite periodic in two dimensions, and com-zation inZ to determine the adsorption geometry. This opti-
posed of a given number of layers in the other one. We labeahization is made on a three-layer slab, and for a coverage of
this dimensionZ and the two others, representative of theone(one H per Pd atomThe H binding energy is defined by
infinite surface X andY. In our model there is no periodicity the reaction H-S=H,y, where S represents the surface,

at all in theZ direction, so we do not have to check the while the adsorption energy is defined by the reaction
influence of one slab on another. Now that we have definedH,+S=H,4.. The adsorption is stable only if the binding
the surface, we will describe the different adsorption siteenergy is greater than 2.44 eV at the LDA level and 2.43 eV
and the different coverages. We chose to chemisorb hydrat the GGA level. For the H atom the total energy for the
gen on only one side of the slab. By convention the origin ofLDA level is —13.02 eV, 0.58 eV higher than the GGA result
the Z coordinate is positioned on the plane defined by thg—13.60 eV}, which is very close to the experimental value.
cores of the uppermost palladium layer, so the posifise  The same trend appears fop, Fbr which the energy differ-
above this plane, that is to say outside of the slab, and thence is 1.11 eV, therefore yielding a similay, Fbrmation
negative part of the axis is inside the bulk. The geometry ofnergy for the two functionals. The,Hnolecule is therefore

the (111) surface leads us to define five different sites ofa special system since the bond energy is not reduced when
adsorption for the H atortsee Fig. 1 They are classified by going from LDA to GGA.

increasing number of H-metal bondd) The top site, just In this part, no relaxation of the Pd surface will be con-
above a Pd atom of the first lay€®) the bridge, where the H sidered: it will be frozen at the bulk termination geometry,

is between two Pd atomé3) and (4) the two threefold hol-  with the experimental Pd-Pd distant275 A). Let us first

low sites: the hcp one, where there is one Pd atom just belowiscuss thg1X1) overlayer of fcc hollow sites on a three-
the H in the second layer, and the fcc one, for which there idayer slab(Fig. 2). In this case we find two maxima in the

no palladium atom below5) The last site(subsurfacgis  direction. The most stable one is above the surface. It gives a
inside the slab, corresponding to a negat/ebetween the Pd-H distance of 1.80 A, and it corresponds to a binding
first and the second layer, in a threefold cavity. Only theenergy of—3.24 eV at the LDA level and-2.65 eV at the
octahedral subsurface site, which is right below a fcc hollownGGA one. The second minimum is inside the slab. In this
site, was considered since the tetrahedral site is known to bsituation, the Pd-H distance is 1.80 A tdost layer Pd and

IV. RESULT FOR THE HYDROGEN ADSORPTION
ON A FROZEN Pd(111) SURFACE



8018 J.-F. PAUL AND P. SAUTET 53

TABLE 1l. Optimal H height (A, relative to the first metal laygr Pd-H distance(A), and H binding
energy(for the LDA and the GGA functiona)gor the frozen three-layer slab as a function of the binding site.

Hollow fcc Hollow hcp Bridge Top Subsurface
z(A) 0.85 0.90 1.0 157 -0.85
d(Pd-H) (A) 1.80 1.83 1.70 1.57 1.80
E(LDA,eV) —-3.24 —3.08 -3.11 —2.57 —2.97
E(GGA, eV) —2.65 —2.48 —2.54 —2.07 —2.28

