
ABSTRACT: Aiming at a systematic, quantitative understanding of
the surface chemistry of bimetallic PdAg surfaces, as present in
bimetallic PdAg catalysts, we have investigated the adsorption of
hydrogen on structurally well-defined PdAg/Pd(111) surface alloys
by a combination of density functional theory (DFT)-based
electronic structure calculations and temperature-programmed
desorption (TPD) measurements. By comparison of experimental
TPD data and calculated adsorption energies and making use of
results of previous high-resolution scanning tunneling microscopy
(STM) measurements (Phys. Chem. Chem. Phys. 2012, 14,
10754−10761, DOI: 10.1039/C2CP41104K), we could quantita-
tively correlate changes of the adsorption energy with increasing Pd
content, as indicated by the formation and disappearance of
additional desorption features in the TPD spectra, with the occupation of specific, mono- and bimetallic adsorption sites and
ensembles on the PdAg surface. The results of this combined approach lead to a detailed understanding of the different effects
affecting the hydrogen adsorption behavior on these bimetallic surfaces. Comparing the present results with previous findings for CO
adsorption on similar PdAg surfaces and for hydrogen adsorption on PdAu/Pd(111) surface alloys allows us to place the resulting
trends into a more general perspective, which is highly relevant also for the atomic-scale mechanistic understanding of catalytic
reactions on bimetallic catalysts, specifically on a PdAg catalyst.

1. INTRODUCTION

Bimetallic catalysts have long been demonstrated to often
exceed the respective pure components in their catalytic
performance, which has been exploited in a number of catalytic
or electrocatalytic reactions.1,2 The improved performance has
been explained to result from an interplay between different
competing effects, including electronic ligand and strain effects
and the geometric ensemble effect,3−7 and this has also been
accepted.8,9 The different contributions to the overall perform-
ance of these catalysts however rely heavily on the distribution
of the different components in the catalyst nanoparticles, both
laterally, i.e., in the surface layer, and vertically, in particular in
the near surface region. Therefore, varying the composition
and the distribution of the components in a controlled way
should not only allow to tune the desired reactivity and
selectivity but also result in a quantitative understanding of the
different contributions.
Among the various possible bimetallic systems, PdAg

catalysts are particularly interesting due to their relevance
with respect to catalytic reactions involving hydrogen, in

particular for selective hydrogenation reactions10−13 but also
for electrocatalytic oxygen reduction.14−16 Furthermore, bulk
PdAg membranes were used as hydrogen separation
membranes.17,18 These potential applications led to a number
of model studies on the surface composition19−22 and
adsorption behavior23,24 of PdAg alloys. Interaction of
hydrogen with pure Pd surfaces has also been a subject of
intensive studies,25−38 and the insights gained in these studies
may also be relevant for the understanding of the catalytic
properties of bimetallic PdAg systems interacting with
hydrogen.
Studies employing structurally well-defined bimetallic model

systems such as surface alloys can help to get a better
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understanding of the chemical properties of bimetallic
catalysts.39,40 For this type of bimetallic system, a 2D bimetallic
alloy layer is formed on a host metal. While the composition
and distribution of the two metal components can be
elucidated by high-resolution scanning tunneling microscopy
(HR-STM), the underlying host metal can be considered to be
uniform. This allows a straightforward correlation of changes
in the chemical (adsorption/reaction) properties with
variations in the abundance of specific surface nanostructures.
The lateral distribution of the component atoms in the surface
layer of PdAg/Pd(111) surface alloys was characterized for a
number of different Pd concentrations by Engstfeld et al.41 in a
detailed analysis of STM images. Here it should be noted that
based on those STM data, we can essentially exclude thermally
or chemically induced local distortions or reconstruction of
these surfaces under present experimental conditions, which
also essentially excludes penetration of Had atoms into
subsurface sites via such defects. Furthermore, the preparation
and characterization of these surface alloys and their
interaction with CO and O were studied before by Ma et
al.42,43 and Farkas et al.,44 respectively, using temperature-
programmed desorption (TPD), X-ray photoelectron spec-
troscopy (XPS), and high-resolution electron energy loss
spectroscopy (HREELS). Later, we investigated the energetics
and chemical properties of bimetallic PdAg/Pd(111) surface
alloys by density functional theory (DFT) calculations, using
adsorption of CO as a probe of the local adsorption behavior.45

On the basis of the Sabatier principle, where the adsorption
energy is used as a measure of the reactivity in a catalytic
reaction, this may also serve as a measure for the catalytic
performance.
In the present contribution, we address the adsorption of

hydrogen on PdAg/Pd(111) surface alloys using a combina-
tion of DFT calculations and TPD measurements. This differs
from the adsorption of CO since the dissociative adsorption of
H2 requires two H adatoms to be accommodated, and we
expect that Had species are unlikely to diffuse over patches of
pure Ag surface atoms, similar to observations for PdAu/
Pd(111) surface alloys.46,47 This assumption will be confirmed
later in this study by the calculated difference in the H
adsorption energies of about 1 eV (see below) for adsorption
on Pd and Ag surface sites, which provides a lower bound for
the diffusion barrier toward the Ag patches and clearly excludes
any Had migration to these areas. Furthermore, the hydrogen
adsorption energy on a specific two-dimensional (2D) PdxAgy
cluster may be a better measure for the local activity of this
cluster in a hydrogenation reaction than the adsorption energy
of CO. In our study, we make use of previously reported
results on the 2D distribution of Pd and Ag surface atoms in
these surface alloys, obtained for different Pd concentrations
from HR-STM measurements.41 In the TPD experiments, we
used deuterium gas (D2) instead of H2 to obtain a better
background discrimination. It may be noted that the total
adsorption energy calculated by DFT does not depend on the
isotope, as the mass of the nucleus does not affect the
electronic interaction, while zero-point and vibrational entropy
effects depend on the mass. Still, the use of D2 instead of H2
was found to result only in a small change of the
experimentally observed adsorption energy.48 In the DFT
calculations, we focus on the determination of the site specific
hydrogen adsorption energies on different Pdn ensembles and
on the effect introduced by inhibiting Had transport between
individual Pdn ensembles, which means that adsorption of Had

is only possible in a pairwise mode, to accommodate both Had
species resulting from an adsorbing H2 molecule. To account
for effects introduced by subsurface Ag, we also included
pseudomorphic PdxAg1−x surface alloys with a pseudomorphic
Ag layer underneath and a closed Pd cover layer supported on
a pseudomorphic Ag subsurface layer on Pd(111), in addition
to pure pseudomorphic PdxAg1−x/Pd(111) monolayer surface
alloys. Finally, we compare our results with those obtained for
the closely related system of PdAu/Pd(111) surface alloys,
which we had investigated recently in a comparable
approach.47

The remainder of this paper is organized into five sections:
In section 2, we describe the main experimental and
computational details of our study. Section 3.1 presents the
pertinent results of the D2-TPD measurements from PdxAg1−x/
Pd(111) surface alloys with different compositions, while in
section 3.2, we present results of the theoretical modeling of H
adsorption, H2 adsorption, and H2 dissociation using DFT-
based electronic structure calculations. Here, we will make use
also of the different models introduced for explaining trends in
the adsorption energies on bimetallic surfaces (ensemble,
ligand and strain effect). In section 4, we discuss our main
experimental and theoretical results and findings, comparing in
particular TPD results and calculated adsorption energies.
Finally, we present our conclusions in section 5.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Experimental Details. The experiments were
performed in an ultra-high-vacuum (UHV) system (base
pressure < 1 × 10−10 mbar), which is equipped with facilities
for X-ray photoelectron spectroscopy (XPS) and temperature-
programmed desorption (TPD) measurements. The PdAg/
Pd(111) surfaces were prepared following a similar procedure
as in previous studies.41,42 The Pd(111) single crystal was
cleaned by Ar+ ion sputtering (5 min, ∼1 μA, 0.9 kV) at room
temperature (RT), oxygen treatment (5 min, pO2

= 1 × 10−7

mbar) at 900 K, and final annealing to 1100 K. STM
measurements on a similarly prepared and cleaned Pd(111)
single crystal have shown atomically flat terraces with a width
of 50−200 nm.41 Ag was deposited with a rate of ∼0.05 ML
min−1 on the Pd(111) surface at RT using a resistively heated
Knudsen cell (WA technology). To reduce contributions from
the backside of the crystal in the subsequent TPD measure-
ments, it was covered by a closed Ag layer. The PdAg/Pd(111)
surface alloys were prepared by an annealing step to 800 K (for
60 s). It is well-known that this annealing step leads to the loss
of Ag into the bulk of about ∼10−15% for Ag coverages up to
0.8 ML.41,42 This loss increases for higher initial Ag coverages,
and even after deposition of thick Ag layers, it is impossible to
reach surfaces compositions with very high Ag/very low Pd
surface concentration (>90% Pd). To prepare such surfaces, it
is necessary to reduce the annealing temperature. In the
present study, for the surface with the highest Ag surface
concentration, the heating step after deposition of ∼1.5 ML Ag
was limited to 650 K (60 s). The surface composition of the
alloys was determined by XPS measurements using the IAg(3d)/
IPd(3d) intensity ratio, which was cross-calibrated to the results
of CO TPD measurements, taking advantage of the fact that
the relation of the COad saturation coverage with the surface
composition of the PdAg/Pd(111) surface alloys is already
known.43



