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We have investigated CO adsorption on structurally well-defined PtyAg; — x/Pt(111) surface alloys, combining
temperature-programmed desorption (TPD) and infrared reflection absorption spectroscopy (IRRAS) as well
as density functional theory (DFT) based calculations. This is part of a systematic approach including previous
studies of CO adsorption on closely related Pt(111)- and Pd(111)-based surface alloys. Following changes in
the adsorption properties with increasing Ag content and correlating them with structural changes allow us to
assign desorption features to specific adsorption sites/ensembles identified in previous scanning tunneling mi-
croscopy (STM) measurements, and thus to identify and separate contributions from different effects such as
geometric ensemble effects and electronic ligand/strain effects. DFT calculations give further insight into the na-
ture of the metal-CO bond on these bimetallic sites. Most prominently, the growth of a new CO desorption fea-
ture at higher temperature (~550 K) in the TPD spectra of Ag-rich surface alloys, which is unique for the group of

Pt(111)- and Pd(111)-based surface alloys, is attributed to CO adsorption on Pt atoms surrounded by a Ag-rich
neighborhood. Adsorption on these sites manifests in an IR band down-shifted to significantly lower wave num-
ber. Systematic comparison of the present results with previous findings for CO adsorption on the related
Pt(111)- and Pd(111)-based surface alloys gains a detailed insight into general trends in the adsorption behavior

of bimetallic surfaces.

© 2015 Published by Elsevier B.V.

1. Introduction

Bimetallic catalysts, i.e., supported catalysts with bimetallic nano-
particles, have attracted considerable interest in recent decades as
they often show an improved activity and/or selectivity compared
with the individual components [1-4]. A number of specific effects
such as the geometric ensemble effect [5,6], site-blocking effects [7],
or the electronic ligand [8-10] and strain [11,12] effects have been put
forward to explain the improved performance of these catalysts. As an
example, it is well known that the dilution of an active metal (like Pd
or Pt) with an inert metal (like Au or Ag) enhances the selectivity and
long-term stability in selective hydrogenation or other reactions like,
e.g., vinyl acetate synthesis on PdAu catalysts [13]. This was explained
by the reduced availability of larger active metal ensembles, which en-
able or enhance competing reactions. It should be noted that in particu-
lar the older models were strictly based on the correlation of the
reaction kinetics with the composition of the catalyst particles, and di-
rect experimental verification of these effects was hardly possible.

In modern catalysis research, where relative rates are often calculated
within the framework of the Sabatier principle, based on the adsorption

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

http://dx.doi.org/10.1016/j.susc.2015.12.022
0039-6028/© 2015 Published by Elsevier B.V.

energies of the reaction educts, intermediates and products, and where
the adsorption energies of the different species involved in a reaction
are found to often vary in a correlated way between different catalyst
materials [14], these adsorption energies are often calculated from the
material or site dependent adsorption energies of a ‘descriptor’ species
via the so-called scaling relations [15,16]. For bimetallic catalysts this
means that various adsorption sites with different local compositions
have to be considered for a comprehensive description of the reaction
on these catalysts and for the identification of the active sites. Model
studies along this way have been published recently for the electrocata-
lytic O, reduction on PtAu and PtRu bimetallic surfaces [17,18].

In an effort to better understand systematic trends in adsorption phe-
nomena on bimetallic surfaces, we have investigated in previous years the
adsorption of CO on structurally well-defined monolayer Pd,Au; _ /
Pd(111) [19], PdyAg; — x/Pd(111) [20-22] and Pt,Au; _ /Pt(111) [23]
surface alloys, where the distribution of surface atoms was determined
quantitatively by statistical evaluation of high resolution scanning tunnel-
ing microscopy (STM) images with chemical contrast [ 19,24-26]. Adsorp-
tion was investigated applying both experimental methods and density
functional theory (DFT) based calculations. Completing this series of CO
adsorption studies on closely related surface alloys, we here present re-
sults of a combined experimental and theoretical study on the interaction
of CO with structurally well-defined Pt,Ag; _ x/Pt(111) surface alloys

(2015), http://dx.doi.org/10.1016/j.susc.2015.12.022
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with systematically varied compositions. This is based on a detailed struc-
tural characterization by STM [27]. First experimental results on the for-
mation of these surface alloys and characteristic electronic and CO
adsorption properties at different stages of their formation were pub-
lished recently [28]. An analysis of the structural stability of the
PtyAg; _ «/Pt(111) surface alloys and related PtAg surfaces, based on
STM data and DFT calculations, will be reported later [29].

Before entering into the presentation and discussion of our data, we
will briefly summarize results from previous studies on the structural,
electronic and adsorption properties of bimetallic PtAg surfaces and
PtyAg1 — «/Pt(111) surface alloys. Although Pt and Ag are not bulk-
miscible, it was already reported in the pioneering STM studies by
Brune and Kern that intermixing of Ag deposits into a Pt(111) surface
becomes possible upon heating; the onset of surface alloy formation
was observed at ~620 K [30]. Further structural details including a quan-
titative description of the distribution of the two components in the sur-
face alloy layer and of the abundance of small adsorption ensembles for
varying compositions were recently derived in a detailed STM study
[27]. In brief, this analysis showed a strong tendency towards phase sep-
aration in the surface alloy layer for the complete range of surface com-
positions [27]. The transfer of a measurable amount of Ag to the bulk
upon annealing to temperatures below 850 K can be excluded on the
basis of these measurements [27,30]. The electronic and adsorption
properties of these surface alloys were studied by Striiber and Kiippers
using X-ray photoelectron spectroscopy (XPS) and temperature pro-
grammed CO desorption (CO TPD) measurements [31], respectively. In
XPS, a uniform down-shift of the Ag(3ds/;) binding energy (BE) by
~0.4 eV compared with Ag(111) is found for all Ag contents up to
1 ML already before surface alloy formation. After surface alloy forma-
tion, an additional shift is detected whose amount varies with Ag sur-
face concentration and takes a maximum additional decrease of
~0.3 eV for vanishing Ag content [31]. Although no complete CO TPD se-
ries were reported, the measurements showed the occurrence of an ad-
ditional TPD peak at ~570 K, which was preliminarily attributed to CO
adsorbed on atoms of a Pt cluster embedded in a Ag surrounding [31].

In the following we report on the CO adsorption properties of
Pt Ag; — x/Pt(111) surface alloys, which were prepared by deposition
of sub-monolayer amounts of Ag on Pt(111) at room temperature and
subsequent heating to higher temperature. After a brief description of
the experimental facilities and procedures (Section 2.1) and the compu-
tational details (Section 2.2), we will briefly summarize the most impor-
tant structural characteristics of the PtyAg; _ x/Pt(111) surface alloys
(Section 3.1.1), followed by the presentation of TPD and infrared reflec-
tion absorption spectroscopy (IRRAS) results for the CO adsorption on
PtyAg, _ x/Pt(111) surface alloys with varying surface compositions
(Sections 3.1.2 and 3.1.3). Section 3.2 comprises the results of systemat-
ic calculations of the CO adsorption energy on different relevant
bimetallic surfaces. In Section 4.1 we discuss the experimental and com-
putational results in a comprehensive way, focusing on trends in the CO
adsorption properties induced by the varying local surface composi-
tions. Finally, the data of the present study are compared with previous
results on PtAu/Pt(111) [23], PdAg/Pd(111) [20-22] and PdAu/Pd(111)
[19] surface alloys (Section 4.2).

2. Methods
2.1. Experimental part

The experiments were performed in an ultra-high vacuum (UHV)
system (base pressure ~ 1 x 10~ 1% mbar) with facilities for TPD, IRRAS
and XPS measurements, respectively. The system contains standard fa-
cilities for surface preparation, including an Ar™ ion sputter gun and a
Ag evaporator. The Pt(111) sample, which was used as substrate for
the bimetallic surfaces, could be cooled by liquid nitrogen to ~90 K
and heated by resistive heating. The surface was cleaned before each ex-
periment by a cycle of Ar™ sputtering (2 pA, 0.6 kV), oxygen treatment

(Poz = 1 x 10~ 7 mbar, 900 K), and annealing to 1200 K. Subsequently,
surface order and cleanness were checked by CO TPD and XPS. Well-
ordered and clean surfaces were identified by the absence of an addi-
tional feature at the high temperature edge of the main broad desorp-
tion peak in the CO TPD spectra, which is typical for desorption from
defective surfaces [32,33] and the absence of any signal in the XP spectra
not related to Pt. STM measurements on similarly prepared surfaces
showed atomically smooth terraces (terrace width between 50 and
100 nm) separated by monoatomic steps [27].

In order to create the Pt,Ag; _ «/Pt(111) surface alloys, a sub-
monolayer amount Ag was evaporated at room temperature (RT)
from a resistively heated Knudsen cell (WA Technology), the deposition
rate was ~0.05 monolayer (ML) min~! (one monolayer refers to the
surface atom density of Pt(111)). During Ag deposition, the background
pressure remained in the lower 10~° mbar range. After Ag deposition
the sample was heated to 850 K for 1 min to complete surface alloy for-
mation. The Ag concentration was determined by XP spectra using Mg
K, radiation for excitation and a hemispherical analyzer (CLAM2, VG
Scientific) with a pass energy of 25 eV for detail and 50 eV for survey
spectra. The Ag coverage was calibrated by a combination of CO TPD
and XPS measurements, for details see the Supporting information.

For CO TPD and IRRAS experiments, dosing was done by backfilling
the chamber via a glass tube (inner diameter 8 mm) pointing towards
the sample (opening ~ 50 mm away). Due to this construction, the actu-
al pressure during dosing is ~1.8 times higher than what is measured at
the ion gauge, the exposure values were corrected for this. For the CO
TPD experiments, the sample was exposed at 90 K to doses sufficient
to reach saturation, which was obtained independently of the surface
composition after exposure to 13.5L CO (1L = 1.33 x 10~% mbar s).
Subsequently, a linear heating ramp of 4 K s~ ' was applied and the
CO TPD spectra were recorded via a quadrupole mass spectrometer
(Pfeiffer Vacuum, QMS 200). The mass spectrometer was shielded
against desorption from edge areas or the sample holder by a cap with
an aperture of 4 mm diameter [34]. Before a TPD run, the sample was
positioned in front of the aperture, the distance between cap and sam-
ple was adjusted reproducibly by an electrical contact [35]. The IRRAS
measurements were carried out at incidence and detection angles of
7° with respect to the surface plane using a mercury-cadmium-tellu-
ride (MCT) detector, the resolution was set to 4 cm~ . Depending on
the band intensities, between 1000 (for Pt(111)) and 4000 scans (for
Ag-rich surfaces) were collected for one IR spectrum. Reference spectra
of the CO,q free surfaces were recorded after all CO was removed from
the surface by heating to above the desorption temperature and subse-
quently cool-down to 200 K.

2.2. Computational details

Plane-wave DFT calculations were performed using version 5.3.3.4
of the VASP code [36], together with the Perdew-Burke-Ernzerhof
(PBE) [37] and the revised-PBE (RPBE) [38] exchange—correlation func-
tionals. The ionic cores are represented by projector augmented wave
(PAW) potentials [39] as constructed by Kresse and Joubert [40,41].
The electronic one-particle wave functions are expanded in a plane-
wave basis set up to a cutoff energy of 400 eV. This cutoff energy is ex-
pected to provide convergence better than 1 mRy (~13 meV) in eigen-
values for this kind of basis set. Spin polarization is not considered due
to the non-spin-polarized nature of the system. Dipole moment correc-
tion is set up in order to account for effects derived of using asymmetric
slabs. Scalar relativistic effects are already included from the parametri-
zation at the basis set generation. Convergence criteria for the electronic
self-consistency and the ionic relaxation are set to 1 - 10~% and
1 - 107>, respectively. A sufficiently large set of k-points was chosen
in order to guarantee convergence.

First, the bulk energy (E;,) and bulk lattice parameter (d;,) of Pt and Ag
were computed using an fcc unit cell and an 11 x 11 x 1 I'-centered k-
point grid. Values obtained using PBE/PAW for the bulk lattice parameters
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are 3.97 and 4.15 A for Pt and Ag, respectively. These are in close agree-
ment with the experimental values of 3.9231 A and 4.0862 A [42]. This
yields nearest-neighbor distances of 2.81 A and 2.93 A for Pt(111) and
Ag(111), respectively, which in the following are denoted as surface lat-
tice parameters. Using RPBE, the bulk lattice parameters for Pt and Ag
are 3.99 A and 4.21 A, and the nearest-neighbor distances for Pt(111)
and Ag(111) are 2.82 A and 2.98 A, respectively. Note that RPBE yields
compared with the experimental values a slightly larger overestimation
of these parameters than PBE.

