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In this contribution, we will review the concepts and principles used to characterize and discuss the structure,
stability, adsorption properties and catalytic reactivity of bimetallic surfaces in an atomic-scale picture. Starting
from early stages, we will emphasize recent experimental and theoretical findings that resulted in a rapidly
improving atomic-scale understanding of adsorption and catalytic surface reactions on these surfaces. While
examples are often taken from our own work, the resulting insights are of general validity.

1. Introduction

Bimetallic surfaces and catalysts and their chemical and catalytic
properties have attracted considerable interest over the last several de-
cades, both from fundamental reasons, but in particular because of their
attractive catalytic properties, which were found to often exceed the
performance of their constituents in terms of activity, selectivity and
stability [1-6]. The improved catalytic performance was attributed to an
interplay of a number of different effects such as geometric ensemble
effects, electronic ligand effects and electronic strain effects, where the
first describes the influence of the size/configuration of active surface
ensembles [7-10]. Electronic ligand effects describe the effect of elec-
tronic modifications of the active site by different neighboring surface
atoms [9,11-14]. These as well as strain effects, which reflect the effect
of lattice distortions as compared to the natural lattice of the respective
surface layer on the electronic structure [15], can lead to changes in the
adsorption energy of reactants and thus to significant modifications in
the reaction kinetics [16-18]. Finally, site-blocking effects, which
reduce the number of active sites, have to be considered as well [19-21].
Initially, these different effects were mainly concluded from changes in
the catalytic activity upon varying the concentration of the respective
components in bimetallic catalysts [1,3,22-24] and polycrystalline
bimetallic films [3,4,11,25]. More detailed, atomic-scale insights were
gained from Surface Science type model studies on structurally
well-defined, single-crystalline bimetallic surfaces [6,14,26-28], which
started in the late 1970s [19,29-33]. Due to the rather well defined
nature of these model surfaces, these studies allowed to more directly
derive correlations between structural and electronic properties on the
one hand and chemisorption and catalytic properties on the other hand.

* Corresponding author.
E-mail address: juergen.behm@uni-ulm.de (R.J. Behm).

https://doi.org/10.1016/j.susc.2024.122677

Nevertheless, despite the considerable progress in the atomic scale un-
derstanding of the chemistry of bimetallic surfaces, also these studies
were limited in their predictive power because of missing information
on structural and electronic details such as the defect structure, atom
distribution in bimetallic surface layers etc. This information became
accessible only with the advent of modern high-resolution spectros-
copies and microscopies, in particular high-resolution scanning
tunneling microscopy (STM) and, equally important, the development
and application of powerful theoretical methods, in combination with
the increasing knowledge in the reproducible preparation of structurally
well-defined model surfaces / systems.

In this contribution, we will review the concepts used to discuss the
structure, stability, adsorption properties and catalytic reactivity of
bimetallic surfaces, with special emphasis on recent experimental and
theoretical findings. While examples are often taken from our own work,
the resulting insights are of general validity.

2. Bimetallic surfaces
2.1. Definition of bimetallic surfaces

The term ‘bimetallic surfaces’ refers to surfaces, whose surface re-
gion - not necessarily only the topmost atomic layer — consists of two
metal components, whose physical and chemical properties are deter-
mined by these two components. This distinguishes them from so-called
high entropy alloys, which according to their definition consist of five
and more principal components with concentrations between 5 and 30
% [34]. Focusing on the distribution of the metal components in the
surface region, this includes a number of different structural
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configurations. On the one hand, there are surfaces where the topmost
layer(s) are intermixed, such as surfaces of metal bulk alloys or of
two-dimensional (2D) alloy films of a monolayer (monolayer surface
alloys) or a few layers thickness, supported on a monometallic metal
support [35]. On the other hand, they include surfaces formed by an
ultrathin film of one or more atomic layers thickness of metal A, which is
deposited on a (metallic) support formed by a different metal B, where
the surface properties of the film are modified by the presence of the
support. A special case are near surface alloys (NSAs), which were
defined as alloys where a solute metal is present near the surface of a
host metal in concentrations different from the bulk [36]. Considering
structural properties, pseudomorphic films refer to films that continue
the structure of the single-crystalline support, while in other cases,
where the misfit between the natural lattices of support and deposit is
too large, structural changes occur mostly in the deposit layer.

Thermodynamically stable (see below) monometallic films (A) on a
metal support (B) can be formed if the metal A does not form solid so-
lutions in the bulk of B. In many cases, however, the confinement to the
top layer(s) is reached by kinetic limitations, which kinetically stabilize
the film against bulk dissolution. The same is true also for surface alloys
on top of a monometallic substrate. For surfaces of bulk alloys, the
composition of the surface region may differ significantly from that of
the bulk composition, depending on the experimental conditions. Here it
is important to note that essentially all of these model film systems with
typically > 10° metal layers in the support and up to a few atomic layers
in the film are only metastable at temperatures reached during prepa-
ration of such model system, due to the extreme dilution. Intermixing is
thermodynamically favored for entropic reasons, and in most cases the
films are only stabilized by kinetic limitations against bulk dissolution

Changing from massive bulk samples to metal nanoparticles, the
different types of film systems are often denoted as core-shell systems,
where core and shell consist of different mono- or bimetallic phases.

In the following, we will focus on the structural, electronic, chemical
and catalytic properties of structurally well-defined, single-crystalline
bimetallic model surfaces, where compared to mostly polycrystalline
technical surfaces the variety of different surface sites is significantly
lower. This allows a quantitative determination and evaluation of the
abundance of different structural elements (see next section), which is
mandatory for an unambiguous interpretation of the results obtained
from adsorption and catalysis studies.

2.2. Structure and morphology of bimetallic surfaces

The (crystallographic) structure of smooth bimetallic surfaces con-
sisting of a support and a mono- or bimetallic surface region is generally
determined by a balance between strain energy and interface energy.
(Note that this neglects small variations in the surface energy of the
deposit upon structural modifications.) The first parameter defines the
energy costs for expanding / compressing the deposit lattice along the
surface from its bulk value to the final lattice, while the interface energy
describes the energy gained / lost upon interface formation compared to
the interaction with a bulk substrate of the deposit material. Obviously,
the strain energy depends on the film thickness, and increases with
increasing number of atomic layers. The interface energy, on the other
hand, does not vary with film thickness, at least not to first order. It
depends on the misfit between substrate and deposit lattice and the
specific nature of support and deposit, and is generally minimized for a
pseudomorphic structure with no apparent misfit between support and
actual deposit lattice. As a result, there is a driving force for ultrathin
deposit layers to restructure with increasing thickness and finally
approach and adopt the bulk structure of the deposit, e.g., by the for-
mation of misfit dislocations [37-41]. This is often discussed as one of
the origins for the change from layer-by-layer growth to 3D island for-
mation during Stranski-Krastanov growth [42-44]. Excellent overviews
on these aspects are given in ref. [45].

Up to the late 1980's, the surface structure was mainly derived from
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inspection of low energy electron diffraction (LEED) patterns, which
gave access to the structure of the surface unit cell and to the defect
density. Differences in the support and film lattices resulted in the
emergence of additional diffraction spots, in addition to the support
related reflections [29,30,41,46]. Furthermore, the defect density in the
deposit films, including also steps and island formation, was derived
from spot splitting and the width of the additional diffraction spots [46].
Similar information was obtained also from X-ray scattering [47]. A
more local picture, up to the quantitative determination of specific
atomic structures, was possible with the advent and introduction of
scanning tunneling microscopy (STM). High resolution imaging, up to
atomic resolution [48-50] and even with chemical contrast between
different metals [51-53], allowed the identification and quantification
of characteristic structural elements such as misfit dislocations [39,40,
49,54], and even to quantify the two-dimensional distribution of surface
atoms in bimetallic surface layers [55-58]. Information on the nature
and abundance of different adsorption sites was also obtained by spec-
troscopic titration of different adsorption sites, using suitable adsorbates
such as CO [59-62].

STM imaging also provided detailed information on the nature and
abundance of the structural defects created during preparation of the
bimetallic model surfaces, which is mostly done by vapor deposition of
the respective metal(s) and subsequent annealing. In many if not most
cases, the resulting surface morphology is determined by kinetic limi-
tations rather than by the thermodynamic system properties (see Section
2.1). Examples of the resulting structures of bimetallic surfaces, as
imaged by STM, are shown in Fig. 1. Depending on the deposition and
subsequent annealing temperatures, this may result in highly defective
surfaces, with large numbers of different island structures, if the tem-
perature is too low to reach the thermodynamically expected smooth
form. On the other hand, too high temperatures may result in the onset
of surface intermixing, which is not easily detectable or even quantifi-
able with standard surface techniques. Furthermore, also adsorption or
reaction may result in a restructuring of the bimetallic surface, e.g., in a
partial de-alloying of the surface layer due to segregation / bulk disso-
lution [63-65] or, in electrochemistry, due to electrochemical dissolu-
tion [66-68]. Also these processes may, however, be hindered or even
inhibited by kinetic limitations. Because of the considerable influence of
such defects on the adsorption and in particular on the reaction prop-
erties, the correct interpretation of the results of adsorption and/or re-
action measurements on bimetallic surfaces requires a careful check of
the defect structure of the respective surface and changes therein. This is
most directly achieved by comparison of representative STM images
taken before and after the adsorption / desorption / reaction process.

