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Abstract

The local reactivity of thin pseudomorphic Pd overlayers on Au(111) and (100) single crystal surfaces has been studied by periodic
density functional theory calculations within the generalized gradient approximation. We have determined the adsorption energies
of atomic hydrogen and of CO as a microscopic probe of the reactivity. We demonstrate that both surface strain effects and
substrate interaction effects contribute to the modification of the reactivity of the overlayer system. While there is no unique trend in
the adsorption energies as a function of the lattice strain, at all considered adsorption sites we find a maximum of the binding
energies of both H and CO on two Pd overlayers on Au thus providing a microscopic explanation for recent experiments on the
electrochemical reactivity of flat Pd nanoparticles on Au(111). Furthermore, we address the initial stages of Pd deposition on Au.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The catalytic properties of thin metal overlayers
deposited on a foreign substrate can be significantly
modified with respect to those of the bulk metal [1].
Therefore, a detailed understanding of the underlying
microscopic mechanisms responsible for the modifica-
tion of the reactivity in bimetallic systems is highly
desirable. It might lead to the design of better catalysts
in both heterogeneous and electro-catalysis [2,3], in
particular since bimetallic systems might offer the
possibility to tailor the reactivity by preparing specific
surface compositions and structures.

In electrochemistry, Pd overlayers deposited on Au
single crystal surfaces have been studied in detail as a
well-defined model system [4—12]. Due to the relatively
small lattice mismatch between Pd and Au of 5%, up to
10 layers of Pd can grow pseudomorphically on Au(100)
[13] and up to four Pd layers on Au(l1l) under
electrochemical conditions [6]. In vacuum, on the other
hand, rough Pd/Au film growth and alloy formation has
been observed [14,15]. Alloy formation on Au(100) [7]
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and Au(110) [12] has also been observed under electro-
chemical conditions, which, however, seems to depend
on the preparation conditions [16]. Hence experimen-
tally it is not fully clear how many Pd layers grow
pseudomorphically on Au single crystals.

As far as the electrocatalytic activity of the Pd/Au
overlayer systems is concerned, it has been found that
the hydrogen adsorption/desorption [4,9] and the elec-
tro-oxidation of small organic molecules such as form-
aldehyde [9] and formic acid [5] show a strong
dependence on the layer thickness of the deposited Pd
films. Similarly, small Pd nanoparticles deposited on
Au(111) in an electrochemical STM set-up exhibit a
significantly higher reactivity than bulk Pd [17].

In order to understand the catalytic activity of
overlayer systems, two effects have to be taken into
account. In addition to the direct electronic interaction
of the pseudomorphic overlayers with the metal sub-
strate, geometric strain effects due to the lattice mis-
match can change the reactivity of thin films [18-21].
Although there has been a significant progress in the
detailed experimental characterization of electrode sur-
faces and reactions at electrochemical interfaces [22],
still it is not trivial to disentangle these effects in the
experiment. In such a case, total energy calculations
based on first-principles electronic structure theory can
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be very helpful. In recent years they have become an
efficient and reliable tool to obtain qualitative and often
even quantitative insights into the structure and chem-
istry of surfaces [23-26].

We have performed periodic density functional theory
(DFT) calculations of thin pseudomorphic Pd over-
layers on Au(l111) and (100) single crystal surfaces in
order to contribute to the understanding of the modified
reactivity of overlayer systems. As a microscopic probe
of the local reactivity we have calculated the adsorption
energies of atomic hydrogen and CO on various
adsorption sites. Note that one has to be cautious by
identifying adsorption energies with reactivity. High
catalytic activity usually is the consequence of a
compromise between a sufficiently strong interaction
in order to lead to, e.g. lower dissociation barriers than
in the gas phase with a relatively modest binding
strength of the products so that they can desorb again.
Still, the interaction strength of molecules with surfaces
is often closely correlated with the reactivity for a large
class of catalytic reactions, for example via a Bronsted—
Evans—Polanyi-type relation [27].

We find that at all considered adsorption sites the
binding energies of both H and CO show their
maximum on two Pd overlayers. By calculating the
adsorption energies on pure strained Pd surfaces, we are
able to discriminate between strain and substrate inter-
action effects. Both effects contribute substantially to
the modified reactivity of the overlayer system. Our
results thus provide a microscopic explanation for the
increased reactivity of small Pd nanoparticles on
Au(111) [17]. In addition, we briefly address the initial
stages of the Pd deposition on Au in vacuum and at the
solid—liquid interface.

