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Motivated by a recent detailed experimental study [Y. Ma et al., Phys. Chem. Chem. Phys. 13,
10741 (2011)], the structure and local reactivity of PdAg/Pd(111) surface alloys were studied using
periodic density functional theory calculations. As a probe of the local reactivity, CO adsorption en-
ergies were evaluated as a function of concentration and configuration of silver and palladium atoms
and the CO coverage and related to the underlying electronic structure. According to the calcula-
tions, the formation of PdAg/Pd(111) surface alloys is found to be energetically stable. We find in
accordance with the experiment that the adsorption on the surface alloy is dominated by ensemble
effects, whereas electronic ligand and strain effects effectively cancel each other. Furthermore, we
elucidate the mechanism of CO adsorption on small Pd ensembles upon higher exposures.

I. INTRODUCTION

In the search for better catalyst materials in heteroge-
neous and electro-catalysis it has been noticed that cata-
lysts composed by a combination of two metals offer dif-
ferent, and often higher, reactivity and selectivity than
the pure components. [1-7] Different possible reactivity
trends as a function of composition and concentration
for a bimetallic surface can be obtained depending on
the particular species forming the bimetallic system. For
example, PdCu systems can show intermediate proper-
ties between those of the pure components as far as the
interaction with adsorbates is concerned, [8-10] while for
systems such as PtRu [11, 12] or PdAu [13-15] the ad-
sorption properties are beyond those of the pure compo-
nents.

In bimetallic catalysts, not only the size and shape of
the metal nanoparticles are important parameters, but
also the distribution of the two metals, which may de-
pend sensitively also on their mixing ratio. The two
components may either be more or less homogeneously
distributed throughout the nanoparticle (bulk alloys), or
a core of a specific composition is covered by a shell of a
different composition [16, 17] . As a limiting case, core
or shell may only exist of a single component.

Often a non-linear variation of the reactivity and selec-
tivity is observed upon changes in the relative composi-
tion and distribution of the metal species in a bimetallic
structure which is a result of having various simultane-
ous competing effects being operative, namely electronic
ligand, strain and ensemble effects. [3, 18-27] Ideally,
through an understanding of these various effects [28]
a desired reactivity and selectivity may be obtained by
deliberately tuning the composition and distribution of
the components.
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Because of the largely unknown vertical and lateral
distribution of the two components in the catalytically
active nanoparticles, which hinders a systematic under-
standing of their chemical and catalytic surface proper-
ties, structurally well defined planar model systems have
found increasing interest [13, 15, 17, 29]. Such model
systems include, e.g., pseudomorphic overlayers of one
metal atom species deposited on a substrate formed by
the other metal atom species, surface alloys or bulk al-
loys [30].

In the present paper, we report results of a theoretical
study, based on density functional theory calculations, on
the energetics and chemical properties of bimetallic PdAg
surfaces, using adsorption of CO as a probe of the local
reactivity. Bimetallic PdAg catalysts have been used for
reactions such as the oxidative dimerization of methane
to ethane [31]. In order to contribute to an understanding
of the catalytic activity of these bimetallic systems, CO
adsorption on monolayer PdAg/Pd(111) surface alloys
has recently been studied by Ma et al. et al. [32, 33] using
temperature-programmed desorption (TPD), X-ray pho-
toelectron spectroscopy (XPS) and high-resolution elec-
tron energy loss spectroscopy (HREELS). Furthermore, a
detailed STM study revealed that on these surface alloys
the Pd and Ag surface atoms are almost randomly dis-
tributed in the topmost bimetallic layer [34]. Concerning
the interaction of CO with the surface, it was observed
that 1) CO adsorption is not possible on Ag sites of the
surface alloys for temperatures above 120 K, that ii) CO
binding strength decreases significantly with increasing
Ag concentration, and that iii) trends in CO adsorption
energies seem to be dominated by ensemble effects, i.e.,
CO will preferentially adsorb on atomic groups with a
certain size. We note that the important role of ensemble
effects has also been observed in the oxygen adsorption
on PdAg surface alloys [35].

The unfavorable CO adsorption on silver above 120 K
could be rationalized with the noble nature of this metal.
As far as the local reactivity of the Pd atoms is con-
cerned, two competing effects are operative which have
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for example also been identified for CO adsorption on
PdAu/Au(111) [28, 36] and PtAu/Au(111) [37, 38] sur-
face alloys. Exchanging Pd by Ag atoms in a PdAg sur-
face alloy induces compressive strain because of the larger
size of the Ag atoms. This compressive strain leads to a
downshift of the d-band resulting in a weaker interaction
with adsorbates [26, 39]. On the other hand, exchang-
ing Pd atoms by Ag atoms in a Pd surface layer or in a
PdAg surface alloy also increases the number of noble Ag
atoms interacting more weakly with the Pd atoms. This
(lateral) ligand effect causes an upshift of the d-band and
a stronger interaction with adsorbates. [14, 25]

Following the experimental approach [32, 33] we have
studied CO adsorption on various PdAg/Pd(111) sur-
face alloys. As in the experimental study, we use the
adsorption energy of CO as a probe of the local reactiv-
ity. By relating the calculated adsorption energies to the
underlying geometric and electronic structure, we try to
rationalize the results. Since it has been observed that
trends in CO adsorption on PdAg/Pd(111) are affected
by the size of Pd ensembles in the surface alloy, a sig-
nificant part of this study will focus on the analysis of
this effect. Finally, in response to the experimental ob-
servation of modified CO adsorption energies on Pd sur-
face atoms after deposition of larger amounts of Ag (> 1
monolayer), where population of subsurface sites by Ag is
plausible, we also investigated PdAg surface alloys with 1
or 2 Ag layers underneath. The results of this study will
not only be relevant for the understanding of reactions
in heterogeneous catalysis, but also in electrocatalysis
where bimetallic electrodes are often employed [40-43].