Focusing on bimetallic PdAAg and PtAg surfaces, their structure dif-
fers depending on whether these surfaces were fabricated by using Ag
(111) as support with Pt (Pd) as deposit or Pt(111) (Pd(111) as support
and Ag as deposit material, or whether they represent surfaces of bulk
alloys. In the first case, intermixing / surface alloy formation and also
bulk dissolution are activated already at rather low temperatures, at
room temperature and slightly above, when the noble metals are
deposited on Ag(111) [69-74]. This can be rationalized considering that
Pt has a significantly higher cohesive energy than Ag. Therefore, one
would expect that Pt interacts more strongly also with Ag than Ag with
Ag. This provides a considerable driving force for the exchange of a Pt
adatom with a Ag surface atom during Pt deposition. In the opposite
case, deposition of Ag on a Pt surface, the driving force for such ex-
change would be much less or non-existent, as the Pt-Pt interaction is
stronger than the Pt-Ag interaction. Considering also that according to
the Brgnsted-Evans-Polanyi principle [75] the kinetic barrier depends
strongly on the energy of the final state relative to the initial state, the
high stability of a Pt atom embedded in the topmost Ag layer facilitates
the exchange of a Pt adatom with a Ag surface atom and thus the
intermixing of Pt deposited on Ag as compared to Ag deposition on Pt.
Furthermore, for Pd deposition, encapsulation of the Pd islands is
observed before the onset of intermixing or bulk diffusion [73]. Hence,
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Fig. 1. High resolution STM images showing Pd,Ag;.x/Pd(111) surface alloys with different Ag surface contents (10 nm x 10 nm) after annealing at 800 K for 10 s.
(a) 10 % Ag; (b) 35 % Ag; (c) 50 % Ag; (d) 65 % Ag; (e) 76 % Ag; (f) surface originally covered by 1.7 ML of Ag (7.5 nm x 7.5 nm).). Reprinted from Engstfeld

et al. [58].

the formation of well-defined, kinetically stabilized monolayer films and
surface alloys is not possible under these conditions. This is different
when using Pd(111) or Pt(111) as support, where the much higher
cohesion energy points to higher kinetic barriers for exchange / surface
intermixing and bulk dissolution of Ag. As a result, well-defined Ag films
with thicknesses from the submonolayer to a few atomic layers can be
produced both on Pd(111) [76-80] and Pt(111) [81,82]. Only upon
annealing to > 450 - 500 K (Pd(111)) [58,60,83,84] or > 620 K (Pt
(111)) [57,85], surface exchange and intermixing set in, which at these
conditions are confined to the topmost layer (‘surface confined inter-
mixing’) [57,62,85-90]. Dissolution into deeper regions or Ag desorp-
tion (PtAg/Pt(111)) set in upon annealing to > 600 K (Ag/Pd(111)) [60]
or > 900 — 950 K (Ag/Pt(111)) [81,91]. Thus, there is a considerable
temperature range where these bimetallic surfaces are kinetically sta-
bilized and where adsorption or reaction processes may be investigated
without modifying the surface structure and composition.

For the surface alloys, the two-dimensional (2D) distribution of the
surface atoms is a crucial parameter, as it determines the abundance of
different types of adsorption sites. For AB surfaces with large islands of A
or B surface areas (‘2D phase separation’), the fraction of mixed AyBy
type sites will be small, while for a random distribution this should be
much larger, and it would be even larger for preferential mixing. The
resulting 2D distributions and the related short-range order parameters
(SROs) [92] were evaluated quantitatively from atomic resolution
scanning tunneling microscopy (STM) images with chemical contrast for
different surface concentrations of Ag and Pd [58] (see Fig. 1) or Ag and
Pt [57]. These distributions and trends therein with increasing Pd or Pt
concentration provide a basis for the identification of preferential
adsorption and reaction sites (see Sections 3.1 and 3.2). Quantitative
statistical evaluation of these images yielded an essentially random
distribution of the Pd and Ag surface atoms for the different PdAg/Pd
(111) surfaces [58], while for PtAg/Pt(111) systems the data revealed a
clear tendency toward 2D phase separation [57,93]. The impact on the
adsorption properties will be discussed in Section 3.1.

Finally, the formation of single-atom surface alloys was reported by
Maroun et al. for Pd/Au(111) [94] and more recently for Pd/Ag(111)
and Pt/Ag(111) by Muir and Trenary [95] and by Patel et al. [70],
respectively. These single-atom model catalysts differ from Pd or Pt

monomers in PAAg/Pd(111) or PtAg/Pt(111) monolayer surface alloys
by the different environment of the active Pd or Pt surface atoms, with
Ag neighbors in all directions for the single-atom systems, while in the
other case surface Pd or Pt atoms bind to an underlying Pd(111) or Pt
(111) support. Furthermore, they differ in their lattice constant. Muir
and Trenary observed by IR spectroscopy that upon room temperature
deposition of small amounts of Pd, up to approximately 0.002 mono-
layers, Pd/Ag(111) forms a single-atom alloy, which was demonstrated
by CO titration [95]. Saturation of the surface with CO led to the for-
mation of CO adsorbed at Pd atop sites, but not at Pd, bridge sites,
indicating that the Pd atoms are isolated from each other. These Pd
monomers are not stable with respect to subsurface alloy formation or
Pd diffusion into the bulk, as indicated by the decay of the related IR
band upon annealing the surface to 350 K and more (complete disap-
pearance after annealing the surface to 450 K). For Pt/Ag(111), for-
mation of Pt monomers was concluded from the presence of a
lower-temperature CO desorption peak at 380 K in temperature pro-
grammed desorption (TPD) spectra, which were recorded after Pt
deposition at 380 K and saturation of the surface with CO at 90 K [70].
This peak, which was observed up to rather high Pt coverages (> 0.22
monolayers), was associated with a weakly bound CO species on surface
Pt monomers (see also the discussion in Section 3.1).

2.3. Electronic properties of bimetallic surfaces

Initially, the electron characteristics of solids had been discussed and
proposed as a guide to their catalytic activity [2,96-100]. More specif-
ically, the activity of a metal was considered to depend on the values of
the electronic work function, the electronic density of states (DOS) at the
Fermi energy and the gradient therein [97,99]. For a series of binary
solid solutions containing one of the group 8 elements (Ni, Pd or Pt)
together with one of the group I elements (Cu, Ag or Au) or the binary
alloys of iron, cobalt and nickel, the efficacy in multiple bond saturation
or in dehydrogenation was found to depend largely on the number and
the characteristics of the holes in the d-bands of the alloys [2,22,98].
Hence, the influence of the electronic properties of a catalyst on its ac-
tivity was discussed in a non-local picture, by relating it to different bulk
electronic properties [2,101]. Modifications in the catalytic activity of a
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metal catalyst by addition of a second metal were explained by donation
or removal of electrons to/from the dominant component, comparable
to the concept of Hume-Rothery phases [102]. For the theoretical
description, effective Hamiltonians such as in the Newns-Anderson
model [103] were used.

Later studies distinguished between bulk and surface electronic
properties, considering that the catalytic properties should be mainly
related to the surface electronic structure [104,105], in addition to
geometric effects. Furthermore, the focus changed to a local picture,
using the local density of states (LDOS) on the respective surface atoms
[106]. This is particularly important for bimetallic surfaces, where the
electronic properties of the two different types of surface atoms should
be different. But similar effects are expected also for structural defects,
as the electronic properties of a step edge atom are different from those
of terrace surface atoms.

Therefore, theoretical as well as experimental studies have typically
concentrated on the local density of states of surface metal atoms and
how it is modified by their immediate environment [17,107]. Motivated
by the success of the frontier orbital concept, the local density of states at
the Fermi energy has been correlated with the reactivity of metal sur-
faces [104-106]. However, metal alloy surfaces such as CusPt(111)
exhibit a very low density of states at the Fermi level, but are still rather
reactive [108]. Hence, instead the position of the d-band center and in
particular the shift of the d-band center have been considered in order to
understand reactivity trends at metal surfaces, as within the d-band
model changes in the reactivity of a transition metal atom are directly
related to shifts in its local d-band center [108]. The d-band model
predicts a linear relationship between the d-band center shift and the
change in the interaction strength [109]. The lower the d-band center is
below the Fermi energy, the weaker the interaction with adsorbates
becomes, i.e., the reactivity of these metal atoms with respect to
adsorption decreases. The physical origin of possible changes of the
d-band and its center for a late d-band metal upon modifying the
structure and/or composition of the metal surface is illustrated in Fig. 2.

In this figure, the density of states of a late p-band metal with a not
completely filled d-band is illustrated. As the name indicates, the d-band
model focuses on the d-band density of states. Of course, the s-electrons
of a d-band metal also contribute significantly to the interaction with
reactants, however, their contribution is rather similar for all dd-band
metals and surface structures [108]. Hence, their contribution is

a) late transition
metal

A A

Energy

b) compressive strain,
higher coordination,
or stronger interaction
= increased overlap
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disregarded in the comparison between different d-band metals and/or
surface structures. Upon increasing the d-band width symmetrically
about the d-band center for a more than half-filled d-band, e.g., due to
compressive strain or higher coordination, the portion of the d-band that
is located above the Fermi energy becomes larger, i.e., the occupation of
the d-band would decrease. This change of the band width is illustrated
in Fig. 2b, where otherwise the d-band center was kept constant with
respect to panel a). In order to keep the number of occupied d-electrons
constant, the d-band has to shift down (see Fig. 2c). It is important to
note that for metals with a completely filled d-band or a less than half
filled dd-band the situation is different. In the former case broadening or
compression of the d-band would not cause any shift of the d-band and
its center, while for early transition metals a broadening of the d-band
should lead to an up-shift of the d-band center. Practically, however, the
situation depicted in Fig. 2 is dominant, as catalysts typically involve
late transition metals.