The bimetallic surfaces are represented by periodic slabs consisting
of five monolayers. The vertical height of the three-dimensional unit
cell has been set to an integer number of the surface lattice parameter,
10 ds, which allows us to have a separation between slabs close to
18 A in all cases. Geometry optimization of the various surface configu-
rations has been carried out keeping the two bottom Pt(111) layers
fixed at their corresponding bulk positions while the three upper layers
are fully relaxed. We mainly use a (3 x 3) surface unit cell and perform
geometry optimizations using a 3 x 3 x 1 I'-centered k-point grid. For
the various structures studied here we use the following notation: Pts;
and Ags; denote pure platinum and silver slabs, Ag;;/Pt(111) denotes
a structure with one pseudomorphic silver overlayer above the
Pt(111) substrate, and Pt,Ag; _ x/Pt(111) denotes surface alloys at the
topmost layer created by replacing a certain fraction of Ag atoms by Pt
atoms at the topmost layer of Ag;/Pt(111). Agy/31/Pt(111) and Agy 31/
Ag(111) denote structures in which a row of silver atoms of the topmost
overlayer in the 3 x 3 unit cell has been removed in order to simulate a
step. Finally, PtAg/Ag,;/Pt(111) are systems in which either one (n = 1)
or two (n = 2) layers below the surface layer were replaced by Ag
layers.

3. Results
3.1. Experimental results

3.1.1. Structural characterization

Before presenting the results of the current investigation of the CO
adsorption properties, we briefly summarize the results of the previous
high-resolution STM characterization of the Pt,Ag; _ »/Pt(111) surface
alloys [27]. The samples were prepared in the same way as described
above, by Ag deposition at RT, followed by annealing to allow for ther-
mal intermixing of both metal components in the surface layer (surface
alloy formation). In that study, atomically resolved STM pictures were
recorded for various surface alloy compositions (see Fig. 1). From the
digitized version of these images, the atom distribution was extracted,
yielding information about the lateral short-range order as well as on
the ensemble and ligand statistics.

First of all, that study confirmed the finding of the seminal STM stud-
ies of Roder et al. on PtyAg; — x/Pt(111) surface alloy formation [30],
who reported that Ag bulk diffusion can be neglected upon annealing
to the temperatures necessary for 2D intermixing in the surface layer.
Ag diffusion into the Pt bulk seems to be kinetically hindered under
these conditions, although it would be thermodynamically favored by
the large entropy contribution at the respective annealing temperature,
which should easily counterbalance the larger surface energy of Ag
compared with Pt [43]. This indicates that the substrate below the sur-
face alloy layer remains pure Pt, and therefore vertical ligand effects,
which might result from an introduction of Ag atoms into the surface
near substrate, can largely be neglected. Second, both (sub-) monolayer
Ag films on Pt(111) as well as monolayer Pt,Ag; _ /Pt(111) surface al-
loys are pseudomorphic with respect to the substrate; no surface dislo-
cations or reconstruction lines were observed in the structural
characterization [27]. Therefore, increasing compressive strain can be
expected with growing Ag concentration due to the incorporation of
the larger Ag atoms into the PtyAg; _ x alloy layer which maintains
the Pt(111) lattice parameter.

Third, quantitative evaluation of the STM images revealed a strong
tendency for phase separation in these surface alloys, equivalent to a
strong preference for homo-atomic neighborhoods and thus larger
homo-atomic ensembles than obtained for a random distribution of
the surface atoms. This is reflected by Warren-Cowley short-range
order parameters which typically decreased continuously from about
0.3-0.5 for nearest neighbors to slightly above 0 for 5th nearest neigh-
bors, depending on the Ag surface content (see also Supporting infor-
mation) [27]. Comparison of the resulting surface atom distributions
with those obtained for the closely related Pt,Au; _ /Pt(111),
PdyAg; — «/Pd(111) and PdyAu; _ 4/Pd(111) monolayer surface alloys
will be presented in the discussion in Section 4.2).

3.1.2. Temperature-programmed desorption

In the following, we present and briefly discuss the results of CO TPD
measurements on the Pt,Ag; _ ,/Pt(111) surface alloys with different
Ag contents and, for comparison, on pure Pt(111). A more detailed dis-
cussion of the most important findings, which also takes into account
the results of the DFT calculations (presented in Section 3.2), will follow
in Section 4. The CO TPD spectra recorded after increasing CO exposures
at 90 K are shown in Fig. 2.

The first panel (Fig. 2a) shows a series of CO TPD spectra recorded on
pure Pt(111). After the smallest CO exposure (0.09 10~ mars), a sym-
metric peak with a desorption maximum around 460 K appears. With
increasing exposure, the desorption maximum shifts to lower tempera-
ture, indicating repulsive interactions between adsorbed CO molecules.
At saturation coverage (black line) this results in an asymmetric desorp-
tion feature with its maximum around 370 K. The activation energy for
desorption was determined at low CO coverage both by the leading
edge analysis according to Habenschaden and Kiippers [44] as well as
by the Redhead method (assuming first order desorption and a pre-
exponential factor of 10'3 s=!) [45], yielding 124 or 120 kj mol~", re-
spectively. (Note that an analysis of the leading edge of the spectra
was possible only in that part of the experiments where the exposure
was stepwise enhanced to improve the background pressure during
the low exposure measurements.) These observations and results are
in very good agreement with previous reports on the interaction of CO
with Pt(111) surfaces [46-50]. The CO saturation coverage was normal-
ized to 0.68 ML, the well-known value for CO chemisorption on Pt(111)
at temperatures below 170 K [46].

The following panels (Fig. 2b-j) show sets of CO TPD spectra record- :

ed on PtyAg, — «/Pt(111) surface alloys with increasing Ag contents. In

each of these panels, the black curve indicates the desorption spectrum :

from the CO,q saturated Pt(111) for comparison. These spectra were re-
corded every day before Ag deposition and served as a daily CO,4 cover-

age calibration. Furthermore, they were used to verify the cleanness of :

the surface. The high CO,4 coverage red spectra refer to desorption

from the CO,q saturated surface alloys. Already after addition of 10% :

Ag (Fig. 2b), the CO,4 saturation coverage was found to decrease (see
also below). Furthermore, a slight shift of the leading edge to lower tem-
peratures (‘low T shift’), as well as a high T shift of the trailing edge are
resolved at CO,q4 saturation compared with Pt(111). These slight chang-

es in the peak shape are clearly related to the presence of the Ag atoms :

in the surface; similar effects were never observed in measurements on

pure Pt(111). For surface alloys with Ag contents between 20% and 40% :

(Fig. 2c-e), the extension of the desorption peak to higher temperatures
becomes much more pronounced. At the same time, the shape of the

trailing edge changes for higher CO,q coverage compared with pure :

Pt(111) and Pty oAgy.1/Pt(111). Apparently, the surface becomes more
and more inhomogeneous with regard to CO adsorption, containing
on the one hand adsorption sites where adsorbed CO binds somewhat
stronger, but keeping on the other hand also a (decreasing) fraction of
Pt(111) like adsorption sites, which result in desorption in the main de-
sorption feature. These trends are also apparent at lower CO,4 coverage:

at 21% Ag content, the desorption features appear asymmetric already at 33:

medium coverage and at 40% even at low CO,q4 coverage. At the same

(2015), http://dx.doi.org/10.1016/j.susc.2015.12.022
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time the desorption peaks get significantly broader already after small

peak at the trailing edge. The latter would be expected if the stabiliza-
tion resulted in one discrete value of the adsorption energy. This behav-

j). At this point, the broadening of the CO desorption range to higher

above 500 K, i.e., in a temperature range, where no desorption from
well prepared Pt(111) surfaces occurs any more [33,46]. With 54% Ag
(Fig. 2f), a small, but clearly visible distinct desorption feature appears
at 540 K for all CO,q coverages, while the majority of CO,q still desorbs

very sharp peak in the desorption spectrum, while the intensity of the
main desorption peak decreases successively. Eventually, for surface al-
loys with more than 80% Ag, the high temperature peak becomes the
dominant feature of the desorption spectrum.

after the smallest CO exposure (€co = 0.09 mbar s) are collected in
Fig. 3. Additionally, the temperatures of the peak maxima obtained on

uration, respectively, are compiled in Fig. 4a. After the smallest CO expo-

with 20-40% Ag. For 54% Ag, with the enhanced formation of the new
high-temperature desorption feature, the main desorption feature shifts
back to ~480 K and the high-temperature desorption feature appears at
significantly higher temperature (~540 K). A further increase of the Ag

to lower temperature.
The activation barriers for desorption (Fig. 4b) determined by the

lowest exposure reproduce this trend. Only for very high Ag contents,
the value of the leading edge analysis seems to disagree with the find-
ings of the Redhead analysis. Here it should be noted that while both
methods assume a homogeneous surface, they are differently affected
by the presence of inhomogeneous surfaces, due to the fact that they
focus on different desorption ranges and therefore coverage regimes
in each spectrum (onset of desorption vs. maximum desorption rate).

Another interesting feature of the TPD spectra is their growth behav-
ior with increasing CO exposure. Both the main desorption peak and the
high temperature feature grow simultaneously, indicating that the ad-
sorption sites corresponding to these two peaks are populated at the
same time and not sequentially, as would be expected from an energetic
point of view. Such behavior is most easily explained by a physical iso-
lation of the two types of adsorption sites, as it will occur for Pt islands
separated by a “sea” of weakly binding Ag atoms, which does not
allow for surface diffusion of CO,4 between the two Pt islands.

For smaller Ag contents up to 21%, the slight shift of the leading edge
at saturation coverage to lower temperature, by up to 10 K, which we
had already described for the surface alloy with 10% Ag, still appears.
Since at CO,q saturation also repulsive adsorbate-adsorbate interactions
come into play in addition to electronic ligand and strain effects, an un-
ambiguous identification of the reasons for this shift is difficult. Starting
from intermediate Ag content, around 30%, the leading edge at CO,q4 sat-
uration coverage shifts continuously back to higher temperatures com-
pared with Pt(111). This up-shift may be due to two different effects,

Fig. 1. Atomically resolved STM images with chemical contrast for surface alloys with in-
creasing Ag contents. Surface composition and tunneling parameters are: a) 25% Ag,
It = 71 nA; V; = 8.5 mV; b) 46% Ag, It = 71 nA; Vr = 5.5 mV; and ¢) 95% Ag, It = 71 nA;
Vr = 7.0 mV.Images are taken from reference [27].

Please cite this article as: K.M. Schiittler, et al., Interaction of CO with PtxAg1—x/Pt(111) surface alloys: More than dilution by Ag atoms, Surf. Sci.
(2015), http://dx.doi.org/10.1016/j.susc.2015.12.022

CO exposures, i.e., the stabilized adsorption sites obviously show a vari- :
ety of different adsorption energies, resulting in a continuous broaden- :
ing of the CO desorption peak but no formation of a discrete desorption

ior changes significantly when the Ag content exceeds 50% (see Fig. 2f- :

temperature stops, and a new discrete desorption feature is formed :

from Pt(111)-like sites. For further increasing Ag content, the high tem- :
perature desorption feature becomes more intense and develops into a :

In order to illustrate the high T shift of the desorption maximum :

with increasing Ag content more clearly, the CO TPD spectra obtained :

the different surfaces after the smallest CO exposure and after CO,q Sat- :

sure, a single symmetric desorption feature appears at 460 K for pure :
Pt(111). The desorption maximum shifts to ~485 K for surface alloys :

concentration in the layer induces a slight upshift of the high T feature :
(to ~560 K), while the main desorption feature shifts only marginally :

Redhead method or via the leading edge analysis (see above) for the :
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Fig. 2. CO TPD spectra recorded on pure Pt(111) (panel a) and on various PtyAg; — /Pt(111) surface alloys with increasing Ag content (panels b-j). Exposures are given in the first panel
(increasing exposure form bottom to top); the (bottom) orange line reflects adsorption from the residual gas during cool-down of the sample. For each surface alloy, the desorption
spectrum of pure Pt(111) is included as dashed black line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(i) a stabilization of CO adsorbed on Pt sites by neighboring Ag surface
atoms and/or (ii) decreasing CO,4—CO,q repulsions due to the increased
presence of ‘empty’ Ag surface sites.

