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Gradient-corrected density-functional thedBFT-GGA) periodic slab calculations have been used to ana-
lyze the binding of atomic hydrogen on monometallic(Pd), Rg0001), and bimetallic Pg, /Re(0001)
[pseudomorphic monolayer of Pd1l) on R€0001)] and Rey, /Pd(111) surfaces. The computed binding
energies of atomic hydrogen adsorbed in the fcc hollow site, at 100% surface coverage, oriltt®, Pd
Re0001), Pd, /Re(0001), and Rg /Pd(111) surfaces, are2.66, —2.82, —2.25, and—2.78 eV, respec-
tively. Formal chemisorption theory was used to correlate the predicted binding energy with the location of the
d-band center of the bare metal surfaces, using a model developed by Hammer and Ngrskov. The DFT-
computed adsorption energies were also analyzed on the basis of the density ¢DsD8eat the Fermi level
for the clean metal surfaces. The results indicate a clear correlation betweebdinel center of the surface
metal atoms and the hydrogen chemisorption energy. The furthektihad center is from the Fermi level, the
weaker is the chemisorption bond of atomic hydrogen on the surface. Although the DOS at the Fermi level may
be related to the location of tteeband, it does not appear to provide an independent parameter for assessing
surface reactivity. The weak chemisorption of hydrogen on thg FRe(0001) surface relates to substantial
lowering of thed-band center of Pd, when it is pseudomorphically deposited as a monolayer on a Re substrate.
[S0163-182699)00431-3

INTRODUCTION sized and examined under UHV conditiof{s3? Adsorption
energies on well-characterized bimetallic surfaces are now
The adsorption of hydrogen on monometallic transition-available to benchmark quantum-chemical predictions. For
metal surfaces has been studied extensively over the past fetxample, Goodman and co-work&rd' have studied the
decades, using both theorettdf and experimental chemisorption of CO on a number of bimetallic systems
methods:*~2° From the theoretical standpoint, it provides a composed of pseudomorphic overlayers of one transition
relatively uncomplicated system to analyze the dissociativenetal over another. They demonstrated that the trends in
chemisorption of simple adsorbates on metal surfaces. F@hemisorption energy correspond to core-level stitser-
heterogeneous catalysis, these studies have provided new imined using XP$for the surface metal atoni$The process
formation on the dissociative adsorption of hydrogen, an imof adsorption of molecules, such as CO, on metal surfaces is
portant elementary step in surface-catalyzed hydrogenatioglegantly described by the principles of formal chemisorp-
reactions. However, many processes in the petrochemicéibn theory>*~**Following the theory, it has been established
and fine-chemicals synthesis industry are carried out ovethat the dominant contributions to molecular adsorption, in a
supported bimetallic catalysts These include acetylene cy- number of cases, are through electron-donation and backdo-
clization to benzengPd-Au), reforming for aromatic§Pt-  nation interactions of the highest occupied molecular
Re), Fischer-Tropsch synthesi€o-Ni), steam reforming of ~orbital-lowest unoccupied molecular orbita HOMO-
methane(Ni-Au), and maleic hydrogenation to tetrahydrofu- LUMO) levels of the adsorbate with the valense andd
ran (Pd-Re.22"2 UHV single-crystal experiments and theo- bands of the metal. Using first-principles density-functional-
retical calculations have identified that bimetallic surfacegheory (DFT) calculations, Hammer and Ngrskov showed
can exhibit significantly different reactivity than either that the trends in CO binding energies are closely coupled to
monometallic componel‘}rlf‘.‘29 the interaction energy of the valence &nd 27* orbitals of
In recent years, surface-science techniques have attained’® with the valencesp and d band of the surface metal
level of sophistication whereby well-defined bimetallic al- atoms®’ Using concepts developed from formal chemisorp-
loyed surfaces and pseudomorphic overlayers can be synthéen theory, they were able to demonstrate that the changes in
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CO chemisorption energy for a number of monometallic and (a) (b)
bimetallic systems correlate with shifts in tdeband center
of the clean metal surfacé>"-*® Recent studies have vali-
dated the effectiveness of the Hammer-Ngrskov model in the
analysis of atomic and molecular chemisorption on metal
surfaceg?3®

In this paper we examine the binding of atomic hydrogen
on the close-packed surfaces of(Ptl) and R€0001) and
pseudomorphic  bimetallic monolayers of Pd-on-Re
[Pdy. /Re(0001) and Re-on-Pd[Re, /Pd(111). The
trends in hydrogen chemisorption energy are discussed usin (c) (d)
the Hammer-Ngrskov modé&t:*64°The surface reactivity of
a metal in many situations has been cited to follow the den-
sity of state§DOS) at the Fermi levet! Therefore, we have
also examined the relationship between the hydrogen chemi
sorption energy and the DOS at the Fermi level.