In the d-band model, the whole distribution of the d-band states is
represented by its center, which mathematically corresponds to the first
moment of the distribution of the d-band densities of states. However,
using just the d-band center as a descriptor for the surface reactivity also
yielded some outliers [110], which motivated theoretical studies [110,
111] to investigate the influence of the d-band shape, represented by
higher moments of the d-band, on the interaction strength with adsor-
bates. First of all, these two studies confirmed that the position of the
d-band center indeed better reflects trends in the adsorption energies, in
particular for alloy surfaces, than the d-band width Wy, which corre-
sponds to the second moment of the distribution. However, a slight
improvement for some metal systems was reached, when instead of the
d-band center ¢4 the upper edge of the d-band g4 + Wq4/2 was chosen as
the descriptor. However, because of its computational simplicity, the
original d-band model with its pure focus on the d-band center is still
predominantly used to understand trends in surface reactivity.

We are now focusing on one particular metal atom in the surface of a
bimetallic surface, and thus on the local density of states (LDOS) at that
atom. Imagine that the surface layer is under compressive strain. This
can, for example, be achieved by the pseudomorphic growth of a metal
layer on a support with a smaller lattice constant [15]. Alternatively, an
effective compressive strain can also be produced by embedding the
metal atom in a surface alloy layer with a fixed overall lattice, where the
other metal species has a larger atom size. These geometric effects

c) charge conservation
= d-band downshift
= lower reactivity

(e2]
m
Energy

-
Local density of states

Local density of states

- -
Local density of states

Fig. 2. Illustration of the effect of compressive strain or increased coordination on the width and position of the d-band of a late transition metal: (a) more than half-
filled d-band; (b) increased width of the d-band due to a compressive strain or higher coordination; (c) down-shift of the d-band relative to (b) because of charge

conservation (hatched: density of unoccupied states).
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(strain effects) lead to an increased overlap of the metal orbitals, which
results in a larger local band width (see Fig. 2b), similar to the increased
splitting between bonding and antibonding orbitals in molecular
chemistry with increased overlap. Of course, there are also situations in
which the d-band width becomes smaller, e.g., due to tensile strain or
weaker interaction with neighbors. In this case, the d-band center of a
late transition metal shifts upwards, leading to a stronger
metal-adsorbate bond.

In a simple tight-binding picture, the band width is furthermore
linearly related to the coordination of the atom [112]. Hence, a higher
coordination also increases the band width, which results in a weaker
bond between this surface atom and an adsorbed species. Correspond-
ingly, lower coordination as experienced for step and kink atoms
(undercoordinated sites) leads to stronger adsorption bonds. This effect,
which corresponds closely to the principle of constant bond order (see
discussion below), was demonstrated both experimentally ad theoreti-
cally. Experimentally, such a trend was reported, e.g., for CO adsorption
on stepped Pt(111) surfaces [113-116] and for CO and oxygen adsorp-
tion on a curved Pt surface, where the adsorption strength was found to
increase in the order Ead,terrace site < Ead,step site < Ead,kink site [117].
Theoretically, Hammer et al. demonstrated this trend for CO adsorption
on terrace, step and kink sites of different Pt surfaces based on the
d-band model [118].

Apart from these geometric effects, there is also an electronic effect,
the so-called ligand effect [9,11-14], which is caused by the electronic
interactions between the different components of a bimetallic system. A
metal atom A neighboring to a metal atom B with a higher adsorption
strength than A will experience a stronger interaction with this hetero
atom B than in A-A bonds. This will then also lead to a larger local band
width on both surface atoms A and B. As discussed above, increasing the
d-band width will lead to a down-shift of the d-band and the d-band
center, which is associated with a lower local reactivity of the surface
atom A, i.e., the interaction with adsorbates becomes weaker. Also in
this case an opposite shift / no shift are expected for early transition
metals (d-band less than half filled) or for metals with a filled d-band.

These considerations with respect to the geometric and electonic
effects can qualitatively also be described in a simple bond order concept
[18,119]. The situation depicted in Fig. 2b corresponds to an increase of
the bond order of the considered surface metal atom, as either the
number of the chemical bonds with the neighboring atoms or their
strength is increased. The higher the bond order of an atom is, the less
prone the atom is to make additional or stronger bonds to other species
such as adsorbing atoms or molecules. Thus, a higher bond order of the
respective surface atom leads to a lower bond strength to adsorbed
species, which in the d-band model is reflected by a down-shift of the
d-band center.

Finally, we would like to get back to the case of early transition
metals with a less than half-filled d-band. As already mentioned, in this
case the charge conservation argument would lead to an opposite trend
in the d-band shift as depicted in Fig. 2. Increasing the coordination of
the metal surface atoms or applying compressive strain would lead to an
up-shift of the d-band and thus to a strengthening of an adsorption bond,
opposite to the trend in late transition metals. This trend has indeed been
observed in some early transition metals such as Sc, V and Ti, and has
been demonstrated for H adsorption energies [120]. Hence, while the
d-band model still results in a correct prediction of the trend in
adsorption energies, the correlation with the bond-order concept does
not work any more, as the latter would predict a weakening of the
metal-adsorbate bond for higher coordination of the metals surface
atoms. Nevertheless, considering that most metal or bimetal catalysts
involve late d-band metals, the description of trends in adsorption en-
ergy in terms of the constant bond order principle is of great practical
use.
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2.4. Stability of bimetallic surfaces

The thermodynamic stability of bimetallic surfaces is generally
related to their surface energies and their formation energy. Although
the Gibbs free energy would be more relevant, it is mostly not used
because of the unknown contribution from configurational entropies.
Their calculation would require a precise knowledge of the distribution
of the respective atoms in the bulk and in the surface region, which is
mostly not available. The surface energy, or more correctly, the specific
surface energy of a solid, Eg, is classically defined as the energy required
to reversibly increase the surface area A of a given solid, while keeping
the mass constant

oE

E=—

(€8]

Following this definition, the surface energy determines, e.g., the
energetically most preferential shape of a crystal, which can be deter-
mined via the Wulff construction [121], or the thermodynamic growth
modes during epitaxial growth in an epitaxial system [42,43]. Corre-
spondingly, the formation energy will determine the stability of a given
mixed phase as compared to that of a phase separated system. Kineti-
cally, the stability against faceting or against alloy formation or surface
segregation will be affected by these quantities.

Unfortunately, the quantitative determination of surface energies is
not only experimentally, but also theoretically challenging, at least in an
atomistic picture, e.g., by using periodic density functional theory (DFT)
based calculations [122]. Surface energies of solids have commonly
been calculated as the cleavage energy of a bulk crystal along a given
plane, by subtracting the bulk energy of the solid from the energy of a
limited slab with a defined surface area A and the same number of atoms
per unit cell, Eggp, via

Es="/2, (Egiab — Eputk) (2)

The calculation of surface energies requires the use of thick slab
models as both sides of the slab need to be relaxed, whereas asymmetric
slab models (see Fig. 3a) yield an average surface energy of a relaxed and
a frozen surface structure. However, there is also a procedure how from
such an asymmetric calculation the surface energy of the relaxed surface
can be derived [60,61,123-128]. In the case of compounds or bi- or
multimetallic systems, the situation is even more complex, as illustrated
in Fig. 3b for a system consisting of a support covered by a film of one or
a few layers thickness. In this case, the surface energies at the top surface
and at the bottom surface are likely to differ significantly, and calcula-
tions according to Eq. (2) would yield an average value of the two sur-
faces. Furthermore, since the surface energy of a given surface will
depend on the nature of the bonds that have to be broken, it will depend
on the nature and structure of the layers on the other side of the intended
cleavage planes. This had been discussed in detail in Ref. [122]. As
described there, the initial crystal should most simply be symmetric with
respect to the cleavage plane, both structurally and with respect to the
chemical composition of the respective layers on both sides of the
cleavage plane. Such kinds of model systems, which would resemble also
the situation in an elemental system, are, however, more complex than
the model systems used in standard DFT calculations, and have to be
constructed for the given system. As an example, in such an approach the

(a) (b)

™

R TTTT T h—_.-.-_S

Fig. 3. Asymmetric slab models for monometallic (a) and bimetallic (b) unit
cells and slabs, illustrating their asymmetric nature (blue hatched: frozen sup-
port bottom layers, blue: relaxed support layers at/close to the surface, gray:
deposit). Reprinted from Sakong et al. [122], published under a CC BY license.
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surface energy of the Ag-terminated surface of a pseudomorphic
monolayer Ag film on a bulk support Pt(111), which is modelled by 5 Pt
layers (Agi1./Pts 1), would be calculated as the cleavage energy of a
mirror-symmetric slab with 10 Pt layers in the center, followed by 1
pseudomorphic layer of Ag in each direction, where the cleavage plane
is above (below) the Ag monolayer (see Fig. 4). In a similar way, the
surface energy of the (bottom) surface of the n-layer Pt(111) support
(Pt-terminated slab) can be calculated, which for a reasonable thickness
of the support model should quickly approach the surface energy of pure
Pt(111) (for details see [122]).

The use of appropriate model systems is particularly important, e.g.,
in cases where calculated surface energies and interface energies are
used for predicting thermodynamic growth modes in epitaxial systems.