the adsorption energies are2.97 eV(LDA) and —2.28 eV  mum geometry with slab thickness was tested for the fcc
(GGA). The (1x1) array of H atoms in subsurface sites is hollow site and for one, two, and three layers. The height
therefore only stable with respect &, at the LDA level.  difference was found to be very small.02 A between two
For this unrelaxed calculation the barrier for penetration inand three layejs The stability order of the site does not
the bulk is rather highi0.5 eV LDA and 0.47 eV GGpand  depend on the number of layers, except for the hcp hollow—
this point will be discussed in more detail later. The perpendbridge energies that are very close and that are not easily
dicular vibration for the surface fcc hollow site was deter-Positioned one relative to the other. On a more quantitative
mined by fitting a Morse curve to the associated part of theside, the convergence of the energy with the number of lay-
potential. The result frequency is 1250 ¢t 25% higher  €rs is slightly oscillatory but fast and even a slab with two
than the experimental valtfeand comparable to the calcu- layers gives reasonable results. We can conclude that we
lated determination on a Pd clustef1100 cm Y. The varia- have approximately reached the convergence concerning this
tion might be explained by a different coverage situation.Parameter, and that the three- and the four-layer slabs already
The LDA and the GGA determinations of this vibrational 9ive a rather accurate description of the binding energies and
state lead to a similar result. of the electronic properties. A more detailed study of the
We performed the same optimization for the other sited?d-H electronic interaction in Sec. VI will underline this
and the conclusions, relative to the distances and the bindin@oint. Some previous works*® on the adsorption of H or
energies, are summarized in Table 1. The most stable site &ther adsorbates metal surfaces also led to the point that a
the GGA level as well as at the LDA one is the fcc hollow three-layer slab is large enough and that even a totally frozen
site. The bridge site and the hollow hcp one lead to a similaglectron description for the third-layer atoms induces only
binding energy, so the energetic ordering of these sites is ngmall variation on the description of the chemisorption. The
completely clear-cut at this point due to the limited numberse€cond important computational parameter is the Brillouin
of layers. The important point is that the hcp hollow site isZone sampling. A test for the fcc hollow site with a larger
significantly less stable than the fcc offel7 eV). Thisisin ~ number ofk points, 28 instead of 15, only gives a 0.02-eV
contrast with the EAM results but agrees with the experi-variation in the binding energy. o _
mental data. The situation concerning the two less stable From those values, we can estimate the diffusion barrier
sites is much more clear, and we deduce that the top site & the H adatom on the Rifl1) surface. We consider two
the most unfavorable one and it corresponds to an unstabl@/pothetical diffusion paths on the surfacgig. 4). The
adsorption. For all the situations, the differences between th@west-energy path goes from one hollow fcc site to another,
energies, regarding the functional approximation viewpointthrough bridge and hcp hollow sites, and yield a diffusion
is in the same range: the LDA calculations overestimate th@arrier of 0.15 eV at the GGA level, which is lower than the
binding by 0.6—0.7 eV. This reduction of the bond energy aEAM determinatiofi'** (0.2 eV) even if in our case no re-
the GGA level is a general phenomenon, ifisl excluded as laxation is allowed. This suggests a very fast diffusion of the
previously mentioned, since the GGA energy lowering is

smaller in the adduct than in the separated fragments, be- eo.jcc hotlow  —-%--top

. . . . . . cp hollow * -subsurface
cause the density gradient is weaker in the bond region. This -+~ bridge 1x1 Hon Pd(111)
bond energy variation is very similar to the difference be- -2 o e
tween LDA and GGA H atomic energies. However, this 1 ! e
seems to be a coincidence and it would certainly be oversim- 2.2 L e
plistic to assume that all the LDA error is concentrated in the ] ,.’ T e
H atom itself. Despite this bond energy difference, the two -2.4+ :

approximations lead to quite the same Pd-H distance for all

Binding energy (eV)

the sitegfor example, 1.79 ALDA) and 1.80 A(GGA) for -2.6
the fcc sitd. ]
Even if the description of the adsorption seems to be sat- -2.8 1]

isfactory, it is necessary to test the influence of the param- 1
eters of the system on the results. The most important one is -3 T T T . T
the number of layers that we use in the slab, to describe an V- Ia;rs 5 6

infinite solid. So the binding energy for the five sites was

studied as a function of slab thickness, from one to five lay- FIG. 3. H binding energyeV) for each site as a function of the
ers(Fig. 3. The optimum geometry obtained with the three- number of layers. The GGA functional and the optimal geometry of
layer slab was used in each case. The variation of the optH on the three-layer slab are used.
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Hon Pd(111) 2 layers

-2 T
—+—LDA % 1 top
--e--GGA ~ i
S B -2.4
] g ]
S 267 -7 o 1
® ] 2 -2.6 subsurface
3 2.8 A C o a 5 ]
g 1 bridge F c% ] bridge
g -3__fcc hollow  cP_hollow F -2.8 7 hollow hcp
& -3.2] 4013 . 1 hollow fec
34: S3 T LI A B
'-0.5 (I) YOIS1I'II52' 2.I5 3! 3.5 d(A) 0 0.2 0.4 le%lgge 08 ! 12
—+—LDA
--6--GGA . .
" e,GG,ll, FIG. 5. GGA H binding energy for two coveragésand 1) on
2 s o Ok the two-layer slab.
3 . _ top . i ,"’ 3 . . .
z e P bridge o7 topg —2.58 eV and goes beyond the2.43-eV limit. This fact is
5 2% " hep hollow / F P in agreement with the experimental stability of the subsur-
S 58] fcc hollow 2 face site
E 3 Therefore we can conclude that the calculation at the
3.2 3 GGA levels gives an adsorption energy in very good agree-
B e ment with available data. The experimental adsorption en-

ergy is —0.45 eV for coverages between 0 ahdwhile the
calculated value for thé coverage at fcc hollow sites is
—0.46 eV. The optimum structure is the fcc hollow site, the
hcp one and the bridge site being 0.15 eV less stable. The
subsurface site is also stable at low coverage but somewhat
H adetom on the metallic surface, in agreement with thefsoéléh:\r; i;h3ozl:jrfraeT:tisﬁzi’thwet:p;ri]maeifglrsg?&]es%hfr—gy of
experimental data. It does not seem possible to use a clas%j-

cal treatment for the diffusion process due to the low value 2 V). On the contrary, results at the LDA level signifi-
of the calculated barriér. cantly overestimate the adsorption enerfgy0.6—0.7 eV.