The CO,q saturation coverage (Fig. 4c) seems to decrease — within
the error bars — almost linearly with the Ag content, indicating that
the overall CO saturation coverage per Pt surface atom does not change

significantly with Ag content. This observation seems to be surprising, 402
since the CO,q saturation coverage for Pt(111) at low temperature 403
under UHV conditions is 0.68 ML [46], while at least for Ag-rich surface 404
alloys with a large number of smaller Pt ensembles, e.g., monomers, di- 405
mers and trimers, which are surrounded by Ag atoms, one might expect 406
that due to decreasing steric limitations the CO,q saturation coverage 407
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per Pt surface atom is higher, approaching in the end a value of one CO
per Pt surface atom. Apparently, these effects are not significant within
the precision of the measurements. We expect that similar to the case of
PtAu/Pt(111) surface alloys [23], which also show a considerable segre-
gation of homo-atomic species in the surface alloy layer [26], notable
deviations of the CO,q4 saturation coverage from a linear behavior are
precluded by the fact that the tendency for segregation results in rela-
tively large Pt ensembles in the mixed surface layer already for very
small Pt concentrations.

Finally, for all surface alloys we observed an additional, very small
(6co < 0.01 ML) desorption feature right after the beginning of the tem-
perature ramp at very low temperature (Fig. 5) as soon as the exposure
exceeds the dose necessary to saturate the Pt sites of the surfaces (de-
sorption T > 300 K). An exposure of 3.6-10~° mbar s was sufficient in
all cases to saturate this peak. This feature was never observed in the
case of a CO,q saturated unmodified Pt(111) surface (cf. dashed black
line in Fig. 5) and is therefore clearly a unique feature of the Pt,Ag; _ »/
Pt(111) surface alloys. From the desorption temperature it may be con-
cluded, that this feature is related to CO desorption from Ag sites, since
no desorption from Pt sites can be observed below 300 K. It is known
that CO desorption from Ag(111) terrace sites occurs around 50 K [51],
while for stepped surfaces another desorption peak at higher tempera-
ture due to desorption from the step sites appears at 80-90 K (Ag(211)
[52]). From the desorption temperature of ~140 K in the case of the pres-
ent bimetallic surfaces, a stabilization of CO adsorption on Ag atoms in
contact with the Pt substrate may be inferred. This point will be ad-
dressed in more detail in Sections 3.2.3 and 3.2.4.

The TPD series were also used to characterize the CO adsorption ki-
netics for the various surface alloys and for pure Pt(111) as a reference.
Differential sticking coefficients (Fig. 6) were obtained by calculating
the differences between CO coverages 6 and exposures € for CO
coverage — CO exposure pairs with increasing CO exposure and divid-
ing A6 obtained this way by Ae. The initial sticking coefficients sq
(Fig. 6, inset) were determined by extrapolation of the differential stick-
ing coefficients to zero CO coverage. The initial sticking coefficient of
Pt(111) was normalized to the literature value of 0.84 determined in a
molecular beam experiment [53] to correct for the difference between
nominal pressure and actual pressure at the sample (see experimental
part). Instead of a linear decrease of the differential sticking coefficients
with increasing CO coverage, which would be expected in the case of
simple first-order Langmuir adsorption kinetics, all surfaces show a be-
havior where the sticking coefficient remains at rather high values, and
decays only at coverages close to saturation. Such behavior can be de-
scribed by the Kisliuk model for precursor adsorption [54] (see the
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6] ——21%Ag ——72%Ag
——33% Ag 88% Ag

| ——40% Ag ——95% Ag

300 400 500 600

Temperature / K

100 200

Fig. 3. CO TPD spectra recorded after the lowest CO exposure (£co = 0.09 x 10~¢ mbar s)
on Pt(111) (topmost, black line) and on various PtyAg; — x/Pt(111) surface alloys with
increasing Ag content (top to bottom). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. a) Temperature of the CO TPD peak maximum both after very small and after the
largest exposures (eco = 0.09 and 18 x 10~° mbar s) recorded on Pt(111) and on
various PtyAg; — x/Pt(111) surface alloys. The second data points refer to the high
temperature peak once it is observed. b) Activation barriers for desorption from Pt(111)
and the various surface alloys determined by the Redhead method and by the leading
edge analysis. ¢) CO,q saturation coverage for Pt(111) and various surface alloys. (Lines
serve to guide the eye.)

thin lines in Fig. 6). Similar adsorption kinetics were already reported
before for CO adsorption on Pt(111) [53] or other late transition metals
(e.g.,Pd(111) [55], Ru(0001) [56]), but also for other bimetallic surfaces
(e.g., PtSn/Pt(111) [57] or PtAu/Pt(111) [23] surface alloys). Taking the
initial sticking coefficients (Fig. 6, inset), it is interesting to note that sg
stays about constant (at ~ 0.84) over a wide range of surface composi-
tions. Only for the surface alloy with 75% Ag we find a slight decrease
to a value of 0.72. These findings clearly imply that Ag sites act as intrin-
sic precursor sites for CO adsorption at 90 K. CO molecules arriving at Ag
surface atoms of the alloy surfaces can travel from there to free Pt sur-
face sites. The lifetime of the precursor state (CO,q bound to Ag
atoms) at this adsorption temperature must be sufficiently long that
for a wide range of Ag contents the variation of the Ag surface content
does not affect sq. A similar effect was first described by Xu and Koel
for PtSn/Pt(111) surface alloys [57] and later also observed by our
group for PtAu/Pt(111) [23] and PdAg/Pd(111) [21] surface alloys. In
the two latter cases, however, the effect was not so pronounced.
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3.1.3. IR spectroscopy

In this section, we present results from IR measurements on surface
alloys of varying compositions and on the unmodified Pt(111) as refer-
ence. The IR spectra were recorded both after increasing CO exposures
up to CO,q saturation at low temperature (90 K) and after CO,q satura-
tion at 90 K, followed by stepwise heating to temperatures sufficient for
sequential CO desorption (viz., 200, 350, 400, 450 and 500 K).

Starting with the IR measurements on pure Pt(111) (Fig. 7a), adsorp-
tion of a small amount of CO at 90 K results in a single IR band at
2091 cm™ !, reflecting on-top adsorbed CO. With increasing coverage,
this band shifts to higher wavenumbers. Above 6 = 0.33 ML, an addition-
al broad band appears at 1853 cm ™!, which is attributed to bridge-
adsorbed CO. With further increasing CO,4 coverage, the first band con-
tinues to shift, reaching 2105 cm ™! at saturation, and also the lower
frequency band shifts to lower wavenumber. These IR spectra (as well
as the CO TPD spectra presented before) are in full agreement with pre-
vious reports on CO adsorption on Pt(111) [46,47,53,58-64].

For CO adsorption on the surface alloys, the band related to bridge-
bonded CO,4 which forms at high CO,4 coverage, loses rapidly in inten-
sity with increasing Ag surface content. Since the occupation of this ad-
sorption site is likely to be correlated with the appearance of long-range
ordered adsorbate layers (with c(4 x 2) or larger unit cells) at higher
CO,q4 coverages, we explain the disappearance of this peak by the de-
creasing formation of these adlayer phases on the surface alloys,
which lack large contiguous Pt surface areas. A similar behavior of the
adlayer was observed also on PtAu/Pt(111) surface alloys [23].

Focusing now on the band related to on-top adsorbed CO.4, we find
this band at lower wavenumber, with peaks at 2079 and 2071 cm™ !,
and less sharp for the surface alloy with the smallest Ag content (8%)
after the smallest CO exposure. The broadening indicates an increasing
inhomogeneity of the surface alloys, which leads to the occupation of
adsorption sites with slightly different vibrational properties. With in-
creasing CO exposure/coverage, the peak shifts to a higher wavenumber
and eventually arrives at 2103 cm™ ! for CO,q saturation, indicating that
Pt(111) like sites increasingly dominate at higher CO,4 coverages.

For higher Ag surface contents, from 20% Ag on, bands related to on-
top adsorption remain split into different signals also at higher cover-
age. Generally, the bands appear at increasingly lower wavenumbers
with increasing Ag content, and this goes along with a drastic loss in
IR intensity, both compared with unmodified Pt(111) (see above), but
also in comparison with CO,4 on PtAu/Pt(111) [23]. In combination
with the pronounced band broadening, this does not allow any more
the determination of the wavenumber of the bands exactly. Therefore,
we will only mention the wavenumber with the maximum intensity.

T T T T T (I )
—Pt(111
5 ——10% Ag
——21%Ag
4- ———33% Ag-
- ——— 40% Ag
@ —— 54% Ag
5 37 ——69% Ag|
3 ——72% Ag
e o ———88% Ag
= —— 95% Ag
=]
O_
80 100 120 140 160 180

Temperature / K

Fig. 5. Magnified presentation of CO TPD spectra recorded on Pt(111) (bottom black line)
and on various PtyAg; — x/Pt(111) surface alloys (composition see figure, increasing Ag
content approximately from bottom to top) after the largest CO exposure (€co =
18 x 10~° mbar s), focusing on the low temperature feature. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. Differential sticking coefficients s determined from the CO TPD spectra recoded on
Pt(111) and on various PtyAg; — x/Pt(111) surface alloys. Lines indicate fits according to
the Kisliuk model (decreasing saturation coverage with increasing Ag content). Inset:
initial sticking coefficients obtained by extrapolation of differential sticking coefficients
to zero CO coverage.

Nevertheless, the shift of these bands to lower wavenumbers is large
enough to be clearly detectable. For surface alloys with 20 and 30% Ag
(Fig. 7c-d), the main IR features after the smallest CO exposure are lo-
cated at 2068 and 2058 cm~ !, respectively. With increasing coverage,
a dominant peak appears at higher wavenumbers whose position is
close to that on Pt(111), but shifted to slightly lower wavenumber,
reaching 2099 and 2096 cm ™! at CO,q saturation. The bands at lower
wavenumber persist after CO,q saturation for both surfaces as a shoul-
der at the lower wavenumber side of the main IR peak, their relative
contribution grows with increasing Ag content. As a consequence, the
broad feature at ~2080 cm ™! obtained after CO,q saturation for a sur-
face alloy with 47% Ag is a convolution of the former main peak and
this shoulder.

At 61% Ag surface content the IR bands show again a constant shift to
higher wavenumber with increasing coverage, starting with a double
band at 2055 and 2046 cm™ ' at low coverage and ending up with a
very wide band at 2070 cm™ . At high coverage, a very small IR band
at 2028 cm~ ! can be observed, which would not have been considered
as a band from these spectra, but will become important later on. With
74% Ag, the IR bands appear even wider and weaker in intensity. Again,
a very small band can be observed at 2025 cm™! for all coverages.

In total, these IR spectra clearly indicate that with increasing Ag sur-
face content the IR bands shift to lower wavenumbers. In the commonly
used Blyholder picture of CO adsorption on late transition metals [65],
this indicates a stronger contribution of the 2m* back-donation to the
Pt-CO bond, which is often correlated with an increasing CO binding
strength. This conclusion is in good agreement with the CO TPD data,
which also showed an increased CO adsorption energy. The frequency
range covered by the bands related to the on-top adsorbed CO is signif-
icantly larger than in the case of PtAu/Pt(111) surface alloys. Hence, Ag
surface atoms seem to have a much stronger effect on the 2m* back do-
nation from the neighboring Pt surface atoms than Au surface atoms.
This is paralleled by the TPD results, which also show a stronger influ-
ence of Ag ligand atoms than Au on the CO adsorption on adjacent Pt
sites.

From the above data it was essentially not possible to correlate a spe-
cific IR band with the high temperature desorption peak in the TPD
spectra. Considering its intensity (e.g., 7% of a ML for a surface alloy
with 82% Ag) and relatively small peak width, which points to a rather
large uniformity of the corresponding adsorption sites, one would ex-
pect a visible IR signal. Among other reasons this may be related to an
insufficient ordering, precluding the population of the adsorption sites
related to this desorption peak during adsorption at 90 K. Therefore
we performed an additional series of IR measurements, where different
CO coverages were not produced by dosing different amounts of CO at
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Fig. 7. IRRA spectra recorded on Pt(111) (a) and on various Pt,Ag; — »/Pt(111) surface alloys (b-g) after different CO exposures at 90 K (increasing exposure from bottom to top).