The second parameter important for the stability of bimetallic sur-
faces is the formation energy Ef (or Hy, when referring to the formation
enthalpy). Following the classic definition in thermodynamics, it de-
scribes the energy gained or required for creating a system from the
atomic species in a bulk reservoir, using the bulk energies E; of the in-
dividual components i via

AgiL

Relaxed

Fixed

Relaxed

Symmetric
Ag-terminated

Fig. 4. Models of the symmetric 12-layer bulk supercells (top row) and of the
similar size Ag-terminated and Pt-terminated symmetric slabs (here: for Agl L,
bottom row) used in reference [122] for calculation of the surface energies etc.
of different Ag/Pt(111) systems (light gray: Ag, olive: Pt) for systems with Ag
films of 1, 2 or 3 layers thickness. The blue box shows the unit cell of the bulk.
Cleaving along the planes indicated by the green solid and orange dashed lines
in the bulk presentations generates the symmetric Ag-terminated slab and
Pt-terminated slabs, respectively, from the periodic bulk, which are shown in
the bottom row. In addition, we also show the asymmetric 6-layer slab (bottom
row), which is normally used for such calculations. Adapted from Sakong et al.
[122], published under a CC BY license.

Symmetric
Pt-terminated

Asymmetric
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where Egys denotes the energy of the system and n; the number of atoms
of type i in the system. Note that the formation energy depends on the
size of the system and is typically normalized by the number of atoms or
by the size of the surface area A of the (bulk) unit cell. Considering that
the unit cell includes surfaces on the top and on the bottom side, the
formation energy is generally normalized by 2A rather than by A,
leading to

1
= <Esys - Zm-ﬂ-) Q)

Furthermore, one may distinguish between bulk and slab formation
energies, Efpuk and Efsiap Tespectively, depending on whether it this
calculated for a unit cell in the bulk or for a slab, where the latter con-
tains also contributions from the surfaces [122].

Barabash et al. [129] had proposed to determine the (slab) formation
energy Efgqp of a bimetallic surface region using the pure support as
reference. It describes the change in slab energy from the initial
monometallic slab (Egqpin) upon exchange of n; atoms of species i
to/from a reservoir of that respective species to the final bi- or multi-
component slab, and can be calculated via eq. (5)

1
Ef b = 24 <Eslubﬁn — Egahin — Xi:ni 'Ei> )

In that case, the formation energy of a By /Ay, model system as
described above would be calculated as

1
Ef gab, B,ja, = 24 (Estap, Bo/an — Estaba, — Mi*(Es — En)), (6)

where E4 and Ep represent the bulk energies of elemental A and B,
respectively, and n; the number of exchanged atoms A. It is important to
realize that the resulting formation energy is specific for a given refer-
ence system, in this case the support A (see [129] and [122] for details).

This brief summary indicates already that great care has to be taken
when using calculated surface energies and formation energies of
bimetallic surfaces in the discussion of surface stabilities etc., as the
numbers will depend sensitively on the approach used in these
calculations.

3. Chemistry of bimetallic surfaces
3.1. Adsorption properties

The adsorption properties of single-crystalline bimetallic surfaces
differ from those of monometallic / elementary surfaces by the existence
of a large number of different adsorption sites. While on smooth, ideal
elementary surfaces the sites differ only by their coordination, i. e., by
the number of surface atoms contributing to the adsorption site, such as
adsorption on on-top sites (1 atom), on bridge sites (2 atoms) or on
threefold sites (3 atoms), (smooth) bimetallic surfaces offer a large va-
riety of sites or adsorption ensembles of different composition. For AB-
type mixed surfaces, they may include A, B, AA, AB, BB, A3, AsB etc.
sites. Furthermore, also the neighbors of the respective adsorption
ensemble, including both atoms directly aside and/or directly under-
neath the respective surface ensemble, may modify the adsorption
properties of these sites by electronic interactions (ligand effects) or by
imposing lattice strain (strain effects [15]). Thus, the concepts of the
(geometrical) ensemble effect and the (electronic) ligand effect, which
had been initially introduced in the discussion of the catalytic activity of
bimetallic catalysts (see Sections 1. and 3.2 as well as references
[7-13]), are equally applicable also for the description of adsorption
properties. In fact, these modifications of the adsorption properties
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provide the rational basis for the trends in the catalytic activity of these
systems.

In the following, we will illustrate these concepts and more recent
developments using structurally well-defined PtAg and PdAg surfaces as
example, which have been investigated extensively both in our groups
[57,58,60,61,123-128] as well as in others [62,70,72,77,95,130-132].
These surfaces include Pd(111) and Pt(111) surfaces modified by ul-
trathin Ag films [60,77,126] or surfaces covered by monolayer surface
alloys, where a pseudomorphic PdAg or PtAg layer is supported on a Pd
(111) or a Pt(111) support, respectively. Alternatively, PtAg or PdAg
surfaces were prepared also by deposition of Pt or Pd on Ag(111) sup-
ports [69-74,95]. In an atomic picture, these surface alloy systems differ
from the surface region of comparable bulk alloys by the homogeneous
local composition and structure of the underlying second and deeper
layers, which simplifies the identification and classification of different
adsorption sites enormously. Nevertheless, we will compare these re-
sults also with comparable data obtained in adsorption studies per-
formed on PdAg bulk alloys [133-135], while no such studies were
found for PtAg bulk alloys. In the following, we will discuss tests of the
adsorption properties of various PtAg and PdAg surfaces using CO and
hydrogen as probe molecules / atoms, and compare them with structural
information to identify local adsorption properties on these surfaces.

3.1.1. CO adsorption on PtAg and PdAg surfaces

For CO adsorption on the partly or fully Ag film covered Pt(111)
[126] and Pd(111) [60,77] surfaces, the rather inert Ag mainly acts as
blocking species, at least during CO adsorption at room temperature and
higher. Upon CO adsorption at liquid Ny temperatures, CO desorption
from Ag/Pt(111) is observed in a small peak at 130 K [126] (see Fig. 5).
Note that this desorption temperature is much higher than CO desorp-
tion from Ag(111) (desorption temperature around 50 K [136]). The
main peak centered at about 380 K is due to desorption from Pt(111)
sites. Finally, a small CO desorption peak above 500 K, which grows
upon annealing to > 600 K and subsequent exposure to CO, was asso-
ciated with CO strongly bound to Pt atoms (partly) surrounded by Ag
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Fig. 5. CO-TPD spectra obtained after CO,q saturation at 100 K of Pt(111)
surfaces covered by Ag films or mixed PtAg layers with different Ag surface
concentrations (see figure), following Ag deposition at room temperature (300
K) and subsequent heating to successively higher temperature, as indicated in
the figure. For comparison: spectrum obtained for pure Pt(111) (dashed lines).
Adapted with permission from Ref. [126], Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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atoms [126]. A similar peak was observed also during CO desorption
from a fully Ag covered surface (3 monolayers (ML)) after annealing >
900 K, where Ag starts to desorb and Pt starts to segregate to the surface
[126]. In combination, this indicates that neighboring Ag atoms lead to
an increase in Pt-CO bond strength. These results fit well to those of an
IR spectroscopy study on the adsorption of CO on similar Ag covered Pt
(111) surfaces by Rodriguez et al. [77]. Those authors reported that CO
adsorbed on Ag deposited at 90 K, which leads to very small Ag defect
structures with a large number of undercoordinated Ag sites, desorbs at
about 70 K higher temperature than from smooth Ag(111) films. Step-
wise annealing a 1.3 ML Ag covered Pt(111) surface and subsequent
saturation of CO led to a continuous decay of the CO-Ag/Pt(111) related
IR band intensity, which was attributed to the formation of a smoother
Ag film with fewer more strongly adsorbing Ag defect sites. The
appearance of a new band at 2134 cm™! for CO on a 500 K annealed
Ag/Pt(111) surface, which was not commented upon in [77], is likely
due to the formation of new Ag-Pt sites at the onset of intermixing, in
agreement with comparable findings for CO adsorption on 600 K
annealed Ag/Pt(111) surfaces by Diemant al. [126]. Note that these
results are consistent with expectations based on the constant bond
order concept (see Section 2.3), if the CO species desorbing at 130 K
represents CO adsorbed on undercoordinated Ag step and kink sites,
while adsorption on Ag atoms within pseudomorphic Ag islands should
be weaker than on Ag(111) because of the stronger interaction between
Ag surface atoms and the Pt(111) support atoms compared to Ag-Ag
bonds (ligand effects) and due to the compression of the 2D Ag layer
(strain effects).

For Ag/Pd(111), neither desorption at 130 K nor a distinct higher-
temperature CO desorption peak (at ~550 K) were observed, indi-
cating that similar PAAg configurations either do not exist or do not lead
to a stabilization of the CO-Pd bond. The absence of CO adsorption on Ag
monolayer films on Pd(111) at temperatures above 90 K, as observed in
this study, suggests a weak Ag-Pd interaction, and also agrees with
recent calculations indicating that the Ag valence band in 1-2 ML Ag
films is only weakly perturbed by the underlying Pd support [80]. It also
agrees with calculations, which show a significantly lower CO adsorp-
tion energy on monolayer Ag/Pd(111) systems than on Ag/Pt(111)
[124,127].