For the TPD experiments, the D2 exposure was performed
by backfilling the chamber via a glass tube (inner diameter 8
mm) pointing toward the sample (distance to the glass tube:
∼50 mm). Deuterium gas (D2) was used instead of hydrogen
for better background discrimination. H2 and D2 have the same
electronic structure but differ in mass by a factor of 2. If the
sticking process is dominated by electronic excitations in the
solid, then both molecules should feature a very similar sticking
probability. The thermodynamic dissociation or binding
energy of D2 is larger than for the H2 molecule by −0.08 eV
due to vibrational zero-point energies; the difference in
adsorption energy may even be smaller.48 Calibration
measurements revealed that the actual pressure at the sample
position was about two times that measured at the ion gauge.
Therefore, all pressure and exposure values were corrected for
that. Exposure started at a sample temperature of 90 K, during
adsorption it continued to decay to 80 K. Subsequently, a
linear heating ramp of 4 K s−1 was applied and the D2-TPD
spectra were recorded with a quadrupole mass spectrometer
(Pfeiffer Vacuum, QMS 200). The mass spectrometer was
shielded against desorption from the sample edges by a cap
with an aperture of 4 mm diameter. Before a TPD run, the
sample was positioned in front of the aperture, and the
distance between cap and sample was adjusted by an electrical
contact, which resulted in very reproducible absolute
intensities of the TPD spectra.49 Additional TPD measure-
ments, following a nearly similar procedure, were performed on
PdAg/Pd(111) surfaces prepared in another way. To create
these surfaces, a closed Ag layer (θAg = 1.5 ML) was initially
deposited on the Pd(111) substrate at RT and then gradually
annealed to a stepwise increased temperature (in 50 K steps up
to 1000 K). After each annealing step (and cooling back to 90
K), D2-TPD spectra were collected (the exposure was limited
to 20 × 10−6 mbar s−1 to keep the background level low; ∼95%
of the saturation coverage is reached after this exposure).
2.2. Computational Details. For the calculations we used

settings and notation similar to those used in our previous
study of PdAg/Pd(111) surface alloys.45 All calculations were
performed using version 4.6 of the VASP code,50 together with
the Perdew−Burke−Ernzerhof (PBE)51 exchange-correlation
functional. The ion cores were represented by projector
augmented wave (PAW) potentials.52 as constructed by Kresse
and Joubert.53,54 The electronic one-particle wave functions
were expanded in a plane-wave basis set up to a cutoff energy
of 400 eV. Spin polarization was not considered due to the
non-spin-polarized nature of the system. A dipole moment
correction was included in order to account for effects arising
from using asymmetric slabs. Scalar relativistic effects were not
explicitly considered in the periodic DFT calculations;
however, they were taken into account in the construction of
the PAW potentials. Convergence criteria for the electronic
self-consistency and the ionic relaxation were set to 1 × 10−5

and 1 × 10−4 eV, respectively. Energy barriers between the
initial and final position of H atoms were calculated for some
particular cases based on the nudged elastic band (NEB)
method.55,56 For that, we used eight images along each path
and interpolated the results using a cubic spline algorithm. In
this case, the convergence criteria for the electronic self-
consistency and the ionic relaxation were set to 1 × 10−4 and 1
× 10−3 eV, respectively, i.e., one order of magnitude larger than
for the other calculations. The exact location of the transition
state is then identified by testing whether all forces vanish at
this saddle point, and its energy is checked by a single-point

calculation. Adsorption energy values reported were obtained
using a (3 × 3) unit cell with a 3 × 3 × 1 Γ-centered k-point
grid to represent the surfaces. This k-point grid is known to
yield reliable results within the DFT accuracy.45 In all cases,
they refer to the energy of H2 molecules in the gas phase. As a
consistency check, we compared calculations using a larger unit
cell (5 × 5) with a 2 × 2 × 1 Γ-centered k-point grid, having
approximately the same density of k-point in reciprocal space.
Here, also the hydrogen coverages are different. For adsorption
of one hydrogen atom per unit cell, i.e., in the low coverage
limit, both unit cell sizes are assumed to result in similar
adsorption energies. Calculations for the two different unit cell
sizes indeed yielded rather similar results, suggesting that these
calculations are indeed reliable with respect to the k-point
sampling and are representative for the low-coverage limit. The
bimetallic surfaces were represented by periodic slabs
consisting of five monolayers. Geometry optimization of the
various surface configurations was performed by keeping the
two bottom Pd(111) layers fixed at their corresponding bulk
positions, while the three upper layers were fully relaxed. AgnL/
Pd(111) denotes a structure with n pseudomorphic silver
overlayers above the Pd(111) substrate, PdmL/AgnL/Pd(111)
denotes a structure with m pseudomorphic palladium over-
layers and n pseudomorphic silver sublayers above the Pd(111)
substrate (the total number of layers is still limited to 5),
PdxAg1−x/Pd(111) denotes a surface alloy at the topmost layer,
and PdxAg1−x/AgnL/Pd(111) denotes a structure with a surface
alloy at the topmost overlayer and n pseudomorphic silver
layers underneath.

3. RESULTS
3.1. Experimental Results. 3.1.1. STM Analysis of the

PdAg/Pd(111) Surfaces. Before presenting the D2-TPD
results, we briefly summarize the most important results of
the structural characterization of the PdAg/Pd(111) surface
alloys by high-resolution STM performed in a previous
study.41 Atomically resolved STM pictures were recorded for
various surface alloy compositions, and their digitized versions
were used to derive the atom distribution and the lateral short-
range order, and to investigate ensemble and ligand effects.
First, it may be noted that a pseudomorphic surface alloy layer
is formed for all Ag contents without any evidence for a
reconstruction. From a first visual inspection of the STM
images, there is no observable short-range order in the surface
alloy layer. This impression was confirmed by a statistical
evaluation of the images using the Warren−Cowley coefficients
as parameters for the short-range order. For all compositions,
the alloy layers are close to a random distribution, although a
slight preference for homoatomic clustering in the nearest-
neighbor sphere was derived for smaller Ag contents (xAg <
45%) and a preference for unlike neighbors for higher Ag
contents (xAg > 65%). This is also reflected in the ensemble
statistics, i.e., the abundance of different small Pd ensembles in
the alloy surfaces (Pd2, Pd3, etc.), which follows more or less
the development expected for a random distribution.41 This
means for Ag-rich surface alloys that only Pd monomers in a
surrounding of Ag atoms are found up to a surface
concentration of ∼5% Pd. At ∼10% Pd, some isolated Pd2
ensembles (dimers) can also be found, but the majority of the
Pd atoms are still monomers. Finally, for a Pd surface content
above 20% also larger Pd ensembles (trimers of different shape,
etc.) appear. This trend was also corroborated by a
combination of CO TPD and vibrational spectroscopy



measurements,43 where the latter can differentiate between
adsorption on Pd monomers (on-top adsorption), dimers
(adsorption on bridge sites), and trimers (adsorption on 3-
fold-hollow sites).
3.1.2. D2-TPD from Well-Defined PdAg/Pd(111) Surfaces.

Here we present the results of TPD measurements after Dad
(adsorbed D atom) saturation of PdAg/Pd(111) surface alloys
with different Ag contents and, for comparison, that of pure
Pd(111). These results will later be related to the results of the
DFT calculations in section 3.2, a comparison to adsorption on
other similar bimetallic systems will follow in section 4. TPD
spectra recorded after a D2 exposure of 60 × 10−6 mbar s are
shown in Figure 1. This exposure proved to be sufficient to

saturate all investigated surfaces. The exposure was started at
90 K (and the temperature typically decreased to ∼80 K
during exposure). Gdowski et al. showed that at these
temperatures the rate for subsurface absorption of hydrogen
through the Pd(111) surface into the Pd bulk is rather low29

and that the use of deuterium instead of hydrogen reduces this
tendency further.30 The D2-TPD spectrum of pure Pd(111)
shows a slightly asymmetric peak with a maximum at ∼310 K,
which was denoted as β peak previously.29 Our results are in
good agreement with previous reports on H2 desorption from
Pd(111).29,30,47,57 Upon saturation of the Pd(111) surface,
adsorbed hydrogen forms an (1 × 1) adlayer structure,25,28

corresponding to a saturation coverage of 1 ML.
With increasing Ag (and therefore decreasing Pd) surface

content, the intensity of the main desorption peak quickly
diminishes, so a surface with 26% Pd content reaches a
minimum value of ∼7% of the initial intensity for pure
Pd(111). This residual desorption signal remains unchanged
for samples with larger Ag content, even for a sample with a
closed Ag layer on the Pd substrate. Therefore, this residual
signal is most probably due to deuterium desorption from the
sides of the crystal, which were not passivated when covering
the crystal backside by a closed Ag layer. It may be noted that
this residual signal even amounted to ∼17% of the initial
intensity when the backside was not passivated by a Ag layer.

The continuous decrease of the Dad saturation coverage with
increasing Ag surface content clearly indicates that stable
adsorption of Dad on (pure) Ag ensembles is unlikely under
these conditions, a conclusion which is corroborated by our
DFT calculations (see below). Apart from the decrease of its
intensity, we also find a slight shift (by ∼10 K) of the β peak
maximum toward lower temperatures with increasing Ag
surface content, as long as the main peak can be safely
discerned from the background contribution. We tentatively
attribute this shift to the electronic ligand and strain effects in
the surface alloy, which modify the local Dad adsorption
properties. Additionally, adsorbate−adsorbate interactions may
also affect the adsorption behavior at high coverages. In any
case, none of these changes is very pronounced.
With increasing Ag surface content, additional desorption

features can be observed at lower temperatures (see Figure 1).
This starts out as a very small peak at 120 K for a PdAg surface
with 75% Pd. This feature, which we call γ1 peak, grows very
quickly with increasing Ag surface content and shifts by ∼10 K
toward lower temperatures. It reaches its maximum intensity
for a surface with 49% Pd and decreases again for larger surface
Ag contents. At the same composition (49% Pd), another
feature (γ2 peak) appears at higher temperature. It consists of a
peak at 195 K with a shoulder at lower temperature (∼170 K).
Similar to the γ1 peak, it also decreases in intensity with
increasing Ag surface content. When comparing the develop-
ment of the two γ peaks, we note that the γ2 peak disappears
faster with increasing Ag/decreasing Pd content than the γ1
peak. While the γ2 feature is already absent in the D2-TPD
spectrum for the surface with 8% Pd, the γ1 peak disappears
completely only for a surface with 5% Pd.
The γ2 feature is in the temperature range where desorption

from subsurface sites was reported to occur for Pd(111) after
hydrogen exposure at higher temperature (>120 K).29,58

Furthermore, based on DFT calculations, Ozawa et al.59

concluded that for a (111) surface the subsurface/bulk
adsorption of hydrogen should be more facile for a Pd3Ag
bulk alloy than for pure Pd, due to the larger lattice constant of
PdAg alloys compared to Pd. In fact, a similar result was also
reported by Noordermeer et al.,57 who compared the hydrogen
uptake of a Pd2Ag(111) bulk alloy and a Pd(111) single crystal
in TPD experiments. In our case, with a PdAg pseudomorphic
alloy monolayer on the Pd(111) substrate, such effects are
unlikely, since there is no lattice expansion. We therefore
exclude the possibility that the features at low temperatures are
due to deuterium desorption from subsurface sites. Further-
more, the fact that the γ peaks saturate already after relatively
small D2 exposures also disfavors the occupation of subsurface/
bulk sites.
Most likely, these additional desorption features at low

temperatures are either due to Had desorption from
(bimetallic) sites with a significantly lower binding energy
and/or due to strongly repulsive Had−Had interactions. The
latter may result also in the occupation of other adsorption
sites (hcp, bridge, and top). Weak bonding on bimetallic sites
such as Pd2Ag or even PdAg2 trimers seems to be most likely.
This will be discussed in more detail in section 4 when
comparing our experimental TPD results to the DFT
calculations.
The development of Dad saturation coverage with decreasing

Pd content in the overlayer is plotted in Figure 2. The residual
Dad coverage of 0.07 ML in the β peak, which was observed for
Ag-rich PdxAg1−x/Pd(111) surface alloys and which we

Figure 1. D2-TPD spectra after Dad saturation of pure Pd(111) and
various PdAg/Pd(111) surface alloys with decreasing Pd content
(from top to bottom). We denote the three peaks as γ1 (at ∼120 K),
γ2 (at ∼195 K), and β (at ∼310 K).