The remaining paper is organized into four sections:
In Sec. II, we describe the relevant computational de-
tails. In Sec. III, we present a study of the Ag/Pd(111)
pseudomorphic overlayers and the PdAg/Pd(111) surface
alloys. In Sec. IV we investigate the CO adsorption on
the PdAg/Pd(111) surface alloys. Conclusions are pre-
sented in Sec. V.

II. COMPUTATIONAL DETAILS

Plane-wave DFT calculations have been performed us-
ing version 4.6 of the VASP code, [44] together with
the Perdew-Burke-Ernzerhof (PBE) [45] and revised-
PBE (RPBE) [46] exchange-correlation functionals. The
ionic cores are represented by projector augmented wave
(PAW) potentials [47] as constructed by Kresse and Jou-
bert. [48, 49] The electronic one-particle wave functions
are expanded in a plane-wave basis set up to a cutoff
energy of 400 eV.

First, the bulk energy (E}) and bulk lattice parameter
(dp) were computed using a FCC unit cell and a 11 x
11 x 11 T'-centered k-point grid. Values obtained using
PBE/PAW for the bulk lattice parameter are 3.95 A and
4.17 A for Pd and Ag, respectively. These are in close
agreement with the experimental values of 3.8898 A and
4.0862 A. [50] This yields nearest-neighbor distances dy =

FIG. 1. TIllustration of the unit cells used to represent the
surface structures. Left: (1 x 1), Center: R30°(v/3 x v/3).
Right: (3 x 3), mainly used to model the different Pd ensem-
bles in PdAg/Pd(111) surface alloys.

Y24, of 2.80 A and 2.95 A for Pd(111) and Ag(111),
respectively, which in the following we denote as surface
lattice parameters.

The bimetallic surfaces are represented by periodic
slabs consisting of five monolayers. The vertical height of
the three-dimensional uint cell has been set to an integer
number of the surface lattice parameter, 7ds, which al-
lows us to have a separation between slabs close to 10 A
in all cases. Geometry optimization of the various sur-
face configurations has been carried out keeping the two
bottom Pd(111) layers fixed at their corresponding bulk
positions while the three upper layers are fully relaxed.

Preliminary performance tests were performed using
asymmetric and symmetric slabs, in order to choose the
most reliable and efficient method to model the surfaces.
Asymmetric slabs with five to ten layers were used with
relaxation of the three upper layers. Symmetric slabs
with eight to ten layers were also investigated, relaxing
the three external layers at each side of the slab. The
vertical size of the unit cell has been chosen large enough
in order to guarantee vacuum separation not smaller than
10 A in all cases.

Additional DFT calculations have been done using
numbered atomic orbital (NAQO) basis sets within the
AIMS code, [51] and the PBE and RPBE exchange-
correlation functionals. Using these basis sets allows for
dealing with a larger vacuum between slabs, without sig-
nificantly increasing the computing time. In this case, a
unit cell height of 15d; was used. Since results obtained
with the NAO basis sets closely resemble those obtained
using plane wave basis sets for the same functionals, as
we will demonstrate for the surface energies of the pure
Pd(111) and Ag(111) surfaces, we report for the remain-
ing values only those results obtained using plane wave
basis sets within the VASP code.

Three different surface unit cells (shown in Fig. 1) are
used to represent the surfaces: (1 x 1), (V3 x \/§)R30°
and (3 x 3). Surfaces are visualized using the Visual
Molecular Dynamics (VMD) program. [52]

Geometry optimizations were performed using differ-
ent I'-centered k-point grids in dependence on the size of
the unit cell in order to have equivalent geometry con-
ditions, i.e., a 3 X 3 X 1 k-point grid for the largest unit
cell, a 5 x 5 x 1 k-point grid for the intermediate one,
and a 9 X 9 x 1 k-point grid for the smallest one. For
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FIG. 2. Surface energies in meV/A? for Pd(111) and Ag(111).
Asymmetric and symmetric slabs with different number of
layers at the PBE/PAW level of theory. For asymmetric slabs
three layers are relaxed at one side. For symmetric slabs three
layers are relaxed at each side.

computing local density of states, a 9 x 9 x 1 k-point grid
was employed.

For the various structures studied here we use the fol-
lowing notation: Ag,r/Pd(111) denotes a structure with
n pseudomorphic silver overlayers above the Pd(111) sub-
strate, PdAg/Pd(111) denotes a surface alloy at the top-
most layer, and PdAg/Ag,,;,/Pd(111) denotes a structure
with a surface alloy at the topmost overlayer and n pseu-
domorphic silver layers underneath. In the case of a sur-
face alloy, a certain number of silver atoms at the topmost
pseudomorphic silver overlayer of a Agg, 1y, /Pd(111)
structure are replaced by palladium atoms.

III. SILVER/PALLADIUM BIMETALLIC
SURFACE ALLOYS

A. Pd(111) and Ag(111) surfaces

Surface energies (Fg) are evaluated as follows:

1

ES:ﬂ

(Eslab - NPdEdeul,k - NAgEAgbulk) ’ (1)

where Eg,p is the total energy for the slab (in eV) per
unit cell. FEpq,,, and Eag, . are the palladium and
silver bulk energies, respectively (in eV /atom). Npq and
Nag denote the number of atoms of each species in the
unit cell, and A is the area of the surface unit cell in A2.

In order to check the optimum slab size, we performed
test calculations using various asymmetric and symmet-
ric slabs as described in Sec. II. Figure 1 shows surface
energies for pure Pd(111) and Ag(111) surfaces at differ-
ent slab sizes.

Ag(111) exhibits a faster convergence of the surface en-
ergy as a function of the number of layers than Pd(111).

In addition, an odd-even oscillation is observed in the
surface energy values for silver as a function of the num-
ber of layers. Using a symmetric slab leads to a reduction
of the surface energy by ~ 9 meV/A? for palladium and
by ~ 6 meV/ A2 for silver with respect to the asymmet-
ric slab. This is simply a consequence of the relaxation
of the other surface.