Moving on to CO adsorption on PtAg/Pt(111) and PdAg/Pd(111)
monolayer surface alloys, we can compare experimentally determined
CO and H; adsorption properties with adsorption energies and trends in
vibrational frequencies calculated for adsorption on different adsorption
ensembles. As discussed already above, CO TPD spectra recorded after
CO saturation of PtAg/Pt(111) surfaces with different Ag contents (see
Fig. 5) at 100 K, which before CO adsorption were annealed to the
temperatures indicated, showed little change upon annealing, except for
the formation of the small higher-temperature peak with a maximum at
about 525 K. For comparison, Schiittler et al. performed density func-
tional theory based (DFT) calculations for CO adsorption on a number of
different Pt, ensembles, which were surrounded by Ag surface atoms
and pseudomorphically grown on Pt(111) [127]. In these calculations,
the authors considered CO adsorption on Pt; monomer sites, on Pty
dimer sites, and on compact Pt3 trimer sites (Fig. 6). Adsorption on a
surface with Pt; monomers is most stable on the on-top adsorption site,
since bridge bonded adsorption on PtAg sites or on PtAg, sites is much
weaker [127]. For CO adsorption on Pt; dimer sites, there is almost no
difference between on-top adsorption on one of the two Pt surface atoms
and adsorption in a bridge-bonded configuration, and the same is ob-
tained also for adsorption on a Ptg trimer [127]. Furthermore, the
adsorption energy is almost constant for on-top adsorption on the
different ensembles, with only a very small decay in the order Pt3 - CO <
Pty - CO < Pt- CO [127,128]. Also CO4q coverage effects are small, with
only slight losses in adsorption energy when going from 1 CO,q to 2 or 3
CO,q per Pt ensemble, and similar trends are observed also for CO
adsorption on larger Pt, ensembles [128]. Furthermore, different from
CO adsorption on Pt(111), local coverages of 1 CO,q per Pt surface atom
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Fig. 6. Schematic (‘bird eyes’) representation of CO adsorption in an on-top
configuration on a Pt; monomer (a), in an on-top and in a bridged configura-
tion on a Pt, dimer (b1 and b2), and in an on-top configuration, on a bridge site
and on a threefold hollow site on a Pt3 trimer (c1, c¢2 and ¢3) in monolayer
PtAg/Pt(111) surface alloys. Note that for symmetry reasons CO is expected to
stand upright in configurations a), b2) and c3), while in the other cases a small
tilt is likely. Adsorption energies in eV, where determined, were calculated with
a PBE/PAW functional in [127].

can be reached. Apparently, repulsions between neighboring COgq
molecules can be strongly reduced on these separated Pt, ensembles by
an outward tilting of the neighboring CO,q molecules [128]. These
calculated trends agree perfectly with the experimental observation of
an essentially constant position of the CO desorption peak for different
PtyAg1 x compositions of the bimetallic surface layer [126].

Further experimental support of rather similar CO adsorption en-
ergies on the different sites comes from a high-resolution X-ray photo-
electron spectroscopy (XPS) study by Bauer et al. [62], who observed the
simultaneous appearance and disappearance of two Cl s peaks with
different binding energies (BEs) during adsorption and desorption of CO
on PtAg/Pt(111) monolayer surface alloys. Based on rather similar ob-
servations for CO adsorption on Pt(111) [137], they explained this by a
simultaneous population and de-population of bridge and on-top sites
during CO adsorption / desorption. The only difference between their
results and the above theoretical prediction, the absence of CO,q on
threefold sites on Pt3 and larger ensembles at low CO,q coverages in
their measurements, may be due to either the slightly lower adsorption
energy on these sites (see Fig. 6) and/or small differences between the
C1 s BEs of CO adsorbed on bridge or threefold sites.

In total, these data indicate that for PtAg/Pt(111) surface alloys
electronic ligand effects and geometric strain effects almost compensate
each other. Strengthening of the Pt-CO bond due to the weaker Pt-Ag
bonds with neighboring Ag surface atoms is essentially compensated
by the Pt-CO bond weakening induced by the larger size of the neigh-
boring Ag surface atoms and the resulting compressive strain on the Pt
ensemble. Similar to CO adsorption on Pt(111) [138], the energy dif-
ferences between adsorption on on-top sites, bridge sites and threefold
hollow sites are small.

Finally, these calculations also revealed that the simultaneous
adsorption of 2 CO on a Pt; monomer is instable compared to 1 adsorbed
CO and 1 gas phase CO [128]. This agrees with experimental findings in
so far as the formation of multicarbonyl species, which is often discussed
in the literature for Ru nanoparticles [139-141], has rarely been pro-
posed for Pt nanoparticle catalysts [142,143].

Despite the very similar structural and electronic properties of the
two support surfaces, the situation is very different for CO adsorption on
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PdAg/Pd(111) surface alloys [60,61,124]. Saturation CO-TPD spectra
recorded on surface alloys prepared by deposition of 1.2 monolayers of
Ag on Pd(111) and subsequent annealing to increasing temperatures
show a continuous shift of the CO desorption peak up to 800 K annealing
[60]. Annealing to even higher temperatures leads to the appearance of
new peaks on the low-temperature and high-temperature side of the
main peak, until upon annealing to 1100 K Ag is completely desorbed /
dissolved in the bulk and the TPD spectrum resembles that of CO
desorption from Pd(111) [60]. More information is obtained from CO
TPD series recorded on PdAg/Pd(111) monolayer surface alloys with
different Pd surface contents, which at the lowest Pd concentrations (2
%) show a peak at 316 K [61]. This was associated with CO desorption
from Pd; monomers surrounded by Ag surface atoms. At higher Pd
contents, between 7 % and 10 %, this peak up-shifted to 364 — 380 K,
with a shoulder at about 320 K. These features, which became more
pronounced for 25 % surface Pd, were attributed to desorption of two
CO from Pd; dimers, with the first one desorbing at 320 K and the second
one at 380 K (see discussion of CO coverage effects with Fig. 8). At even
higher Pd surface concentration (> 39 %), a peak at about 460 K
appeared, which was related to CO desorption from threefold hollow
sites on Pds or larger ensembles [61]. Pronounced differences compared
to the CO adsorption behavior on PtAg/Pt(111) surface alloys were
obtained also in DFT calculations performed for CO adsorption on
PdAg/Pd(111) surface alloys [124]. The resulting CO adsorption en-
ergies, obtained for the same adsorption ensembles and sites as in Fig. 6
for PtAg/Pt(111), are presented in Fig. 7. These calculations also show a
strong preference for adsorption on threefold hollow sites, similar to CO
adsorption on Pd(111) [144,145], with the CO adsorption energy
increasing in the order Ead,on-top < Ead,bridge < Ead,hollow site- O11 the other
hand, there is very little change in the (calculated) adsorption energy on
the same site when going to larger ensembles, e.g., for on-top adsorption
when going from Pd; via Pdy to Pds, indicating that similar to CO
adsorption on PtAg/Pt(111) lateral ligand and strain effects largely
compensate each other. This conclusion is supported also by the calcu-
lated result that Pd3 and Pd4 (not shown) exhibit similar CO adsorption
energies on the threefold adsorption sites. This suggests that adsorption
on Pdj sites largely determines the highest adsorption energy and that

Fig. 7. Schematic (‘bird eyes’) representation of CO adsorption in an on-top
configuration on a Pd; monomer (a), in an on-top and in a bridged configura-
tion on a Pd, dimer (b1 and b2) and in an on-top configuration, on a bridge site
and on a threefold hollow site on a Pd3 trimer (c1, ¢2 and c3) in monolayer
PdAg/Pd(111) surface alloys. Note that for symmetry reasons CO is expected to
stand upright in configurations a), b2) and ¢3), while in the other cases a small
tilt is likely. Adsorption energies in eV, where determined, were calculated with
a PBE/PAW functional in [124].
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the effect of additional surrounding Pd ligands is small. In this sense,
experimental results (TPD peaks, infrared bands) attributed to Pds en-
sembles may originate not only from Pds, but also from larger ensembles
[124]. Finally we would like to add that these desorption temperatures
are very close to those reported for CO desorption from Pd; monomers
(300 K) and Pd; dimers (360 K) in a PdAu surface alloy on Pd(111),
indicating rather similar ligand and strain effects in both cases [146].

Furthermore, these calculations also revealed significant vertical
ligand effects on the CO adsorption behavior, which are reflected by a
lower CO adsorption energy on Pd, surface ensembles that are separated
from the bulk by a pseudomophic Ag layer [124]. This agrees well with
the down-shift of the local d-band center calculated for these sites [124]
and with the experimental observations of a reduced CO adsorption
energy on on-top sites of Pd monomers surrounded by Ag atoms also in
the second layer [61]. The trend seems to differ from expectations based
on a simple bond order picture, since one would expect a stronger Pd-CO
binding on such sites, due to the weaker Pd bonding to the underlying Ag
atoms instead of Pd atoms. Looking more closely, however, we have to
consider that also the interaction between Ag atoms in the surface layer
and those in the Ag second layer is weaker than the interaction with a Pd
second layer. This results in a stronger interaction between Pd surface
atoms and neighboring Ag surface atoms (Ag ligands), which leads to a
weaker Pd-CO bond. Apparently, this effect overcompensates the Pd-CO
bond strengthening expected from the vertical ligand effect (interaction
of surface Pd with Ag in the second layer), which would lead to a
stronger Pd-CO bond. This case demonstrates nicely that the prediction
of trends in adsorption energies can be difficult in complex situations
like the above example, where several counteracting effects have to be
considered. Nevertheless, in most situation it allows a simple estimate of
trends in adsorption energies.