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig1&ref=pdf
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attributed to undesired contributions from the side of the
crystal, was removed for the calculation of the Dad coverages
for all data points shown in this figure. Obviously, the decrease
of the total Dad coverage with decreasing Pd content in the
surface layer is not linear. For the β peak, it decreases very
quickly with a nearly linear behavior and approaches zero for a
surface alloy with 26% Pd (after subtraction of the background
intensity). In fact, an extrapolation of the initial slope reaches
zero Dad coverage already at 40% Pd surface concentration. In
contrast, the intensity of the γ peaks first increases for surfaces
with intermediate Pd contents, reaching 0.1 ML for a
Pd49Ag51/Pd(111) surface alloy and then decreases again,
reaching, e.g., 0.05 ML for an alloy with 26% Pd. At higher Ag
content, the total Dad coverage, which contains mainly the γ
peaks contributions, decreases further, reaching 0.02 and 0.01
ML for alloys with 8 and 5% Pd, respectively. In the latter case,
no clear peak can be identified anymore and the integrated
intensity results just from a very low desorption intensity over
the whole range of the γ features. For a closed Ag layer on
Pd(111), i.e., directly measured after Ag deposition, the
integrated desorption intensity in the whole temperature range
equals ∼0.005 ML Dad and is completely due to undesired
background contributions.
The evolution of the D2-TPD spectra with increasing D2

exposure for surfaces with intermediate Ag content, where the
low-temperature γ peaks are most pronounced, is illustrated for
the Pd33Ag67/Pd(111) surface alloy in Figure 3. Here, we focus
on the two γ peaks, which show an interesting behavior: These
two peaks appear and grow already at very low exposures, long
before saturation of the β peak. Apparently, the adsorption
sites corresponding to these two peaks are populated at the
same time as those related to the β peak and not sequentially,
as would be expected from an energetic point of view.
Furthermore, the γ2 peak at 175 K seems to grow faster at low
exposure, while the γ1 peak at 125 K grows faster at higher
exposure. These results can most easily be explained if the
different peaks are due to desorption from isolated adsorption
sites, e.g., from small Pdn ensembles, which are separated by
weakly binding Ag atoms. This inhibits Dad diffusion to more
stable adsorption sites, and Dad species must be accommodated
on the Pdn ensemble where they adsorb initially. A similar
phenomenon was observed also for H2 adsorption on PdAu/
Pd(111) surface alloys.47 Furthermore, the faster initial growth
of the γ2 peak compared to the γ1 peak points to a higher

sticking coefficient on the sites related to the γ2 peak, which
results in earlier saturation, while the sites related to the γ1
state require larger exposure to reach saturation. The higher
final intensity of the γ1 state is simply due to the higher number
of such sites on this surface. Finally, it is important to stress
that each of these isolated adsorption sites has to
accommodate an even number of hydrogen adatoms, since
diffusion of one of the two atoms of a hydrogen molecule away
to another stable site during adsorption or desorption is
inhibited.

3.1.3. D2-TPD: Effect of the Annealing Temperature. In the
following, we describe an experiment in which first a closed Ag
adlayer (θAg = 1.5 ML) was deposited on the Pd(111)
substrate at RT, leading to a Ag1.5 ML/Pd(111) surface, which
was subsequently annealed to increasingly higher temperature
to create PdAg/Pd(111) surface alloys. This is different from
the previous experiments (section 3.1.2), where all surfaces
alloys were obtained by depositing different amounts of Ag
atoms and then annealing to a fixed temperature of 800 K. In
the present experiments, in contrast, we start with a fixed initial
Ag coverage and then gradually anneal the surface to a stepwise
increased temperature (in 50 K steps up to 1000 K). After each
annealing step and cooling, the resulting surface was exposed
to D2, and then D2-TPD spectra were collected (the exposure
was started at 90 K again and limited to 20 × 10−6 mbar s to
keep the background level low; ∼95% of the saturation
coverage was reached after this exposure). The results of this
experiment are shown in Figure 4.
The first TPD spectrum (bottom) results from D2

desorption of the Ag1.5 ML/Pd(111) surface before annealing.
It shows weak D2 desorption in the range of the β peak, which
we attribute to desorption from the crystal sides. Apart from
that, no other features are detected until the sample is annealed
to 700 K. At this point, the γ1 peak appears for the first time
with very low intensity (∼0.01 ML Dad). Its intensity increases
after every annealing step and amounts to ∼0.03 ML Dad after
heating to 800 K. After heating to 900 K, the γ2 desorption
feature is detected for the first time. The increase of the
desorption intensity of the β peak after the next annealing step
(950 K) indicates the appearance of Pd ensembles with similar
desorption characteristics as an unmodified Pd(111) surface.
At this point, the γ features have reached their maximum
intensity. The last heating steps (to 1000 and 1100 K) lead to
the complete disappearance of the γ peaks and to a significant
further increase of the β peak intensity. For the highest
annealing temperature, the D2-TPD spectrum is identical to

Figure 2. Dad saturation coverage on PdAg/Pd(111) surface alloys
(black squares). Desorption intensity in the main β peak (red
triangles) and in the γ features (γ1 + γ2, blue circles). For a better
visualization of the trends, we connect the symbols with dashed lines.

Figure 3. D2-TPD spectra of a Pd33Ag67/Pd(111) surface alloy after
increasing D2 exposures (from bottom to top: 0.1, 0.2, 0.4, 0.6, 1, 20,
and 60 × 10 6 mbar s).

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig3&ref=pdf


that of pure Pd(111), which was recorded the same day before
Ag deposition (see Figure 4, open circles).
A similar type of experiment was performed before by Ma et

al.42 to characterize the surface alloy formation process after Ag
deposition on Pd(111), using a combination of XPS, TPD, and
vibrational spectroscopy measurements with CO as probe
molecule. While initially, after Ag deposition at RT, a closed
Ag layer is present on the surface, annealing to increasing
temperature causes more and more Pd atoms to segregate to
the surface, although the Pd surface content must be rather low
after the first annealing steps. Ma et al. determined the Pd
concentration from the measured COad saturation coverage.
For low Pd surface contents, they assumed a 1:1 ratio between
CO and Pd sites, with CO adsorbed on isolated Pd surface
atoms and Pd dimers in the Ag matrix. With the formation of
larger contiguous Pd ensembles after annealing to higher
temperature, repulsive COad−COad interactions come into
play, and the maximum COad coverage (per Pd atom
concentration) converges to the CO saturation coverage of
pure Pd(111). While the CO desorption signal was negligible
for the closed Ag layer (Ag = 1.2 ML), they obtained a Pd
coverage of ∼7% after annealing this surface to 550 K. This is
not surprising, since intermixing of Pd and Ag (surface alloy
formation) starts already at a temperature as low as 450 K.42

Up to 800 K, the increase of Pd content in the overlayer is
rather slow (up to ∼10% Pd). Beyond this point, the changes
are much more pronounced, due to the onset of Ag desorption
and enhanced diffusion into the bulk. Finally, after annealing to
1100 K, an essentially Ag-free surface is restored. For
comparison, for a thicker initial Ag layer (θAg = 3 ML), the
Pd coverage was still negligible after annealing to 550 K and
increased more steadily after that, leading to a similar situation
(∼10% Pd) after annealing to 800 K (and beyond that).
Furthermore, from the appearance of characteristic features

in the CO-TPD spectra, Ma et al. could identify the formation
of different adsorption ensembles.42 While the Pd atoms are
initially isolated and CO adsorption is on top of these atoms,
Pd2 ensembles bind COad in a bridge configuration with a

slightly higher CO binding strength. An additional CO
molecule can be bound on the Pd2 ensembles, but it desorbs
at much lower temperature, due to the strongly repulsive
COad−COad interactions. The desorption signal of this second
COad molecule on a Pd2 dimer is a diagnostic for the formation
of these sites, it is detected for the first time after annealing the
surface to 800 K. After annealing the sample to 900 K, the
desorption peak characteristic for CO from compact Pd3 sites
(Pd3-c) is observed in the CO-TPD spectra. Annealing to 1100
K leads eventually to a CO-TPD spectrum, which is very
similar to that of pristine Pd(111). These experimental results
for CO adsorption on PdAg/Pd(111) were fully supported and
clarified by a subsequent DFT study of our group.45

The findings of our measurements shown in Figure 4 can be
compared with the results of Ma et al.,42 which allows us to
correlate the appearance of the γ and β peaks with the Pd
ensembles formed with increasing annealing temperature. The
absence of any peak after the first annealing steps, in the
temperature range where CO adsorption was possible (450−
750 K) on Pd monomers, clearly demonstrates that deuterium
adsorption on Pd monomers (or on larger mixed ensembles
containing a single Pd surface atom) is not possible under
present experimental conditions (minimum temperature 80
K). After annealing at 800 K, the surface alloy should contain
already ∼10% Pd in the surface layer. The γ1 peak in our D2-
TPD spectra (at 120 K) can be assigned to desorption from
Pd2 sites, since it appears as the first desorption state after
annealing to 700 K and becomes very prominent after heating
to 800 K. The intensity of the γ1 peak and hence the number of
Pd2 ensembles is still rather low after annealing to 700 and 750
K. Therefore, the Pd2 ensembles may have been overlooked in
the CO-TPD measurements by Ma et al.,42 since the
desorption peak of the second COad molecule appears as a
low temperature shoulder to the main desorption peak. The γ2
peak instead is likely correlated with the occurrence of larger
Pd ensembles, like Pd3 surface sites or even Pd4 ensembles,
while the β peak requires most probably the formation of Pd5
and larger ensembles. This assignment is completely
corroborated by the DFT calculations presented in the next
chapter.