. . . .. The calculations with cluster modéis?! of the surface tend
The last point studied on the frozen surface is the influ-

N f th ver 1 the adsorntion enerav. The first a’o add an additional binding energy increase, unless very
ence of the coverage on ne adsorption energy. fne lirst ¢ arge clusters are used. Such a good agreement between
culations are made in a high coverage situafiéa1). So,

_ 3 GGA chemisorption energies and experimental data has al-
we study the same sites for a smaller Covefa@!% @3 ready been noticed for CO adsorption on €The results
X 3 structurg. The unit cell includes three palladium atoms ¢ontrast with EAM calculation&—3*which give an identical

on each layer and the calculations are very CPU time congnergy for both hollow sites with a subsurface site even
suming, so the Pd-H bond distances were not optimized. Wejightly more stable, and with embedded cluster
used the H height optimized for thi@x1) overlayer, and a cajculationd? that favor the bridge site by 0.2 eV.

two-layer slal(that is, a cell of six Pd and one)H-or all the
sites, the binding energies increase with decreasing coverage
(Fig. 5 but the stability order of the various sites is kept
identical, and the most stable site is always the fcc hollow
one. The difference in the adsorption energy is quite site All the previous calculations have been performed on a
insensitive(0.15-0.22 eY. If we compute the direct H-H frozen Pd surface. We have supposed that the interlayer dis-
repulsion for a X1 and a\/3x /3 structure of H atoms tance at the surface in the slab was the same as the one in the
(without the Pd surfage we find a difference of 0.2 eV, a bulk. It is well known experimentally that the palladium
value comparable with the variation of the adsorption energy(111) surface presents only a very small outward relaxation
So a great part of this variation can be attributed to the direcof the first interlayer spacingabout 1%+-2.5%). The effect

H-H repulsion. The computed values for coverggare also  of this small geometric modification also should be small on
relevant in the limit of the very small coverag@xperimen- the binding energies and the order of the sites should be
tal data and EAM calculations show little variation of the unaffected, but the chemisorption of hydrogen might result
adsorption energy and of the work function below a coveragén a significant adsorbate-induced relaxation. In order to un-
of 3). Another important effect appears for this coverage.derstand the influence of the surface relaxation on the bind-
Since all the sites are more stable, the subsurface one big energies and on the electronic properties, we let the
comes stable toward the,las phase molecule at the GGA Pd11)) first surface interlayer relax, keeping the other layers
level, since the binding energy increases fren2.31 to  frozen. This influence of the relaxation is believed to be

FIG. 4. H binding energy along two possible paths for the H
surface diffusion on a five-layer slab. The LOgolid line) and the
GGA (dashed lingfunctionals are given.

V. HYDROGEN ADSORPTION
ON A RELAXED Pd (111)) SURFACE
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FIG. 6. Influence of thez relaxation of the surface layer, for

three- and six-layer slabs, in the case of the bare sufaG?). L .
FIG. 7. GGA H binding energy for the fcc hollow site as a

function of H-Pd and Pd-Pd, interlayer spacings. The interlayer
rather small due to the close-packed nature of(ifid) sur-  spacings are relative to the unrelaxed situatiehPd,: 0.85 A;
face, but to our knowledge, nobody really investigated thisPd-Pd,: 2.34 A).
phenomenon, using first-principles methods.