Next, we will compare the CO,q coverage effects for PdAg/Pd(111)
with those obtained for PtAg/Pt(111) (see above). Different from the
latter systems and from CO adsorption on Pt(111) [126,147,148], CO
adsorption on PdAg/Pd(111) shows considerable coverage effects, when
comparing, e,.g., adsorption of a single CO on a Pd; with adsorption of
two CO on that ensemble [124]. This is also indicated by the appearance
of additional lower temperature peaks in the TPD spectra [61]. A more
detailed inspection revealed, however, that the decrease in effective
adsorption energy is mainly due to changes in the adsorption site rather
than directly caused by CO,q — COqq repulsions. This is illustrated in
Fig. 8. While compared to adsorption on the most stable sites of Pdy
dimers or Pd3 trimers the mean adsorption energy of two or three on-top
adsorbed CO is drastically reduced, by 0.33 eV per CO,q (Pdy dimer) or
even by 0.68 eV (Pd3 trimer), the actual effect of the (repulsive) CO,q.
—COyq interaction is much less. This is illustrated by using adsorption of
a single CO,q on an on-top site of the respective ensemble as reference. In
this case, the binding strength of the second CO,q decreases much less,
from —1.42 eV to -1.20 eV, due to the mutual repulsion of the CO

-1.64 eV -1.42 eV 1.31eV  -1.31eV
o Ve
c L -1.20 eV

Pd Pd

Fig. 8. Simplified illustration of CO adsorption on a Pd, ensemble at higher
coverages. Left: preferred adsorption of one CO molecule at the bridge site of
Pd,. Center: energetics relevant to the adsorption of an additional CO molecule
on the Pd, dimer. Repulsion from neighboring CO molecules shifts the first
absorbed CO molecule away to an on-top site and reduces its adsorption energy.
A second CO molecule will be adsorbed on the other on-top site. Right: final
state, showing simultaneous adsorption on the two on-top sites with their mean
adsorption energy (Pd: cyan, C: blue, O: red). Reprinted from Mancera et al.
[124], with permission of the Owners Societies.
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molecules at the adjacent top sites. The remaining 0.22 eV is needed to
displace the initial CO,q from the most stable bridge site to an on-top site
(Fig. 8, middle).

As indicated before, we will also briefly compare CO adsorption on
the surface alloys with that on PdgyAg33(111) bulk alloys [133-135].
This surface differs from the PAAg/Pd(111) surface alloys by its slightly
larger lattice constant and by the presence of Ag atoms also in deeper
layers, leading to a modification in strain effects and in vertical ligand
effects. TPD spectra recorded on CO covered Pdg;Agss(111) (CO
adsorption at about 270 K) revealed a single peak only, with a maximum
at about 370 K [133,134]. This closely resembles the observations ob-
tained for CO desorption from PdAg/Pd(111) surface alloys with surface
Pd contents between 7 % and 10 %, which was attributed to desorption
from Pd; ensembles [61]. The Pd content of the PdgyAg33(111) surface
in that study was estimated to be around 10 % [133], which is less than
half of the Pd content in the PdAg surface layer in the PdAg/Pd(111)
sample shown in Fig. le. In a later atomic resolution STM study of a
similar sample, Wouda et al. determined a Pd surface content of about 5
%. In that case they obtained dominant Pd; monomers and Pd;, dimers
on the PdgyAgs3(111) alloy surface [149]. Considering the different
procedures for surface preparation, these results agree very well and fit
perfectly to the results obtained for CO adsorption on the PdAg/Pd(111)
surface alloys. Hence, CO adsorption on this bulk alloy surface seems to
closely follow the trend derived for the PdAg/Pd(111) surface alloys,
and the combined differences in the ligand and strain effects are small.

As a last point, we briefly compare with CO adsorption on PdAg/Ag
(111) [95] or PtAg/Ag(111) [70,150] surface alloys, which were pre-
pared by deposition of Pd or Pt on a Ag(111) support [69-74,95]. Also
these samples differ from the Pd(111) or Pt(111) supported surface al-
loys by the different lattice constant, which for pseudomorphic films
results in very different strain effects, by the different vertical ligand
effects (Pd-Ag instead of Pd-Pd interaction), and in particular by their
much higher tendency for intermixing.

For CO adsorption on PdAg/Ag(111) surface alloys with very low Pd
contents, prepared by Pd deposition at room temperature, Muir et al.
reported a CO desorption peak at 279 K, which they attributed to CO
desorption from Pd; monomers [95]. At a higher Pd coverage, a second
desorption peak appeared at 370 - 390 K, assigned to CO desorption
from Pd; bridge sites. These desorption temperatures are rather close to
the peaks at 316 K and 364 — 380 K reported for CO desorption from on
top adsorption on Pd; monomers and bridge bonded CO on Pd; dimers
in PdAg/Pd(111) surface alloys [61]. Hence, the additional strain effects
and vertical ligand effects introduced when changing from Pd; mono-
mers and Pd, dimers in a PdAg surface layer on Pd(111) to Ag(111)
result only in a rather small increase in CO adsorption energy for
adsorption on a Pds site, while for adsorption on Pd; monomers it is
more pronounced. Calculations for CO adsorption on PdAg/Ag/Pd(111)
had shown that the presence of one or two Ag underlayers on Pd(111)
underneath the PdAg surface layer leads to a decrease of the CO
adsorption energy [124], while the larger lattice constant of Ag(111)
should lead to an increase. Hence, these effects will partly compensate
each other, which explains at least qualitatively the little difference in
CO binding energy on Pd; monomers and Pd; dimers between these two
systems.

For CO adsorption on PtAg/Ag(111) surface alloys with low Pt
contents, prepared by Pt deposition at 380 K, Patel et al. reported a CO
desorption peak at 380 K, which they attributed to CO adsorption on Pt;
monomers [70]. At higher Pt surface contents (> 20 %), a second peak at
477 K appeared, which the authors assigned to desorption from Pt en-
sembles. These desorption temperatures are significantly higher than
those obtained for desorption from PdAg/Ag(111) surface alloys [95],
which we mainly relate to the much more pronounced ensemble effect
for CO adsorption on Pd,, ensembles than on Pt ensembles. While CO
adsorption on threefold sites on Pd; or larger ensembles is significantly
stronger than on-top adsorption on Pd; monomers, the differences are
much smaller for adsorption on Pt, ensembles, with only a small
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preference for CO adsorption on-top sites (Fig. 6). All in all, the differ-
ences in CO adsorption on these two types of surface alloys, PdAg/Ag
(111) and PtAg/Ag(111), can be explained in a consistent picture, and
the same is true also for the differences in CO adsorption when changing
the support from Pd(111) or Pt(111) to Ag(111).

3.1.2. Hydrogen adsorption on PdAg surfaces

Finally, we want to illustrate the role of ensemble effects, using the
adsorption of hydrogen on PdAg/Pd(111) monolayer surface alloys as
example. This differs from the situation experienced for CO adsorption
in two aspects. First, stable adsorption on metals at room temperature is
only possible for atomically adsorbed H,q (dissociative adsorption),
which means that 2 Hyq atoms have to be accommodated per adsorbing
Hy molecule. Second, adsorption of Hpg on a Ag monolayer on Pd()111)
is instable [125]. If diffusion of individual H,q from one Pt, ensemble to
another one is inhibited, both Haq species resulting from an impinging
H, molecule have to be accommodated on the same Pt ensemble for a
successful adsorption process.

To test this idea, we compared calculated binding energies for 2 Hyq
on different Pt; ensembles on these PtAg surface alloys and compared
them with experimental temperature programmed desorption (TPD)
spectra [125]. As evident from Fig. 9, desorption from surfaces with Ag
surface contents of up to 50 % shows 3 distinct desorption peaks g1, g2
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Fig. 9. (a) Set of H,-TPD saturation spectra recorded after Hy exposure to a
PdAg/Pd(111) surface alloys with different Ag surface contents (see figure) at
100 K. (b) H, adsorption energies (in eV per H,q) calculated for adsorption on
the different Pd,, ensembles on a PdAg/Pd(111) monolayer surface shown in the
figure. Adapted with permission from Mancera et al. [125], Copyright 2022
American Chemical Society.
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and b. Based on DFT calculations, these desorption peaks can be
attributed to associative desorption of 2 H,q from Pty ensembles
(y1-peak), Pt3 or Pty ensembles (y2-peak) and Pts or larger ensembles
(B-peak) [125]. As expected, for larger Pt surface concentrations, where
isolated Pt; — Pt4 ensembles become less frequent, the low-temperature
peaks rapidly decay in intensity.

Interestingly, these three peaks are populated simultaneously during
increasing hydrogen exposure (Fig. 10), which is in contrast to the
normal behavior where the most stable sites, equivalent with the highest
temperature peak, is filled first. This can be simply explained in a picture
where surface diffusion of Haq species from one Pt, ensemble to another
one is inhibited. Thus, the different Pt, ensembles are populated
simultaneously, e.g., by dissociative adsorption of surface diffusing Hs 5q
precursor species. This perfectly confirms our above assumption that
always pairs of Hagq have to be accommodated per adsorption of Hy. A
similar behavior was obtained also for Hy adsorption on PdAu/Pd(111)
surface alloys [151], further confirming these mechanistic ideas. Finally,
it should be noted that, according to the Sabatier principle (see Section
3.2), the existence of three different H adsorption sites with very
different binding energies on these surfaces offers a variety of different
active sites, e.g., in hydrogenation reactions.

In total, by combining structural, spectroscopic and theoretical data,
these and similar type other adsorption studies have provided detailed
information on the atomic-scale adsorption behavior of (locally) inho-
mogeneous bimetallic surfaces. This allows also to quantitatively eval-
uate the impact of structural and electronic effects on the adsorption
behavior. Admittedly, the distinction between adsorption on different
sites is more complex on surfaces where the differences in binding
strength between different adsorption ensembles are less pronounced
than in the examples discussed here, but it should nevertheless be
possible also in such cases to identify trends.