A preliminary account of this work has already been
given [28]. Here we focus in particular on the electronic
factors determining the change in the reactivity which
we have carefully analysed. Most of our findings can be
rationalized within the d-band model [29,30]. However,
additionally second nearest neighbor effects turn out to
be important for the overlayer systems. Furthermore, we
find that the d-band model is no longer fully appropriate
if the coupling between adsorbate and substrate is too
strong.

2. Computational method

Self-consistent periodic DFT calculations have been
performed using the Vienna ab initio simulation pack-
age (VASP) [31]. The exchange-correlation effects have
been described within the generalized gradient approx-
imation (GGA) using the Perdew-Wang (PW-91) func-
tional [32]. The ionic cores are represented by ultrasoft
pseudopotentials [33] as constructed by Kresse and
Hafner [34]. The Kohn—Sham one-electron valence

states are expanded in a basis of plane waves with the
size of the basis characterized by the maximum kinetic
energy, the so-called cutoff energy. It turned out that
cutoff energies of 200 eV for hydrogen adsorption and
400 eV for CO adsorption are sufficient in order to
obtain converged results. Throughout the study we used
the calculated equilibrium lattice constants for bulk Pd
and Au, 3.96 and 4.18 A, respectively, which are in good
agreement with the experiment (3.88 and 4.08 A [35],
respectively).

The Pd/Au overlayer structures are modeled by a slab
of five layers of Au on which up to three Pd overlayers
have been deposited. All layer structures are separated
by 14 A of vacuum. The three bottom layers of the slabs
have been kept fixed at their corresponding bulk
positions, while all upper layers including the overlayers
have been fully relaxed. Although it has been found that
the H adsorption process is strongly influenced by the
anion of the supporting electrolyte [4], as a first step we
have addressed the interaction of hydrogen and CO with
Pd overlayers of Au in the absence of any electrolyte.
This is the usual approach in the ab initio treatment of
molecule—surface interactions of electrochemical inter-
est [36] due to the difficulties of realistically incorporat-
ing any electrolyte in electronic structure calculations.
However, we have also performed first, still preliminary
calculations for the hydrogen adsorption on Pd under
the presence of a thin film of water [37]. These
calculations indicate that the presence of water weakens
the interaction between the metal and the adsorbate, but
only by less than 100 meV. Similar results have already
been obtained in a DFT study of the deprotonation of
acetic acid over Pd(111) in the presence of water
molecules [38]. Therefore, the general trends found in
our present study should also be relevant for the
understanding of the energetics of electrochemical reac-
tions.

The adsorption energies are determined in (2 x 2) and
(1 x 1) surface unit cells corresponding to coverages of
® =0.25 and 1, respectively. The surface Brillouin zone
is sampled by a Monkhorst-Pack k-point set [39] of 7 x
7x1 (17x17x1) for the 2x2 (1 x1) unit cell,
corresponding to 8 (45) k-points in the irreducible
Brillouin zone. A Methfessel-Praxton smearing [40] of
0=0.2 eV has been used in order to get a faster
convergence of the electronic structure calculations.
For the analysis of the electronic structure of the (2 x
2) surface unit cell, we used a finer mesh of 11 x 11 x 1
k-points, corresponding to 16 k-points in the irreducible
Brillouin zone. The hydrogen adsorption energies are
determined via

1
Eads = Eslab+H - Eslab +§ EVH2 ) (1)

where Eg,, and Ey,;, o g are the total energies of the slab
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without and with the adsorbed hydrogen. For the
hydrogen binding energy Ey in the gas phase we have
taken the calculated GGA value of 4.550 eV. Since CO
adsorbs molecularly, its adsorption energy is given by
the following equation

Eads = Eslab+CO - (Eslab + ECO) (2)

For the CO binding energy Eco in gas phase we have
taken the calculated GGA value of 11.438 eV. Note that
the energy gain upon adsorption corresponds to a
negative adsorption energy. In the following, we will
denote by binding energy the negative of the adsorption
energy.