The previous part of the study demonstrated that the GGAfrom —2.65 to —2.77 e\}. However, the increase of the
calculations give much more accurate H binding energiesubsurface site binding energy is more significé&mom
compared with LDA. Therefore this relaxation study will be —2.28 to—2.62 e\j. This effect is certainly due to a release
performed at the GGA level. The first step is to optimize theof the H-H and H-Pd electronic repulsion with a larger Pd-Pd
Pd-Pd distance in the bulk at this level of approximation. Thedistance, especially for the subsurface site. Starting from that
result is 2.86 A, which overestimates the experimental ongoint the two-parameter optimization of the hollow fcc site
by 2.8%. This overestimation is only partly corrected by the(Fig. 7) shows only a small effect on the binding energy,
addition of 4f orbitals in the basis, but this improvement is which goes from 2.77 to 2.78 eV. On the geometric point of
not determinant and it increases the computational effort, swiew, the differences are also small. The optimum of the two
we decided to keep the previous basis set and to use thmrametergthe hydrogen-adlayer—first-palladium-layer dis-
distance of 2.86 A as our bulk optimum one. Notice that,tance, and the first to second palladium layer distaace
with the same basis set, the LDA calculation gives a 2.75-40.85 and 2.40 A. Therefore the Pd-H distance is not affected
optimum, in perfect agreement with the experiment, but withby the relaxation, while the Pd surface interlayer spacing
a strongly overestimated H adsorption. From this point, weexpands by 2.7% compared to the bulk va(@e34 A for a
let the first layer relax, keeping all the other ones fixed. WePd-Pd distance of 2.86)A
first completed this investigation for three- to six-layer bare For the subsurface site, the potential energy surt&ap
slabs(Fig. 6). This series of slabs is very consistent with an8) is more complicated. The relaxation increases the opti-
inward relaxation of less than 1909.6%) as a limit result. mum binding energy in a more significant wa§rom
Even the three-layer slab gives a good result. For all the slab
studied, the second layer was kept fixed. This approximation 11
should not have any large consequence. Indeed, the relax-
ation of the second layer is always smaller than the relax-
ation of the first one, because it has an environment similar 108
to that of the bulk. Therefore, from these calculations, the
Pd111) surface shows almost no relaxation compared to the
bulk termination. This contrasts with the general situation of
metal surfaces, which usually gives an inward relaxation of a
few percent. An explanation of this limited palladium relax-
ation will be given in Sec. VI.

For the surface with &1X1) H adsorption, in order to be 1.03
able to simultaneously optimize the H and surface Pd atom ,,,
heights, we had to limit the model to a three-layer slab. Such
a number of layers yields a reasonable accuracy for the ad-
sorption of the hydrogen on the surface as well as for the B = — = —
bare surface relaxation. This influence of the relaxation will Pd-H interlayer distance (%)
be checked for the most stable surface and subsurface sites.

If the surface is frozen, the change of the cell parameter from FIG. 8. GGA H binding energy on the subsurface site as a func-
the experimental 2.75 A to the calculated optimum 2.86 Ation of H-Pd, and Pd-Pd, interlayer spacings. The R&d, inter-
gives only a small change for the fcc hollow site energylayer spacing is relative to the unrelaxed situatiarg4 A).

= =)
& R
T

first layer relaxation ratio
[=]
o
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TABLE llI. Adsorption energy(eV) for the best surface site and for the subsurface site, for two different

coverageg).
Frozen surface Relaxed surface .
Experimental
6=12 6=1/3 6=1° 6=1/3 Low coverage
Hollow fcc -0.27 —0.46 -0.35 —0.53 —0.45
Subsurface +0.09 —-0.15 —-0.24 —-0.42 -0.2%

dFour-layer slab.

®Two-layer slab, using optimal geometry of tie-1 calculation.

“Three-layer slab.

dExperimental values for the H adsorption in the Pd bulk and not for the subsurface site.

—2.62 to—2.67 eV} but the surface is very flat and different sion. If we use this relaxed optimal geometry with the
coordinates correspond to very similar energies that wouldoverage model on a two-layer slab, the difference with the
yield a very large vertical position disorder for the subsur-frozen case is less important and the adsorption energy for
face H atom(in agreement with the LEED stuglyThe “op-  the surface fcc hollow site is0.53 eV(to be compared with
timum” corresponds to the H atom being 0.98 A below thethe —0.45-eV low coverage experimental valuahile it is

Pd surface atom with a 3—4 % outward relaxation of the_g 42 ev for the subsurface octahedral site. There is no
surface Pd layer. However, there is a second minimum and gxperimental value for this adsorption energy of the subsur-
complete range of positions in between which energies argyce site, but this site is known to be slightly more stable
only higher by less than 0.01 efpeyond the precision limit {han the bulk adsorption cage-0.2 eV). Our calculations

of the calculation This second optimum corresponds to a H gre not in complete agreement with the EAM results, since in
atom 1.12 A below the surfad@vhich is very close to the oyr case the surface site is 0.1 eV more stable than the sub-
layer middle and to a 7% Pd interlayer expansion. There-gyrface one, in contrast with the EAM where the subsurface

fore, due to the very flat nature of the potential, it is notcase js favored with a very small difference between the two.
possible to precisely conclude on the geometric position of

the optimum.