3.2. Catalytic surface reactions

The mechanism of bimolecular catalytic surface reactions is classi-
cally described by either the Eley-Rideal (ER) mechanism [152,153], the
Langmuir-Hinshelwood (LH) mechanism [152], or the Mars-van Kre-
velen (MvK) mechanism [154] (for an excellent review see ref. [155]).
In the first case, a molecule coming from the gas phase collides and
interacts with an adsorbed species, and the resulting reaction product
desorbs. Alternatively, the second reactant may also be present as
physisorbed species in the second layer, which is essentially identical to
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Fig. 10. D,-TPD spectra recorded of a Pd33Age;/Pd(111) surface alloy after
increasing D, exposures (from bottom to top: 0.1, 0.2, 0.4, 0.6, 1, 20, and 60 x
107° mbar s). Reprinted with permission from Mancera et al. [125], Copyright
2022 American Chemical Society.
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the situation in outer-sphere reactions in electrocatalysis [155]. This
mechanism allows a reaction to proceed also on a surface that is
completely covered by the chemisorbed species. In the LH mechanism,
both species participating in the reaction are adsorbed, which means
that there is an optimum adlayer composition, where the two reaction
partners are adsorbed in a 1:1 ratio. Furthermore, the adsorbed species
should be intermixed rather than phase separated. Complete occupation
of the surface by one of the partners would result in surface blocking,
and thus would stop the reaction. Thus, there is a maximum in the re-
action rate, which does not exist in the ER mechanism. In the MvK
mechanism, the adsorbed reactant reacts with a surface atom of the
solid, mostly with oxygen in oxides, and the resulting surface oxygen
vacancy is filled by oxygen from the bulk reservoir. This reservoir is
replenished in an independent process by reaction of a surface oxygen
vacancy with O, and subsequent diffusion of a surface oxygen into the
bulk reservoir.

In many surface reactions, different, competing reaction pathways
are possible, and the dominant pathway will depend on the catalyst
material and on the reaction conditions. As an example, it is widely
agreed that CO oxidation on noble metal surfaces / catalysts will follow
a LH mechanism [156], while on oxide supported Au nanoparticle cat-
alysts, where Oy dissociation on the Au nanoparticles is strongly hin-
dered, a Au-assisted MvK mechanism had been proposed [157,158].

The activity of (monometallic) catalysts in a given catalytic reaction
was attributed to electronic properties such as the electron concentra-
tion [1], the electronic work function or the electronic density of states
at the Fermi level and the gradient of the latter [2] (see also Section 2.3).
In a different picture, the geometry of the adsorption site (’geometric
factor’) was considered as decisive parameter, in particular for reactions
involving larger organic molecules [159].

These concepts and mechanistic ideas were also applied to reactions
on bimetallic catalysts. For a series of binary solid solutions containing
one group 8 element (Ni, Pd or Pt) together with one of group I (Cu, Ag
or Au) and the binary alloys of iron, cobalt and nickel, the efficacy in
multiple bond saturation or in dehydrogenation was suggested to largely
depend on the number and the characteristics of the holes in the d-bands
of the alloys [2,22,98]. Later, electronic effects were discussed in a more
local picture and the (enhanced) reactivity of bimetallic catalysts was
associated with modifications of the electronic properties of a surface
atom, which may represent the active site, due to interaction with
different neighboring surface and subsurface atoms [12,13]. In analogy
to similar effects in coordination chemistry and homogeneous catalysis,
where the state and catalytic behavior of the metal center are strongly
influenced by its ligands, these effects were termed as electronic ligand
effects. These as well as strain effects, which reflect the effect of lattice
distortions as compared to the natural lattice of the respective surface
species on the electronic structure [15], can lead to changes in the
adsorption energy (see Section 3.1) and thus to significant modifications
in the reaction kinetics [16,17]. Also for bimetallic catalysts, geometric
effects were considered as an alternative important parameter and
introduced as geometric ensemble effect, which describes the influence
of the size/configuration of the active surface ensembles on the catalytic
activity via their concentration [7,10].

Later, Watanabe and Motoo introduced the so-called bifunctional
mechanism, where on a bimetallic surface one reactant adsorbs on the
one type of surface atoms and the other one on the other type of surface
atoms. Specifically, for the electrocatalytic CO oxidation on PtRu alloy
surfaces they proposed that the interaction of H,0 with the surface leads
to the formation of adsorbed OH on the Ru atoms, while CO is adsorbed
on the Pt surface atoms [160,161]. At that point, electronic modifica-
tions of the respective surface atoms were not considered. While because
of the high oxophilicity of Ru this mechanism was intuitively
convincing, later experimental and theoretic studies revealed that not
only OH, but also CO is more strongly adsorbed on Ru surface atoms
than on Pt atoms [162]. The high catalytic activity of these surfaces,
which was observed experimentally, could be explained in a picture
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where due to the high coverages of OH,q and CO,q the preferential
adsorption of OH on Ru surface atoms would force CO on the Pt surface
sites [163]. Essentially, the bifunctional mechanism can be considered
as a LH mechanism with two or more different surface sites.

The connection between physical/chemical properties and catalytic
activity of a catalyst was reported already at the beginning of the last
century by Sabatier [164-166], who concluded that the activity of a
catalyst is given by the binding energy of the adsorbed species, and that
there is an optimum in binding energy for the most active catalyst. This
results in lower activities for lower or higher binding energies, the
so-called Volcano plots. An early example for such kind of correlation
was given by Trasatti [101] for the electrocatalytic hydrogen evolution
reaction, where a plot of exchange current densities on a large number of
metal electrodes versus the metal-H bond strength resulted in an
essentially perfect volcano. Similar correlations were later reported also
between d-band occupancy and ammonia synthesis activity [100] or the
activity in the hydrogenolysis of C-X bonds (X=C, N, Cl) [167].

Before moving on to bimetallic surfaces we would like to comment
on the fact that the Sabatier principle seems to work well, although it
does not specify the type of bond which should neither be too strong nor
too weak. It could be the strength of a reactant-metal bond or of an
intermediate or of a product to the respective metal. Furthermore, it is
based on thermodynamic properties, while kinetic rates are controlled
by the activation energy. The solution for this apparent discrepancy is
provided by two general principles, namely the so-called scaling relation
in catalysis and the Brgnsted-Evans-Polanyi (BEP) relation [75,168].
The scaling relation says that the adsorption energies of different species
on a given surface are correlated to each other, so that when changing to
a different surface the change in binding energy of a certain adsorbed
species A is related via a constant factor to that of another adsorbate B.
The BEP relation correlates the kinetic barrier, i.e., the energy required
to reach the transition state to the energy of the initial state (reactant)
and/or the final state (product). In a simple picture, a stabilization of the
initial state upon changing the catalyst will result in a higher activation
energy, which assumes that the transition state is affected less by this
change. Correspondingly, a weaker bonding of the initial state or a
stronger bonding of the final state would result in a smaller activation
barrier.

For bimetallic surfaces, the simplest picture would expect a specific
rate for each type of active site or better active ensemble, which is
determined by the respective bond strength on this site. In this case, the
total reaction rate R would be obtained by summation over the products
of the number of the respective active site n; times the rate r; on this site,
which is given by the relevant binding energy on this site

R = Zniri
i

Such kind of approach was indeed described in a number of studies
on the electrocatalytic oxygen reduction reaction (ORR) on different,
structurally well-defined monolayer surface alloys [169-171], among
them also PtyAg;/Pt(111) surface alloys [171]. Using calculated
O-metal bond energy on the different As, A;B, ABy and Bg sites as
parameter - in this case threefold adsorption sites were assumed as
active sites - and the abundance of the different types of threefold sites
on the hexagonal surfaces as determined by statistical evaluation of
atomic resolution STM images with chemical contrast [55-57], the au-
thors could calculate relative reaction rates (exchange current den-
sities), relative to the maximum reaction rate, for different surface
compositions. The calculated volcano plot and the exchange currents
calculated for the different AyBs x ensembles (triangles) as well as the
measured kinetic currents (squares) and those calculated according to
Eq. (3) (circles) are presented in Fig. 11. Note that the oxygen binding
energies Eg are given relative to that for Pt(111), with increasingly
positive numbers indicating weaker O,q bonding. For inhomogeneous
surfaces, the mean Oyq binding energies were calculated as the mean
value of the weighted binding energies on the different trimer

)
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Beckord et al. [171], with permission from Elsevier.

