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The surface structure of PéAg alloy and its alteration in the presence of atomic hydrogen have been studied
using density functional calculations onPghg«(111) k ~ 0.2) models. In the absence of an adsorbate,
silver atoms are found to segregate on the surface, in line with previous experimental observations under
vacuum conditions. At equilibrium, the surface is predicted to expose mainly Ag atoms. Isolated Pd atoms
incorporated in this Ag-rich layer appear to be slightly preferred over thelirters. Increasing the coverage

of adsorbed H atoms on the PAg substrate gradually suppresses surface segregation of silver, such that
migration of all surface Ag atoms into the subsurface region becomes favotablel @overage of~0.25

ML. For the latter structures, with solely Pd atoms in the surface layer and Ag atoms in the subsurface layer,
the propensity of H to be accommodated in interstitial sites below the surface layer essentially vanishes:
subsurface H atoms are predicted to be energetically driven to escape to the surface without an activation
barrier. These results might have strong implications in understanding the promoting role of Ag in selective
hydrogenation reactions over PAg catalysts. The presented adsorbate-induced resegregation in bimetallic
systems is a general concept applicable to a broad variety of catalytic systems and advanced materials.

1. Introduction However, the salient structural (and thus electronic) features
of Pd—Ag surfaces can be significantly changed in the presence
of adsorbates. For example, reverse (Pd) surface segregation
(by ~5% with respect to the bulk concentration) has been
reported on the high-hydrogen-pressure side ofsAgbs
membranes as measured ex situ by X-ray photoelectron
spectroscopy. Merely on the basis that PdH binding is
stronger than AgH binding, it has been suggested that
hydrogen available under acetylene hydrogenation conditions
affects the surface composition of PAg catalysts in favor of
increasing surface concentration of Pdhis, in turn, should

Bimetallic systems based on palladium with addition of silver
are widely used as selective hydrogenation catdlystand
membranes for hydrogen separatférKnowledge of the surface
composition of Pg_,Agy materials, particularly in the presence
of hydrogen, is crucial for elucidating reaction mechanisms on
these materials.

The composition of clean surfaces of disordered binary
Pd—«Agx alloys is known to differ significantly from that of
the bulk, because of the strong surface segregation of silver.

For instance, according to scanning tunneling microscopy (STM > )
g g g Py ( )be critical for the complex interplay between surface and

studies of a P, alloy single crystal annealed at 720 K, . .
SkAdosaalioy single cry subsurface hydrogen species, which are proposed to govern

only ~5% of atoms on the (111) surface are ®Pl. general, . . 314
segregation of one component in bimetallic systems appears toydrogenation reactions on Pd and- model catalysts®

be a very delicate phenomenon that depends on small variations DSPite its immediate importance in terms of reactivity, the
in structure, stoichiometry, and external conditions, as has €ffect of hydrogen on the surface structure of2q catalysts
recently been shown for PdZn alloys Recent first-principles 1S Not yet understood in detail at the microscopic level. The
theoretical studies have also corroborated and rationalized thePrésent DF study extends and deepens our knowledge of the
strong propensity of Ag41similarly to the other coinage metals ~ Surface structure of RdAgx materials, both clean and when
Cu and Aut! to segregate on the surface of binary alloys with intéracting with H, and focuses on the promoting role of Ag in
Pd. Density functional (DF) calculations on the thermodynamics Selective hydrogenation reactions over#q catalysts. More-

of the catalytic hydrogenation of acetylenethylene mixtures ~ OVEr, e propose resegregation in bimetallic materials caused
have been performed on simple models of-Rd alloy by the presence of reactants preferably interacting with one of
surfaces, including Pd(111), P#Ago24111), Pd sAgos(111), the components as a concept that, to the best of our knowledge,

and Ag(111), completely neglecting surface restructuring causedn@s not yet been well documented in the literature. This concept
by adsorbate3. is expected to be of general validity for various materials based