COMPUTATIONAL DETAILS

Gradient-corrected periodic DFT slab calculations were
used to determine all the structural, electronic, and energetic FIG. 1. Pd-Re slabs examined for hydrogen chemisorp@n.
results reporteql in this paper. The _Kohn-Sha_m equatlon& Re; O =Pd. (a) Four-layer Pd.11) slab;(b) four-layer R¢0001)
were solved using a plane-wave basis set of kinetic energsab; (c) monolayer R€001) on Pd111) four-layer slab; andd)
not exceeding 40 R§? Nonlocal corrections to the monolayer P¢L11) on R€000Y) four-layer slab.
exchange-correlation energy, due to Perdew and Wang, were ] - ) ]
included self-consistently within the computatid‘ﬁsj.:or a  Ppseudomorphic po.smon on the su_bstrate. In this section, th.e
(1x1) unit cell of Pd111) and R€0001), the total energy structural, energetic, and electronic parameters for the opti-
was calculated to be convergent for Eboints in the first Mized bare slabsi.e., without chemisorbed hydrogeare
Brillouin zone and was therefore used for all simulations.SUmmarized. _ o
The description of atom-centered, core electronic states using. FOf Pd111) and R€0001, the interatomic distance
a plane-wave basis expansion would require an enormodglthln each layer was fixed to the bu_Ik expenn_1ental_ bond
energy cutoff. Since the states actively involved in interac-distance of 2.75 and 2.76 A, respectively. Optimization of
tion with adsorbate orbitals are the valence electronic stated€ lattice parameter for bulk Pd resulted in a lattice constant
the nucleus and core-electronic states may be described by3@t was about 1.5% higher than the experimental lattice pa-
norm-conserving pseudopotential, without inducing Signiﬁ_r_ameter. It_ has recent_ly been demonstrated that the adsorp-
cant error in the computed adsorption energies. The pseud§©n energies of atomic and molecular adsorb?t%es on metal
potential was constructed by performing rigorous all-electrorfurfaces are sensitive to strain in the metal latticat the
calculations on an isolated atd¥r*” For details on the cal- INitial geometry, the interlayer distances were set to the ex-
culation scheme. see Ref. 48. perimental bulk value of 2.245 A for Pti11) and 2.23 A for

The monometallic Pd11) and R€0001) surfaces are de- Re(O_OO]). Su_bsequently, the geometry was optimized to de-
scribed by periodic slabs containing four metal layers eachl€mine the interlayer relaxations for each of the structures.
The lowermost layers of the slab were constrained to thé” a _per|0d|c slab calculation, the .Iowermost metal layer is
bulk geometry while the remaining layers were allowed to'dentical to the topmost layer by virtue of symmetry. Com-
relax using the Hellman-Feynman forces computed at eachlete structural relaxation of the slab would, therefore, lead
geometry step. The bimetallic pseudomorphic overlayer§° |d_ent|cal relaxatlon_s f_or the top a_nd bottom layers. To
were constructed by adding a monolayer of the appropriat@rov'de a better plescnptlon of a multilayered metal surface,
metal to the four-layer RA11) and R€000J) slabs. The bi- we have constrained the lowermost layers of the slab to the
metallic surfaces were also relaxed to determine the optiPUlk geometry. In all calculations reported herein, every
mized interlayer distances for the bimetallic system.layer except the lowermost two was relaxed during the opti-
Adsorbate-induced surface relaxations were explicitly deterMization procedure. For the close-packed surfaces, the inter-

mined for each of the surfaces and are reported in the papdfYer relaxations are expected to be nominal beyond the sec-
ond layer, so fixing the lower layers of the slab to the bulk

distances is not expected to introduce significant error in
surface relaxation predictions.
Clean slab results The optimized interlayer distances for the slabs are tabu-
lated in Table I. Percent relaxation values are computed rela-
tive to the experimental bulk interlayer distance. DFT calcu-
The surfaces examined in this study are illustrated in Figlations indicate that there is very little surface relaxation for
1. The monometallic RA11) and R€000)) slabs are each the close-packed RHl11) surface, consistent with experi-
composed of four metal layers. The bimetallic mental low-energy-electron-diffractiofLEED) measure-
Pdy. /Re(0001) and Rg /Pd(111) surfaces contain five ments®® The topmost layer of the RHl1) surface is ob-
metal layers, the overlayer being located at the idealizederved to expand by 3%@able |). This is comparable to the

RESULTS AND ANALYSIS

Geometric and energetic parameters
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TABLE I. DFT-GGA computed structural and energetic parameters for bare slabgf,drg0001),
Pdy./Re(0001), and Rg /Pd(111).