3.2. Computational Results. In order to better under-
stand and interpret the experimental findings presented in
section 3.2, we performed periodic DFT calculations of the
adsorption energies of H atoms on PdAg/Pd(111) surface
alloys. For comparison, we also calculated adsorption energies
of H atoms on the pure Pd(111) surface, on a Pd(111) surface
terminated with pseudomorphic silver or palladium/silver
overlayers, and on PdAg surface alloys with underlying
pseudomorphic silver layers. In addition, we studied the effect
of molecular H2 adsorption, which considering that diffusion
over pure Ag surface areas is strongly hindered means that each
Pd ensemble needs to accommodate an even number of H
adatoms, and discuss the possible consequences of that
boundary condition. We are particularly interested in the
energetics obtained for the adsorption of two H atoms on a Pd
surface ensemble, to gain insight into the role played by the
size of the Pd ensembles in the dissociation of the adsorbing
H2 molecule, which will be used for comparison with the
experimental data.

3.2.1. The H/Pd(111) System. Table 1 shows adsorption
energies of H atoms on a pure Pd(111) surface at different Had
coverages, which compare favorably with previously published
results.32 For all coverages, adsorption occurs preferentially at

Figure 4. D2-TPD spectra of PdAg/Pd(111) surface alloys obtained
from a progressively annealed initial Ag1.5 ML/Pd(111) surface. Each
spectrum is recorded after annealing (in 50 K steps up to 1000 K) and
after D2 exposure (20 × 10 6 mbar s) at 90 K. The spectrum at the
bottom corresponds to the surface before annealing.
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the fcc-hollow sites (see Table 1). Adsorption at the on-top
sites is energetically feasible only for low Had coverage.
Adsorption at the bridge site does not correspond to a local
minimum, i.e., it is not stable. In order to obtain an adsorption
energy value for the bridge site, the lateral coordinates of the H
adatom were fixed. Adsorption at a bridge site is 0.1−0.2 eV
weaker than for the hollow sites, depending on the type of
hollow site and the Had coverage.
The bridge site corresponds to the transition state for

hydrogen diffusion along the diffusion path hcp−bridge−fcc, as
we have confirmed using NEB calculations for θH = 1/9,
plotted in Figure 5. Since adsorption on the fcc site is more

favorable than on the hcp site, the barrier from the fcc to the
hcp site (0.15 eV) is slightly higher than the barrier from the
hcp to the fcc site (0.11 eV). These barriers depend rather
weakly on H coverage, as demonstrated by the barriers for θH
= 1/9,

1/3, and
2/3 in Figure 5. The corresponding values for

the hcp to fcc barriers are 0.11, 0.10, and 0.12 eV, in the
reverse path they amount to 0.15, 0.15, and 0.17 eV,
respectively.
A slight decrease of the H adsorption energy with increasing

Had coverage is also observed in Table 1: At any surface site,
the H adsorption energy decreases by 0.06 to 0.08 eV per Had

atom for changes in the Had coverage in the range of θH =
1/9−2/3. Since there is no difference in the preferred Had

adsorption sites, this decrease is indicative of weakly repulsive
Had−Had interactions. As evident from the curve profiles, the
H−H repulsion is not constant along the trajectory, but larger
around the bridge sites. For comparison, for CO adsorption
the same change in COad coverage induces a decrease in the
adsorption energy between 0.4 and 0.6 eV.45 There is a small
change of the adsorption site symmetry (lateral displacement)
also for Had, but this is much less pronounced as the one
observed for CO molecules.45

3.2.2. The H/PdmL/AgnL/Pd(111) System. To test for the
hydrogen adsorption energies on extended Ag overlayers and
for the influence of subsurface Ag on the adsorption of Had on
Pd surface ensembles we performed calculations with one H
atom per (3 × 3) surface unit cell on pseudomorphic Ag or
Pd/Ag layers deposited on Pd(111). This corresponds to a low
Had coverage of

1/9. The adsorption energies obtained for the
different adsorption sites are collected in Table 2. On the

pseudomorphic silver layer (Ag1L/Pd4L) as the topmost layer,
all the adsorption energies are positive, which means that the
adsorption is unstable with respect to associative desorption.
The same is true for Ag2L/Pd3L, Ag3L/Pd2L, and Ag5L (not
reported in the table), and the results are similar to the H
adsorption energies on pure Ag(111).60 Different from the
structures with Pd bottom layers, the Ag5L structure was
calculated with the two bottom layers fixed to the silver lattice
parameter, while the upper layers were relaxed.
However, if a pseudomorphic Pd layer is added above the

silver layers, then H adsorption occurs at hollow sites, and for
the case of Pd1L/Ag1L/Pd3L, those H adsorption energies can
even be stronger than for a pure Pd(111) surface. This trend,
which has also been observed for adsorption on Pd/Au61 and
Pt/Au systems62 can be explained by the (vertical) ligand
effect, which can also be explained via bond-order arguments.9

Since the Pd surface layer is not so strongly bound to the
underlying Ag layer as to a Pd substrate, it can therefore bind
adsorbates more strongly. These considerations can also be
explained within the d-band model.33

For two Ag underlayers below the Pd surface layer, however,
the binding of the adsorbate becomes weaker. This trend can
also be explained in a bond-order picture. Now the Ag layer
below Pd is less strongly bound to the underlying second Ag
layer, which results in a stronger interaction with the
uppermost Pd layer, which then consequently binds adsorbates
more weakly. Interestingly, this line of arguments does not
explain that H adsorption is weaker on the Pd1LAg2LPd2L

Table 1. Adsorption Energies of H on Pd(111) as a
Function of Had Coverage

a

PBE/PAW

θH 1/9 1/3 2/3

T −0.06 −0.03 0.00
fcc −0.63 −0.61 −0.57
hcp −0.59 −0.56 −0.52
B −0.48 −0.46 −0.40

aT, fcc, hcp, and B denote top, fcc-hollow, hcp-hollow, and bridge
sites, respectively. Values are given in eV/adatom, calculated using
PBE/PAW in a 3 × 3 unit cell. Bold values denote the preferential
adsorption sites for all coverages.

Figure 5. NEB calculation for H adatom diffusion on a clean Pd(111)
surface along the pathway from an hcp-hollow site via a bridge site to
an fcc-hollow site. Values were calculated using a 3 × 3 unit cell and
three different Had coverages (1/9,

3/9, and
6/9). At the latter two

coverages, all H adatoms in the unit cell moved from the hcp to the
fcc hollow sites along the diffusion pathway, keeping the distance
between the migrating H adatoms essentially constant. Energies are
given in eV/adatom and referred to the energy of the H2 molecule in
the gas phase.

Table 2. Adsorption Energies of a H Atom on
Pseudomorphic Ag and Pd/Ag Overlayers on Pd(111) at a
Had Coverage of θH = 1/9a

PBE/PAW

Pd1L/Ag1L/Pd3L Pd1L/Ag2L/Pd2L Ag1L/Pd4L

T 0.04 0.22 0.67
fcc −0.72 −0.50 0.27
hcp −0.71 −0.48 0.29
B −0.54 −0.33 0.46

aSee Table 1 for comparison with pure Pd(111). T, fcc, hcp, and B
denote top, fcc-hollow, hcp-hollow, and bridge sites, respectively.
Values in eV/atom, calculated using PBE/PAW in a 3 × 3 unit cell.
Bold values denote the preferential adsorption sites in each case.
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surface than on Pd(111), indicating that other effects play a
role as well.
Similar to our above observations for Pd(111), adsorption

on the bridge site is not stable for all cases reported in Table 2.
Therefore, the adsorption energy on these sites was obtained
using constrained coordinates as explained above in order to
keep the H atom in the bridge position, otherwise it would
migrate to a neighboring hollow site. The interaction of H
atoms at the top sites is always weaker than that at the hollow
sites and unstable against associative desorption under present
experimental conditions. In this latest case, it was not necessary
to constrain the coordinates of the H atom to keep it on the
top site, since during the relaxation it moves away from the
surface. Hence, rather than migrating to the hollow site, it
desorbs. Finally, when comparing H to CO adsorption, energy
differences between top and hollow sites are significantly larger
than the corresponding energy differences for adsorbed CO
molecules.
3.2.3. The H/PdAg/Pd(111) System. Next we calculated Had

adsorption energies on PdAg/Pd(111) surface alloys. Table 3

shows values computed for a (3 × 3) unit cell, at a Had
coverage of θH = 1/9. In these calculations, we consider the
most compact ensembles, i.e., Pd1 monomers, Pd2 dimers,
compact triangular Pd3 trimers (Pd3-c), and a rhombic Pd4
tetramer. For Pd3, we also considered two additional less
compact structures, namely, a linear (Pd3-l) and a bent (Pd3-b)
ensemble. For H adsorption, we considered both sites
involving only Pd atoms and sites where Had resides on
mixed clusters such as Pd1Ag2. The different H adsorption
configurations are presented in Figure 6. This graph also
contains the adsorption energies obtained for the different pure
and mixed adsorption sites.
In the following, we will discuss the general trends indicated

by these calculations. In that discussion, the changes in the
local binding strength will be discussed considering geometric
ensemble effects, indicated by the different sites (on top,
bridge, and hollow sites) as well as electronic ligand and strain
effects.9,46,47,63,64 In fact, we will demonstrate that these three
effects together with bond-order arguments are fully sufficient
to reconcile the trends found in the DFT calculations. When
replacing a Pd atom in the uppermost layer by a Ag atom, the
ligand effect makes the Pd atoms adjacent to the inert Ag atom
more reactive, due to the weaker bond between Ag and Pd as
compared to Pd−Pd interaction (bond-order argument). In
contrast, Ag atoms are larger than Pd atoms, and replacement
of Pd by a Ag surface atom effectively leads to a compressive
strain which lowers the interaction strength of the adjacent Pd
atoms with adsorbates.45 Similar effects had been reported for
PdAu/Pd(111),47,63,65 PtRu/Ru(0001),66−68 and PtAu/
Au(111)62 surface alloys. In the latter case, it was found that
these effects nearly cancel, keeping the adsorption strength at
Pt sites nearly independent of the surface alloy composition.62