90 K, but by saturating the surface with CO at 90 K and subsequent step-
wise annealing in order to sequentially desorb CO in the order of in-
creasing binding strength.

Spectra recorded after different annealing steps and on different sur-
faces are shown in Fig. 8. Starting with unmodified Pt(111), we find di-
rectly after CO,q saturation at 90 K a sharp band at 2105 cm™ ! and a less
intense band at 1853 cm™ !, as described before (see above), which
were attributed to on-top and bridge-bonded adsorbed CO. With in-
creasing heating temperature, the band at 2105 cm™ ! first grows in in-
tensity. After heating to 400 K it reaches the maximum intensity and
shifts to a slightly lower wavenumber. This can be explained by

increased ordering due to annealing of the adsorbate layer and by weak-

569

er repulsive interactions due to reduced CO coverage after the onset of 570

CO desorption (350 K). After the last heating step to 450 K, the peak
loses much of its intensity and shifts to 2089 cm™ . The band attributed
to bridge-adsorbed CO reaches its maximum intensity after heating to
350 K and has completely vanished after heating to 400 K. This together
with the beginning shift of the band of linearly adsorbed CO suggests
that after heating to 350 K the compressed structure is transformed
into the c(4 x 2) structure and after heating to 400 K into the
(V3 x V3)R30° structure [46,47,53]. The much higher intensity of the
band attributed to bridge adsorbed CO compared with the spectra
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recorded after adsorption at 90 K points to an improved ordering of the
adlayer.

For small and medium Ag surface contents, from 10 to 40%, the IR
spectra are very similar to those obtained after different CO exposures
at low temperature, indicating that the adlayer structure formation is
fast and not kinetically hindered. After adsorption at 90 K, the spectra
are still similar to those of Pt(111), except for a slight shift of the main
band to a lower wavenumber, which becomes more pronounced with
increasing Ag content, and the appearance of the shoulder at a lower
wavenumber. With decreasing CO,q coverage, roughly after heating to
400 K, however, there is a clear change and the band has shifted now
to a much lower wavenumber than obtained on pure Pt(111), indicating
the depopulation of Pt(111) like sites.

This behavior changes for surface alloys with more than 40% Ag.
After adsorption at 90 K, only a wide IR band can be observed. While
after adsorption and after annealing to lower temperatures the spectra
still look rather similar, higher temperature annealing and especially
the last annealing step to 500 K result in significant changes. A new IR
band appears at low wavenumbers, lower than those observed during
adsorption after the smallest CO dose. In our interpretation this anneal-
ing step allows the selective probe of the stabilized CO,4 molecules,
which will desorb in the high temperature desorption feature. All CO
adsorbed on Pt(111) like sites has already desorbed at this temperature.
Therefore, the band between 2030 and 2025 cm™ ! appearing in these
spectra is clearly related to CO,q species adsorbed on stabilized sites
which are related to the high-temperature desorption peak. The very
low wavenumber indicates a strong stabilization of adsorbed CO,
which is in good agreement with TPD results, and, compared with
other bands, its very defined shape also supports the uniformity of
these adsorption sites already concluded from the width of the corre-
sponding TPD peak.

Overall, the IR measurements confirm the formation of a new Pt-CO
adsorption site, which had been detected in the TPD spectra as high
temperature desorption feature.

3.2. Theoretical results

Pt,Agy _ x/Pt(111) surface alloys with low Pt content can be approx-
imated by small Pt ensembles partly surrounded by Ag atoms in the top-
most layer on a Pt bulk. For the present calculations, we considered Pt
monomers, dimers and compact Pt trimers as adsorption ensembles,
which are represented by Pt;Agg/Pt(111), Pt,Ag;/Pt(111), and Pt3Ags/
Pt(111) structures in a (3 x 3) unit cell. They result from substituting
8, 7, or 6 Pt surface atoms by Ag atoms at the pure Pt(111) surface in
the unit cell, or conversely, from substituting 1, 2, or 3 Ag atoms by Pt
atoms per unit cell in a pseudomorphic Ag monolayer on Pt(111)
(Agq/Pt(111)). In a first order approximation these structures can
also be used as model for surfaces with higher Pt content, assuming
that the additional changes in the CO adsorption energy when going
to larger ensembles, due to strain and ligand effects, will not be too
large. These aspects will be discussed also in Section 4.1.

It is known that first-principles calculations do not properly describe
the adsorption site preference for CO on Pt(111): while experimentally
CO was found to adsorb in on-top positions of Pt(111) (at low CO,q4 cov-
erages), most DFT calculations predict adsorption in the fcc hollow site
to be most stable. This problem has been widely discussed by Feibelman
et al. [66] and later by other authors [67-70]. This discrepancy between
theory and experiment can be rationalized from the fact that first-
principles calculations within the generalized gradient approximation
(GGA) considerably underestimate the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) (see ref. [71] and references therein). For the pres-
ent study, where we are mainly interested in systematic variations of
the CO adsorption energy with varying compositions of the adsorption
ensemble, more specifically in the influence of strain and ligand effects,
the site effects described above are less decisive. Therefore, despite the

known difficulties of the commonly used DFT functionals to describe
CO adsorption on Pt(111) properly, we used PBE and RPBE functionals
to describe CO adsorption on the Pt,Ag; — »/Pt(111) surface alloys. We
did not include van der Waals interactions, since they are usually not
crucial in the description of strongly adsorbed molecules such as CO.
In a previous study, we had shown that the use of RPBE functionals
leads to values of the CO adsorption energy on Pd(111) which are closer
to experimental results than those obtained from the more commonly
used PBE functional, while at the same time both functionals provide
similar trends [22]. Similar trends were obtained also for both func-
tionals when studying CO adsorption on Pd,Ag; _ x/Pd(111) surface al-
loys [22]. Finally, it should be noted that based on the experimental
results, we did not consider CO adsorption on Ag surface atoms on the
bimetallic surfaces.

3.2.1. The CO/Pt(111) system

Table 1 shows adsorption energies for the CO molecule adsorbed in
different sites of the Pt(111) surface (Fig. 9a), calculated using PBE/
PAW and RPBE/PAW; the adsorbate structures considered at different
CO,q coverages are illustrated in Fig. 9b. CO adsorption energies obtain-
ed with RPBE are in general smaller (by 0.3 to 0.4 eV) than those obtain-
ed using PBE. Furthermore, although both DFT functionals lead to the
same adsorption site at low coverages (1/9 ML), they provide different
results at intermediate and high coverages. Using RPBE for coverages
of 8co = 1/3 and 0o = 2/3, the CO molecules adsorb in the bridge
and the on-top site, respectively, while the use of PBE predicts adsorp-
tion in threefold hollow sites for all coverages. Although some differ-
ences in the energy values are small (~0.01 eV), they are still in the
range of the chemical accuracy of DFT calculations, thus allowing us to
identify preferred adsorption sites.

It has been shown in various experimental reports that the site pref-
erence for CO adsorption on Pt(111) varies with the CO coverage (see
also [66]): on-top adsorption is favored at low coverages up to 6co =
1/3 ML ((V3 x V3)R30° structure) [47]. Beyond that coverage, also ad-
sorption in bridge sites occurs, with up to 50% of the CO molecules
adsorbed in bridge sites at 6co = 0.5 ML (c(4 x 2) structure) [47,62].
In the high coverage regime exceeding 6o = 0.5 ML, where more com-
plex adlayer structures are formed, the fraction of CO molecules
adsorbed in bridge sites decreases again [62].

3.2.2. The CO/Ag(111) system

For comparison, we also calculated adsorption energies for similar
sites and CO,q coverages as described before for CO adsorption on
Ag(111). The resulting values are collected in Table 2. Similar to adsorp-
tion on Pt(111), CO adsorption energies obtained with RPBE are in gen-
eral smaller (by 0.2 to 0.4 eV) than those obtained using PBE. Compared
with adsorption on Pt(111), CO adsorption energies on Ag(111) are
very small and sometimes even assume positive values. These findings
agree perfectly with results from experimental studies, where CO ad-
sorption on Ag(111) was found to be extremely weak, with a desorption
temperature below 60 K, corresponding to an adsorption energy of
about 0.2 eV [51]. In this case, values obtained using PBE functionals
seem to agree better with experimental data. Interestingly, RPBE calcu-
lations reveal very large differences, at least on a relative scale, between
adsorption in hollow sites and on-top and bridge sites, respectively, at
the lowest coverage. Furthermore, they reflect distinct and rather errat-
ic coverage effects.

In order to elucidate also effects caused by CO adsorption at a defect
Ag site, e.g., at a step in the Ag(111) surface, we removed a row of
atoms along the <010> direction in the (3 x 3) unit cell and denote
this as Ag/31/Ag(111) surface. We located a CO molecule at different
sites at or close to the step edge, at a CO,4 coverage of 6o = 1/9, as sche-
matically indicated in Fig. 9c. The sites are located at the upper level of
the step edge. The adsorption energies calculated for adsorption on the
different sites are collected in Table 3. Adsorption in on-top and bridge
sites at the lower level of the step edge was not explored. When locating
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Fig. 8. IRRA spectra recorded on Pt(111) (a) and on various PtyAg; — x/Pt(111) surface alloys (b-g) after CO,q saturation at 90 K (bottom) and stepwise heating to successively desorb CO
again. IR measurements were performed after cool-down to 200 K after each heating step (increasing temperature from bottom to top).

the CO molecule at the upper level, even in a threefold site at the edge,
downward motion to the lower level position did not take place. Instead,
the molecule either tilted close to the Ag atom or it moved to an on-top
or bridge position at the upper level. Using PBE, the CO molecule adsorbs
preferentially in the on-top sites at the upper level of the step edge, with
adsorption energies in the range of —0.36 to —0.41 eV, followed by ad-
sorption in bridge sites also at the upper level of the step edge with
values in the range of —0.33 to —0.38 eV. Using RPBE, adsorption in
on-top sites on the upper level is preferred again, with adsorption ener-
gies in the range of —0.15 to —0.19 eV, followed by adsorption in bridge

sites with adsorption energies in the range of —0.06 to —0.10 eV. Over- 718
all, in agreement with previous experimental findings for stepped Ag 719
surfaces [52], adsorption on the upper terrace step sites is more stable 720
than on terraces or on lower terrace step sites. 721

3.2.3. The CO/Ag;/Pt(111) system 722

In order to gain more information on CO adsorption on extended Ag 723
monolayer areas in the surface of the Pt,Ag; _ »/Pt(111) surface alloys, 724
we furthermore calculated adsorption energies for CO adsorption on a 725
Agq/Pt(111) surface, i.e., on a Ag monolayer deposited on the Pt(111) 726
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Table 1

Adsorption energies (in eV) calculated using PBE/PAW and RPBE/PAW for CO adsorption
on Pt(111) for different CO,q coverages. The labels T, fcc, hcp, and B denote adsorption
in on-top, hollow-fcc, hollow-hcp, and bridge sites, respectively. Bold values denote the
preferential adsorption site in each case as determined by DFT calculations (note that this
assignment differs with experimental results (‘Pt puzzle’).

PBE/PAW RPBE/PAW
Oco 1/9 1/3 2/3 1/9 1/3 2/3
T —1.81 —1.73 —133 —1.52 —1.44 —0.99
B —1.88 —1.80 —1.35 —1.54 —1.46 —0.96
fcc -1.91 —1.81 -1.39 —1.55 —1.45 —0.98
hep —1.88 —1.82 —1.34 —1.52 —1.45 —0.94

bulk. The adsorption energies obtained for CO adsorption on different
sites of the Ag;;/Pt(111) surface, calculated using PBE/PAW and RPBE/
PAW, are collected in Table 4. These calculations elucidate the influence
of a Pt bulk underneath a Ag monolayer compared with a pure Ag bulk.
Again CO adsorption energies are extremely low and those obtained
with RPBE are smaller than those obtained using PBE (by 0.2 to
0.4 eV). Using PBE yields similar trends for this system as for the
Ag(111) surface, and also the differences between different adsorption
energies are of similar magnitude (few tens of meV). Using RPBE, in
contrast the trends are different, since the CO molecule is stabilized in
on-top sites (smaller positive values) at any coverage. Interestingly,
the adsorption energies are of similar magnitude as obtained for adsorp-
tion on Ag(111). Apparently, the vertical ligand effects, which according
to the simple concept of constant bond order should be destabilizing for
CO adsorption on Ag/Pt(111), and strain effects, which for compressive
strain should also be destabilizing, do not seem to matter. This agrees
with previous findings that for monolayer structures of Pd/Au(111)
[72] and Pt/Au(111) [71] systems simple arguments based on ligand
and strain effects fail to fully describe the observed trends in the adsorp-
tion energy.