Interlayer distancé€% relaxation®

A)
Surface energy
Surface First to second layer Second to third layer  Third to fourth layer (eV/atom
Pd111) 2.315(+3.1% 2.27 (+1.13% 2.245 (c)° 0.52
Re(000)) 2.065(—7.4% 2.317 (+3.9% 2.2299 (c) 1.13
Pd, /Re(0001) 2.252+0.9% 2.152 (—3.5% 2.275 (+2.02%
Rey /Pd(111) 2.160—3.8% 2.282 (+1.6% 2.281 (+1.6%

%5 relaxation represents % change relative to idealized interlayer distance in bulk. Positive numbers corre-
spond to surface expansion away from the bulk substrate.
®(c) indicates that the indicated distance was constrained during the geometry optimization procedure.

1.3% expansion measured by Ohtahal. using LEED(Ref.  the Pg|;  /Re(0001) surface are consistent with those calcu-
50) and the 1% relaxation computed by Paul and Sautet udated by Wu and Freemdi.The Pd-Re interlayer distance,
ing density-functional slab calculatiohszor the R€0001)  in the bimetallic slabs, is observed to be smaller for the
surface, the relaxations are larger than that dfi®d), due to  Réy /Pd(111) surface, in comparison to thefdRe(0001)

the stronger interactions of the surface layer with the subsSurface, which suggests stronger Pd-Re interaction for the
strate. Unlike the surface expansion in(PHD), the top layer ~Réw /Pd(111) surface.

in Re(000Y) contracts to the bulk by 7.4%. This is in good !N Table I, we have tabulated the DFT-GGA computed
agreement with the 7.1% contraction for(@01) calculated ~ Surface energies of the Pid1) and Re0001 surfaces. The

by Wu and Freeman using FLAPW-DF¥.Experimental surface energies were calculated by taking the difference be-

LEED measurements indicate that the surface layer ifween the total energy Of. the four-layer slab and the total
onl energy of the corresponding four layers of bulk metal, and
Re(10D0) contracts by 16%: For the close-packed dividing the result by 2(to account for the two exposed

RdOOO:D Surface, we expect the relaxation to be smaller an%urfaces in the Slab The Computed surface energies for
in better agreement with our computed value. To compensateg111) and R€0001) are 0.52 and 1.13 eV/atom, respec-
for the increased electronic charge density due to contractiofively. These numbers are in reasonable agreement with pre-
of the surface layer in R8001), the second Re layer ex- viously reported theoretical values of 0.77 eV/atdfor
pands away from the third metal layer by 4%. Pd111)] and 1.34 eV/atonifor Re000))], computed by

For the bimetallic Pd-Re slabs, the surface expansion oBkriver and Rosengaard using linear-muffin-tin-orbital
the Pg,_/Re(0001) surface is lower than the(®#ll) surface  (LMTO) methods?
due to stronger bonding with the substrate for the bimetallic
overlayer. The contraction of the surface layer of the
Rey. /Pd(111) slab, however, is lower in magnitude than the Table Il summarizes the electronic properties for the bare
Re(000)) surface, indicating stronger surface-substrate interPd111), Re0001), Pd, /Re(0001), and Rg /Pd(111)
action in monometallic RO00J). The metal layers of the slabs. The DFT-GGAgeneralized gradient approximation
substrate, for the pseudomorphic overlayer slabs, exhibit recomputed work function for RA11) (5.42 eV is in agree-

laxations similar to the corresponding monometallic systemgT€nt with the previously reported theoretical value of 5.53
but smaller in magnitude. For example, the second metdf? (Ref. 52 andsabout 0.5 eV lower than the experimental
layer (i.e., first Re layer from the surfapeof the value of 5.90 e\?3 The work function for R&007) reported

Pd,, /Re(0001) slab contracts by 3.5%, which is rouglhlyhere(5.07 eVj is in good agreement with reported theoretical
half the relaxation of the surface layer of the(B&01) slab (5.09 eV (Ref. 4] an.d exper|m¢nta(4:96 eV (Ref. 54
(—7.4%. Similarly, the second metal layer of the values. In the analysis of chemisorption of adsorbates on

.metal surfaces, the location of tlteband is an important

Rey, /Pd(111) surface expands by 1.6%, which is approxiyarameter that determines the extent of interaction with the

mately half the expansion of the surface layer of thelR®  pqsorhate orbital states for electron donation and
surface(+3.1%). The interlayer relaxations determined for packdonatiot®*$*8We have therefore computed the posi-