There is a variety of sites on the PdAg/Pd4L surface alloys
that in principle allow H adsorption at temperatures above 100
K, i.e., with adsorption energies exceeding 0.35 eV. Never-
theless, reaching an adsorption energy similar to that for
adsorption at hollow sites of the Pd(111) surface (−0.63 eV) is
only possible for adsorption on compact Pd trimers, i.e., at fcc-
hollow sites in the inner part of the larger ensembles (Pd3-c
and Pd4). Furthermore, adsorption at the top, bridge, and
hollow sites that are exclusively coordinated to Pd atoms and
leads to adsorption energies very similar to those on the
corresponding sites on Pd(111) (see Table 1). These results
clearly indicate that the counteracting effects of ligand and
strain effects effectively cancel each other also on PdAg/Pd4L
surface alloys.
Looking at the trends in more detail, we find for adsorption

on Pd1 monomers that adsorption on top of the Pd monomer
is very weak, similar to our findings for H adsorption on
Pd(111), and this is also true for all ensembles discussed in the
following. Instead, the H atom adsorbs preferentially at the
hollow sites formed by the Pd1 monomer and the two
neighboring Ag surface atoms, i.e., on a Pd1Ag2 hollow site.
This is more stable than adsorption on a bridge site (Pd1Ag1
site) or in an on-top configuration (Pd1 site). In these mixed 3-
fold-hollow sites, the H adatom is shifted from the symmetric
position toward the Pd atom. Furthermore, adsorption is
slightly stronger on the fcc-hollow site than on the hcp-hollow
site. Nevertheless, in all cases the adsorption energy is below
0.2 eV; therefore, we do not expect stable adsorption on these
sites at 100 K.
For Pd2 dimers, the H atom adsorbs preferentially at the

bridge site, but it does not remain exactly at the center of the

Table 3. Adsorption Energies of a H Atom on a PdAg/
Pd(111) and a PdAg/Ag1L/Pd(111) Surface Alloy
Considering Pd1, Pd2, Pd3, and Pd4 Ensemblesa

PBE/PAW

site PdAg/Pd4L PdAg/Ag1L/Pd3L

Pd1 T −0.04 0.03
fcc* −0.15 −0.12
hcp* −0.11 −0.12

Pd2 T −0.06 0.09
B −0.43 −0.25
fcc* −0.17 −0.10
hcp* −0.13 −0.10

Pd3-c T −0.06 0.12
fcc −0.60 −0.30
hcp −0.49 −0.29
fcc* 0.18/0.39 0.09/0.17
hcp* 0.13/0.16 0.04/0.09

Pd3-1 T −0.05 0.11
B −0.45 −0.26

Pd3-b T −0.06 0.12
B −0.43 −0.20
fcc* −0.45 −0.21

Pd4 T −0.04 0.12
fcc −0.58 −0.29
hcp −0.51 −0.29
fcc* 0.19/0.43 0.06/0.19
hcp* −0.16 −0.04

aPd3-c, Pd3-l, and Pd3-b denote compact, linear and bent Pd3
ensembles, respectively. T, fcc, hcp, and B indicate top, fcc-hollow,
hcp-hollow, and bridge sites, respectively. Different from the case of H
adsorption on clean Pd surfaces, we did not constrain the H atoms at
the perfect bridge sites. Bold values highlight the preferential
adsorption sites in each case. Sites marked with an asterisk describe
hollow positions around the ensemble. Had coverage is 1/9. Values are
given in eV/atom, calculated using PBE/PAW in a 3 × 3 unit cell. For
a visual description of the H adsorption configurations, see Figure 6.



bridge site, but instead tilts slightly to the neighboring fcc-
hollow site. Hence, this can again be described as adsorption
on a mixed ensemble, in this case on a Pd2Ag1 ensemble, with
the H adatom displaced toward the Pd2 bridge site. The same
occurs if the H atom is first located at the hcp-hollow site in
the middle part around the ensemble: upon relaxation it
spontaneously migrates toward the bridge position tilted to the
centered fcc-hollow site. This reveals again a different strength
of the interaction at fcc-hollow and at hcp-hollow sites, similar
to H adsorption on the clean Pd(111) surface (see Table 1).
On the basis of the adsorption energy of around 0.4 eV, these
sites could be populated at temperatures around 100 K. At the
ends of the Pd2 ensembles, an H adatom can adsorb at the
surrounding fcc-hollow sites (Pd1Ag2 ensemble) with an
adsorption energy of −0.17 eV, comparable to that for
adsorption at the mixed fcc-hollow site around Pd1 and thus
too low to be populated at 100 K.
For a compact Pd3 ensemble, the adsorption occurs

preferentially at the inner hollow site, and it is stronger if
that site is a fcc-hollow site (−0.60 vs −0.49 eV). Adsorption
at the surrounding hollow sites involving one Ag atom, on
mixed Pd2Ag trimers, shows intermediate adsorption energies.

There are, however, two different situations depending on the
type of hollow site formed by the Pd3 ensemble. If this is of fcc-
hollow type, then a H atom adsorbs at the surrounding hollow
sites at the corners with a rather weak adsorption energy
(−0.18 eV for fcc-hollow and −0.16 eV for hcp-hollow),
comparable to the situation for adsorption at hollow sites
around Pd1 and Pd2 ensembles. Adsorption in hcp-hollow sites
directly aside the Pd3 ensemble is not possible, because the H
atom migrates with no energy barrier toward the inner fcc-
hollow site. The situation is different if the inner site of the Pd3
ensemble is of the hcp type. In this case, the H atom can
adsorb stably on the fcc-hollow sites aside the ensemble with
an energy of −0.39 eV, and migration to the central hollow site
of the Pd3 ensemble is hindered by a barrier. Similar to our
findings for the off-center bridge site on Pd2 dimers this should
be sufficient to stabilize adsorption at 100 K. In principle, the
H atom could also adsorb at the outer hcp-hollow sites at the
corners of the ensemble with an energy of −0.13 eV, which
would, however, be too low to stabilize adsorption at 100 K.
For a linear Pd3 ensemble, adsorption is preferred at the

bridge site in a similar manner as for Pd2, and the adsorption
energy is also of comparable magnitude (−0.45 eV), enough to

Figure 6. Adsorption of a single H atom on Pd1, Pd2, Pd3, and Pd4 ensembles of PdAg/Pd(111) surface alloys. Empty and filled red circles denote
the initial and the final position of the H atom, respectively. Bold red values denote the largest adsorption energies in each case. Values are in eV/
adatom, calculated using PBE/PAW in a 3 × 3 unit cell. Due to the periodicity of the unit cell, a linear Pd3 ensemble leads to an infinite linear
chain. In this case, periodic images of Pd and H atoms are represented with lighter colors.
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stabilize adsorption at 100 K. Effects of mixed fcc- and hcp-
hollow sites are also comparable to those for Pd2 dimers.
For bent Pd3 ensembles, adsorption occurs preferentially at a

mixed Pd2Ag1 fcc-hollow site, tilted to the Pd2 bridge. The
adsorption energy is again around −0.45 eV. Upon adsorption
on a bridge site or on a hcp-hollow site, the H adatom moves
without a barrier to the asymmetric fcc-hollow site, reflecting
the higher stability for adsorption on this site. All of these
findings are comparable to the situation observed for
adsorption on a Pd2 dimer, and the same is also true for
adsorption at the ends of the Pd3 trimer (not shown in Figure
6).
For the compact Pd4 tetramer, the strongest adsorption

occurs at the inner fcc-hollow site (−0.58 eV), whereas at the
inner hcp-hollow site it is slightly weaker (−0.51 eV).
Adsorption on the mixed Pd2Ag1 hollow sites at the side of
the Pd4 tetramer is only possible at the fcc-hollow sites (−0.43
eV), whereas from the hcp-hollow sites the H adatom migrates
to the neighboring inner fcc-hollow site. Finally, for adsorption
on the mixed Pd1Ag2 sites located at the corners of the
ensemble, an H atom can adsorb with energies of −0.19 and
−0.16 eV at fcc-hollow and hcp-hollow sites, respectively,
which are both too small to stabilize adsorption at 100 K.
In total, these calculations indicate that fcc-hollow

adsorption sites are the preferred sites for H adsorption
(with a shift toward the adjacent Pd atom(s) for mixed
PdnAg3−n ensembles), while the hcp-hollow adsorption sites
show slightly lower adsorption energies. H adsorption occurs
always on (asymmetric) hollow sites, with slightly lower
adsorption energies for the hcp-hollow adsorption site. For
Pd3-type hollow sites, adsorption energies are around −0.6 to
−0.65 eV, for mixed Pd2Ag1 type sites aside the ensembles the
adsorption energies are around −0.45 eV, while for Pd1Ag2
sites the adsorption energies are too low to stabilize adsorption
at 100 K. The same is true for adsorption on on-top sites,
regardless of the size of the Pd ensemble.
Introducing one silver layer beneath the PdAg alloys

generally leads to a weaker hydrogen binding, similar to our
findings for CO adsorption.64 H adsorption at the on-top sites
of the various Pd ensembles, which is very weak for the PdAg/
Pd(111) surface alloy, becomes completely unfavorable with
silver sublayers. Differences in the H adsorption energy
between PdAg/Pd(111) and PdAg/Ag1L/Pd(111) can reach
values up to ∼0.3 eV. This is at first surprising as hydrogen
adsorption at the bridge and hollow sites on the Pd monolayer
deposited on Ag1L/Pd3L is stronger than on Pd(111) (see
Table 2). The reduction in the binding strength might be
explained at least qualitatively in a similar way as the change in
the adsorption energies between the Pd1L/Ag1L/Pd3L and the
Pd1L/Ag2L/Pd2L system, using simple bond-order arguments:
Upon introducing the Ag layer beneath the PdAg surface alloy,
the Ag surface atoms become less strongly bound to the
underlying layer, so they interact more strongly with the
adjacent Pd atoms of the surface alloy. This in turn reduces the
interaction strength of the Pd surface atoms with adsorbates,
which in our case is dominant for the H adsorption energy.
This kind of ligand effectthe effect of neighboring Ag surface
atomsis missing for the Pd1L/Ag1L/Pd3L surface, which can
at least partly explain the different effects of the Ag underlayer
in the two systems.
3.2.4. Effect of Molecular H2 Adsorption. So far we have

calculated H adsorption energies for the adsorption of a single
H atom. Experimentally, however, we expose the surface to a