on bi- and polymetallic systems.
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Figure 1. Top view of the upper two layers of a four-layer slab ob4djs with the surface supercell (8 3), representing the (111) surface of
Pdi-xAgx (X = 0.2) materials of different local stoichiometry. (The edge and corner atoms of the supercell that are shown count only as one-half
and one-quarter atoms, respectively.) Models-Rsh/Pdi+/Ags-n are denoted by the compositions of the surface/subsurface layers; bating

the number of Ag atoms in the surface layer: (ay/Pdi(21)Ags, (b) Pd(11,12)Ag/PdAgi(21), (c) Pd(11,12)Ag/PdAgi(25), (d) Pd(11,15)Ag/
PdAgi(21), (e) Pd(11,15)Ag/PdAga(25), (f) Pd(11)Ag/Pd. In parentheses are the positions of the minority-type atoms in each of the layers,
according to the labels in the upper panel. Atomic spheres: light gray, Ag; dark gray, Pd. Also shown are total energy differences (italics, in kJ
mol~1) with respect to the least stable structure/PdiAgs (a).

structural changes in RgAgo.2 induced by its interaction with The local density approximation (LDA, VWN parametriza-
atomic hydrogen in which one of the central issues is determin- tion??) was utilized to optimize the structure. This approach
ing the propensity for subsurface hydrogen species to stabilize.yields accurate geometric (and vibrational spectroscopy) pa-

Finally, in section 4, we summarize our results. rameters, whereas generalized-gradient approximation (GGA)
_ _ improves binding energié%?* but often overestimates experi-
2. Computational Details and Models mental interatomic distances, especially for such heavy elements

as P> Thus, energies presented in the following were

DF calculations were performed with the Vienna ab initio -t . .
calculated for LDA-optimized geometries using GGA exchange-

simulation package (VASPY 1" The Kohn-Sham one-electron ; X ; X X .
wave functions were expanded in a basis of plane waves with correlation functional PW&% in a single-point manner. Dif-
cutoff value of 340 eV for the kinetic energy. The interaction ferenc_es o2 pm in dl_stancgs and:5 kJ mor= in _relat|ve
between atomic cores and valence electrons was described bynerg_les calculated using this approach are estimated to be
the projector augmented wave (PAW) meti&& The blocked meaningful.

Davidson approach was employed as the electronic minimization ~We considered the bimetallic substrate, RAgx with a Ag
algorithm. The Gaussian scheme with the smearing value of content ofx ~ 0.2. To facilitate comparison between the various
ksT = 0.2 eV was used to determine the occupancies at the substrate models under scrutiny, the supercell of each model
spin-restricted level; upon convergence of the electron density consisted of 28 Pd and 8 Ag atoms,,B&ls. Two limiting

for each single-point geometry, the total energy was extrapolatedsituations were studied: (i) complete absence of silver segrega-

to keT = O eV. For integration over the Brillouin zone of the tion, with the surface layer (L1) composed solely of Pd atoms
surface unit cell, we utilized a & 5 x 1 Monkhorst-Pack and the 8 Ag atoms of the unit cell located in the subsurface

grid of k points2° layer (L2), Pd/PdiAgs (Figure 1a), and (ii) complete silver
The Pd_,Ag,(111) surface was modeled as slabs containing segregation, with all Ag atoms in the surface layer,ARg/

four atomic layers. A 3< 3 supercell with nine Pe- Ag atoms ~ Pd (Figure 1f). Four models of the intermediate L1/L2

per atomic layer was chosen, allowing for the study of adsorbate Stoichiometry Pghgz/PcsAg: (Figure 1b-e) were also studied,

coverages as low déy ML. The vacuum spacing of1.2 nm as well as the reference systemefPdh with all L1/L2 atoms

was introduced to separate the periodically repeated slabs. Thé>eing Pd while the 8 Ag atoms were in the bottom layer (L4)

positions of the metal atoms in the two uppermost layers and, of the slab, most distant from the adsorbed H.