Electronic properties

TABLE Il. DFT-GGA computed electronic properties of bare(PHl), Rg0001), Pd, /Re(0001), and Rg /Pd(111) surfaces.

d-band center relative t&; d-band fillingfraction) Density ofd states at
Work function (eV) Fermi level
Surface (eV) First layer Second layer First layer Second layer (states/eVY
Pd111) 5.42 —-1.98 —2.39 0.9613 0.9674 1.7163
Re(000)) 5.07 —-1.16 —-1.62 0.6998 0.7208 0.5847
Pd,. /Re(0001) 5.23 —-2.70 —1.65 0.9608 0.7255 0.8752

Rey /Pd(111) 5.65 —-1.41 —3.28 0.6789 0.9494 0.9957
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DOS broadening of thel band for the surface metal atoms. This
was also reported earlier by Wu and Freeman on the basis of
their FLAPW-DFT calculationé! Since the top-layed-band
filling in either case is practically unchanged, tdéand
center for the bimetallic Rg /Re(0001) surface is located

\ 0.72 eV below that of Rd11), where the values calculated

~ are relative to the Fermi level. This is fairly close to the
d-band shift(—0.82 eV} computed by Rubarmt al., using

LMTO calculations, for a similar system, i.e,

Pd,, /Ru(0001)> An analogous shift in the surfackband

center, although smaller in magnitu@@25 e\, is also ob-

served for the Rg /Pd(111) surface as compared to the

Re(0001) surface. Thead-band filling for Re is closer to 0.5,

so any broadening of the&tband, because of bimetallic inter-

action, would have a less pronounced effect on the location
of the d-band center®

A comparison of thel-band center for the second layer of
the R€0001) and Pg, /Re(0001) surface indicates very
little influence of the surface metal atoms on theand. The
shift, however, is evident for the second metal layer of the

Rey /Pd(111) surface as compared to(Pdl). Thed band

[N of the second layer of the ge/Pd(111) slab is similar in

Rey/Pd(111) * profile to the surface layer of the RRd/Re(0001) surface

Dt (Fig. 2. This shows that the Pd-Re electronic interaction in
the bimetallic slabs only has a marginal effect on dheand

of Re, irrespective of whether Re is the overlayer or the

substrate. The electronic perturbation is predominantly in the

' ' J ' Pd layer that is directly bound to Re in the bimetallic system.
=18 -0 -5 | 5 10 From frontier orbital theory>3>%¢it is known that the

E —Eermi (€V) orbital states of a metal directly involved in electron dona-

tion and backdonation interactions with the adsorbate orbit-

als are the ones closest to the Fermi level. It is therefore not
surprising that chemisorption and surface reactivity have in
some cases been correlated to the density of electronic states
at the Fermi levef! The d band of the surface layer of
tion of thed-band center relative to the Fermi level for all the Pt /R&(0001) exhibits a reduced density of electronic
surfaces examined herein. Thieband center is located by States at the Fermi level as compared to the surface layer of
taking the first moment of the normalized projected densityth® Pd111) surface(Fig. 2. On the other hand, the density

of states(DOS) about the Fermi level. The fractional filling Of states at the Fermi level for the ff&/Pd(111) surface is

of the d band was also determined by integrating the are#!ightly higher than the corresponding number for the

under the projected DOS up to the Fermi level. In Fig. 2, weRe(0001 surface.

have plotted the DOS projected to ttidand for each of the

Pd(111)

Pdyi/Re(0001)

Re(0001)

FIG. 2. Electronic density of statg®OS) projected to thed
band of bare slabs. Solid lines indicate DOS projected b@and of
the topmost layer. Dotted lines corresponditband of the second
metal layer.

bare slabs. The projections on tldeband of the first and Hydrogen chemisorption results
second metal layers are shown in the diagram. For the . q i inf .
Pd111) and R€000Y) surfaces, the bands are slightly nar- Geometric and energetic information

rower for the surface layer when compared to the bulklike Ultrahigh-vacuum (UHV) experiments and density-
second layer. This is because of the incomplete coordinatiofunctional calculations have unambiguously established that
of the surface metal atoms, which have only nine nearesthe threefold fcc hollow site is the most favorable adsorption
neighbor metal atoms as compared to the bulk metal atomsijte for hydrogen chemisorption on @d1).:~*°%" For
which have twelve. Since the fractional filling of thkeband  Re(0001), we find that the fcc hollow site is 0.25 eV more

is practically the same for the surface and second layer of thstable than the twofold bridge site. The low coordination
Pd11) slab, the narrowing of the surfackband shifts the atop site is not as favorable as the higher coordination sites
d-band center closer to the Fermi level by 0.41%8Whis is  for adatom binding on transition metals, and was not exam-
also observed for the R@001) surface, where the-band ined. We have, therefore, focused this study on the adsorp-
center for the top layer is 0.46 eV closer to the Fermi leveltion of hydrogen in the threefold fcc site alone, for all the
than the second layer. metal surfaces.