We note that similar trends in the adsorption energy
as a function of slab thickness have also been reported
by Singh-Miller and Marzari [53]. In the following, for
the sake of the computational effort we have used a slab
thickness of 5 layers for all considered bimetallic systems
although for Pd(111) the surface energy is not converged
at this number of layers. However, as we are mainly
interested in trends in the local reactivity as a function
of the composition of the surface alloys, five-layer slabs
appear to be sufficient.

Table I shows the main results using the PBE and
RPBE functionals with two different basis sets for the
pure Pd(111) and Ag(111) surfaces. PBE/PAW and
PBE/NAO correspond to computations performed using
the VASP and AIMS codes, respectively. Here five-layer
asymmetric slabs were employed relaxing the three upper
layers. It is worth to notice that for the PBE functional
both type of basis sets used lead to rather similar results.
The same occurs for the RPBE functional. Although the
energy values calculated using RPBE are smaller that
those using PBE, the trends in the values are similar in-
dependent of the choice of the basis set.

Note that we report surface energies for asymmetric
slabs where the surface atoms have only been relaxed
at one side of the slabs. These surface energies can not
be directly compared to experimental values since they
correspond to the mean value of the surface energies of
the relaxed side of the slab and the unrelaxed side of the
slab. Additionally, a large uncertainty is associated to
this kind of experiments. Still, we report the computed
energies together with experimental surface energy val-
ues reported by Mezey and Gibel, [54] in order to derive
trends among the considered bimetallic structures. We
obtained theoretical surface energies that are about 0.4

TABLE 1. Surface energies for 5-layer asymmetric Pd(111)
and Ag(111) slabs. The experimental values are extrapo-
lated to different temperatures (To/Tq/ Ty for zero, room
and melting temperature, respectively). All values are in

meV /A2,

Pd(111) Ag(111)
PBE/PAW 84.6 47.6
PBE/NAO 83.0 48.3
RPBE/PAW 71.0 35.6
RPBE/NAO 69.6 36.2
Experimental®
(To/Ta/Tm) 135.7/127.5/85.9 85.9/81.3/65.3

& Reference 54.



to 0.6 times the value of the corresponding experimental
values extrapolated at T=0 (see Table I).

B. Ag/Pd(111) pseudomorphic overlayers

Next, we have computed surface energies for the pure
monoatomic surfaces and for Ag,/Pd(111) surfaces
with n silver pseudomorphic overlayers (n =1, 2, or 3)
for asymmetric slabs. Note again that thus the surface
energy corresponds to the mean value of a relaxed and
a unrelaxed surface. However, in this way the surface
energies can be compared to the energy cost of creat-
ing a Ag/Pd(111) interface. Additionally to the surface
energies, we analyze the enthalpies of formation for the
surfaces compared to a Pd(111) surface, i.e., the enthalpy
change associated with the formation of a Ag,,r,/Pd(111)
bimetallic surface with respect to the clean Pd(111) sur-
face and a silver bulk reservoir.

The enthalpies of formation (AH) are calculated ac-
cording to Barabash et al. [55] as follows:

AH = Epq,_, Ag,/Pd111) — Epaai1) — 2(Eag — Epa),

(2)
where Epd(lfm)Agw/pd(nl) and Epq(111) are the total en-
ergy per surface atom of the Pd(;_;)Ag,/Pd(111) slab
and the pure Pd(111) slab, respectively. Ea, and Epq
correspond to the bulk energy of silver and palladium,
respectively. x denotes the relative amount of palladium
atoms replaced by silver atoms at the surface. In this
sense, the enthalpy of formation is the energy difference
between the final PdAg/Pd(111) surface and the pure
Pd(111) surface after replacing some palladium atoms
by silver atoms from a bulk reservoir. [37]

Table II shows both sets of values calculated using
PBE/PAW. Surface energies for the bimetallic surfaces
have intermediate values between the pure silver and pure
palladium surfaces as might be expected since they have
both a Pd and a Ag termination. However, the relation
is not linear.

Interpreting the results collected in Table II, it is first
important to note that the surface energy of the pure
Pd slab is higher than the surface energy of the pure Ag
slab. This is a consequence of the higher cohesive en-
ergy of Pd which makes it more costly to cleave a Pd
crystal. [56] The difference in surface energies between
the Agsr/Pdor and the Agsy, slab is just a consequence
of the mismatch between the lattice parameters of the
Pd(111) and Ag(111) surfaces of about 0.15 A that in-
duces a lateral contraction of the silver layers with the
lateral Pd lattice constant by ~ 5%.

The surface energy of the Ag;y/Pdyr pseudomorphic
overlayer system of 63.6 meV/ A2, however, is lower than
the average between the pure Pd and Ag slab with the
Pd lattice constant, and it is even lower than the sur-
face energy for the pure Ag slab with the Pd lattice con-
stant. This shows that the energy to create a Pd termi-
nation is overcompensated by the energy gain of creating
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a Ag/Pd interface indicating the presence of a relatively
strong ligand effect between Ag and Pd. This attrac-
tive interaction is also reflected in the negative enthalpy
of formation of the Agy,/Pdyy, slab which demonstrates
that the pseudomorphic overlayer is thermodynamically
stable with respect to the formation of a pure Pd(111)
surface and bulk Ag [2] in spite of the contraction of the
Ag-Ag distance by ~ 5%. Note, however, that every sur-
face is under tensile strain since the lower coordination of
surface atoms compared to bulk atoms leads to a stronger
metal-metal binding. [39]

This coordination effect is no longer operative for
second- and third-layer atoms. As a consequence, the
surface energies increase and the formation enthalpies
decrease for the Agor /Pdys, and Agsy /Pdyy, slabs com-
pared to the Agiy/Pdyr slab since the number of Ag
atoms under compressive strain increases for a larger
number of pseudomorphic Ag layers on Pd(111). Note
that still the formation energy is negative indicating
stability with respect to Ag segregation, however, it is
strongly reduced compared to the case of just one Ag
overlayer. These results are also consistent with exper-
imental findings that show differences in the structure
of a first and a second silver layer on Pd(111). Eisenhut
et al. [57], doing low-energy-electron-diffraction measure-
ments, found that only one silver layer grows pseudomor-
phically on Pd(111) whereas a second silver layer already
adopts a lattice constant close to the one of bulk Ag. It
has been shown, however, in another study [58] that for
Ag/Pt(111) this relaxation can be overcome by anneal-
ing.