If we consider the barrier for going from the surface fcc
hollow site to the subsurface octahedral site, the fact of
slightly increasing the Pd-Pd distance from 2.75 to 2.86 A In order to understand the chemical binding, the elec-
already yields a reduction of it, even without inclusion of thetronic effects that govern this adsorption must be investi-
relaxation, since it goes from 0.47 to 0.34 eV. Allowing the gated. The influence of the H atom on the metal electronic
first surface metal interlayer spacing to relax only slightlystructure and the nature of the metal-hydrogen bond have
modifies this valu€0.33 e\j and this interlayer is increased been analyzed with a Mulliken approach, on the basis of the
by 5% when the H atoms are within the first Pd layer, at thelocal density of statesLDOS) and crystal orbital overlap
barrier maximum position. It should be noted that this barriempopulation (COOP curves obtained with a four-layer slab
corresponds here to a simultaneous penetration oka B model.
array. There is no experimental determination of the H pen- The LDOS on the surface atom and subsurface atom for
etration barrier on thé€l11) face to our knowledge. The only the bare slab of four layers are shown in Fig. 9. Theaand
experimental value is the diffusion barrier within the bulk is clearly visible and it is slightly more narrow for the sur-
(0.23 eV). This barrier is calculated to be 67 meV with
EAM.34

Taking into account the surface relaxation with GGA cal- ——Pdsurface  ------- Pd layer2
culations therefore requires using a slightly expanded bulk
distance, which has non-negligible consequences on the H
binding energies, while the relaxation itself has only a minor
influence on the energetic results, with only a slight expan-
sion of the first interlayer spacing upon H adsorption. With
the expanded lattice, the electronic repulsion is decreased,
especially for the subsurface site, and the energy difference
between surface and subsurface adsorption is reduced to 0.11
eV, the surface site still being the most stable one. The pen-
etration barrier is also diminished to a more reasonable
value, if we compare with the bulk diffusion barrier.

The calculations with the relaxed surface hence lead to a -10
slightly stronger binding compared to the 2.75 A Pd-Pd dis-
tance frozen case, mainly because of the expanded bulk
Pd-Pd distancé2.86 A) (see Table Ill for a summary of FIG. 9. DOS of the bare four-layer slab projected on the surface
adsorption energies This is especially true for the X1 (solid line) and subsurfacéashed lingPd atoms. The energy axis
structure where the H atoms feel a significant mutual repulis relative to the Fermi level.

VI. ELECTRONIC STRUCTURE

Density of states

10

0
energy (eV)
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TABLE IV. Mulliken electronic populations for the H atom, the fif§td;) and secondPd,) Pd layer atoms for a four-layer slab, the Pd
in the bulk, in the case of the separated entities and the fcc hollow chemisorption.

H Pdi(sp) Pdy(d) Pdy(sp) Pdy(d) Bulk(sp) Bulk(d)
Separated 1 0.79 9.20 0.91 9.10 0.89 9.11
fcc hollow 1.14 0.77 9.04 0.91 9.11

face atom that has a reduced coordinafi@ninstead of 12 this study of the band structure is another indication that the
On the contrary the LDOS is enhanced at the surface fomost stable adsorption site is indeed the surface fcc hollow
nonbonding states near the band middle. The energy scale @he, and not the subsurface site.
relative to the Fermi leveE;, which is positioned near the Figure 13 decomposes the LDOS for the associated peak
top of thed band. The charge transfer ¢or from) the surface  on the atomic orbitals of the first-layer Pd atom. The lowest
is roughly zero(0.008 electrop the surface atom having the part of the peak corresponds to the area around' theint in
same charge as the bulk one. For the five- and six-layeihe pand: there, the H atoms are in phase in the 2D Bloch
slabs, the charge on the third-layer Pd atom is exactly zerqynction and this implies for symmetry reasons that only the
and even more, thep-d electron distribution is the same as sanddZ? Pd orbitals can interact with the H atofsee Fig.
that of the buII§. Howeyer, the distribution of elect_rons idto 14). The dZ2 orbital only interacts weakly with the H, be-
and sp Igvels is modified at the surface, even if the total cause the H is more or less positioned within the nodal cone
charge IS npt. Indeed, due to the narroweband, thed of thatd orbital, and therefore only theorbital significantly
occupation is enhanced at the surfde€).09 electroh but .
this is compensated by a reducgmoccupation(—0.09 elec- contnbutes_ to that low-energy part of the_ pegk. On the con-
tron, see Table 1Y This intra-atomic redistribution at the trary, the_h|ghest part corresponds to_ pomts!xlspace close

to the Brillouin zone edge where neighboring H atoms are

surface plays an important role for the relaxation process. ) S .
Figure 10 shows the total density of the slab with>all out of phase in the wave functigfig. 14), which means that