A comparison of thel band for the surface layer of mono-  To ascertain the effect of the number of metal layers on
metallic Pd111) and the bimetallic Bgl /Re(0001) reveals adsorbate binding energy, we studied the adsorption of
an interesting change in tlieband structure for the bimetal- atomic hydrogen on R@11) slabs containing between two
lic surface. The strong electronic interaction of the Pd overand five metal layers. Figure@ shows the binding energy
layer with the Re substrate in the bimetallic slab causes &r atomic hydrogen as a function of the number of metal
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(a) the Pd surfacearranged in a (X1) structure. The total
2.5 ‘ ‘ ‘ s energy for hydrogen in this structure was found to be 0.2 eV
less favorable than the energy for an isolated hydrogen atom,
5 26 consistent with the observations of Paul and Saufgtus
B the most dominant contribution to the change in adsorption
§ 2.7 4 &> energy due to surface coverage is due to through-space H-H
ol repulsion at 100% coveradeSince this contribution is inde-
£ 2.8 - pendent of the nature of the metal surface, the effect of sur-
g face coverage on adsorption energy was not independently
= .29 : : : : examined for each surface.
1 2 3 4 5 6 The changes in the surface structure due to chemisorption
of hydrogen were determined by completely optimizing the
Number of Metal Layers adsorbate and the metal surface. The two lowermost metal
(b) layers of the slabs were constrained to the bulk interlayer
2.5 : : : distances, while the remaining layers, including the adsor-
bate layer, were relaxed. In Table Ill, we have summarized
= the key geometric and energetic parameters for hydrogen
v -2.6 - L . . .
g binding on the monometallic and bimetallic surfaces. To
g quantify the degree of adsorbate-induced surface relaxation,
& 27 we have provided % relaxation numbers in Table IlI. It is
g important to note that these percentages are computed rela-
2 28 tive to the corresponding interlayer distance for the bare slab,
< and not the bulk interlayer distance. Table 11l shows that the
= 2.9 . ' . adsorbate-induced surface relaxation is very small for hydro-
0 0.25 0.5 0.75 1 gen on PdL11). For all the slabs, the relaxation is positive

(i.e., expansiop consistent with the fact that the strong
bonding of the surface metal layer with the adsorbate weak-
FIG. 3. (3) Hydrogen chemisorption energy on ®f1), for ~ €ns its interactions with the substrate layers. The second
100% fcc-site coverage, as a function of the number of metal layersnetal layer for all surfaces except jggPd(111) exhibits a
in a slab.(b) Hydrogen chemisorption energy as a function of sur-compensatory inward relaxation. Table 1l also shows the
face coverage for Rdi11) three-layer slab. optimized M-H bond distances for each of the slabs. The
M-H bond distances are about 0.1 A longer for the Re sur-
layers. The adsorption energy is observed to be invariarfaces than Pd. The H-Re bond distance computed here is in
beyond three metal layers, indicating that the slabs modeledgreement with the measurements of Dailiall® The M-H
here are adequate for the purpose of hydrogen chemisorptidsond distances for the bimetallic slabs are slightly longer
analysis. Our results are consistent with the observations ahan those on monometallic slabs. This is consistent with the
Paul and Sautet, who conducted a similar anafy3ise ef- weaker adsorption energies on the bimetallic surfaces in
fect of surface coverage on hydrogen binding energy wasomparison to the corresponding monometallic slabs.
also explicity examined on a relaxed ®d1) three-layer The binding of atomic hydrogen is strongest on the
slab[Fig. 3(b)]. The binding energy of atomic hydrogen in- Rg0001) surface with a binding energy of2.82 eV. The
creases as we decrease surface coverage, thus indicating béading energy on the Rg/Pd(111) surface is slightly
pulsive interactions at higher coveragésg. 3b)]. In de-  weaker, with a value of-2.78 eV. Considering the accuracy
creasing the surface coverage from 100% (L unit cel) to  of the DFT methodology, and the small difference in binding
33% (y3x+/3 unit cel), the binding energy of hydrogen energy, it is reasonable to assume that bot0B@1) and
was observed to increase by 0.11 eV. To resolve the contrRe, /Pd(111) demonstrate similar strengths of adsorption
bution of through-space H-H repulsion on the adsorption enfor hydrogen. The adsorption energy computed for hydrogen
ergy, we examined gas phase hydrogen at¢ims without on R€0001) matches well with the experimental value of

Coverage (fraction of fcc sites)

TABLE I1ll. Geometric and energetic information for hydrogen chemisorption orfl1Pg, Reg0001), Pd, /Re(0001), and
Re, /Pd(111) slabs.