H2 gas atmosphere. Since diffusion of H adatoms over pure Ag
surface areas is strongly hindered (see the positive adsorption
energy on an Ag surface layer presented in section 3.2.3), each
Pd ensemble needs to accommodate an even number of H
adatoms. To account for this effect, we calculated adsorption
energies for the adsorption of 2 H atoms on a Pdn ensemble,
where the 2 H atoms arise from the dissociation of an
impinging H2 molecule. The calculated adsorption energies
differ from the single atom adsorption energies due to
(repulsive) interactions between neighboring H adatoms on
these clusters. Dissociation pathways of the H2 molecule are
presented in detail and discussed in section 3.2.5.
Table 4 shows the effect of adsorbing 2 H atoms on the

adsorption energy for dissociative H2 adsorption for different

Pdn ensembles and different configurations of the adsorbed H
atoms. The different H2 and 2H adsorption configurations are
presented in Figure 7. Since several Pd ensembles like linear
Pd3 or compact Pd5 ensembles would touch each other in
neighboring unit (3 × 3), leading to an infinitely long string of
connected ensembles, we also performed calculations using a
(5 × 5) unit cell for the sake of comparison, in which these
units are separated again by Ag surface atoms (see Figure 8).
In general, adsorption energy values obtained using this larger
unit cell are very close to those obtained for the (3 × 3) unit

Table 4. Adsorption Energies of Two H Atoms on the
PdAg/Pd(111) Surface Alloy Considering Various
Ensemble Sizesa

PBE/PAW

site (3 × 3) (5 × 5)

Pd1 T −0.14
fcc*/fcc* −0.10 −0.14

Pd2 T −0.16
B/hcp* −0.27 −0.25
B/fcc* −0.28 −0.26
fcc*/fcc* −0.18 −0.17

Pd3-c T −0.17
fcc/fcc* −0.37 −0.32

Pd3-1 T −0.16
B/B −0.44 −0.38

Pd3-b T −0.16
fcc*/fcc* −0.42 −0.36

Fd4 T −0.18
fcc/fcc* −0.49 −0.40

Pd5 T −0.17
fcc/fcc −0.60 −0.49

aPd3‑c, Pd3‑l, and Pd3‑b denote the compact, linear, and bent Pd3
ensembles. T, fcc, hcp, and B denote top, fcc-hollow, hcp-hollow, and
bridge sites, respectively. Sites marked with an asterisk denote hollow
positions around the ensemble. Bold values denote the preferential
adsorption sites in each case (stable adsorption). Values are given in
eV/atom, calculated using PBE/PAW and two different unit cells.
Values for the T site correspond to the non-dissociated H2 molecule
(see text; calculated only for the 3 × 3 unit cell). For a visual
description of the H2 and 2H adsorption configurations, see Figure 7.



cell, though not exactly identical. The small differences arise
from the different H and Pd concentrations obtained when
increasing the size of the surface unit cell.
Starting with adsorption on a Pd1 monomer, we note that if

the two H atoms approach an isolated Pd1 atom as a H2
molecule from above, they become molecularly trapped. Such
local minima for molecular H2 adsorption are well-known for
palladium surfaces.69,70 However, for a Pd1 monomer, the H2
molecule does not dissociate due to its repulsive interactions
with the neighboring Ag atoms. Only upon impinging on a Pd
atom in larger Pdn ensembles do they spontaneously dissociate
(see the following section) upon adsorption at the top site, and
the H adatoms would migrate to the nearest hollow sites.

Stable molecular H2 adsorption has in fact been experimentally
observed and theoretically confirmed for hydrogen adsorption
on the step sites of a Pd(210) surface,69,70 if the further H2
dissociation is hindered by the presence of coadsorbed
hydrogen atoms. Therefore, the adsorption energies given in
Table 4 for the top sites correspond to molecular H2
adsorption, which were obtained by fixing the lateral x and y
coordinates of the H atoms at the H−H distance
corresponding to the well for the adsorbed H2 molecule at
the Pd1 site (see Figure 7). The adsorption energies of H2 on a
top site of Pd1, Pd2, Pd3, Pd4, and Pd5 are between −0.14 and
−0.18 eV, well below the value needed to support adsorption
at 100 K. In all situations, in the most stable configuration the

Figure 7. Adsorption of two H atoms on Pd1, Pd2, Pd3, Pd4, and Pd5 ensembles of PdAg/Pd(111) surface alloys. Empty and filled red circles denote
the initial and the final position of the H atoms, respectively. Bold red values highlight the largest adsorption energies in each case. Values are given
in eV/adatom, calculated using PBE/PAW in a 3 × 3 unit cell. Due to the periodicity of the unit cell, a linear Pd3 ensemble leads to an infinite
linear chain, and the noncompact Pd4 ensemble as well as the Pd5 ensemble lead to infinite nonlinear chains of Pd atoms. In those cases, Pd and H
atoms appearing due the periodicity are represented with lighter colors.
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H2 molecular axis is parallel to the surface, whereas the
adsorption energy for an upright H2 molecule is almost zero.
Going to adsorption on Pd2 ensembles, we find that the

impinging H2 molecule dissociates spontaneously (see section
3.2.5). If the two H atoms located at neighboring top sites of
Pd2 (one at each top site) are allowed to relax without
coordinate constraints, then these repel each other along the
axis of the ensemble toward the bridge sites at the ends with a
small H adsorption energy of about −0.08 eV/atom. Further
relaxation of this system brings the H atoms further apart to
mixed Pd1Ag2 fcc-hollow sites at the ends of the ensemble,
with a final adsorption energy of −0.18 eV/atom (Figure 7).
The most stable, however, would be a configuration where one
H adatom is located at the bridge site (tilted to H-fcc) and the
other one at an fcc-hollow site at the end (slightly tilted to the
top site) (adsorption energy −0.28 eV/atom). This latter
configuration will not be reached spontaneously upon initial
adsorption on the bridge sites, but it is easily accessible via
thermal activation at the experimental adsorption temperature
of 80 K.
A similar behavior is observed if two H atoms are initially

located at neighboring top sites of Pd3 c. The energetics of this
relaxation pathway are illustrated in Figure 9. In the final
configuration arising from this initial adsorption site, the H
adatoms are located at asymmetric, mixed Pd1Ag2 fcc-hollow
sites, with an adsorption energy of −0.19 eV/atom. More
stable adsorption, however, is reached for other initial and
relaxed configurations (see Figure 7). The lowest adsorption
energy for adsorption of two H atoms on a compact Pd3 c
ensemble is −0.37 eV/atom, with one H atom at the inner fcc-
hollow site and the other at one of the closer fcc-hollow sites
around the ensemble. Also in this case, we expect that even at
100 K thermal activation would be sufficient to reach this
stable configuration when starting from other adsorption
configurations. The trend in the adsorption energies derived
from Figure 7 further indicates that the particular configuration
of the adsorption site is highly critical, with adsorption on a
fcc-hollow Pd3 site being most favorable, but for adsorption at
very close distances, e.g., on two directly neighboring 3-fold

hollow sites, Had−Had repulsions are sufficiently strong to
preclude them as stable adsorption sites.
For a Pd3 linear ensemble, which corresponds to a linear

chain in a 3 × 3 unit cell, the strongest adsorption of two H
atoms (−0.44 eV/atom) occurs when these atoms are located
at the bridge sites. Similarly to Pd2, the H atoms are slightly
displaced toward the fcc-hollow sites (asymmetric Pd2Ag1
hollow sites). Calculations for H adsorption in a 5 × 5 unit
cell, where these ensembles are separated and do not form a
continuous string of atoms, result in a very similar adsorption
energy of −0.38 eV/atom, and this is also the most stable
adsorption configuration. For a bent Pd3 trimer, adsorption on
neighboring asymmetric Pd2Ag1 fcc-hollow sites was found to
be most stable, while configurations with one H adatom

Figure 8. Adsorption of two H atoms on Pd3 and Pd4 ensembles of PdAg/Pd(111) surface alloys. Empty and filled red circles denote the initial and
the final position of the H atoms, respectively. Values are given in eV/atom, calculated using PBE/PAW in a 5 × 5 unit cell.