Similar to the previous section, we also calculated adsorption ener-
gies for CO adsorption at defect sites in the Ag;/Pt(111) surface. In gen-
eral, we proceed as described for CO/Ag,/31/Ag(111) in the previous
section, but now for a Ag monolayer covered Pt(111) surface. This re-
sults in close-packed double rows of Ag surface atoms along the
<010> direction, separated by a missing row of Ag atoms. Hence, in
these areas atoms of the underlying Pt(111) substrate would be accessi-
ble. Following the terminology introduced above, we denote the surface
das Ag2/3]_/Pt( 111 )

top
bridge

fce

> 4 H O

hcp

Table 2

Adsorption energies (in eV) calculated using PBE/PAW and RPBE/PAW for CO adsorption
on Ag(111) for different CO,q coverages. The labels T, fcc, hcp, and B denote adsorption
in on-top, hollow-fcc, hollow-hcp, and bridge sites, respectively. Bold values denote the

preferential adsorption site in each case.
PBE/PAW RPBE/PAW
Oco 1/9 1/3 2/3 1/9 1/3 2/3
T —0.22 —0.20 —0.07 0.01 0.03 0.19
B —0.26 —0.21 —0.01 0.05 0.00 0.20
fcc —0.28 —0.22 0.06 0.22 0.03 0.21
hep —0.27 —0.23 0.07 0.22 0.01 0.20

Using PBE, we find the CO molecule to preferentially adsorb in on-
top Ag sites at the upper level of the step edge with adsorption energies
around —0.50 eV, again followed by adsorption in bridge sites with
values in the range of —0.45 to —0.48 eV. CO adsorption at the lower
level of the step edge, which in this case would reflect adsorption on
Pt atoms, was not considered. Using RPBE, adsorption in on-top sites
is also preferred with adsorption energies in the range of —0.24 to
—0.26 eV, followed by adsorption in bridge sites (—0.15 eV to
—0.19 eV). If the relaxation is started at hollow sites, the molecule
moves towards on-top or bridge sites, similarly as for the Agy/3;/
Ag(111) system.

Neither PBE nor RPBE functionals showed any significant difference
in adsorption energies between the Ag;;/Ag(111) surface and the Ag,,/
Pt(111) surface (see above), indicating that there is no distinct influence
of the Pt bulk compared with a Ag bulk (both with their respective bulk
spacing) on CO adsorption on ideal Ag sites on a Ag surface layer. This
clearly changes when going to adsorption on Ag defect sites. In this
case, CO adsorption on the upper terrace step sites on the Ag,/s1/
Pt(111) surface is significantly stabilized, by ~100 meV, compared
with CO adsorption on the comparable step sites of the Ag,31/Ag(111)
surface. This difference, which is obtained for both functionals, clearly
indicates a stabilizing influence of the Pt bulk compared with the Ag
bulk, and hence the presence of vertical ligand effects when going to
Ag defect sites.

3.2.4. The CO/Pt,Ag; — »/Pt(111) system

Adsorption energies for CO adsorption on different Pt ensembles
(monomers, dimers, compact trimers) in the surface layer were calcu-
lated for adsorption in on-top, bridge and threefold hollow sites (fcc
and hcp sites) at a fixed CO,q coverage of 6co = 1/9 on surfaces with

Agy /Ag(111

1 [ ]

Agy5 /PH(111)

Fig. 9. Schematic presentation of the CO adsorption sitesina (3 x 3) unit cell. a) Notation for CO adsorption sites on a fcc(111) surface, b) distribution of adsorbed molecules on Pt(111) and
Ag(111) at different coverages (6co = 1/9, 1/3 and 2/3 ML) shown for on-top sites, adsorption on the other sites follows a similar distribution. c) Adsorption sites investigated for CO
adsorbed on Ag defect sites on the Ag,51/Ag(111) and Ag,51/Pt(111) defect structures (6co = 1/9 ML). These structures are obtained by removing a row of Ag atoms of the surface
layer (missing atoms are denoted by dashed circles). Adsorption is considered at the upper level of the step edge as indicated in the cross sectional views of the surface.
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Table 3

Adsorption energies (in eV) calculated using PBE/PAW and RPBE/PAW for CO adsorption on Ag defect sites on the Ag, /31 /Ag(111) and Ags31/Pt(111) systems, considering different sites at
the upper level of a step edge (see Fig. 9). The labels T, fcc, hcp, B denote adsorption in on-top, hollow-fcc, hollow-hcp and bridge sites, respectively. Bold values denote the preferential
adsorption site in each case. The CO,4 coverage is 1/9. In each case we report the initial site before relaxation (as described in Fig. 9) and the final adsorption site. If the relaxation is started

at hollow sites the CO molecule moves towards on-top or bridge sites.

Site PBE/PAW RPBE/PAW

Initial After relaxation Agy51/Ag(111) Agy5/PE(111) Agy51/Ag(111) Agy51/Pt(111)
T-1 T (tilted-in) —0.36 —0.50 —0.15 —0.25
T-2 T (tilted-in) —0.38 —0.49 —0.16 —0.24
B-1 B (tilted-in) —0.35 —0.46 —0.07 —0.17
B-2 B (tilted-in) —0.36 —0.46 —0.08 —0.17
fcc-in B (tilted-in) —0.33 —0.45 —0.08 —0.16
fcc-out-1 B (tilted-out) —0.37 —0.48 —0.09 —0.19
fcc-out-2 T (tilted-out) —041 —0.49 —0.19 —0.25
hcp-in B (tilted-in) —0.34 —0.46 —0.06 —0.15
hcp-out-1 T (tilted-out) —0.38 —0.50 —0.16 —0.26
hep-out-2 B (tilted-out) —0.38 —0.48 —0.10 —0.18

one Pt ensemble per (3 x 3) unit cell. Table 5 shows the resulting adsorp-
tion energies, calculated using PBE or RPBE. The trends are identical for
both functionals, and therefore only those for PBE are given in Fig. 10.
For comparison, also values calculated for Pd based ensembles are
shown [22] Fig. 10a shows adsorption energies for the different adsorp-
tion sites possible on the respective ensembles. The development of the
adsorption energies for adsorption in on-top sites is illustrated by dashed
lines both for Pt and Pd based surfaces. Fig. 10b only shows the most sta-
ble adsorption sites in each case; in this case the trend of these adsorp-
tion energies is illustrated by dashed lines. For Pt(111) the dashed line
ends between the value calculated for on-top and fcc adsorption sites
in order to illustrate the “CO/Pt(111) puzzle”, i.e., the erroneous predic-
tion of the most stable adsorption site by DFT calculations. These ensem-
bles represent CO adsorption on Pt sites in the surface alloys which are
perturbed by Ag neighbors, where the perturbation includes both elec-
tronic effects (lateral ligand effects) and geometric compression due to
the larger size of the Ag surface atoms (strain effects). Again the CO ad-
sorption energies obtained with RPBE are in general smaller than those
obtained using PBE, but the trends of the results are similar, and the
site preference for adsorption is independent of the choice of the func-
tional. Independent of the Pt ensemble size, the CO molecule always ad-
sorbs preferentially in on-top sites of the Pt;, Pt,, and Pt; ensembles of
the PtyAg, _ x/Pt(111) surface alloys, with decreasing adsorption energy
when going to larger ensembles, from Pt; to Pt; and finally to Pt(111)
(Fig. 10). Considering our previous assumption that small ensembles
are also a reasonable model for the description of CO adsorption on
mixed surfaces with higher Pt contents it is important to note that the
differences in adsorption energy between on-top adsorption on Pt3 tri-
mers and on Pt(111) are rather small. This confirms the validity of our
above assumption that adsorption on a Pt atom in a Pt trimer is already
a reasonable model also for adsorption in on-top sites of larger ensem-
bles. The same holds true for the other sites.

In order to predict the adsorption strength of the Pt,Ag; _ »/Pt(111)
surface alloys as a function of their composition within the d-band
model [12,73], we furthermore determined the local density of states
(LDOS) for Pt atoms in the topmost layer for the Pty, Pty, and Pt; ensem-
bles (Pt coverages 1/9, 2/9 and 3/9 respectively). Fig. 11 shows the local

Table 4

Adsorption energies (in eV) calculated using PBE/PAW and RPBE/PAW functionals for CO
adsorption on Ag;/Pt(111) for different CO,q coverages. The labels T, fcc, hep, and B de-
note adsorption in on-top, hollow-fcc, hollow-hcp, and bridge sites, respectively. Bold
values denote the preferential adsorption site in each case.

PBE/PAW RPBE/PAW
Oco 1/9 1/3 2/3 1/9 1/3 2/3
T —0.27 —0.22 —0.02 0.00 0.05 0.30
B —0.26 —0.21 0.07 0.07 0.12 0.43
fcc —0.28 —0.23 0.14 0.07 0.12 0.50
hep —0.27 —0.21 0.14 0.08 0.14 0.50

DOS projected onto the Pt 5d states for the pure Pt(111) surface and for
the three corresponding surface alloys as calculated using PBE. For the
pure Pt(111) surface the center of the d-band is located at —2.07 eV.
For PtyAg; — x/Pt(111) surface alloys with low Pt concentrations (viz.,
Pt;Ags to Pt3Ags), alloying with Ag leads to an up-shift of the center of
the d-band at the Pt atoms in the uppermost layer. For Pt;Agg, the center
of the d-band at the Pt atom is located at — 1.49 eV. Increasing the size of
the Pt ensembles in the overlayer brings the center of the d-band closer
to that of pure Pt(111), to —1.65 eV for Pt,Ag; and to —1.72 eV for
Pt3Age. This trend in d-band energy shows that the ligand effect due
to the interaction with the more inert Ag atoms overcompensates the
compressive strain effect due to the larger size of the Ag atoms. Hence,
according to the d-band model [12,73], the Pt surface atoms are more
strongly binding in all of the mixed configuration than Pt surface
atoms in pure Pt(111), since in each of these cases the center of the d-
band is closer to the Fermi energy. The same trends in the behavior of
the d-band center were found when using RPBE/PAW. Here, the center
of the d-band was located at —2.00 eV for Pt(111), while for surface al-
loys with Pty, Pt; and Pt; ensembles, the values are — 1.48 eV, —1.63 eV
and — 1.69 eV, respectively.

In most cases, adsorption energies obtained using RPBE are 0.3-
0.4 eV smaller compared with PBE. Furthermore, although both func-
tionals provide different pictures (adsorption site preferences) for CO
adsorption either on Pt(111) or on Ag(111), both predict similar trends
for the case of the bimetallic Pt,Ag; — x/Pt(111) surface alloys, indicating
that either of these two functionals could be used to systematically
study CO adsorption on these surface alloys. Finally, looking at the max-
imum CO adsorption energies in the different systems for a CO coverage
of ©co = 1/9, we have the following trends (using PBE, independent of
the preferred sites): —0.28 eV for Ag(111), —0.28 eV for Ag;;/Pt(111),
—0.41eV for Agy/51/Ag(111), —0.51 eV for Ag, 51/Pt(111), — 1.91 eV for
Pt(111), and —2.06 eV for Pt;Agg/Pt(111). A similar trend is obtained
when we use RPBE. Our calculated adsorption energy values agree
well with trends reported for the CO desorption temperatures: 50 K
for Ag(111) [51], 80-90 K for step sites on a Ag(111) surface [52], and

Table 5

Adsorption energies (in eV) calculated using PBE/PAW and RPBE/PAW for CO adsorption
on PtyAg; — x/Pt(111) surface alloys considering Pt;, Pty, and Pt; ensembles. The labels T,
fcc, hep, B denote CO adsorption in on-top, hollow-fcc, hollow-hcp and bridge sites, re-
spectively. Bold values denote the preferential adsorption site in each case. The CO,q cov-
erage is 1/9.