Interlayer distancéA) (% relaxation? M-H bond  Hydrogen
distance chemisorption
Surface H to first M layer First to secondll layer Second to third layer Third to fourthM layer (R) energy(eV)
Pd111) 0.858 2.327(+0.5 2.242(-1.23 2.245 (c)b 1.80 —2.66
Re(000)) 1.059 2.125(+2.9 2.295(-0.99 2.2299 (c) 191 -2.82
Pd, /Re(0001) 0.939 2.304+2.3 2.122(-1.39 2.267 (0.3 1.85 —2.25
Rey, /Pd(111) 1.123 2.18@+0.93 2.347(+2.89 2.316 (+1.53 1.94 -2.78

%/ relaxation corresponds to adsorbate-induced relaxation and is computed relative to interlayer distance for the clean slab.
®(c) indicates that the indicated distance was constrained during the optimization procedure.
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Pd(111) (b) DOS
Pd(111)
. antibonding
. bondm.g interaction
interaction
r T r 0 q‘--‘\"\--‘,--_ .
-15 -10 5 0 5 -5 15 10 5 ) 5
E- Efermi (eV)
© ] Re(0001) Pdy/Re(0001)
bonding
interaction antibonding
i/nteraction
L)
‘ ' £ '-....--—er---'%;
5 10 S5 0 5 15 -10 ' ' ‘
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E- E[ermi (eV) E- Efermi (CV) E — Ef i (eV)

FIG. 4. Density of statefDOS) projected to thad band of the FIG. 5. Projected DOS for hydrogen chemisorbed ofLEH
metal for bare and hydrogen-chemisorbed surfaces. Solid lines in-nd Pdn /Re(OOOl) svstems. Solid lines correspond to DOS pro-
dicate projected DOS for the hydrogen-chemisorbed system. Dotte% ted tL ¢ tyad b d Dotted |i P d t DOpS
lines correspond to the bare slal) d band of topmost Rd11) jecte (;surr?ceH r:e and. Dotted fines correspond to
layer of Pq111) four-layer slab;(b) d band of the second Pd layer projected to the state.
of PAd111) four-layer slabjc) d band of topmost R€00Y) layer of
Re(000)) four-layer slab; andd) d band of the second Re layer of both the bare and hydrogen-chemisorbed systems. The solid
Re(000)) four-layer slab. lines correspond to the DOS for the slabs with chemisorbed

hydrogen. The dotted lines indicate the corresponding DOS
—2.85 eV, estimated from the TPD data of Godbey andor the bare slabs. From Figs(b} and 4d), it is observed
Pd111) (—2.66 eV} is about 0.15 eV lower than that on the second metal layer of Pd1) and R€000D) due to hy-
Re(0001). The DFT-GGA computed value 6£2.66 eV for ~ drogen chemisorption. The bands for the surface layer of
the adsorption energy is in agreement with previously rePd111) and Re000D [Figs. 4a) and 4c)], however, are
ingly, the binding energy of H on Rg /Re(0001)(—2.25 faces, the adsorption of hydrogen results in a characteristic
eV) is weaker than that on PHL1) by as much as 0.41 eV. split-off state in thed band of the surface layer. The split-off
Since the gas-phase dissociation energy fpis#.52 eV58 state is located at-6.62 eV, below the Fermi level, for
the results indicate that the dissociative adsorption of hydroPd11D and at —8.79 eV, below the Fermi level, for
gen on the Pg, /Re(0001) is endothermic by 2 kd/mol. For Re(000D. The split-off state corresponds to the bonding
surfaces such as ALiL1), where the dissociative adsorption ©Verlap of the metatl band with the H  orbital. The rela-
of H, is endothermic, Hammer and Ngrskov have shown thatiVe Position of this state is shifted further down in energy
the process also has a high activation bafidhe dissocia- away from the Fermi level for F{GOOJ_) as compared to
tive adsorption of His therefore likely to be difficult on the Pd111. This signifies stronger interaction of the 14 State
bimetallic Pg,, /Re(0001) surface. This is ratified by UHVv With the Red band and is responsible for the stronger chemi-
single-crystal experiments that report extreme difficulty inSCrPtion energy. The antibonding overlap of theand with
the adsorption of hydrogen on the bimetallic PdRe(0001) the H 1s orb|tallresults in unoccupied eigenstates quated
surface®® The surface has also been demonstrated experfPove the Fermi level. For PHL1) and R¢000D), the anti-