H overlayer for the different sites that we considered. A newPnlY thed orbitals with a nogal pzlane perpendicular with the
peak is present below the band compared with the bare Surface can interadtxy,dx”—y*,dxzdyz). This interac-
surface. This peak is located at a forbidden energy for th&ion, which creates the highest part of the peak, clearly dem-
bulk: it corresponds to a well-known surface stqso onstrates and confirms the participation of thedParbitals
called split-off statginduced by the H adsorption. This fea- to the Pd-H bond, the electronic charge of therbitals in
ture was already studied in detail by Louie andthe peak being indeed much larger than thelectronic
co-workers??4 The peak position is clearly dependent on charge.
the H binding site, the gap between the surface state, and the The total atomic charges of the H and the three first Pd
d band increasing with larger H-surface coordination. For thdayers are represented in Fig. 15 for the case of thd 1
subsurface site it is positioned 8 eV beld#y and 6.4 eV  adsorption on a four-layer slab. The charge on the H atom is
belowE; for the fcc surface site. If less coordinated sites arestrongly dependent on the adsorption site and it approxi-
considered, the peak gets closer to theand bottom, and it mately correlates with the position of the split-off state in the
is inside thed band for the tOp site for which the Split-Of‘f Spectrum_ The Charge iS more negative When the sp"t_oﬁ
state has disappeared. state is low in energysubsurface siebecause in that case

The LDOS on the surface and subsurface Pd layers and Qe peak, being more detached from thband, has a larger
the H atom are given in Fig. 11. The Hsbrbital is mostly \yejght on the H atom. For the hollow and bridge site, the
present in the split-off state, _W_here It mixes W'th_the first- negative charge is smaller and the H atom is almost neutral,
layer Pd orb_ltals. The Pd-H mixing .V\.”th'n thb_banq IS very meaning that the split-off state has a more balanced Pd-H
small. The flrst—llayer Pd has a significant ‘.Ne'gh.t in the Spllt'character. The Pd atom of the first layer has on the contrary
off state, but this weight decays very quickly in the layers - .

a small positive charge, which, however, does not match ex-

below (it is already very small on the second layes it . .
should be for a localized surface state. The fact that the Pd—ﬂCtly the opposite charge Of.H' The second and third Pd
layers are almost neutral, while the fourth layer of the slab

interaction is mostly represented by this split-off state ex- } ;
plains the rather fast convergence of the binding energy witfplays the role pf an electron reservoir and ensures the final
slab thickness: the H atom is only weakly present in state§har9e neutrality of the slab. In the case _of the r_nost stable
that propagate inside the bulk. The band structure of Fig. 15cc site, the H atom has a0.13 charge, while the first-layer
clearly shows the dispersiail.60 eV} of the split-off state Pd has a charge of0.17. Compared to the bare surface, the
below the surfacal band. The dispersion of this split-off d population is reduced by 0.2@vhile the sp population is
band has been studied experiment&ll¥his band is 7.9 eV  almost unchange(rable V).

below E; at theI” point of the Brillouin zone, 6.4 eV at, In order to go beyond the LDOS analysis and to under-
and 5.9 eV aK. The calculated results are, respectively, 7.5,stand the Pd-H and Pd-Pd bond strength, COOP curves have
6.6, and 5.9 eV for thedespace positions in the case of the been calculated. These curves represent the (BDS
hollow site, which is in good agreemeftitoth for the disper- weighted by the overlap population in the wave function at
sion and the precise band shamnd indicates a reliable energyE between two atomic orbitals or two atoms. So we
description of the electronic structure with this calculationcan decompose the interaction in bondifpgsitive valug,
method. As already noticed by Louie and co-workérd,  antibonding (negative valug and nonbonding energy re-
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g bridge with all its orbitals (atomic COOP, top or the contribution
5 of sp(middle) or d (bottom) orbitals can be extracted. These
P curves underline again the importance of the split-off state
g that contains most of the Pd-H bonding effect. In the total
o COORP, all levels up to the Fermi energy correspond to a
bonding situation, but thd band region is almost nonbond-
et b L ing. The Pd-H overlap population is 0.69, and it is already
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FIG. 10. DOS of the four-layer slab with @x1) H overlayer /\/\
for the five different sites. The structures correspond to those of Fig.
3. The energy axis is relative to the Fermi level. -8
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gions. The integral up to thE; represents the overlap popu-
lation and so gives an indication of the bonding character of
the considered interaction. The COOP curves for the Pd-H FIG. 12. Energy band diagram for the five-layer slab with a
bond are shown in Fig. 16. The Pd atom can be consideredx1) H overlayer in the fcc hollow site.
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s e dx® y2 + dxy

i -t dxz + dyz in phase I’ point

out of phase BZ edge

density of states

-8 -75 -7 -6.5 -6 -55 -5
energy ( eV) . . .
FIG. 14. Schematic orbital scheme for the split-off state and

preponderant Pd atomic orbital contribution as a function of the

FIG. 13. Decomposition of the split-off band on the contribu- o o
chosenk-space position in the Brillouin zon@ee text

tions of the surface Pd atomic orbitals folx1) H overlayer in
the fcc hollow site.

bond strength compared to the bulk. Indeed the total overlap
population between the second and third layers is 0.32, im-
plying just a very small increase of the Pd-Pd bond at the
surface. The interaction with H only slightly changes the

Pd,-Pd, COOP curves as shown in Fig. 1ight column.