Site PBE/PAW RPBE/PAW
Pty T —2.06 —-1.74
Pt, T —1.98 —1.67

B —1.95 —1.58
Pt T —1.96 —1.66

fcc —1.94 —1.56

hcp —1.92 —1.54

(2015), http://dx.doi.org/10.1016/j.susc.2015.12.022

Please cite this article as: K.M. Schiittler, et al., Interaction of CO with PtxAg1—x/Pt(111) surface alloys: More than dilution by Ag atoms, Surf. Sci.

822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856

t5.1
5.2
5.3
t5.4
t5.5

t5.6

5.7

t5.8
5.9
t5.10
t5.11
t5.12
t5.13


http://dx.doi.org/10.1016/j.susc.2015.12.022

857
858
859

864

874

K.M. Schiittler et al. / Surface Science xxx (2015) Xxx-Xxx 13

T T T T T T T T
' Pt on-top

144 o T Pt bridge T
Pt fcc
Pt hcp
Pdon-top |
Pd bridge
\ Pd fcc

N Pd hep

4 > o o 4 b o nm

E
a

1
—
(oo}

1

-

I

T

[}

I

> 40

' X «’ a

1N @

@ (1) 1 @ @6 (1)

Fig. 10. a) Trend of the CO adsorption energy (1 CO per Pt ensemble) on different sites on
Pt1Agg/Pt(111), Pt,Ag,/Pt(111) and Pt3Age/Pt(111), and for comparison on Pt(111) (black
filled symbols). Numbers on the x axis indicate the ensemble size: (1) for monomers;
(2) for dimers, (3) for compact trimers and (111) for a (111)-like surface. b) Trend of
the CO adsorption energy with increasing Pt,, ensemble site on the above systems using
the most stable adsorption site for each ensemble, and for comparison on Pt(111) (for
Pt(111) both on-top and threefold hollow site adsorption are included because of the
“CO/Pt(111) puzzle”). Values for adsorption on similar sites on PdyAg; — »/Pd(111) (red
empty symbols) illustrate the difference between Pt(111)- and Pd(111)-based surface
alloys. Results were obtained using PBE/PAW, dashed lines are meant as guide for the
eye. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

120 K for desorption from island edges of a Pt(111) surface covered by
monolayer Ag islands [74]. The latter value is quite similar to the 140 K
detected in the present study (see Section 3.1.2).

3.2.5. The CO/Pt,Ag; — »/Agn/Pt(111) system

Finally, we investigated the effect of Ag in subsurface layers by
substituting one (Table 6) or two (Table 7) layers of Pt directly under
the mixed surface layer by Ag layer(s). Interestingly, replacement of
one layer of Pt directly underneath the alloyed layer by Ag leads for all
ensembles to a pronounced weakening of the Pt-CO bonding. The ad-
sorption energy for the most strongly bound CO molecule adsorbed in
the Pt;Agg ensemble is reduced by almost ~0.55 eV, so that the adsorp-
tion energy is even ~0.4 eV lower than for Pt(111). For the Pt,Ag; and
Pt;Ags ensemble, the CO adsorption energy is reduced by ~0.6-0.7 eV
at the on-top sites, but only by ~0.4-0.5 eV at the bridge or hollow
sites, thus changing the preferred adsorption site from on-top to bridge
at Pty and from on-top to hollow-hcp at Pts. This destabilization is in con-
trast to expectations based on bond order arguments [75]. According to
that model one would expect a stronger Pt-CO bond in the CO/
Pt Ag1 _ x/Agn/Pt(111) system due to the weaker Pt—Ag bond to the sec-
ond layer as compared with the Pt-Pt bond in CO/Pt,Ag; — «/Pt(111).In
contrast to the stabilizing vertical ligand effects, strain effects should not
play a role, since the surface layer has a similar structure in both config-
urations. Obviously, these simple ideas do not agree with the predictions
from theory.

Comparable effects are observed when replacing a second Pt layer by
Ag; the CO adsorption energies become slightly higher again, but are
still ~0.3 eV lower than for Pt(111) and the site preference is changed
in the same way as obtained for a single Ag sub-layer. Hence, also in
this case the trend is opposite from expectations based on the constant
bond order concept. On the other hand, it appears to be consistent that
making the Ag slab thicker reverts the changes introduced by replacing
the 2nd Pt layer by a Ag layer.

In order to see whether the destabilization of the Pt—-CO bond induced
by the Ag sub-layer is reflected also by a down-shift of the d-band center,
as expected from the d-band model, we determined the local density of
states (LDOS) at the Pt atom in the topmost layer (Pt coverage 1/9). The
introduction of one or two Ag sub-layers shifts the center of the d-band
at the Pt atom in the mixed surface from —1.49 eV to —1.51 eV and

T ——Pt(111)

—— Pt,Ag/P(111)

—— Pt,Ag/P(111) }
—— Pt,Ag,/Pt(111) \

Local DOS / a.u.

8 6 4 =2 0 2
Energy (E-E) / eV

Fig. 11. Local density of d-states calculated by projection of the 5d wave functions onto the
atomic orbitals at a Pt on-top-site. Four cases are presented: the pure Pt(111) surface and
PtAg surface alloys containing Pt;, Pt; and Pt; ensembles. All energy values are referred to
the Fermi energy. Arrow pointing up denotes the position of the d-band center for the
Pt(111) surface and arrows pointing down denote the positions of the d-band center for
the surface alloys. Results were obtained using PBE/PAW.

—1.56 eV, respectively, equivalent to a small down-shift in energy, how-
ever, the shape of the d-band is altered significantly. This shows that the
significant change in the CO adsorption energy upon introduction of the
Ag sub-layers cannot be explained based on the change of the d-band
centers alone. (Note that the center of the d-band on the Pt atom in the
Pt;Agg/Pt(111) system is located at — 1.49 eV, i.e., significantly closer
to the Fermi energy than the d-band center of the pure Pt(111) at
—2.07 eV, as already mentioned in Section 3.2.4).

Hence, the d-band model also gives no explanation for the strong re-
duction in the Pt-CO binding upon the introduction of a Ag second layer.
Recently, it was shown that in the so-called near-surface alloys with a
layer of a foreign metal as the second layer, simple arguments based
on the d-band model are not adequate. Rather, scaling relations with re-
spect to the valence configuration should be invoked [76], but it has also
been proposed that the shape of the d-band with its upper edge location
should be considered [77].

In total, these results show that the (hypothetical) replacement of
one or two Pt layers below the surface by Ag does not stabilize the CO ad-
sorption on the Pt atoms of the surface alloy but instead weakens it. In-
terestingly, similar trends had been obtained in calculations for CO
adsorption on PdyAg; — x/Pd(111) surface alloys [22]. In the latter case,
this was supported also by experimental evidence, by the appearance
of a CO desorption peak from Pd; monomers at lower temperatures for
very high Ag contents, where incorporation of Ag atoms in the second
layer was likely [21]. In the present case, we do not have any experimen-
tal indications for a weakening of the Pt-CO bond by Ag underneath,
most likely since diffusion of Ag into deeper layer is much less probable
than for PdyAg; — «/Pd(111) surface alloys.

4. Discussion

In the following sections, we will discuss in more detail some specific
aspects of the results presented in the previous section, which are of gen-
eral relevance for the understanding of adsorption and specifically of CO
adsorption on bimetallic surfaces. We will first focus on modifications of
the metal-CO bond for CO adsorbed on bimetallic PtyAg; — x/Pt(111) sur-
faces compared with CO adsorption on the respective bulk substrates
(Section 4.1). This will include modifications of the Pt-CO bond induced
by neighboring Ag ligand atoms (Section 4.1.1), followed by modifications
in the Ag-CO bond induced by neighboring Pt atoms (Section 4.1.2). Sec-
ondly, we will systematically compare the present results with previous
findings on CO adsorption on the closely related PtyAu; _ »/Pt(111) sur-
face alloy as Pt-based system and the PdyAg; _ »/Pd(111) as well as
PdyAu; _ /Pd(111) surface alloys as Pd-based systems. In the discussion,
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Table 6

Adsorption energies (in eV) calculated using PBE/PAW and RPBE/PAW for CO adsorption
on a PtyAg; — x/Ag.1/Pt(111) system considering Pt;, Pt;, and Pt3 ensembles. The labels
T, fcc, hep, B denote adsorption in on-top, hollow-fcc, hollow-hcp and bridge sites, respec-
tively. Bold values denote the preferential adsorption site in each case. The CO,4 coverage
is 1/9.

Site PBE/PAW RPBE/PAW
Pt T —1.50 -1.19
Pty T —134 —1.02

B —153 -1.14
Pts T —128 —0.98

fee —148 —1.07

hep —1.52 —1.11

we will focus on experimental/theoretical data obtained for small CO ex-
posure, at low CO,q4 coverages, where repulsive CO,q-CO,q interactions
(as well as dynamic dipole coupling [58] in IR experiments) can be
neglected under these conditions. Therefore, they illustrate more directly
the influence of increasing Ag content in the Pt,Ag; _ »/Pt(111) surface
alloy on the CO adsorption properties compared with unmodified
Pt(111), and the same holds true also for the other systems.

4.1. CO adsorption on modified sites in Pt,Ag; _ /Pt(111) surface alloys

Modification of the adsorption properties of specific surface atoms or
ensembles of surface atoms in a surface alloy can be introduced by dif-
ferent type neighbors and/or by replacement of underlying substrate
atoms by different type species. In both cases electronic ligand and
strain effects apply, while ensemble effects are essentially absent for
CO adsorption on PtyAg; _ /Pt(111) surface alloys. In all cases, adsorp-
tion in on-top Pt sites is most stable, and for adsorption on Ag sites the
differences are mostly below the experimental detection limit. The in-
fluence of replacing sub-surface Pt atoms by Ag, and the unexpected de-
stabilization of the Pt-CO bond resulting from sub-surface Ag atoms was
already discussed in detail in Section 3.2.5 and shall not be repeated
here. For CO adsorption on Ag surface atoms the influence of Ag sub-
surface atoms was not calculated, but considering the little difference
between adsorption on Ag surface atoms on Ag(111) and on Ag./
Pt(111) we expect negligible effects.

4.1.1. CO adsorption on Ag modified Pt sites

In the simple model of constant bond order, which had been put for-
ward to describe the influence of electronic ligand effects on the adsorp-
tion on bimetallic surfaces [75], one would expect that the presence of
Ag in the surface layer should stabilize CO adsorption on adjacent Pt
sites: since the center of the d-band of Ag(111) is located at much
lower energy compared with Pt(111), the interaction of a Ag atom
with a Pt atom should be much weaker compared with the Pt-Pt inter-
action, leading to a stronger binding of a CO molecule to a Pt surface
atom surrounded by Ag atoms than to a Pt atom in a Pt(111) surface.
On the other hand, strain effects in the above mentioned configuration
should result in a destabilization of the Pt-CO bond due to compressive

Table 7

Adsorption energies (in eV) calculated using PBE/PAW and RPBE/PAW for CO adsorption
on a PtyAg; — x/Ag>1/Pt(111) system considering Pt;, Pt;, and Pt; ensembles. The labels
T, fcc, hep, B denote adsorption in on-top, hollow-fcc, hollow-hcp and bridge sites, respec-
tively. Bold values denote the preferential adsorption site in each case. The CO,q coverage
is 1/9.

Site PBE/PAW RPBE/PAW
Pty T —1.63 -1.31
Pty T —1.49 —1.18

B —1.69 —-1.29
Pt; T —1.40 —1.09

fcc —1.65 —1.23

hep -1.70 —1.28

strain in the pseudomorphic alloy layer caused by the insertion of the
larger Ag atom (lattice constant 4.08 vs. 3.92 A, resulting lattice mis-
match +4.1%) [11,12,73].

For the present system, the stabilizing ligand effect seems to clearly
dominate over the destabilizing strain effect. A stabilization of CO adsorp-
tion had been observed already at the lowest Ag content of 10%, where at
low CO,q coverage the whole desorption peak is shifted by 15 K to higher
temperature. Simultaneously, the corresponding IR band shifts from 2090
t0 2079 resp. 2072 cm™ ', reflecting a stronger 2m* back donation. At 20%
Ag, this effect becomes more pronounced: the TPD peak is shifted by an-
other 15 K to higher temperature, along with a further shift of the corre-
sponding IR bands to 2068 resp. 2060 cm ™ '. The stabilization is also
confirmed by the DFT calculations, which show a much stronger binding
of CO on the Pt atom of a Pt;Agg ensemble (CO/Pt;Agg/Pt(111)) com-
pared with adsorption on Pt(111) at low CO coverage. The origin of this
stabilizing effect is an upshift of the d-band center on the Pt surface
atoms as a sum of ligand and strain effects, as shown in DFT calculations
for all three adsorption complexes investigated.