when applicable, of the H atoms were optimized using a  Only phenomena occurring on the ordered-RAgx(111)

conjugate gradient algorithm; two substrate layers at the bottom surfaces are addressed directly. Nevertheless, as is documented

of each slab were kept fixed at the experimental geometry in the following sections, adsorption (and reactivity) phenomena

corresponding to bulk Pd characterized by nearestHRtl on the bimetallic materials under scrutiny are governed by

distances of 275 prtt The adsorbed/interstitial H atoms were ensemble effects. Thus, qualitative results of this study are

placed on one side of the metal slabs. All Cartesian coordinatesexpected to be applicable to surfaces of less orderedAgd

of atoms included in the variation were optimized until the force samples, especially when the latter expose surface sites similar

acting on each atom was0.4 eV/nm. to those considered for the PgAgy(111) models.
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3. Surface Structure of PcgAgo(111) AE, kJ mol 30

.99
52 Ha | |

13 Ha+Hb n

3.1. Clean Substrate. The relative energies of several
conceivable structural arrangements of clean slabs formed by
the supercell PgAgs are listed in Figure 1. One should note
that, according to our topological analysis of the charge
density?” neither Pd nor Ag atoms acquire noticeable charge 260g
in Pd—Ag systems: surrounding a Pd atom with Ag atoms

49 Ha+ Hb + Hc h193
results in minor (if any) electron depletion of the former, limited
to ~0.05e. Thus, a significant negative binding energy shift of

117 Ha+ Hb # He + Hd b
225
—0.7 eV, measured by X-ray photoelectron spectroscopy for

Ag 3d core level in PetAg alloys as compared to pure A#?28:29 Figure 2. Sketches of the upper two layers of B&gs substrate slab

- models, in which all Ag atoms (gray spheres) are located either in the
should probably be assigned to effects other thanAgicharge subsurface layer, REPAAgs (left panel), or in the surface layer,

transfer? PdAgs/Pd (right panel). Four 3-fold-hollow positions of adsorbed
The least stable (at 0 K) model under scrutiny was found to atoms H are labeled-ad, and the calculated adsorption energies of

be that with no Ag atoms in the topmost surface layer/ Pd atomic H on these sites (in kJ mé] eventually in the presence of

PdiAgs (Figure 1a). Displacement of all eight Ag atoms from other coadsorbed H atoms) are shown. Also shown are total energy

th bsurf | to th £ | ltina in th d Idih‘erences (in kJ mot; negative signs indicate stabilization in the
€ subsuriace layer 1o the surtace layer, resulting in the moael ;e ction of the arrow) between the adsorption complexes with the same

PdAgs/Pd (Figure 1f), is accompanied by stabilization-e£00 number of H atoms on these two substrate models.
kJ molt (~12 kJ moi?® per Ag atom). Intermediate models

with seven surface and one subsurface Ag atom%@d:)c%_ surface that are-25 pm h|gher than the Ag atoms must therefore
Ag: (Figure 1b-e), are destabilized with respect to,Rdg/ be assigned to electronic effects of STM imaging.
Pdy by 14-19 kJ mof?. This is similar to findings from 3.2. Interactions with Hydrogen. Atomic H is known to be

previous theoreticé1131and experimentéktudies on different ~ Present on PdAg catalysts under hydrogenation reaction

alloy compositions, and the propensity of the silver component conditions. At low coverage, on clean (111) surfaces of both
to segregate on the surface ofoBAigo» material is therefore Pd(111) and Ag(lll), atom]c His preferentlally adsorbed. on
evident. However, as mentioned previously, the thermodynamic 3-fold-hollow sites, but the interaction (DF PW91 data) with

driving force for the segregation of Ag in Pd is rather modést, Pd(111),~270 kJ mot™,*® is notably stronger than that with

which makes the efficient counteracting of the segregation underAg(}ll_l), ~200 kJ mof*34 This energy difference of 70 kJ
certain reaction conditions likely (see below). mol~! is comparable to the energy release accompanying the