C. Pdi_,Ag,/Pd(111) surface alloys

Experimentally, a PdAg/Pd(111) surface alloy is cre-
ated by depositing Ag atoms on Pd(111), and by subse-
quent annealing of the whole mixed surface. [33, 59] This

TABLE II. Surface energies (Es) and enthalpies of forma-
tion (AH) for pure Pd(111) and Ag(111) surfaces and for
Ag,r/Pd(111) pseudomorphic overlayers, varying the number
of silver layers. Surface energies in meV/ A? and enthalpies of
formation in eV. Agsr /Pdor denotes the pure Ag(111) surface
keeping the lateral lattice parameter of palladium whereas
Agsr denotes the pure Ag(111) surface with the Ag lattice
parameter.

PBE/PAW
Es AH

Pds. 84.6 0.00
Agir/Pdar 63.6 —0.28
Agor /Pdsr 70.7 —-0.19
Agsr,/Pdar 72.4 —-0.17
Agsr/Pdor 66.4 -0.25
Agsr 47.6 -




FIG. 3. Considered geometries for the PdAg/Pd(111) surface
alloys, in which the alloy is at the topmost layer and all un-
derneath layers are composed of palladium. The palladium
ensembles correspond to groups of 1, 2, 3 or 4 atoms.

results in a substitution of silver atoms at the topmost
layer by palladium atoms. Even if the distribution of
these substitute atoms is quite random for certain cover-
ages, ensembles with different sizes can be differentiated
using STM. [32, 34]

We have evaluated the surface energies and their rela-
tive stability for surface alloys with Pd;, Pds, Pds, and
Pd4 ensembles at the topmost layer within a (3x3) geom-
etry. An illustration of the considered ensembles is shown
in Fig. 3 for the various PdAg/Pd(111) configurations:
and PdyAgs/Pd(111).

These configurations are the result of substituting 8,
7, 6, or 5 palladium atoms by silver atoms at the pure
Pd(111) surface within the (3x3) unit cell. Or conversely,
to the substitution of 1, 2, 3, or 4 silver atoms by pal-
ladium atoms at the pseudomorphic silver monolayer of
the Ag/Pd(111) system represented with the same unit
cell. We also have considered less compact Pd ensem-
bles, but the minimum energy configurations were found
to have the most compact structures, i.e. a triangle for
Pds and a rhombus for Pdy. Since every particular en-
semble is computed using the same (3 x 3) unit cell, the
corresponding palladium coverage (0pg) varies from 1/9
up to 4/9.

Results for the surface energies and enthalpies of for-
mation are summarized in Table III. For the sake of com-
pleteness, we also include the results for PdAg surface
alloys on Ag;r/Pdsr and Agoy/Pdyr slabs in order to
analyze the Pd-Ag interaction. For the first case in that
table, the PdAg surface alloy on Pd(111), the surface en-
ergy increases steadily by increasing the Pd content and
ensemble size. However, the increase is smaller for low
contents (small ensembles) than for the larger Pd con-
tents (larger Pd ensembles), indicating a non-zero ensem-
ble size effect in the surface energy per Pd surface atom.
A comparable behaviour is observed for the formation

enthalpy, which decreases for a larger Pd contents. Note
that experimentally an overall random distribution of the
surface atoms is observed, with a slight tendency to clus-
ter formation for low silver concentration (below 45%),
a complete random distribution from 50% to 65%, and
a slight preference for unlike nearest neighbors when the
Ag concentration is above 75%. [32] The nearly linear re-
lationship of the surface alloy enthalpy of formation with
the substitution ratio for the PdAg/Pdyy, structures is
consistent with this experimental observation since it in-
dicates that there is no significant preference for neither
like nor unlike atom pairs in the surface alloy.

As already mentioned above, the replacement of a Pd
termination by a Ag termination together with the fa-
vorable Pd-Ag interaction makes the Ag monolayer on
Pd(111) to the most stable structure. Note that for
Pt(i_gz)Aug/Au(111) surface alloys, a qualitatively op-
posite trend in the surface alloy formation enthalpies has
been observed [37, 38]: because of the larger cohesive en-
ergy of Pt than of Au, the PtAu surface alloy formation
on Au(111) is energetically not stable with respect to the
segregation of Pt bulk.

Interestingly enough, if a silver layer is added as the
subsurface layer, the trends in the surface energies and
enthalpies of formation are inverted. A second underlying
silver layer, as in PdAg/Agsr, /Pdar,, however, leads to a
more or less uniform surface energy and enthalpy values.
To analyze these trends in more detail, the enthalpies of
formation are plotted in Fig. 4 as a function of the Ag
content in the uppermost layer, where also a lower silver
content of 1/3 in a (3 x 3) unit cell has been included.

Comparing the stability of the PdAg/Ag; /Pdsy, sur-
face alloys with those of the PdAg/Agyr, /Pday, surface
alloys, the differences are also easy to understand: The
existence of an additional compressed Ag layer makes the
PdAg/Agsr, /Pday, surface alloys less stable than the cor-
responding PdAg/Ag; 1, /Pdsy, surface alloys with respect
to segregation into the pure metals. The most interest-
ing finding, however, is the fact that for intermediate Ag
concentration in the surface alloy the formation of the
PdAg/Agy1/Pdsy, surface alloy is more favorable than

TABLE III. Surface energies in meV/A? (upper lines ) and
enthalpies of formation in eV (lower lines) for the considered
PdAg/Ag,r/Pd(111) surface alloys.