0.53 if only the peak of the split-off state is taken into ac-
count. The contributions of thgpandd orbitals of Pd in the
overlap population are rather balancesp 0.32, d: 0.37),
which underlines again the importance of therbitals in the
gg soozrgatl?: 'tgg e:o(?)rb;)t:rlts sfh ct>r\1/\éasﬁirggﬁbc;?;j&ggecc:)r:ter:/ti)glt;g : Thg split-off st_ate has a minor contributi¢ 0.05), sipce its
discussiof, while the interaction becomes slightly antibond- Weight on Pdis very small, but the overall result is on the
ing near the top of thel band. For thesp orbitals the contri- ~ contrary a small decrease of the Pd-Pd overlap population
bution of the surface state is 0.19, but the interaction remaint?-32, matching back the bulk value and implying a very
bonding up to 2.5 eV above the Fermi level. It should pbesmall adsorbate-induced relaxation. THé&l interaction is
noted, however, that the contribution of tise orbitals is however, slightly less unfavorable since,@gopulation is
almost equal to that of theorbitals in the COOP, even if the reduced by the adsorptiofsee Table IV, it becomes even
weight of thesp states in the split-off band is much smaller. smaller than thed population for the Pd bulk caseThis
This is due to the better overlap betweefils] and Pdsp decrease of thd population also results in a weakening of
because of their more diffuse character. Therefore the poshe d-spoverlap population. Thep-spinteraction is slightly
sible conclusion from the LDOS curves alofidg. 13 that  increased because of the significant contribution of the split-
the d orbitals would largely dominate the Pd-H bonding on off state in that caséthe small contribution of Pdin the
the metal side is erroneous. split-off state is mainlysp). The overall change in the Pd-Pd
The second bond that is interesting to analyze with theyond is dominated by the weakening of tiepinteraction,
COOP curves corresponds to the interaction between firskyt this is compensated by the small increase ofcktsand

layer and second-layer Pd. Let us start with the bare surfacg,.sphonding. From this conflicting effect, the final change in
for which this P4-Pd, COOP is indicated in Fig. 17left  {ha pond is only small.

column, decomposed im/d, sp/sp and d/sp contributions.
The d/d interaction shows a bonding part, in the bottom of
the d band and an associated strong antibonding part in the
top. Since thed band is almost full, these antibonding con-
tributions are occupied so that tdéd interaction resembles a ) ) )
10-electron one and the net result has a slightly antibondin% The adsorption of H on Rd11) has been studied with
nature. Therefore thid/d interaction resembles a 10-electron density-functional calculations both with LDA and GGA
one and the net result has a slightly antibonding natureexchange-correlation functionals using the ADF-Band code.
Therefore thisd/d interaction has a small negative contribu- The surface is described by a two-dimensional slab with a
tion to the Pd-Pd bond—0.03 and is hence slightly repul- periodic adsorption of H atoms, comparing for various bind-
sive. This effect is somewhat stronger at the surface, wherimg sites a1X 1) structure(coverage Lwith a \/§>< \/§ array

the Pdd population is 0.09 higher for Rgdcompared to the (coverages). Among the surface sites, the fcc hollow one is
case of the bulk. One first positive part to the Pd-Pd bond igound to be the most stable, in agreement with other experi-
the sp/spone (0.12 but the major contribution is given by mental and theoretical data. The GGA adsorption energy
the d/sp (and sp/d mixings (0.24), which yield a bonding ranges from—0.27 to—0.53 eV, depending on the coverage
situation in almost the fuld band range. The total overlap and on the frozen or relaxed nature of the surface in the
population sums up to 0.33. Tlsp-spandd-spinteractions calculation(the experimental value is0.45 e\j. The LDA

are slightly stronger at the surface, which compensates thealue for the adsorption energy is 0.6-0.7 eV larger in ab-
more destabilizingd-d interaction, yielding a very similar solute value, yielding an obvious and well-known overesti-