No detailed theoretical information on the microscopic picture i;aglgi?t?]té??ngisni\ﬁrrn%ﬂ égtihsautrfgﬁ%% ot aglliilllgéﬂs\g(sgﬁ rflzgg;e
ot : : . ’ , = X ’
Zf t?:as\g:gglr: iint?\glﬁttgr%:ﬂ?g (Ijrf1 SSU;ECSUS;(Z %);:;;ed by Pd atomic H more favorably interacts with those sites that are
g!s aval ' oinJo.33 formed by as many Pd atoms as possible and avoids sites mainly
no indication of the presence of a second metal component (Pd)

o AL built of Ag atoms. Therefore, significant surface restructuring
was found at the equilibrated (100) surf&cEhe equilibration :
of PtheAGesd111) crystals at 820 K resulted in a surface of Pd-xAgx materials should be expected to accompany

i f onlv~5% Pd. and helmi orit increased coverage of adsorbed H.
compasition of only~>% d, and an overwheiming majority Our results, presented in Figure 2, corroborate this assumption
of palladium atoms on the surface formed isolated sites, i.e.

. . ' and quantify some details of such hydrogen-induced restructur-
were entirely surrounded by silver atofm$here, the trend to d ty yarog

L . . ,ing. We chose two models of Rghgo A111) substrate that were
build smgle surface Pd sites was enhanced, and that to buIIO'considered in the previous section: the least stable system with
double sites (two nearest Pd atoms) was reduced compared Q0 Ag atoms in the surface layer, JRidiAgs, and the most

what is expected from a random distribution of surface atoms; stable system, RAgg/Pd, in which all eight Ag atoms are on
almost no sites with three nearest Pd neighbors (triplg), were the surface. We increased the hydrogen coverégedn each

identified® Our calculated results (Figure i) corroborate ¢ these two models by subsequent occupation by H of the
thesé and other simila®32 experimental findings. Indeed, following hollow adsorption sites (see Figure 2): a

among the Pghg7/PdsAg; models studied, those with two single (On =Yg ML), a+ b (O = Zs ML), a + b + ¢ (O = Y3 ML),
Pd atoms, Pd(11) and Pd(15), in the surface layer etRgh - and a+ b+ ¢+ d (04 = ¥ ML). Then, for eactdy value, we
(111) (Figure 1d,e) were found to be-8 kJ mol more stable 5 ynared the total energies of the adsorption systems on the
than the congeners exposing one; Ruir, Pd(11)-Pd(12) Pdy/PdiAgs and PdAgs/Pd, slab models (left and right panels
(Figure 1b,c). However, the preference for RBites over Pg of Figure 2, respectively); the energy differences (“reaction
sites appears to be small enough to suggest that the overalppergies”, in kJ mott) are shown at the arrow connecting the
energetic balance can be qualitatively affected by modifying 4o panels.
external conditions or by going from flat (111) terraces 0 Thege results deserve a closer look. The first issue is how
surface irregularities, which are abundant on the surfaces ofye adsorption energy values of H on the bimetallic substrate
bimetallic nanoparticle¥® Thus, the presence of pPdites on compare to those on clean Pd(111) and Ag(111). When the
the Pd-Ag surface should not be completely neglected when ypper Jayer of the most stable 3-fold-hollow adsorption sites of
interpreting experimental data, in contrast to the much rarer PchsAdoA111) is completely built of Pd atoms, Psites, the
surface Pglensembles. calculated adsorption energy of H, 270 kJ miFigure 2, left