Figure 9. Adsorption energy of two individual H atoms arising from
the dissociative adsorption of a H2 molecule on neighboring top sites
along the relaxation pathway from top sites to outer fcc-hollow sites of
a Pdn ensemble in a PdAg/Pd(111) surface alloy, calculated using a 3
× 3 unit cell and an Had coverage of

2/9. Energy is given in eV/atom.
Empty and filled red circles denote the initial and the final position of
the H atoms, respectively. The small peaks are most likely due to
numerical noise of the minimization algorithm used in the DFT code;
thus, they do not describe a real energy barrier.
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occupying a Pd2Ag1 fcc-hollow and the other at the closest
Pd2Ag1 hcp-hollow site were less stable, reflecting the influence
of Had−Had repulsions and the preference for fcc-hollow sites.
A similar behavior is observed if two H atoms are located at

neighboring top sites of a compact Pd4 c tetramer. In that case,
the final adsorption energies can vary depending on which top
sites are involved in the initial adsorption. The highest binding
energy of two H atoms (−0.49 eV/atom) is obtained when
these are located at adjacent fcc-hollow sites, one at the inner
part, a Pd3 ensemble, and the other one around the ensemble
(mixed Pd2Ag1 ensemble). Due to Had−Had repulsion and the
site preference for fcc-hollow sites this configuration is more
stable than the one with both H adatoms located in directly
neighboring Pd3 sites, one fcc-hollow and the other one a hcp-
hollow site. For bent and linear Pd4 ensembles the situation is
similar to that in bent and linear Pd3 ensembles.
Finally, for a compact Pd5 ensemble, the situation is

comparable to that in Pd4. In this case, however, it is possible
to occupy two neighboring fcc-hollow sites on Pd3-type
ensemble in the inner part of the ensemble. This results in an
increase of the adsorption energy to −0.60 eV/atom, which is
essentially identical to that on Pd(111) at comparable local Had
coverage. Hence, Pd5 would be the first ensemble to behave
similar to the Pd(111) surface when the H coverage increases
(see Table 1). Calculations for H adsorption in a 5 × 5 unit
cell, where these Pd5 ensembles are separated from each other,
led to the same trends in the values as for the 3 × 3 unit cell,
although with slightly higher energies (by ∼0.1 eV/atom, due
to the different H coverage).
Overall, these calculations lead to the following conclusions:

As expected from the adsorption behavior of single H atoms,
occupation of Pd3 sites is more favorable than that of Pd2Ag1
or even Pd1Ag2 sites, which leads to a significant stabilization
of the Had species on the Pd4 c ensemble as compared to Pd2
and Pd3 c ensembles. Furthermore, adsorption on fcc-hollow
sites is generally favored compared to that on hcp-hollow sites
or on mixed sites. Occupation of the nearest neighbor hollow
sites is generally less favorable, due both to repulsive Had−Had
interactions and because of the preference for fcc-hollow sites.
For adsorption on Pd4 c tetramers, this means that adsorption
of the first H adatom on a Pd3 site and of the second H adatom
on a Pd2Ag1 site at the side of the tetramer is more stable than
adsorption of both adatoms on nearest neighbor Pd3 sites. This
also means that the compact Pd5 c pentamer is the smallest
ensemble allowing H2 dissociative adsorption with an
adsorption energy comparable to that of Pd(111).
Finally, adsorption of three or more H atoms per ensemble

was tested only for some particular cases, due to the immense
number of possible configurations. In general, the adsorption
energy per atom decreases as the number of H atoms increases,
both due to Had−Had repulsion and due to the occupation of
less strongly binding adsorption sites, but there is no unique
pattern to correlate the number of H adatoms adsorbed with
the adsorption energy.
3.2.5. H2 Dissociation. Dissociation of the H2 molecule was

investigated using the nudged elastic band (NEB) method55,56

by following the energetic evolution of the molecule from a
position sufficiently far away from the alloy surface toward the
most favorable position for adsorption of the two individual
atoms on the respective Pdn ensemble. The initial position of
the H2 molecule was set to ∼3.5 Å above the surface alloy at
the center of each palladium ensemble and oriented parallel to
the surface. We assumed the bond length of the free molecule

was the experimental one, 0.74 Å.71 As shown in section 3.2.4,
the minimum energy configuration for adsorption of two H
atoms on a Pd1 monomer is the H2 molecule on the top site
(−0.14 eV/atom). In contrast, larger palladium ensembles
allow dissociation of H2 molecules, starting with preliminary
adsorption of the molecule on a top site, followed by bond
splitting to reach a minimum energy configuration. In most of
these final configurations, the individual H atoms are adsorbed
on two hollow sites of each of the palladium ensemble. The
adsorption energies of 2 H atoms along the relaxation pathway
from the gas phase (as a H2 molecule) to the minimum energy
configuration with two individual H atoms adsorbed on a Pdn
ensemble in a PdAg/Pd(111) surface alloy are illustrated in
Figure 10, which shows NEB results for Pd-induced

dissociation of the H2 molecule on Pd1−Pd5 ensembles.
Energies (in eV/atom) were calculated within a 3 × 3 unit cell.
For each Pdn ensemble size, we report the energy barrier for
dissociation from the molecular precursor state and the energy
barrier for the inverse recombination process (in parentheses).
For Pd1, the path ends at the local minimum (molecular
adsorption), while for the other ensembles, it ends at the global
minimum (dissociative adsorption). Although the most stable
configuration for two H atoms on Pd1 is the adsorbed molecule
at the top site, we extend its NEB path up to the only local
minimum in which the H atoms are dissociated.
Figure 10 clearly demonstrates that there is an energy

minimum for molecular H2 adsorption with similar energies for
all ensemble sizes between −0.14 and −0.17 eV/atom. For the
Pd1 monomer, the energy barrier to dissociate the H2 molecule
adsorbed on top of the Pd atom toward the surrounding
hollow sites is 0.06 eV, which is less than the barrier for
desorption of H2,ad. Considering that H2,ad is energetically
more favorable than two Had on this site, this means that at
very low temperatures it should be possible to stabilize
molecularly adsorbed H2 on these sites. Under our

Figure 10. Adsorption energy of two H atoms along the minimum
energy pathway for H2 dissociation from the gas phase (as a H2
molecule) to the minimum energy configuration for two individual H
atoms adsorbed on a Pdn ensemble in a PdAg/Pd(111) surface alloy,
where both atoms are allowed to relax freely while approaching the
surface. Energies (given in eV/atom) were calculated within a 3 × 3
unit cell using the NEB method. For each Pd ensemble size, we report
the energy barrier for dissociation and the energy barrier for the
inverse process (in parentheses). For Pd1, the path ends at the local
minimum, while for the other ensembles it ends at the global
minimum.

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10070?fig=fig10&ref=pdf


experimental conditions, however, at 80−90 K, this does not
play a role. In total, these results clearly demonstrate the facile
dissociation of adsorbing H2 molecules on all ensembles and
sites except for the on-top site on Pd1 monomers.

4. DISCUSSION

On the basis of the DFT calculations presented in the previous
section and of the ensemble statistics derived previously from
an STM-based analysis of the surface atom distribution as a
function of Pd surface concentration,41 we will now discuss the
peaks observed in the TPD spectra shown in section 3.1.2 and
their physical origin. Here it is important to note that diffusion
of Had species over Ag surface areas is essentially inhibited, as
the barrier for entering these areas is comparable to or even
larger than that for desorption. This is illustrated by the
simultaneous filling of the different peaks with increasing D2
exposure (Figure 3). Otherwise, we would expect the most
stable sites to be populated first, followed by the less stable
ones. Hence, we can concentrate on the adsorption behavior of
an even number of H atoms on the individual Pd ensembles,
where the H atoms result from the dissociative adsorption of
H2 molecules. For the smaller Pdn ensembles (n ≤ 4), which
are dominant at lower Pd surface concentrations, this
essentially means two H adatoms per ensemble. Furthermore,
we assume that even at the low adsorption temperature of 80−
90 K diffusion of H adatoms to the most stable adsorption
configuration is facile because of low diffusion barriers. Finally,
we can use the main result of the STM-based analysis of the
surface distribution in the PdAg/Pd(111) surface alloys, which
revealed a nearly random distribution of the two metals in the
surface layer for the whole range of surface compositions.41

First, based on the very low H2 adsorption energy on a Pd1
ensemble, we can exclude stable H adsorption on these sites at
the adsorption temperatures of ≥80 K in our experiments.
Larger Pd ensembles, starting from Pd2, instead allow H2
dissociation. The most favorable configuration of two H atoms
on an isolated Pd2 ensemble yields an adsorption energy of
∼0.28 eV/atom, i.e., ∼0.56 eV/H2 molecule, which would fit
to the activation energy for desorption of 0.4 eV estimated for
the γ1 peak. Here we assume nonactivated adsorption, so the
adsorption energy and activation energy for desorption are
approximately identical. From the surfaces whose D2-TPD
spectra are shown in Figure 1, the surface alloys with 5 and 8%
Pd should feature ∼0.2 and ∼0.5−1% of the surface atoms,
respectively, as Pd2 ensembles, while larger Pd ensembles are
not very likely for these surfaces. Obviously, for the first surface
(5% Pd) the number of Pd2 ensembles is too low to result in a
clear D2-TPD peak above the background desorption signal.
For the second surface (8% Pd), however, a weak γ1 peak can
be observed and its intensity (0.01 ML after background
subtraction) fits rather well to the expected number of isolated
Pd2 ensembles. Going to higher Pd surface concentrations, this
peak increases in intensity up to about 50% Pd surface content,
and then decreases rapidly. On the basis of the STM results,
the number of isolated Pd2 sites should, after an initial increase,
decay quickly with increasing Pd content and finally tend to
almost zero for the surfaces with the highest Pd concentration.
Here we need to keep in mind, however, that sites with
comparable adsorption energies may exist also at larger
ensembles for higher local coverages, which would shift the
maximum population of this peak to higher Pd concentrations,
in good agreement with experimental observation.