Most obvious is the stabilization of the adsorbed CO in the high tem-
perature desorption peak in the CO TPD spectra. Such kind of peak
(Tmax = 550 K) was already reported by Striiber and Kiippers for CO de-
sorption from Ag films on Pt(111) annealed at 760 K [31]. They ascribed
it to CO desorption from “Pt clusters embedded in Ag islands”. Based on
the amount of Ag deposition (0.8 ML) and on the annealing pre-
treatment, these surfaces are very close to the present surface alloys
with high Ag content [28], and therefore the nature and origin of the
high-temperature desorption peak should be identical in both cases.
Not resolved, however, is the exact nature of the adsorption site respon-
sible for this desorption peak. Different Pt, ensembles were found to
stabilize the adsorption of CO. On the other hand, the calculations re-
vealed that sub-surface Ag results in a destabilization of adsorbed CO
(see Section 3.2.5), indicating that this cannot be responsible for the for-
mation of the high temperature CO desorption peak.

The experimental observation that CO molecules adsorbed in this site
do not interact with other adsorbed CO molecules at saturation coverage
suggests small Pt ensembles such as Pt; monomers or Pt dimers
surrounded by Ag surface atoms as adsorption site. In that case, diffusion-
al transport and interactions with CO adsorbed outside the Pt ensemble
are inhibited. Adsorption on Pt; monomers could properly explain the
observed stabilization of adsorbed CO. Considering the strong tendency
for phase separation in PtyAg; _ »/Pt(111) surface alloys, however, we
doubt that such sites are already formed at 50% of Ag in sufficient
amounts. STM images show significant amounts of isolated Pt monomers
only at the highest concentration investigated, at 95% Ag [27]. Including
also Pt;, dimers increases the number of available Pt sites, but it is still
far too low to account for the intensity in the high temperature desorp-
tion peak over the entire composition range. Based on the combination
of STM data and calculations we expect Pt atoms surrounded by 6 or 5,
and possibly also by 4 Ag surface atoms, as they are present in small Pt en-
sembles (monomers, dimers) but also at edge/corner sites of narrow Pt
structures in larger ensembles, to be responsible for the stabilized CO,q
species desorbing in the high-temperature peak. Such structures can be
observed in STM images at above 40-50% Ag. Desorption of the last CO
molecule adsorbed on such a site should behave almost like CO on a Pt
monomer (see Section 3.2.4).

Interestingly, after CO adsorption at low temperature, the IR band
corresponding to these sites only has a very low intensity, independent
of the CO,q coverage. After stepwise annealing of these surface alloys to
successively desorb CO,gq, its intensity increases, reaching its maximum
value after annealing to 500 K, when all CO,q desorbing in the main de-
sorption peak has been removed. The explanation for this experimental
observation depends on the CO,4 coverage. After small CO exposure at
low temperature, the fraction of these small Pt ensembles populated
with CO simply is too low to be able to detect the corresponding IR-
band, since they are only populated statistically by CO molecules im-
pinging at the right Pt ensemble; subsequent surface diffusion to these
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ensembles is inhibited, as indicated by the simultaneous growth of
main- and high temperature desorption feature at low CO,q coverage
and also by the low adsorption energy of CO on Ag sites separating the
Pt ensembles.

After larger CO exposures, up to saturation of the surface with CO,q,
all ensembles are populated. In that case, however, ensembles containing
more than one Pt surface atom will contain more than one CO,q mole-
cule, up to one CO molecule per Pt atom. This leads to a shift of the vibra-
tional frequency to higher wavenumbers due to repulsive interactions
between these CO molecules on the one hand and to an intensity loss
due to depolarization on the other hand. When successively heating a
surface saturated with CO,q at low temperature, most CO molecules
adsorbed on larger ensembles will desorb in the main desorption feature,
so that after heating to 500 K all of these ensembles are still populated,
but with only ‘non-interacting’ CO,q species, e.g., one CO,q molecule in
the case of Pt dimers. In this case, frequency shifts and depolarization ef-
fects are absent, and the corresponding IR band reaches its full intensity.

In summary, we attribute desorption in the high-temperature peak
to desorption of non-interacting CO,4 molecules from Pt sites, where
the corresponding Pt atom is surrounded by at least 4 Ag surface
atoms. This assignment is compatible with all experimental findings
and it is also in good agreement with the observed stabilization of
CO,q according to DFT calculations. Finally, the appearance of these
sites at ca. 50% Ag surface content agrees with results of the STM
measurements.

4.1.2. CO adsorption on Pt modified Ag sites

For all Pt,Ag, _ x/Pt(111) surface alloys, a small desorption feature
was observed directly after starting the heating ramp (desorption max-
imum 130-140 K). This was never observed before Ag deposition and is
therefore assigned to desorption from Ag sites. Its intensity did not
change very much with increasing Ag content and remained very
small (6co < 0.01 ML) for all surface alloys studied. Therefore, we
assigned it to CO desorption from Ag atoms located at steps or other de-
fects of the surface alloy layer. For bulk Ag surfaces, CO desorption was
observed at ~50 K for a flat Ag(111) surface [51] and at 80-90 K from
the step sites of a Ag(221) surface [52]. The additional stabilization com-
pared with bulk Ag surfaces observed for the surface alloys must be due
to an electronic effect induced by the Pt(111) substrate. A similar stabi-
lization was reported by Rodriguez et al. for CO adsorption on Ag-
decorated Pt(111) surfaces [74]. After deposition of sub-monolayer Ag
amounts on a Pt(111) surface at low temperature (90 K), they observed
CO adsorbed on Ag sites up to 120 K, and identified these as Ag defect
sites with an additional stabilization by the Pt bulk [74].

DFT calculations performed for CO adsorbed on a Ag surface atom/Ag
site surprisingly did not show any significant difference between a pseu-
domorphic Ag monolayer on Pt(111) and on Ag(111) as substrate, indi-
cating that interaction with the Pt(111) bulk surface does neither
stabilize nor destabilize CO adsorption on the Ag surface layer. This
changes, however, when going to defect sites. For CO adsorbed on a Ag
site directly at the edge of a Ag step the underlying Pt(111) substrate
was found to clearly stabilize the Ag-CO bond compared with adsorption
on a similar site on Ag(111) by about 100 meV at low CO,q coverage. The
physical origin of the different substrate effects in these two cases, in the
Ag edge configuration and in the closed Ag overlayer, remains unclear in
the moment. It should also be noted that if steps are considered, CO ad-
sorption occurs preferentially in on-top sites at the upper level step edge,
both for the Agy/31/Ag(111) and for the Agy/31/Pt(111) surfaces.

Due to the low coverage of these CO,q species we could not detect an
IR band which could be correlated with the low temperature desorption
feature. Such bands were reported previously, however, for surfaces
with a high enough concentration of Ag defect sites, which were created
e.g., by Ag deposition at low temperatures (Ag/Ag film [78], Ag/Pt(111)
[74]). For these surfaces, bands around 2150 cm™ ! were associated with
C0,q species on these Ag defect sites, both for Ag/Ag film and for Ag/
Pt(111). This is very close to CO adsorption on Ag(111) which shows a

band at 2153 cm™ ! [51]. Hence, both experiment and calculations clear-
ly demonstrate a stabilizing effect of a Pt(111) bulk on CO adsorption on
Ag defect sites, in agreement with previous findings [74], but there was
no significant change in the C-O vibrational properties.

4.2. Comparison with CO adsorption on related bimetallic surfaces

Finally, we would like to compare the results obtained from the
PtyAg; _ x/Pt(111) system investigated in this study with CO adsorption
studies on surface alloys of a similar type, including Pt,Au; _ »/Pt(111)
[23], PdyAg; _ /Pd(111) [20-22] and Pd,Au; _ »/Pd(111) [19,79].

4.2.1. Distribution of surface atoms

First of all, these different surface alloy systems, though consisting of
rather comparable metals, exhibit very different structural characteris-
tics. PtyAu; — /Pt(111) surface alloys also exhibit a significant tendency
for phase separation, but it is much less pronounced than in the present
Pt Agq — x/Pt(111) system [26]. Similar to the present case, diffusion of
the coinage metal (Au) into sub-surface regions was negligible for cov-
erages up to almost monolayer coverage. Pd,Ag; — x/Pd(111) surface al-
loys show a disperse distribution of surface atoms at lower Ag content,
while at higher Ag content there is a slight tendency to phase separated
clustering [25]. PdyAu; _ x/Pd(111) surface alloys finally show an al-
most statistical distribution of the surface atoms [24]. In both of the lat-
ter cases, some loss of the coinage metal into the near surface regions of
the Pd bulk can be observed upon annealing of samples with higher Ag,
Au contents at the temperature necessary for surface alloy formation.
Hence, for the Pd based systems effects caused by the presence of Ag
or Au atoms in the second layer are more likely for rather high Ag or
Au contents than for the respective Pt analogs.

4.2.2. Ensemble effects

It is well known, that in Pd-based systems, including Pd(111), the
adsorption energetics are dominated by the geometric ensemble effect
due to the preference of CO for adsorption in a threefold hollow sites
on Pds trimers [19-22,79-81]. In Pt-based systems, however, on-top ad-
sorption is favored, and bridge-bonded adsorption occurs only at higher
CO coverage, if at all [20,21,23,46,53]. Therefore, ensemble effects
should not play a big role and can easily be excluded by working at
low CO coverage, where the adsorption behavior is determined by elec-
tronic ligand and strain effects.

The difference between Pd-based and Pt-based surface alloys is illus-
trated by the different trends of the CO adsorption energies for the dif-
ferent ensembles on Pd,Ag; _ x/Pd(111) and on PtyAg; _ »/Pt(111)
surface alloys (Fig. 10b). For Pd,Ag; — x/Pd(111) this shows a pro-
nounced stabilization when going from CO adsorption on a Pd; mono-
mer via a Pd;, dimer and a Pds trimer, always using the most stable
adsorption site, to finally adsorption on Pd(111), while for a similar se-
quence on the Pt-based system we find a destabilization. This marked
difference is mainly caused by the pronounced stabilization of the Pd-
CO bond when adsorbing on higher coordination sites, which requires
Pd, dimers (bridge sites) and Pds compact trimers (hollow sites) at
minimum or larger ensembles; it is much less pronounced when keep-
ing the adsorption site. In contrast, for the Pt,Ag; _ »/Pt(111) surface
alloy, where adsorption is always most stable in the on-top site (except
for Pt(111) where due to the “CO/Pt(111) puzzle” adsorption on the
hollow sites appears as more stable in the DFT calculations), the com-
bined ligand + strain effects dominate the trend of the CO adsorption
energy and result in a destabilization with increasing Pt, ensemble
size (Fig. 10b).

In combination with the distinct differences in the distribution of
surface atoms, the different ensemble effects in the 2 types of surface al-
loys lead to considerable differences in the CO adsorption behavior. For
Pt-based surface alloys, the growth of the Pt ensembles, from Pt; mono-
mers to Pt, dimers, compact Pt trimers and bigger ensembles, does not
allow the occupation of more stable adsorption sites. Actually, increasing
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ensemble size leads to a destabilization of the Pt-CO interaction. This is
different for the Pd-based surface alloys, where a transition to larger en-
sembles leads, in average, to a stabilization of the CO adlayer. The small
size of the Pd ensembles at low Pd contents and their slow growth with
increasing Pd surface, following the trend for a statistical distribution, re-
sult in a distinct stabilization of CO,4 with increasing Pd surface content.

For PtyAg; — «/Pt(111), where an increasing size of the Pt ensemble
results in a destabilization of the Pt-CO bond (with adsorption always in
on-top sites), the observed effects (in the main desorption peak) are
small, since already at low Pt surface contents rather large Pt ensembles
prevail. A stabilization of the adsorbed CO appears only for CO adsorp-
tion on Pt surface atoms which are surrounded by at least 4, if not 5,
Ag surface atoms (see Section 4.1.1). Desorption of non-interacting
C0O,q molecules on these sites/ensembles, which are present in the
lower CO,q4 coverage regime, results in the distinct high temperature
peak with its maximum at about 550 K. Finally, for Pt,Au; _ »/Pt(111),
where stabilization of the Pt-CO bond by lateral ligand effects and de-
stabilization by strain effects seem to largely cancel out and where,
like in the present case, ensemble effects are absent [23], there is hardly
any change in the Pt-CO bond with increasing Pt surface content.
Accordingly, there are no distinct changes in the CO TPD spectra with
increasing Pt surface content except for an increase in desorption
intensity.