PBE/PAW

Pd, Pd, Pds Pdy

Opa 1/9 2/9 3/9 4/9
PdAg/Pdar, 64.5 66.0 68.2 70.5
—-0.27 —0.25 —0.22 —-0.19

PdAg/Agir/Pdsr 69.7 68.3 66.8 65.8
—0.20 —-0.22 —-0.24 —0.26

PdAg/Agar /Pdar 71.8 71.4 71.4 71.7
—-0.17 —0.18 —0.18 —0.18
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FIG. 4. Surface alloy enthalpies of formation AH, in eV,
for the Pd(_,)Ag./Agnr/Pd(111) structures as a function
of the substitution ratio . The index nL denotes a certain
number of silver layers between Pd(111) and the surface alloy.
The substitution ratio x accounts for the number of palladium
atoms replaced by silver atoms at the topmost layer.

the formation of the PdAg/Pd,;, surface alloy.

The experimental observation of a slight preference
for unlike nearest neighbors for higher Ag concentra-
tion [32, 34] suggests an attractive Pd-Ag interaction,
although these structures might not be in thermodynam-
ical equilibrium but kinetically stabilized. Still this in-
dicates that it might be more favorable for the PdAg
surface alloys at low to intermediate Ag concentrations
to be deposited on a Agyy,/Pdsy substrate. Hence, the
existence of surface alloys in the near surface region can
not be ruled out by these results even from purely ener-
getic reasons and is again consistent with the experimen-
tal observation of interdiffusion between Ag film and Pd
substrate at annealing temperatures above 500K [33], al-
though under these conditions entropy effects are likely
to be dominating. Note, however, that per Ag atom the
formation of a Ag monolayer on Pd(111) is still more
stable than the formation of a PdAg surface alloy on a
Agy1./Pdsy substrate.

In order to predict the catalytic activity of the PdAg
surface alloys as a function of their composition within
the d-band model [60, 61], we have determined the lo-
cal density of states (LDOS) for Pd atoms in the top-
most layer of three of the configurations shown in Fig. 3,
i.e. Pdy, Pda, and Pds (palladium coverages are 1/9, 2/9
and 3/9 respectively). Figure 5 shows the local DOS
projected onto the d-states for the pure Pd(111) surface
and the three corresponding surface alloys. The center
of the d-band for the pure Pd(111) surface is located at
—1.53 eV. We observe that by alloying the band becomes
narrower and consequently, [62] the center of the d-band
shifts up slightly.

As mentioned above, alloying a transition metal with a
noble metal of a larger size leads to two competing effects:

T T T T T T T T T
L — Pd(111) b
| Pd,Ag/Pd(111) 1\
| - PA,Ag/PA(111) ./
|~ PdAg/Pd(111)

Local DOS / arb. units

Energy (E-E) / eV

FIG. 5. Local density of d-states calculated by projection of
the d wave functions onto the atomic orbitals at a palladium
top-site. Four cases are represented: the pure Pd(111) surface
and PdAg surface alloys containing Pd;, Pd2 and Pds ensem-
bles. All values are referred to the Fermi energy. Up-arrow
denotes the position of the d-band center for the Pd(111) sur-
face and down-arrows denote the position of the d-band center
for the surface alloys.

compressive strain because of the addition of a larger
atom vs. the weaker interaction of the transition metal
atoms with the noble metal atom. [30] For PtAu/Au(111)
surface alloys, both effects almost cancel. [37, 38]
Obviously, for PdAg/Pd(111) surface alloys with low
Pd concentrations, the alloying with Ag leads in general
to an upshift of the center of the d-band of the Pd atoms
in the uppermost layer. For both the Pd; and Pds en-
sembles, the center of the d-band shifts by about 0.2 eV
to —1.34 eV, whereas for the Pd3 ensemble the d-band
center shift further up to —1.30 eV. This suggests that
the local reactivity of the Pd atoms in a PdAg/Pd(111)
surface alloy is enhanced compared to the clean Pd(111)
surface, which is due to the fact that the Pd atoms are
embedded in a weakly interacting environment of noble
Ag atoms. However, there is only a weak dependence on
the number of Pd atoms for low Pd concentrations, indi-
cating that ligand and strain effects cancel each other for
Pdy, Pds, and Pds ensembles surrounded by Ag atoms.
In addition, we have also determined the LDOS of a
Pd atom in a Pd; Agg surface alloy with Ag layers under-
neath the surface alloy (see Fig. 6). The LDOS of a Ag
atom in a Ag(111) atom is also included. Replacing the
Pd atoms in the subsurface layer by Ag leads to a strong
narrowing of the LDOS at the Pd atom at the surface,
which can be understood by the weaker coupling of the
Pd atom to the Ag subsurface layer. Usually, such a nar-
rowing of the band is associated with an up-shift of the
local d-band for late transition metals because of charge
conservation in the d-band [26, 62]. Note, however, that
such an up-shift has also been found at Cu surfaces [63]
although for the noble metal Cu the charge-conservation
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FIG. 6. Local density of d-states. Here we compare the pure
Pd(111) and Ag(111) surfaces to the LDOS of the Pd atom
of PdAg surface alloys containing only Pd; ensembles for dif-
ferent layer stacking in the first and second subsurface layers.
Long up-arrows denote the center of the band of the pure sur-
faces, while short arrows denote the center of the band of the
surface alloys.

argument does not apply.

Interestingly enough, in this particular case in which
the Pd atom is only surrounded by Ag atoms there
is a slight unexpected down-shift of the local d-
band of the Pd atom in the Pd;Ags/Agir/Pds; and
Pd;Ags/Agor /Pday, surface alloys. Hence we expect a
weaker binding of adsorbates to the Pd atom which is in
fact in agreement with the experimental observation [32].
At the moment, we can only speculate about the reasons
for this unexpected down-shift. Although the Pd-Ag in-
teraction is weaker than the Pd-Pd interaction, it might
still be strong enough — indicated by the negative en-
thalpy of formation of the Agyr,/Pdyy, slab — to shift the
Pd-LDOS towards the low-lying silver d-band.