On the basis of the adsorption energies, the γ2 peak with its
slightly higher adsorption energy compared to the γ1 state can
then be assigned to desorption from Pd3 and Pd4 ensembles.
Calculations for the most stable adsorption configuration on
Pd3 ensembles of different shape yielded maximum adsorption
energies between −0.37 and −0.44 eV/atom, while for Pd4 the
maximum adsorption energy was −0.49 eV/atom, still close to
those of the various Pd3 ensembles. This would explain why
the γ2 peak shows a main peak (at ∼195 K) and a shoulder at
∼170 K. According to the STM results,41 a surface with 26%
Pd, which is where the γ2 peak appears first, shows not only a
substantial number of Pd2 sites (∼7%), but also some larger
ensembles. In fact, the number of Pd3 ensembles is with ∼2%
of all sites also sizable, fitting well to the appearance of the γ2
peak with a single peak at ∼170 K for this surface. Also the
integrated Dad coverage of the two γ features in the D2-TPD
spectrum of this surface of ∼5% compares favorably with the
concentrations in the STM images.
Desorption from isolated Pd4 ensembles should also play a

role since adsorption of two H atoms on them yields
adsorption energies close to those of the trimers (see Table
4). The assignment of the γ2 feature to desorption from Pd3
and Pd4 ensembles becomes more reasonable when looking at
the spectrum of the surface with 49% Pd in Figure 1. The γ2
feature shows a main peak (at ∼195 K) and a shoulder (at
∼170 K), where the former is attributed to desorption from
Pd4 ensembles. With increasing Pd surface content, this peak
also disappears quickly, reflecting the disappearance of isolated
Pd3 c and Pd4 c clusters with increasing Pd concentration.
The dissociative adsorption energy for two H atoms at Pd5

reaches −0.60 eV/atom. This is larger than for the smaller
ensembles and close to the adsorption energy of an isolated H
atom at the fcc-hollow site of the Pd(111) surface (see Table
1). Hence, this would perfectly fit to the pronounced β peak,
which appears at intermediate Pd surface concentrations
(≥33%) and then rapidly increases with increasing Pd surface
concentration. Indeed, the STM data show that Pd5 ensembles
appear with very low concentrations in this coverage range.
With increasing Pd coverage, these and larger Pd ensembles
increasingly dominate the site distribution. A small shift of the
β peak to higher temperatures with increasing Pd surface
content may be related to an increasing content of slightly
more stable sites for larger Pdn ensembles with n > 5.
In total, on the basis of the combination of STM-based site

analysis and DFT calculated adsorption energies, we could
provide a consistent explanation for the physical origin of the
different desorption peaks, both with respect to the adsorption
energy and with respect to their relative population with
increasing Pd surface concentration.
Finally, we compare our results with the findings of a similar

study of H adsorption on PdAu/Pd(111) surface alloys,46,47 a
seemingly very similar bimetallic system in which also a noble
metal is mixed into the surface layer of the Pd(111) crystal.
The structural properties are very similar for both systems, as
PdAu/Pd(111) surface alloys show also a random distribution
of the respective atoms in the surface layer for the complete
range of surface compositions.47 Some dissolution of the noble
metal upon annealing for surface alloy formation is also
encountered for PdAu/Pd(111) after depositing larger Au
amounts close to a monolayer. Therefore, noble metal atoms in
the second or deeper layers may affect H adsorption in both
type of alloys in a rather similar way, mainly at high Ag or Au
coverages. Furthermore, H adsorbates are confined to the Pdn



ensembles when H2 molecules reach the surface of Au-rich
PdAu/Pd(111) surface alloys, i.e., diffusion of H adatoms
above Au surface regions between isolated Pdn ensembles is
also unlikely, allowing stable adsorption on a Pdn ensemble
only if this can accommodate both H adatoms resulting from
dissociative H2 adsorption. Despite these similarities, there are
some interesting differences in the H2 adsorption behavior of
these two systems. While we conclude for PdAg/Pd(111) that
a Pd2 ensemble should be sufficient to achieve stable
adsorption of two H adatoms under our experimental
conditions, Takehiro et al.47 arrived at a different result for
hydrogen adsorption on PdAu/Pd(111) surfaces alloys. They
concluded that a Pd4 rhombic ensemble is the minimum
ensemble size required for stable adsorption of two H adatoms
on PdAu/Pd(111) surfaces. This discrepancy can be explained
in part by the different starting temperature for hydrogen
exposure, 90 K for PdAg/Pd(111) versus 120 K for PdAu/
Pd(111). Most strikingly, the γ1 peak would not be populated
anymore at 120 K. Furthermore, DFT calculations also
revealed some characteristic differences in the local reactivity
of these surface alloys. To exclude contributions from
systematic differences between these calculations, we addition-
ally calculated the adsorption energy of two hydrogen atoms at
the linear Pd3 ensemble in the PdAu/Pd(111) surface alloy.
While the binding strength is −0.44 eV/atom when the
ensemble is surrounded by Ag atoms, it is significantly lower
(−0.29 eV) when it is instead surrounded by Au atoms. Also
assuming a similar trend for compact Pd3 c ensembles, this
implies that H2 desorption from Pd3 ensembles in PdAu/
Pd(111) surfaces might occur at lower temperatures than for
PdAg/Pd(111) surfaces, presumably below the adsorption
temperature of 120 K in these experiments; therefore, these
ensembles cannot contribute to adsorption under those
conditions. This could explain why the desorption features
for H2 on PdAu/Pd(111) surfaces observed by Takehiro et
al.47 were assigned only to Pd ensembles starting with Pd4.
Comparing adsorption of H2 on these bimetallic PdAg

surfaces with that of CO on the same surfaces,42,43,64 there are
many similarities in the trends of the adsorption energies on
different Pdn ensembles and sites. This fully agrees with
expectations based on the d-band model72 since in both cases
the changes in the adsorption energy should be correlated with
the respected shifts in the center of the d-band. Interestingly,
however, for both CO and H adsorption, the (calculated)
adsorption energy on Pdn ensembles decreases in the presence
of a Ag underlayer, despite of the simultaneous upshift of the
center of the d-band. However, there are also distinct
differences. First, the relative differences in the adsorption
energies on different Pdn ensembles and sites are much less
pronounced for CO than for H adsorption. In particular, the
preference for adsorption on 3-fold hollow sites is less
pronounced. Second, considering that adsorption energies
are generally larger for CO adsorption this also means that
essentially all ensembles can be populated during adsorption at
80−90 K, which is in distinct contrast to H adsorption, where
Pd2 dimers are the smallest ensembles supporting stable H
adsorption under these conditions. Third, CO molecules
impinging on Ag surface areas in the neighborhood of Pdn
ensembles can reach these Pd sites, which makes the effect of
the Pd surface concentration on the measured CO uptake
much less significant than for H2 adsorption. Because of the
small differences in CO adsorption energies on different sites,
we could not decide whether COad transport between different

Pdn ensembles is possible or whether it can be excluded as in
the case of hydrogen adsorption.
Finally, we would like to comment on possible consequences

of these results on catalytic hydrogenation reactions. While it is
hardly possible to create and maintain surface alloys of the
present type, with Ag or Au atoms only in the topmost layer, in
realistic catalysts, we assume that the random distribution of
surface atoms is likely to be maintained also in bulk alloys. In
that case, these bimetallic surfaces can provide a whole arsenal
of adsorption sites of different adsorption strength. Consider-
ing that based on the Sabatier principle the adsorption strength
is often closely linked to the catalytic activity and possibly also
to the selectivity of these sites, this allows us to finely tune the
reactivity of these (surface) alloys in a given reaction by
optimizing the (surface) concentration of Pd, in good
agreement with experimental findings for either of these alloys,
e.g., in hydrogenation reactions for PdAg10−13 or in vinyl
acetate synthesis or H2O2 formation on supported PdAu
catalysts.73−77 In that sense, the present data should be
considered as a means to provide a picture of the reactivity of
these surfaces at a given surface composition; the preparation
of such kind of bimetallic catalyst surfaces and maintaining
them under reaction conditions, which can lead to changes in
the surface composition,10,21,22 have to be considered
separately.

5. CONCLUSIONS

We have investigated the adsorption of hydrogen on
structurally well-defined PdAg/Pd(111) surface alloys by a
combination of DFT calculations and TPD measurements, in
combination with previous results of high-resolution STM
measurements. Comparing the calculated adsorption energies
on different adsorption sites and different Pdn ensembles, the
abundance of these sites/ensembles at given Pd surface
concentrations (STM analysis) and the evolution of the
TPD spectra with increasing Pd surface concentration, we
could correlate the different peaks in the TPD spectra and their
activation energy for desorption with specific adsorption sites
on the surface, i.e., well-defined Pd ensembles. We assign the γ1
peak (at ∼120 K) to desorption from Pd2 ensembles, the γ2
peak at ∼195 K with a shoulder at ∼170 K to desorption from
Pd4 and Pd3 ensembles, respectively, and the β peak (at ∼310
K) to desorption from Pd5 and larger ensembles. In all cases,
adsorption of individual H atoms on Pd3-type hollow sites is
most stable, followed by adsorption on asymmetric Pd2Ag1-
type and finally Pd1Ag2-type hollow sites. Furthermore, H
adsorption is always more stable on fcc-type sites than on hcp-
type sites. Generally, the trends agree with those for CO
adsorption and shifts in the d-band center reported earlier.64

Initially, the adsorption behavior is affected by the fact that
transport of Had between isolated Pdn ensembles, which are
separated by Ag surface areas, is kinetically hindered, meaning
that the uptake of H adatoms on a given Pdn ensemble is
possible only pairwise, to accommodate the two Had atoms
arising from adsorption of one H2 molecule.
On the basis of the DFT calculations, H2 dissociation is

unfavorable for adsorption on a Pd1 monomer, favoring
molecular hydrogen adsorption on these sites. The resulting
adsorption energy is, however, too low to stabilize H2
adsorption at temperatures >80 K. In case of larger ensembles,
we predict dissociative hydrogen adsorption, with metastable
molecular adsorption at top sites as intermediate, followed by



an activation energy of less than 0.04 eV, leading to the final
stable adsorption site.
Pd2 ensembles are identified as the minimum ensemble size

allowing adsorption on PdAg/Pd(111) surface alloys under
our experimental conditions. The difference from the earlier
report of a comparable study on PdAu/Pd(111) surface
alloys,47 where Pd4 tetramers were concluded as minimum
ensemble size, most probably results from a combination of
somewhat lower adsorption energies on the latter surfaces,
reflecting characteristic differences in the way Ag and Au
ligands influence the reactivity of the Pd surface atoms, and a
higher adsorption temperature (120 K) in the latter experi-
ments. On a qualitative scale, these trends can be fully
reconciled by a combination of electronic ligand effects,
geometric ensemble effects and strain effects, together with
bond order arguments.
Overall, this type of model studies provides detailed insights

into the chemical and thus also catalytic behavior of bimetallic
surfaces and catalysts which is highly useful also for the
mechanistic understanding of reactions on bimetallic catalysts,
in this case on supported PdAg catalysts. Due to the wide
variation in adsorption energies on these bimetallic surface,
they allow a precise tuning of the adsorption energy and thus
of the activity in catalytic reactions by adjusting the Pd surface
content.
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