All PdogAgox(111) models under study showed that the panel, sites a and b), remains essentially the same as on clean
surface Ag atoms are located higher than the surrounding PdPd(111)3 Increasing the coverage of H further (Figure 2, left
atoms, by~10 pm on average. This agrees with a simple panel, sites ¢ and d) reduces the adsorption energy ¢sited
consideration of the atomic radii of the metals, as that of Ag is very slightly, by only 10 and 19 kJ mol, respectively. This is
larger than that of Pd (144.5 vs 137.6 pm). The fact that STM a nice illustration of a more general observation in which the
studie$ revealed isolated Pd atoms on theyPAgo3{111) so-called ensemble eff@e€® basically defines properties of
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bimetallic surfaces; in other words, only the structure and TABLE 1: Calculated Distances and Relative Energies

composition of the nearest part of adsorption sites are crucial Characterizing H Atoms Adsorbed on fcc or hep Sites of
for interaction with these sité&337-39 Switching to the right ~ [CU-Layer Slabs of PdsAgs with Various Compositions of

. : . the Layers or in Interstitial oss or tss Sites between the
panel of Figure 2, one finds that the calculated adsorption syrface/Subsurface Layers L1/L2

energies of H with the sites that include one surface Pd atom,

PdAg (sites a and b), 225 and 230 kJ mblare almost equal position HH__':,%((Lle))/ H-Ag %331 %332 AEas s
to each other and intermediate between the values on Pd(111) of Hb (pm) (em)  (pm) (pm) (kJ molY)
and Ag(111). However, when H is ad;orbed on sites that expose L1/L2 = PAAgIPG
a Ags surface fragment, the adsorption energy becom_es VerY fcc(Agy/Pdy) 187 98
close to that on clean Ag(11%j,198 kJ mot? (site c), or just 0ss(Ag/Pd) 175 236 —167 60 —17
slightly smaller, 193 kJ mot (site d), which is partly due to fcc(PAAQ2/Pd) 168 197 94
lateral H-H interactions. Thus, the ensemble effect is again ﬁzs((igjgég’ob) 189/179 1%%7 _1136% 87 15
the decisive facto.r for. rationalizing the calculated data. tssFZAg/Pdl) 166 182 —74 166 24

The next question is how adsorbed hydrogen atoms affect hep(PdAg,/Pd) 168 200 926
the relative stabilities of various surface structures of the Pd  tss(PdAg./Pd;) 167/169 187 —63 169 40
Ag substrate. We saw in the previous subsection that, in the ][-1/(|-PZJPZC)UP% 180 50

H CC

case of the clegn B@AgoA(111) surface, the mpdel V\{IFh Ag 0ss(PIPd) 1821217 _80 148 35
atoms located in the topmost layer,;Rds/P, is stabilized hep(Pa/Pdh) 180 79
by 99 kJ mot?! compared to the “unsegregated” modek/Pd tss(Pd/Pdh) 174/188 —38 188 27
PdiAgs. When adsorption site a on each of these two slab models L1/L2 = Pdy/PdiAgs
is occupied lg a H atom, the overall energy preference of H  hcp(Pd/Pd;) 179 78
PdAge/Pdy over H/Pd/PdiAgs decreases to 52 kJ mdl }SS(Pd/Pdl) 176/183 —45 176 27
(Figure 2). Adsorption of one more atom, now on b sites, makes (fscégjcgﬁgz))c 378 7_3 _
the (H, + Hy)/PdiAge/Pdh system just 13 kJ mot more stable hcp(Pd/Ag:) 179 75 _

than (H + Hp)/Pd/PdiAgs. A further increase of H coverage,  tss(Pd/Agi)© - -
modeled by the occupation of c sites, results in the reverse , :

S . ’ . H—X(Ln), where X is the nearest Pd/Ag atom of layer £ 1, 2,
stability: adsorption system ¢H- Hp + Hc)/Pd/PchAgs with average interatomic distancz ,(H), height of H over (positive sign)
Ag atoms in the subsurface layer of the bimetallic substrate or under (negative sign) the average vertical position of substrate atoms
becomes 49 kJ mol more stable than the “segregated’s(H in the layer Ln; AEsy—subs Migration energy of a single H atom from
Hp + Ho)/PdiAge/Pdy system (Figure 2). This trend of relative @ position on the surface down into the corresponding subsurface
stabilization of the PgPdiAgs slab over PgAgg/Pds, because  Position (positive sign implies endothermic procesh).= /s ML.