mentally to exhibit weak adsorption energies for moleculafPonding states are located at 2.5 and 5 eV above the Fermi
adsorbates such as CG&° energy, respectively. The DOS computed fo(Pd) match

well with previously reported experimental and theoretical
DOS profilest:69-61
We now compare the DOS for hydrogen chemisorption
Figure 4 shows the DOS projected to ttidband of the  on the monometallic versus the bimetallic surfaces. Figure 5
surface and second metal layer of PHl) and R€0001), for ~ shows the DOS for hydrogen chemisorbed ori1Rd) and

Electronic properties
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FIG. 6. Projected DOS for hydrogen chemisorbed 010R@1)
and Reg, /Pd(111) systems. Solid lines correspond to DOS pro- d-band center £q (V)
jected to surface metal band. Dotted lines correspond to DOS
projected to the H & state. FIG. 7. (a) Binding energy of atomic hydrogen at the threefold

fcc site as a function of the DOS at the Fermi level for the bare
. surfaces.(b) Binding energy of atomic hydrogen as a function of
.Pq"'L /Re(0001). The solid lines correspond to the D.OS pro'the d-band center for the clean metal surfacelammer-Ngrskov
jected to thed band of the surface layer. The dotted lines ar€node). d-band centers are relative to the Fermi energy

the DOS projected to the Hsistate. The hybridization of the ' '
H 1s state with thed band of the metal results in a split-off .
bonding state centered at6.62 eV for Pd111) and —6.56  [ace is similar to that on R00D. The Pg_/Re(0001) sur-

eV for Pd,, /Re(0001). The antibonding overlap of the i 1 face, howeve(, exh|_b|ted_ markedly _reduced reactivity fgr hy-
with the d band is situated above the Fermi level at 2.5 evdrogen chemisorption, in comparison to (PIi. In this

for Pd111) and at about 1.5 eV for Rgl /Re(0001). There section, we will examine whether the trends in atomic
are clear differences in the DOS projected to theand of chemisorption energy can be correlated to the e_Iectronlc
the Pd111) and Pg, /Re(0001) surface. The band of the properties of the clean metal surfaces. The electronic param-
Pdy. /Re(0001) surface is shifted away from the Fermi levelSters of the gqrface that are assessed as a measure of the
in comparison to Pd11). On the other hand, the DOS for surface reactivity for adsorption are the surface mafadnd
hydrogen on R@00) and the Rg, /Pd(111) ’surfacéFig. center(in accorda_mce with the model of Ref. )1and the

6) exhibit very little difference in thel-band structure for the DOS at the Fermi level.

surface Re layer. The split-off bonding state is centered at

—8.79 and—8.67 eV below the Fermi energy for R®01) Correlating trends in chemisorption energy to the DOS

and Re, /Pd(111), respectively. The antibonding state is at the Fermi level

located above the Fermi level at 5 eV for(B@01) and at 4.5 In Fig. 7(a) we have plotted the hydrogen chemisorption
eV for Rg /Pd(111). energy as a function of the density dfstates at the Fermi

level, for all the surfaces. In comparing the(Ptll) and the
Pdy. /Re(0001) surface, it is observed that the
Pd,, /Re(0001) surface has a significantly reduced projected
In the preceding section, we presented the chemisorptioDOS at the Fermi level. This is consistent with the fact that
energy for hydrogen in the fcc hollow site on the monome-the interaction of hydrogen with the Rd/Re(0001) surface
tallic Pd111), Reg0001), and the bimetallic Rgl /Re(0001) is weaker than that with Rii11). However, the above argu-
and Rey /Pd(111) surfaces. DFT calculations showed thaiment does not seem to hold when we compare th@@s)
the binding of atomic hydrogen on the ggPd(111) sur- and Re, /Pd(111) surfaces, where the DOS at the Fermi

Analysis
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level are quite different, but the hydrogen adsorption enerthe Au111) and the C(l11) surface because it hagleband
gies are practically identicalrefer Table 1). Also, if we  center located farther away from the Fermi level than
compare the DOS at the Fermi level for (R#il) and the Pd111). It is thus not surprising that the adsorption energy
Re(0001) surface, we would expect stronger adsorption onof atomic hydrogen on the surface is also very weak, similar
the Pd111) surface, but the contrary is found to be true. Theto the Au111) and Cy111) surfaces.