IV. CO ADSORPTION ON
SILVER/PALLADIUM BIMETALLIC SURFACES

A. The CO/Pd(111) system

Finally, we consider CO adsorption on the PdAg
bimetallic surfaces in order to compare our results with
the experiment [32], but also as a local probe of the reac-
tivity of the different sites in the bimetallic surfaces. Note
that negative adsorption energies correspond to exother-
mic adsorption and that with binding energies the ab-
solute value of the adsorption energies is meant. Note
furthermore that in contrast to the experiment, CO ad-
sorption energies can be calculated for all possible ad-
sorption sites, not only for the stable ones.

First, we address the pure Pd(111) surface in order to
evaluate the most favorable sites for CO adsorption and

FIG. 7. Left panel: Adsorption of CO on hollow-fcc sites
of the pure Pd(111) surface. Right panel: Adsorption of CO
on top sites of a pseudomorphic silver overlayer above the
Pd(111) substrate. Both cases correspond to a CO coverage
fco =1/9

the trends in the CO adsorption energy as a function
of coverage. This serves as a reference to analyze the
changes in CO adsorption at the surface alloy systems.
The left panel of Fig. 7 shows the most favorable config-
uration for CO adsorption on the pure Pd(111) surface
at low CO coverages which corresponds to adsorption on
fce hollow sites.

Table IV shows the trends in the CO adsorption ener-
gies on pure Pd(111) as a function of the CO coverage.
Here (3 x 3) and (\/§ x v/3)R30° unit cells are used. We
observe that CO adsorption on the pure Pd(111) surface
preferentially occurs at the hollow sites, in agreement
with experiment [64, 65] and previous theoretical stud-
ies [25, 66], and it is stronger at the hollow-fcc site than
at the hollow-hcp site for any of the considered CO cov-
erages. Top-sites are less favorable for CO adsorption,
with binding energies being ~ 0.5 eV higher than for the
hollow sites. The larger the CO coverage, the lower the
CO binding energy energy to the substrate. This can
be rationalized by the increase of the mutual repulsion
between the CO,q molecules when these come closer to

TABLE IV. CO adsorption energies (in eV) calculated using
PBE/PAW and RPBE/PAW for Pd(111) as a function of the
CO coverage. The letters T, H, B denote top, hollow and
bridge sites, respectively.

PBE/PAW RPBE/PAW
fco 19 1/3  2/3 | 1/9 1/3  2/3
T 143 —138 —1.00| —1.17 —1.10 —0.68
H-fec | —2.06 -1.92 -1.46] —1.71 -1.58 —1.07
H-hep| —2.05 —1.91 —143| —1.70 —1.56 —1.04
B 186 —175 —1.32| —153 —142 —0.95




each other.

Using RPBE/PAW leads to a CO binding to Pd(111)
which is about ~ 0.3 eV weaker than using PBE/PAW.
The RPBE values are also closer to the CO desorp-
tion energies from Pd(111) obtained in temperature pro-
grammed desorption experiments [67], which yielded val-
ues of ~1.2 eV for 0co = 1/3 and ~1.5 eV for fco < 0.1.
Yet, all trends in the adsorption energies are unaffected
by the choice of the functional. Since we are mainly in-
terested in the structure-reactivity relationship for the
PdAg bimetallic system, for which trends in adsorption
energies matter, we will restrict ourselves to results ob-
tained with the popular PBE functional.

B. The CO/Ag,./Pd(111) pseudomorphic system

Next, we address CO adsorption on pseudomorphic Ag
layers on Pd(111). The right panel of Fig. 7 illustrates
the case of CO adsorption if the topmost overlayer is
composed of silver atoms. The calculated adsorption en-
ergies for a low CO coverage of 1/9 at different adsorption
sites are listed in Tab. V. In all cases, CO adsorption is
weak, which is consistent with the experimental observa-
tion that CO adsorption on silver sites of PdAg/Pd(111)
surface alloys occurs only for very low temperatures (be-
low ~ 120 K) [32, 33] at which CO diffusion to more
favorable adsorption sites is frozen in. For one silver
monolayer on Pd(111), CO adsorption, although weak,
is most favorable at top sites. Additional silver layers do
not modify the adsorption energies substantially, but in-
terestingly enough, induce an alternation between most
favorable adsorption at top- and hollow-sites for odd and
even number of silver layers, respectively, which might be
due to quantum size effects in the electronic distribution
perpendicular to the surface as a function of the number
of Ag layers.

C. The CO/Pdi_.Ag./Pd(111) system

Replacing Ag by Pd atoms in the topmost layer
of Agyr/Pd(111) changes the strength of CO ad-

TABLE V. CO adsorption energies (in eV) calculated us-
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FIG. 8. Adsorption of CO on a hollow site of Pds ensembles at
the PdAg/Pd(111) surface alloy. Left: The pure monolayer
alloy. Right: The topmost monolayer alloy with underlying
silver layers.

sorption dramatically, as the CO adsorption energies
listed in Tab. VI demonstrate. CO adsorption on a
PdAg/Pd(111) surface alloy is energetically very favor-
able, particularly at the hollow-sites of palladium ensem-
bles. Figure 8 shows an example of CO adsorption at the
hollow-site of a triangular Pds ensemble. The left panel
represents the monolayer alloy, whereas the right panels
exhibits a monolayer alloy with underlying silver layers.