4.2.3. Ligand and strain effects

As a third point we want to compare the role and size of (lateral) li-
gand effects and strain effects, which determine the changes in the
metal-CO bond upon replacing adjacent surface atoms by the respective
other species, e.g., Pt surface atoms around a central Pt surface atom by
Ag atoms.

Alloying a Pt-group metal with a coinage metal of a larger size gener-
ally leads to two competing effects: compressive strain because of the
addition of a larger atom and the weaker interaction of the Pt-group
metal atom with the surrounding coinage metal atoms as compared
with interaction with similar type surface atoms (lateral ligand effects).
Based on the simple principle of constant bond order [75], weaker inter-
actions with a neighboring metal atom should result in a stronger bond
to the respective adsorbate. In the absence of changes in other contribu-
tions, in particular from strain effects, this should lead to a strengthening
of the Pt-CO or Pd-CO bond. For the present case of Pt,Ag; _ »/Pt(111)
surface alloys the stabilizing ligand effects seem to be dominant, at
least for ensemble sizes up to Pts. For on-top adsorption the difference
between CO adsorption on a Pt; monomer and on Pt(111) was calculated
to be around 0.4 eV. This is in contrast to Pd,Ag; _ »/Pd(111) surface al-
loys, where the counteracting ligand and strain effects seem to cancel
out. For the same adsorption site the resulting adsorption energies de-
pend only little on the ensemble size. For on-top adsorption the differ-
ence between CO adsorption on a Pd; monomer and on Pd(111) was
calculated to be around — 0.06 eV, and for adsorption in on-top sites of
larger Pd ensembles that difference was even smaller. For further details
see ref. [22].

Moving to Pt,Au; _ /Pt(111) surface alloys, CO TPD measurements
after small CO exposures did not show any significant shift of the peak
temperature with Au content [23]. From that, the authors concluded
that electronic ligand effects and strain effects seem to cancel out each
other, and therefore do not modify the CO binding. Most interestingly,
a continuous shift of the IR band due to on-top adsorption of CO on Pt
sites to lower wavenumber was observed. This finding was explained
by a change of the weight of the different contributions for CO adsorp-
tion to the Pt atoms of the PtAu/Pt(111) surface alloys with an increased
contribution of the 2m* back donation [23]. Calculations for CO adsorp-
tion on different ensemble structures confirmed the above trends,
showing only a small destabilization for CO adsorption in an on-top
site with increasing ensemble size, by about 0.1 eV, when going from
CO adsorption on a Pt; monomer in Pty 33Augg7/Pt(111) via adsorption
on a Pt atom with three Pt ligands in Pty g7Aug33/Pt(111) to adsorption

on Pt(111) [82]. For CO adsorption on Pd,Au; _ »/Pd(111) surface al-
loys, calculations revealed a very small stabilization by the combined li-
gand and strain effects with increasing ensemble size, e.g., from
—0.71 eV for on-top adsorption on a Pd; monomer via —0.76 eV both
on a Pd, dimer and a Pds linear trimer to —0.98 eV on Pd(111), and sim-
ilar results were obtained also for CO adsorption in bridge sites, where
the adsorption energy increased from —0.87 eV on a Pd, dimer to
—0.90 eV on a linear Pd5 trimer [19,79]. Dominant effect in that system
is the effective stabilization by ensemble effects, i.e., by a variation of the
adsorption site, which causes an increase from —0.71 eV (Pd; mono-
mer, on-top) via —0.87 eV (Pd, dimer, bridge site) to —1.11 eV (com-
pact trimer, threefold hollow site). The trends in the experimental
data were in excellent agreement with those derived from the calcula-
tions [19]. Overall, the results closely resemble the findings for CO ad-
sorption on Pd,Ag; _ «/Pd(111) discussed above.

In total, the above results show that the combined (lateral) ligand
and strain effects induced by Ag are stronger for Pt surface atoms/en-
sembles than for Pd surface atoms/ensembles on the respective sub-
strates. Since (destabilizing) strain effects should be of comparable
size for PtyAg, — «/Pt(111) and PdyAg; — x/Pd(111), considering the
rather similar lattice constants of Pd (3.8898 A) and Pt (3.9231 A), re-
spectively [42], this must be due to pronounced differences in the (sta-
bilizing) ligand effects. In contrast, for the corresponding surface alloys
with Au as second component the differences between the combined
lateral ligand and strain effects are much less pronounced for both the
Pd(111) and Pt(111)-based surface alloys. As a result, the stabilization
of the Pt-CO bond induced by a neighborhood of Ag surface atoms in
PtyAg; _ x/Pt(111) surface alloys, which is reflected by the formation
of the high-temperature CO desorption peak, is a unique feature on a
quantitative scale, while on a qualitative scale the stabilization agrees
with findings for the other surface alloys discussed above.

These differences are reflected also by the respective shifts in the cen-
ter of the d-band, which according to the d-band model are correlated
with a strengthening (up-shift) or weakening (down-shift) of the
metal-adsorbate bond. While for Pt,Ag; _ »/Pt(111) the d-band center
decreases monotonically and significantly from — 1.49 eV for Pt; via
—1.65 eV and —1.72 eV for Pt, and Pts, respectively, towards that of
the pure Pt(111) surface (—2.07 eV), these shifts are much smaller and
less continuous for Pd,Ag; _ »/Pd(111). In the latter surface alloy, the cen-
ter of the d-band is at around — 1.34 eV for Pd; and Pd,, and at —1.30 eV
for the Pds trimer, while it is at — 1.53 eV for Pd(111) [22]. Hence, there is
little difference in the d-band center in Pd,Ag; _ »/Pd(111) for the differ-
ent small ensembles, and also the up-shift towards the Fermi level
compared with Pd(111) is much smaller, only around 0.24 eV, than ob-
served for PtyAg; — x/Pt(111), where this shift amounts to ~0.6 eV.
Thus, in agreement with the experimental findings, the calculations pre-
dict that the strengthening of the CO adsorption bond is much larger for
Pt,Ag; — x/Pt(111) than for PdyAg; _ «/Pd(111) surface alloys. This also
explains the formation of the high temperature CO desorption peak for
PtyAg; — x/Pt(111), which is unique among these different surface alloys.
While the exact reason for this unique behavior of the PtyAg; — »/Pt(111)
system could not be rationalized from the DFT calculations, the shifts of
the center of the d-band upon Ag addition as well as the calculated CO ad-
sorption energies of the PtAg mixed layers clearly reproduce the trend ob-
served experimentally. The physical origin of these distinct differences
can only be speculated upon at present, as Pt and Pd have a very similar
band structure as bulk materials.

The results of this systematic study on the interaction of CO with
Pt,Ag; — x/Pt(111) surface alloys and, in a more general sense, with a
group of closely related Pt(111)- and Pd(111)-based surface alloys
with Ag and Au, respectively, perfectly demonstrate the detail of atomic
scale understanding of adsorption phenomena on bimetallic surfaces
that can be gained from such studies. It furthermore illustrates not
only the potential but also the limits of simple approximations such as
the concept of constant bond order for estimating the direction of elec-
tronic ligand effects. Its limits become evident in the assessment of the
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vertical ligand effects, which were expected to be stabilizing, but are actu-
ally found to be destabilizing in calculations, both for Pt,Ag; _ «/Pt(111)
and Pd,Ag; _ x/Pd(111) surface alloys. While an assessment of the com-
bined action of strain and ligand effect is possible already on the basis of
such qualitative concepts for the case that they are working in the same
direction, this is hardly possible without calculations for the opposite
case of counteracting effects. In this case it is almost impossible to make
an a priori statement which effect will prevail, i.e., whether destabilizing
strain effects or stabilizing ligand effects will dominate or whether both
will essentially cancel out. Here improved but nevertheless simple con-
cepts would be highly desirable. This is important not only to better un-
derstand adsorption on bimetallic surfaces, but also to gain simple
access to catalytic activities, by combining these trends in adsorption en-
ergies with modern concepts to describe catalytic activities involving the
use of scaling laws and of the Sabatier principle.

5. Conclusion

In an effort to better understand trends in the interaction of adsor-
bates with bimetallic surfaces, and in the long run also trends in catalyt-
ic activities, we have systematically studied the interaction of CO with
structurally well-defined Pt,Ag; _ 4/Pt(111) surface alloys, combining
experimental (TPD and IR measurements) and theoretical (DFT calcula-
tions) methods, and compared the resulting trends with those deter-
mined in previous studies on closely related Pt(111)- and Pd(111)-
based surface alloys with the coinage metals Ag and Au. Based on this
we arrived at the following conclusions:

(1) Neighboring Ag surface atoms (Ag ligands) strongly stabilize the
CO adsorption on Pt surface atoms. Stabilizing ligand effects in
the bimetallic layer overcompensate destabilizing strain effects
caused by the compressively strained pseudomorphic PtAg sur-
face alloy layer. This is shown both experimentally by TPD and
IR results, as well as by DFT calculations.

While this stabilization is weak for lower Ag contents and only
reflected by an up-shift of the trailing edge to higher tempera-
tures, it results in a distinct new desorption peak at higher tem-
perature (~550 K) for surface alloys with more than 50% Ag
content. Desorption in this peak is attributed to non-interacting
CO0,q species adsorbed on Pt surface atoms with at least 4 Ag
neighbors. This assignment is based on the absence of repulsive
interactions in this feature with increasing total CO,4 coverage
(as judged from TPD results), the sharpness of the corresponding
IR band, the abundance of the respective Pt structures, and DFT
calculations.

Based on calculations, Ag in the sub-surface region will destabilize
CO adsorption on Pt surface sites, in contrast to expectations based
on the simple constant bond order concepts. A similar trend was
reported previously for CO adsorption on Pd,Ag; _ »/Pd(111).
(4) The stabilization of CO adsorbed on a Pt surface atom surrounded
by (mostly) Ag surface atoms is unique for Pt,Ag; _ »/Pt(111) sur-
face alloys and has not been observed for other Pt(111)- or
Pd(111)-based surface alloys with Ag/Au as second component.
This agrees with predictions from the d-band model considering
the up-shift of the d-band center.

CO adsorption on Ag (step) defect sites, which is possible at tem-
peratures 130-140 K, is stabilized by interaction of the Ag surface
atoms with the Pt(111) substrate as compared with adsorption on
similar defect sites on Ag(111). For a full Ag surface layer on
Pt(111), a similar stabilization of CO adsorption has not been ob-
served in the calculations.

For CO adsorption on Pt(111)-based surface alloys ensemble ef-
fects are negligible. Similar to adsorption on Pt(111), CO adsorp-
tion is most stable in on-top sites. In contrast, for Pd(111)-based
surface alloys the CO adsorption energy is determined by ensem-
ble effects, with adsorption in threefold sites as provided by

(5

-

compact Pd; trimers being most stable, while on-top adsorption,
which is possible already on Pd; monomers, is least stable.

The above ensemble effects in combination with the almost statis-
tical distribution of surface atoms result in a considerable upshift of
the average adsorption energy/desorption temperature with de-
creasing coinage metal content for Pd(111)-based surface alloys.
For CO/PtyAg; — «/Pt(111), the upshift with increasing Pt content
is less pronounced, except for the formation of the high tempera-
ture desorption peak. It originates from the pronounced stabiliza-
tion arising from the combination of ligand and strain effects
rather than from ensemble effects. For CO/PtyAu; _ /Pt(111),
where ensemble effects are equally absent, ligand and strain effect
essentially cancel out, and the CO adsorption energy is almost in-
dependent of the Au surface content.

CO molecules impinging on Ag sites, where stable adsorption is not
possible at 100 K, can diffuse to neighboring free Pt sites up to Ag
contents of 50%, as evidenced by the almost invariant initial stick-
ing coefficient. Similar effects are indicated also for the other
Pt(111)- and Pd(111)-based surface alloys.

(8)

In total, this series of studies has provided detailed insight and un-
derstanding, on a molecular scale level, into adsorption on bimetallic
surfaces and the different effects contributing.
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