. . b Defined as the position of H in the starting geometry for optimization.
of the greater amounts of adsorbed H, is continued for the Such notations as fcc(PAG,/Pcs) and oss(Pehg,/Pds) mean that the

systems with H+ Hp + He + Hq adsorbates. From this series  f.c adsorption site and octahedral subsurface (0ss) site, respectively,
of relative energies, one can conclude that adsorbed hydrogenare formed of one Pd and two Ag atoms in the surface layer and three
definitely favors stabilization of PdAg structures with Pd-rich Pd atoms in the subsurface layétinstable; optimization of the
surfaces and Ag-rich cores, which is proposed to be advanta-subsurface structure resulted in spontaneous displacement of H to the
geous for catalytic performané2indeed, such a low hydrogen adsorption position on the surface without activation barrier.
coverage as~Y, ML already appears to be sufficient to
counteract the thermodynamic driving force for the segregation
of Ag on the PdsAgoA111) surface. It is also worth emphasiz-
ing that the energetic balance just discussed is essentially
quantitatively rationalized in terms of the adsorption energies
of hydrogen (and the differences between them) on various sites
as defined by the exposed surface ensembles. The predicte
surface segregation of Pd in the Htmosphere seems to be
rapid under real reaction conditions 350 K), as the activation

(Ags/Pds) adsorption site exposing surface ensemble &g
energetically destabilized by 17 kJ méwhen accommodating
one H atom per supercell, compared to the case when the H
atom is located in the octahedral subsurface (oss) hole lying
below. Thus, H can be stored in the subsurface in the og5(Ag
@) interstitial positions. However, if just one of these three
urface Ag atoms is substituted by Pd, migration of the H atom
from fcc(PdAQ./Pds) to oss(PdAg./Pds) sites becomes unfa-
- . vorable by 15 kJ mott. This value should be compared to the
barrfrmfor the PeAg place exchange is rather low50 ki 35 kJ mot® (Table 1) calculated for fce> oss displacement of
mol™=. ) o o _ Hin Pdy/Pd; sites, which was modeled by a dfdy slab with
The last issue to be addressed in this article is the propensityy| Ag atoms in the bottom layer; DF calculations for a$d
of Pd—Ag structures to stabilize subsurface atomic H. This is nanocluster give 50 kJ mol.41 Therefore, the thermodynamic
importgnt in light of the.observation that the complete (and driving force for H to migrate into oss sites on Ag-rich-Palg
undesirable) hydrogenation of acetylene to ethane onAgd  gyrfaces seems to be even stronger than that on pure Pd. As for
catalysts is enhanced in the presence of subsurface hydidgen. the hep— tss (tetrahedral subsurface site) migration channel,

Thus, to suppress full hydrogenation and increase selectivity to o results for the Ag-rich model of the Pég surface are
ethylene, formation of subsurface H needs to be hindered. Wequantitatively similar to those for the model of pure Pd.

examined whether PeAg materials with Pd-rich surfaces and * \what happens with the accommodation of the H subsurface
Ag-rich cores, corresponding to the JRihAgs model thatis  in the case of Pd-rich PeAg surfaces, which we propose to
stabilized by moderate coverage of adsorbed H (vide supra),pe representative a4 > Y4 ML (0 K), appears to be even
suppress the formation of subsurface H. more interesting. The H(hcp)> H(tss) structural parameters

Our results for surface/subsurface migration of H calculated and energetic balance for the Rl sites of the PgIPcdiAgg
for the three models RAgs/Pdy, Pdy/Pd, and Pd/PdiAgs at model are computed to be very close to the corresponding values
the coveragéy = /9 ML are presented in Table 1. We first  for these sites on pure Pd d, model). However, the number
consider the Pg\gg/Pdy model, representative of a clean of these sites in the BPdiAgs model is low, and it remains to
segregated R@Ago A111) surface, at low H coverage. The fcc- be examined whether the increase of H coverage on Pd-rich
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