In detail, Tab. VI shows the CO adsorption energies for
different surface alloys and the effect of underlying silver
layers. Note that the Pd coverage is different in each
particular case, since the same unit cell (3 x 3) is always
used. If no underlying silver overlayers are present, the
preferential adsorption sites are the hollow-fcc sites for
Pds and Pd, ensembles or, less stable the bridge sites for
Pd,. In fact, Pd3 and Pd4 show similar adsorption en-
ergies, what suggests that Pdgs is the structure which de-
termines the lowest adsorption energy and that the effect
of additional surrounding Pd atoms is negligible. In this
sense, experimental signals (TPD peaks, infrared bands)
attributed to Pds ensembles may originate not only from
Pds but also from larger ensembles. This ensemble ef-

TABLE VI. CO adsorption energies (in eV) calculated using
PBE/PAW for the PdAg/Pd(111) surface alloy considering
Pdi, Pds, Pds, and Pdy4 ensembles. Letters T, H, B denote
top, hollow and bridge sites, respectively. Bold values denote
the preferential adsorption sites in each case. CO coverage is
1/9.

PBE/PAW

ing PBE/PAW for pseudomorphic silver overlayers on the site  PdAg/Pdar, PdAg/Agip/Pds; PdAg/Agsr/Pdap
Pd(111) substrate, considering a fixed CO coverage of Pd; T —1.37 —1.14 —1.22
Hc.o = 1/9. The'letters T, H, B denote top, hollow and Pd, B _1.64 —1.34 _1.41
bridge sites, respectively T 149 105 _116
PBE/PAW Pd; H-fec —-1.97 —1.50 —1.65
Agir/Pdar Agar /PdaL Agszr /Pdar AgsL H-hcp —1.90 —1.52 —1.68
fco 1/9 T ~1.46 ~1.01 ~1.14
T —-0.14 —0.14 —-0.15 —0.20 pdy H-fcc —-1.97 —1.48 —1.67
H-fcc —0.03 —0.20 —0.13 —-0.25 H-hcp —1.95 —1.50 —1.62
B —0.04 —0.17 —0.12 —0.23 T —1.42 —1.05 —1.13




fect is in agreement with experimental observations [32].
The CO adsorption energies at the top sites exhibit only
a small variation as a function of the ensemble size, as
also expected from the corresponding small shifts in the
local d-band center plotted in Fig. 5. This is different
from the ontop adsorption of CO on PdCu surface al-
loys, where ligand and strain effects do not cancel each
other, but both lead to reduced CO adsorption energies
at the top sites for higher Pd content in the surface al-
loys [25]. Experimentally, these shifts are not accessible,
since CO would always adsorb on the more stable bridge
or threefold hollow sites.

Note, however, that the CO binding energies on
the Pd; monomer, the Pdy; dimer and the Pdg trimer
(Tab. VI) of PdAg/Pd(111) surface alloys are slightly
lower than the corresponding adsorption energies on
clean Pd(111) (Tab. IV), in spite of the slight upshift
of the local d-band center shown in in Fig. 3 which
would predict stronger adsorption. The physical reason
for this discrepancy can only be speculated upon. Ap-
parently, there is some longer-range interaction with the
surrounding Ag atoms in the first layer that weakens the
interaction with adsorbed CO. Similar, but vertical in-
stead of lateral long-range effect have been observed for
Pd/Au(111) [14] and Pt/Au(111) [37, 38] pseudomor-
phic overlayers.

Underlying silver layers lead to smaller CO binding en-
ergies (up to ~ 0.5 eV), as expected from the observed
down-shift of the local d-band center plotted in Fig. 6.
These findings are in agreement with experimental ob-
servations [32] of a reduced CO adsorption energy at top
sites of a PdAg/Pd(111) surface alloy with a high Ag
surface content so that the Pd monomers are surrounded
by Ag atoms also in the second layer. Note, however,
that the energy differences between hollow and top sites
remain almost unchanged upon introducing Ag subsur-
face layers but the energy ordering between hollow-fcc
and hollow-hcp sites becomes affected.

So far we have focused on the CO adsorption behaviour
at low CO,q coverages. At higher CO,q coverages, CO
adsorption may change drastically because of the addi-
tional effects caused by interactions between neighbour-
ing CO,q species. Experiments indeed suggested a re-
accommodation of adsorbed CO molecules upon uptake
of additional CO molecule(s) per Pds or Pds ensem-
ble [32].

Table VII shows the calculated CO adsorption energies
on Pdy and Pds ensembles of the PdAg/Pd(111)yy, sur-
face alloy for different CO,q coverages. For low CO,q
coverages, adsorption is favored at the bridge site of
Pds and at the hollow-fcc site of the Pds and Pdy en-
sembles. An increase of CO,q coverage indeed leads to
a re-accommodation of the pre-adsorbed CO molecules
above the Pd ensembles as suggested in the experimen-
tal study. [32] Since CO adsorption on silver sites is not
favorable, CO is preferentially adsorbed at different top-
sites of a palladium ensemble.

Compared to adsorption on the most stable sites of

Pds dimers or Pdj trimers, the adsorption energy of the
two or three on top adsorbed CO is drastically reduced,
by 0.33 eV (Pdy dimer) or even 0.68 eV (Pds trimer)
These changes, however, are mostly due to the change in
adsorption site. The actual effect of the (repulsive) CO,q
- CO,q interaction is better illustrated when comparing
with CO adsorption at an on top site of the respective en-
semble. In this case, the binding strength decreases only
slightly due to the mutual repulsion of the CO molecules
at the adjacent top sites.

The rather small change in binding strength with in-
creasing CQO,q coverage compared to CO adsorption on
Pd(111), where the adsorption energy is known to de-
cay by about 0.5eV in the range of high CO,q cover-
ages (see Tab. IV), is qualitatively understood by the
lack of neighbouring CO,q species outside the Pd, en-
semble.  Although we do not find a significant out-
ward tilt or lateral displacement in the adsorbed CO
molecules at high coverages, this is obviously sufficient
for a strongly reduced intermolecular repulsion. (Appar-
ently, a bending of the CO molecules towards the inert Ag
atoms is energetically not favorable.) It should be noted
that the local CO,q saturation coverage of Oco = 1 is
higher than the saturation coverage obtained on Pd(111)
(©co,sat = 0.75 [67, 68]). Similarly high local coverages
and rather small CO,4—CO,q repulsions were reported
also for CO adsorption on PdAu/Pd(111) surface alloys
by Ruff et al. [28]. These authors calculated the net in-
teraction for the case of two CO molecules adsorbed on
Pd2 in the PdAu alloy to be ~0.19eV, which is rather
similar to the value obtained in this study for adsorption
at the PdAg surface alloy.