ensembles, using the trimer ensemble distribution as determined by
STM. Obviously, the measured rates (squares) closely follow the calcu-
lated ones (circles). Furthermore, it is clear that the enhanced activity of
the surface alloys compared to Pt(111) results from the high activity of
the Ag;Pty trimer ensembles. For these sites, which except perhaps for
the Ag;Pto3/Pt(111) surface alloy dominate the reaction, OH,g removal
represents the rate determining step, as they are still on the left slope of
the volcano [171,172]. In contrast, for the Ag,Pt; trimer ensemble,
which is on the right hand slope of the volcano, OOH,q4 formation would
be rate limiting. Because of their much lower activity, however, the
latter sites contribute little to the overall activity of the surface alloys
investigated. This would be in contrast to the current mechanistic un-
derstanding that for Pt(111) OOH,q formation should be rate limiting
[173,174]. This and possible explanations for this discrepancy are dis-
cussed in Ref. [171]. Finally, the fact that the data calculated for the
exchange current densities on the surface alloys are not exactly posi-
tioned on the Volcano can be understood from the fact that the rates are
calculated as a sum of the weighted individual rates on the different
ensembles rather than by averaging of the O binding energy and sub-
sequent calculation of a rate using the mean O-binding energy.
Although this model could explain the higher ORR activity of several
of the PtAg/Pt(111) surface alloys in a very satisfactory way, a later
study revealed that this approach was too simple [93]. This study
considered effects introduced by the surface composition on a larger
scale, using a phase-separation model that allows the authors to describe
the two-dimensional distribution of the Ag and Pt surface atoms and
thereby the abundance of specific structural elements on a relatively
large scale. Also, based on findings in recent studies [175], the authors
used the *OH adsorption energies (on-top adsorption) rather than *O
adsorption energies (adsorption on threefold sites) as a descriptor to
estimate the catalytic activity of extended surfaces, which has consid-
erable consequences on the geometry of suitable adsorption ensembles.
Using surface unit cells with between 100 and 900 atoms, they
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simulated PtyAg;.x/Pt(111) surfaces that agreed well in the relative
contributions of the PtyAgsy ensembles determined and used in [57,
171]. Representative configurations for a Ags;Ptgo/Pt(111) surface are
illustrated in Fig. 12. ORR activities were calculated by using the *OH
adsorption energies on Pt or Ag surface atoms surrounded by a shell of
the six nearest Pt or Ag surface atoms as a descriptor. DFT calculations
performed for a large number of different heptamer configurations,
including slight variations in the positions of nearest neighbors of the
respective central atoms, revealed a considerable variation in OH
binding energies with increasing Ag surface concentration for each of
the different heptamer ensembles, and both for binding on Ag and on Pt
central atoms (Fig. 13a). For Pt(Pts) ensembles, this amounts to about
0.1 eV (Fig. 13b). Similar variations, though less pronounced, are ob-
tained also for the other heptamer types. Furthermore, over the entire
composition range considered, up to about 60 % surface Ag, OH binding
is weaker on the Pt(Ptg) ensembles than on Pt(111), while for the other
heptamer types it is stronger than on Pt(111). Hence, regardless of the
configuration, the ORR activity is dominated by reaction on Pt(Ptg)
heptamers, and the enhanced activity of these binary surface alloys as
compared to Pt(111) results from long-range strain effects self-induced
by the surface. The Ag surface atoms in the unit cell outside the Pt
(Ptg) heptamers lead to an anisotropic compression of the Pt-Pt bonds in
the Pt(Pte) heptamer, and thus to a strain-induced increase of the ORR
activity. Additional electronic ligand effects and strain effects, in addi-
tion to the Ag-induced long-range strain effects in the Pt(Ptg) heptamer,
have little impact on the OH binding energy and thus on the ORR ac-
tivity. Using the trend of the OH binding energies indicated by the black
line in Fig. 13a, ORR activities can be calculated as a function of Ag
surface concentrations for a wide range of concentrations. These cal-
culations also demonstrated that the variation in ORR polarization
curves obtained for Pt(Pte) in all different configurations was relatively
small and did not affect the order of increasing activity [93].

While this result of predominant strain effects seems to be in contrast
to the conclusions of the earlier study [171], the discrepancy can easily
be understood by the different size of the adsorption ensembles. In
[171], electronic modifications arose from changes in the composition
of the direct adsorption site, the AyBs « trimer, and strain arising for Ag
outside this trimer was not included. In the study by Ozério et al. [93],
the conclusion of dominant strain effects on the ORR activity refers to
the ORR activity of Pt(Pts) heptamers and the strain induced by Ag
surface atoms outside the Pt(Ptg) ensemble, i.e., on next nearest
neighbor sites relative to the central adsorbing atom or further away.
Ligand effects induced by nearest neighbor Ag surface atoms do play a
considerable role, they are responsible for the difference in OH bonding
and ORR activity between Pt(Ptg) sites and Pt(AgPts) sites.

Overall, this study clearly demonstrates the importance of including
also more distant neighbors in the description of the adsorption
ensemble for modelling the activity of binary surfaces on an atomic
scale. On the other hand, it also demonstrates that for a given surface
composition the variation in binding energies and thus in catalytic ac-
tivity induced by different configurations outside the adsorption
ensemble may be small and can in many cases be neglected. This is even
when considering that the binding energy enters the rate exponentially,
leading to a weighting preference for the optimum binding energy.
Finally, while focusing here on smooth bimetallic surfaces, a similar
approach as described in the above papers is of course also possible for
other surfaces and even catalyst nanoparticles with a variety of different
active sites. In a more general sense, this also leads to the conclusion that
the often used picture of ‘the active site’ is in most cases incorrect.
Instead, the reaction is likely to proceed on a number of different active
sites, all of which contribute to the overall reaction rates, though by
different amounts. Only in cases where the difference in activity be-
tween the most active site and other, less active sites is rather large, the
reaction will be dominated by a single type of active site. Furthermore,
this also means that the reaction may not necessarily be dominated by
the most active site. This would be the case, e.g., if the relative number
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relative *OH adsorption energies on Pt in Pt(Ptg) heptamers, *OH/Pt(Pte),
plotted on an extended energy scale. Adapted from Ozério et al. [93].

of less active sites is so much larger than that of the most active site that
the contribution from the most active site is small compared to the
contributions from the other, less active site(s).

Interesting and partly new aspects for future work would, e.g., be the
experimental verification of approaches aiming at breaking the scaling
relations, using model surfaces with well-defined structural elements
[176-180]. Possible candidates would, e.g., be structures where the
adsorption energies of reactants and intermediates do not follow a linear
scaling law [179], but also reaction mechanisms involving different
reaction sites in a sequence of elementary reaction steps. Another
fundamental problem refers to possible effects imposed by the sur-
rounding adlayer. In the examples described above, the total rate was
calculated as a sum of the rates obtained on different, separated and thus
independent adsorption sites. Therefore, microkinetic models including
also adlayer mediated interactions between different neighboring active
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sites would be highly interesting. In electrocatalysis, the consideration
of the electrolyte on an inhomogeneous electrode surface on an atom-
istic level would be highly desirable [150,181]. On the way to a more
realistic reaction picture, the inclusion of mesoscopic transport effects
on inhomogeneous surfaces on the reaction characteristics would be a
consequent next step to extend the current idealized understanding of
catalytic reactions. For all of these cases, however, the reproducible
generation of structurally well-defined surfaces and the quantitative
determination of the different structural elements of interest are a
time-consuming pre-condition for mapping out unambiguous
structure-reactivity correlations.

4. Summary

In this review on the surface chemistry of bimetallic surfaces and
catalysts we have illustrated and demonstrated the following general
trends and principles:

1. In many cases, the (initial) structure and surface composition of
bimetallic surfaces and catalyst nanoparticles will be determined by
kinetic limitations rather than by thermodynamics, and depend on
the preparation procedure and conditions. Catalytic reactions at
elevated temperatures will drive the structure towards the thermo-
dynamically stable structure.

2. The thermodynamic stability of a bimetallic surface / nanoparticle is
given by the (specific) surface energy and the formation energy,
where the former describes the stability with respect to the surface
structure and faceting, while the latter includes also the composition
of the bulk in terms of intermixing or phase separation.

3. Statistical evaluation of extended areas of atomic resolution STM
images with chemical contrast can provide detailed, quantitative
data on the abundance of different structural elements such as
atomic ensembles on bimetallic surfaces, which provide a basis for
the quantitative interpretation and modeling of spectroscopic results
and kinetic results obtained on these surfaces. On a more qualitative
scale, such information can also be obtained from spectroscopy
measurements, e.g., via titration with suitable adsorbates.

4. Relevant for the chemical / catalytic properties of bimetallic surfaces
and catalysts are the local electronic properties, projected onto the
different surface atoms, which are accessible from theory. For a given
surface atom, these are predominantly modified by the number,
distance and nature of direct neighbors.

5. In addition to the dominant short-range electronic effects, also
longer-range strain effects can play a role, which lead to slight var-
iations in the geometrical size and thus in the electronic properties of
a given adsorption site / ensemble. These variations are induced, e.
g., by the presence of larger or smaller surface atoms outside the
adsorption ensemble.
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6. Trends in the relative adsorption strength of a given adsorption site

or adsorption ensemble, which on a more quantitative scale can be
derived from the shifts of the d-band center (d-band model), can be
estimated rather well for the dominant late transition metals with a
more than half filled d-band in a simple chemical picture, via the
principle of constant bond order. This says that depending on the
number of bonds from the adsorbing surface atom or adsorption site
to neighboring atoms (structural effect) and on their bond strength
(electronic effects), the bond to an additional atom/molecule, here
the adsorbed species, will be lower or stronger to maintain a constant
bond order. For early transition metals with less than half filled d-
band, this approach does not work.

. The overall activity of a bimetallic surface in a given catalytic reac-
tion can be determined rather well in a simple local picture, as the
sum over the local activities on the different active sites / ensembles,
weighted by the abundance of the number of the respective sites /
ensembles on the surface. This also means, that in contrast to the
often used picture, there is not only a single type of active site.
Instead, in a general approach a variety of active sites with different
local activities, which contribute to the total reaction rate based on
their local activity and their abundance, have to be considered.

Finally, directions for future work aiming at a further improvement
of the mechanistic understanding of adsorption and catalytic reactions
on bimetallic surfaces were pointed out.
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