VII. CONCLUSION AND SUMMARY
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FIG. 15. Mulliken atomic charge for H and palladium atoms integrated coop
(first to third layej as a function of the adsorption site for a four- 0.4 PN
layer slab. 4—— 0.32‘\._‘
024  feeeean
0 /’\ Vhr)l«/ N
mation. The optimal height of the H atom #s0.85 A rela-
tive to the surface Pd layer, very close to the LEED determi- -0.2-
nation.
However, in contrast with EAM theoretical calculations, -0.47
and in agreement with helium diffraction experimehtse 10 -8 -6 -4 2 o0 2 4
hcp hollow site is significantly less stable-0.15 e\j than energy
the fcc site and its binding energy is similar to that of the coop H/Pd(d)
bridge site. The barrier for H diffusion on the surface isthen . integrated coop
low (0.15 eV). The octahedral subsurface site is stable with
respect to H, except for the frozen surface with a coverage 0.4 ~{a— 037
1. If the surface is relaxed the subsurface site is only 0.1 eV
less stable than the fcc surface site. However, this influence 029
of the relaxation is mostly due to the expansion of the Pd-Pd 0 ok
distance, from the experimental value of 2.75 A to the cal- "
culated GGA optimum of 2.86 A, the relaxation of the inter- 0.2
layer spacing itself having only a small influence on the en-
ergy. For the surface hollow site, the H height is not modified -0.4-
by the relaxation, while the first to second layer Pd spacing e L e L L A B A
expands as expected from the chemisorption, but only by 10 -8 -6 -4 ady O 28

2.7%. A larger expansion is found for the subsurface site.

However, in that case, the energy surface is very flat around FIG. 16. Crystal orbital overlap populatiofCOOPR for the
the minimum and that expansion and the hydrogame not Pd-H bond(top) with the decomposition on the P (middle) and
well defined, indicative of a large vertical disorder in thatd (bottom orbitals. The integrated COOP is given for each case by
case. The bare surface shows on the contrary no vertica dashed line and the energy axis is relative to the Fermi level.
surface relaxation. The penetration barrier from surface to

subsurface for 41x1) array is found to be 0.33 eV if the

surface relaxation is included.

Among the parameters of the calculation, the convergencef the binding energy with the number of layers in the slab.
with the number of layers in the slab on the optimum geom-The contribution of Pdl orbitals dominates in that split-off
etry and energy, as well as the convergence Witpace band. The net charge on the hydrogen is small, but depends
sampling have been tested in detail. For all the sites, a cown the binding sitdfrom —0.3 for the subsurface te-0.25
erage decrease from 1 tb rather uniformly results in a for the top sit¢. The charge of the surface Pd atom is always
0.2-eV increase of the binding energy. positive and smallfrom +0.3 to +0.03), the difference with

In the eigenvalue spectrum, a new peak is clearly visibleghe H charge being accounted by the electron reservoir capa-
below the Pd band when H is adsorbed and the position dbility of the surface.
that peak correlates with the H coordination. The dispersion The electronic structure has been analyzed in more detail
of that H-induced split-off band is in good agreement withwith the COOP curves. They confirm that the predominant
photoelectron data. This surface state is mostly localized oRd-H bonding character is contained in the split-off band
the H and first-layer Pd, with a very fast decrease on thevith little contribution from the energy levels in the surface
subsequent layers, explaining the rather quick convergenadband range but indicate, however, that #peandd orbitals
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FIG. 17. Crystal orbital overlap population
(COOB between the first- and the second-layer
Pd atoms. The bare surface case is given on the
left, while the (1x1) fcc hollow adsorption situ-
ation is shown on the right. Thep/spCOOP is
given at the top, while thep/d+d/sp one is in
the middle and thel/d one at the bottom. The
integrated COOP is given for each case by a
dashed line and the energy axis is relative to the
Fermi level.

of Pd have a rather equal contribution to the Pd-H bond. Théstic of the transition metals with d band almost full. Simi-

Pd (first layen-Pd (second layer COOP shows a net anti- larly, small relaxation effects are expected for the other met-
bonding result of thed/d interaction, counterbalanced by a als in that case, like platinum.

stabilizing effect of thesp/spandsp/dones. Both stabilizing
and destabilizing interactions are increased at the surface,
resulting in a net very small relaxation. The H chemisorption The authors wish to thank G. te Velde and E. J. Baerends
decreases, the Pd-Pd interaction back to the back value. #r their very valuable help in the use of the ADF-Band code
similar compensation as before yields a small overall effectand B. Bigot for helpful discussions. They also want to thank
but the net result is a slight weakening of the Pd-Pd bond aDRIS at CNRS for the attribution of CPU tim@roject No.

the surface. Such an antibondidf interaction is character- 940016.
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