In the experiments [32], for a Pd surface content of 25-
39% in the PdAg/Pd(111) surface alloys, additional TPD
peaks in CO desorption at 324-329 K were detected, at
a lower temperature than those peaks attributed to des-

TABLE VII. CO adsorption energies (in eV) calculated us-
ing PBE/PAW, for the PdAg/Pd(111)4z surface alloy con-
sidering Pdz, and Pds ensembles and the effect of increasing
CO coverage. Letters T, H, B denote top, hollow and bridge
sites, respectively. Cases labeled with 2T and 3T denote CO
adsorption occurring at two or three top-sites of the same
ensemble.

PBE/PAW

site  fOco referred to Pd,, referred to CO.q/Pd,
Pds B 1/9 —1.64 -

T 1/9 —1.42 0.22

2T 2/9 —1.31 —1.20 (COaq at T)

2T 2/9 —1.31 —0.98 (CO,Lq4 at B)
pd; H-fcc 1/9 —1.97 —

T 1/9 —1.46 0.51

2T  2/9 -1.35 —1.23 (COaq at T)

2T 2/9 —1.35 —0.72 (COapq at H)

3T 1/3 —1.29 —1.17 (COaq at 27T)
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FIG. 9. Simplified illustration of CO adsorption on a Pd»
ensemble under high CO exposure conditions. Left: Preferred
adsorption at the bridge site. Center: Energetics relevant for
the additional adsorption of a CO molecule on a Pds dimer.
Right: Simultaneous adsorption at the top sites.
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orption from the top sites of Pd monomers at very low Pd
surface content. The peaks were associated with desorp-
tion of a second CO molecule adsorbed on a Pds dimer
(or the second and third molecule on a Pds trimer). The
scenario to understand this low desorption temperature
and thus the low apparent binding energy is illustrated
in Fig. 9. The most favorable adsorption site for a sin-
gle CO molecule on a Pd dimer is the bridge site with
an adsorption energy of -1.64 eV. The adsorption energy
of a single CO molecule at the top site of a Pds dimer
is reduced to -1.42eV, and if two CO molecules are ad-
sorbed at both top sites, the mutual repulsion leads to
an average adsorption energy of -1.31eV.

However, both CO,4q molecules do not desorb simulta-
neously. Rather, one CO,q molecule desorbs and leaves
the other CO molecule initially alone at the other top
site. If this CO,q remained at the top site, the appro-
priate desorption energy in the absence of any additional
desorption barrier would be 1.20eV, which is lower than
the desorption from an isolated Pd; top site. However, as
the CO molecule leaves the Pds ensemble, the other CO4q
molecule will relocate from the on-top site to the more
stable bridge site. The net energy loss of the remain-
ing ensemble, which again in the absence of additional
desorption barriers corresponds to the relevant desorp-
tion energy, is therefore only 2 x 1.31 — 1.64 = 0.98eV,
which is significantly lower than desorption from an iso-
lated Pd; top site. The mechanism is illustrated for the
time-reverse process, the adsorption of two CO molecules
on a Pdy dimer. These results confirm the experimental
assignment of the desorption peaks.

V. CONCLUSIONS

The structure and local reactivity of PdAg/Pd(111)
surface alloys were studied using periodic density func-
tional theory calculations. As a probe of the local reactiv-
ity, CO adsorption energies were evaluated and compared
to the results of a recent experimental study [32]. We find
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that the formation of one pseudomorphic Ag overlayer
on Pd(111) is energetically most stable compared to the
segregation of the bimetallic PdAg system into Pd(111)
and Ag bulk, due to the strong Pd-Ag interaction. As
far as the formation of PdAg/Pd(111) surface alloys at
low Pd concentrations in the first layer is concerned, the
formation of compact Pd structures is more stable than
any random configuration. For PdAg surface alloys with
approximately equal Pd and Ag concentrations, the re-
placement of the Pd subsurface layer by a Ag subsurface
layer is energetically favorable, in agreement with the ex-
perimental observation of the interdiffusion between Ag
film and Pd substrate at annealing temperatures above
500 K.

On Pd(111), CO prefers high-coordinated sites,
i.e., three-fold hollow sites. The same is true for
PdAg/Pd(111) surface alloys. Hence we find a strong
ensemble effect. Once Pds trimers are available in the
surface alloys, they become the most favorable adsorp-
tion sites, followed by Pds dimers (bridge site) and finally
Pd; monomers (on top sites). In contrast, we only find a
small ligand effect due to two opposing effects: Increas-
ing the number of, e.g., Pd atoms in the surface alloys
reduces the tensile strain which should increase the local
reactivity, but it also increases the interaction with other
Pd atoms which decreases the local reactivity. Both ef-
fects almost cancel each other for PdAg/Pd(111) surface
alloys.

Replacing Pd in the subsurface layer by Ag surprisingly
leads to weaker CO binding to small Pd ensembles in the
surface alloy which is also reflected in a corresponding
downshift of the local Pd d-band center. Upon higher ex-
posure of CO to PdAg/Pd(111) surface alloys with small
Pd ensembles (dimers, trimers), the small Pd ensembles
can adsorb more than one CO molecule. When it occurs,
the preferential absorption moves from hollow sites to top
sites, but with smaller adsorption energies due to the mu-
tual repulsion between the CO molecules. These results,
as all other observed trends in the adsorption energies
as a function of the composition of the PdAg/Pd(111)
surface alloy, are consistent with previous experimental
observations [32], indicating the reliability of DFT cal-
culations to reproduce and explain trends in the local
reactivity of surface alloys.
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