results seem to suggest that although the DOS at the Fermi

level may in some cases correlate with surface reactivity, it CONCLUSIONS
cannot be used as an independent measure of the reactivity of
different metal surfaces. DFT-GGA periodic slab calculations were used to ana-

lyze the binding of atomic hydrogen on monometallic

Correlating trends in the chemisorption energy to the location Pd111), Rg0001), and bimetallic Pg, /Re(0001) and

of the surface metal d-band center Re, /Pd(111) surfaces at the fcc hollow site for 100% sur-
| 38 face coverage. The binding of hydrogen is strongest on the
> Re surfaces, with a chemisorption energy-62.82 eV for
Re(0001) and—2.78 eV for Rgy, /Pd(111). The binding en-
ergy on P11l (—2.66 eVj is about 0.15 eV weaker than
that on R€0001). The computed adsorption energies on

Using the analysis of Hammaat al,”® it can be shown
that for small changes in thé-band center, changes in the
hydrogen chemisorption energyk.,) can be linearly cor-
related to shifts in thel-band center position for the metal

(%2q), Pd111) and R&0001) are in good agreement with previ-
V2 ously published theoretical and experimental vafiés:>’
6Echem=m dey, (1)  Calculations indicate that the binding energy of atomic hy-

drogen on the Rgl /Re(0001) surfacé—2.25 eV is signifi-
whereV? is thed-band coupling matrix element for the sur- cantly weaker than that on monometallic (PH1) and
face metal atom, ande=|eq—¢,|, 84, ande, are the lo- R&0001. In fact, the binding energy of hydrogen on the
cation of thed-band center and the Hslorbital state, respec- surface is so low that the dissociative adsorption gfuduld
tively, measured relative to the Fermi energy. be 2 kJ/mol endothermic on the surface. This weak interac-
A single linear correlation, for all the surfaces examinedtion of the Pg, /Re(0001) surface for adsorption is consis-
here, may be expected only if the value\t#/(Ae)? is ap-  tent with previously reported experimental observations for

proximately the same for both Pd and Re. In Comparinghydrogen and other molecular adsorbates, such as CO, on the
Pd111) and R€000Y), it is observed that bimetallic Pgj, /Re(0001) surfac&’®® The uncharacteristic

adsorption behavior on the Rd/Re(0001) surface can be
explained by changes in the electronic structure near the
=1.522, (2) Fermi level of the surface metal atom, which decreases the
extent of bonding between the surface and the adsorbate. The
change in the surface electronic structure is manifested as a
where 6.04 and 2.78 are tdeband coupling matrix elements shifting of thed-band center away from the Fermi level. The
for Re and Pd, respectively, with reference to €wnd d band of the surface Pd atom of the barg,PRe(0001)
(1.80/1.91 is the ratio of theM -H bond distance for Rd11) surface is similar to A(111) or Cu111), with ad band cen-
and R€0001). ter located 0.72 eV farther away from the Fermi energy as
Since the H & state is centered at about eV below the compared to monometallic PHL1). This shift of thed-band
Fermi energy, after interaction with tlspelectrons, the ratio away from the Fermi level also causes attenuation in the
DOS close to the Fermi level, consistent with the observation
Aspd)2 5—1.98,2 of Wu and Freemaftt The d band of the Rg, /Pd(111)
Aege

V&, 6.04/1.80,°
V3, 2.78\1.91

5-1.16 0.62. 3 surface, on the other hand, is only slightly different from that
of the Rd&000) surface and shows similar adsorption
strengths for the binding of atomic hydrogen. An attempt to
associate the hydrogen binding energy on the surfaces to the
DOS at the Fermi level reveals very little correlation be-

From Egs.(2) and(3), it follows that the ratio

Vg{e tween these parameters. The most important conclusion of
(Aege)? this study is that the more predominant control on atomic

V2 ~1.522<0.62=0.95 (4)  and molecular adsorption energies on surfaces is through
__Pd modifications in the location of the-band center for the
(Aepy)? surface.

is approximately equal to 1.0. This allows us to graph all the
Pd and Re surfaces on the same plot, for analysis using the
model of Ref. 13. We would like to thank Manos Mavrikaki€CAMP), Ole

In Fig. 7(b), we have plotted the hydrogen binding energyHolm Nielsen (CAMP), Jens Jgrgen Mgartensé@AMP),
as a function of thel-band center of the bare surfaces exam-Andrei RubanCAMP), and Robert DavisUVA) for helpful
ined here. Figure (b) clearly shows that as tttband center discussions. V. P. expresses his personal gratitude to Helle
is farther from the Fermi energy, the chemisorption ofWellejus and the people at CAMP for their kind hospitality
atomic hydrogen is weaker on the surface. Theand for  during his stay in Denmark. The present work was in part
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