3. Results
3.1. Overlayer structure

It is known that under electrochemical conditions Pd
films can be grown in a layer-by-layer fashion on both
Au(111) [6,8—10] and Au(100) [16] for the first few
layers, however, the growth mode including possible
alloy formation apparently depends on the preparation
conditions [7,16]. In contrast, under ultra-high vacuum
conditions the Pd/Au growth mode strongly depends on
the temperature, in particular on Au(111). At low
temperatures, rough Pd films grow on Au(111), while
at room temperature alloy formation takes place [14,15].
The difference in the growth modes between electro-
chemical and vacuum conditions has been related to the
surface structure of the Au(111) surface [§]. In vacuum,

Au(111) shows a complex (23 x v/3) herringbone recon-
struction [15]. This reconstruction is lifted under elec-
trochemical conditions at the positive potentials at
which Pd deposition occurs.

In our electronic structure calculations, we cannot
treat the herringbone reconstruction of Au(111) due to
computational constraints. Still we have tried to address
the growth mode of Pd/Au by calculating the adsorption
energy of a Pd atom on Pd(111) and unreconstructed
Au(111) in a (3 x 3) surface unit cell corresponding to a
coverage of 1/9 in order to avoid any interaction
between the adatoms. We found that the Pd adatom is
by 0.103 eV less strongly bound to Au than to Pd. Hence
the Pd—Pd interaction is stronger than the Pd—Au
interaction which explains the fact that Pd films grow
in a rough fashion on Au(111) in vacuum. On the other
hand, under electrochemical conditions underpotential
deposition (upd) of Pd on Au(l11) has been found
[6,10,16] indicating that the Pd—Pd interaction should be
weaker than the Pd—Au interaction. This is at variance
with our findings. However, the difference of 0.1 eV in
the interaction energies is relatively small compared to
the cohesive energies of Pd (3.89 ¢V per atom) and Au
(3.81 eV per atom) [41]. It is therefore reasonable to
assume that the Pd—Au interaction is modified to a

certain extent by the presence of the electrolyte or the
adsorption of anions which could reverse the order of
the interaction strength. This suggests that it is not the
lifting of the Au(111) reconstruction under electroche-
mical conditions that leads to the layer-by-layer growth
of the Pd films but rather the modified Pd—Au interac-
tion strength. It should be further noted that Takahasi et
al. [8] and Naohara et al. [9] do not report any
underpotential deposition of Pd on Au.

As for Au(100), it is well-known that this surface also
reconstructs in a hexagonally close-packed structure.
This reconstruction is lifted at positive potentials [42]
and upon Pd deposition [7]. Again, we made no attempt
to address the Au(100) reconstruction but rather fo-
cused on the reactivity of the Pd/Au overlayer systems.

3.2. Adsorption energies

We have calculated the adsorption energies of atomic
hydrogen and CO on the high-symmetry adsorption
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Fig. 1. CO and hydrogen adsorption energies as a function of the
number of Pd overlayers on Au for different adsorption sites on the
(111) (a) and the (100) surface (b) at a coverage of 0 =0.25. The pure
Pd substrates with the lateral lattice constant of Au (¢ =4.18 A) and
Pd (a =3.96 A) are labeled by PA@Au and Pd, respectively.
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sites as a function of the number of Pd overlayers on
Au(111) and Au(100) (see Fig. 1). The coverage was
chosen to be 6 = 0.25 which is sufficiently small in order
to avoid any significant interaction between the adsor-
bates. Furthermore, we have determined the adsorption
energies on pure Pd slabs where the lateral lattice
constants have been kept fixed to the bulk Pd and the
bulk Au lattice constant, respectively. The results
obtained for the pure Pd surface expanded to the Au
lattice constant are denoted by Pd@Au. They corre-
spond to the hypothetical system of infinitely many Pd
overlayers grown pseudomorphically on Au. By com-
paring the results for this system with those for a finite
number of Pd overlayers and those for a pure Pd slab
with the intrinsic Pd lattice constant, geometrical strain
effects can be discriminated from electronic interaction
effects with the substrate.

The first striking result evident in Fig. 1 is that CO
and H show the same trends in the adsorption energies
as a function of the number of Pd overlayers and of the
lattice strain despite their different electronic structure
and bonding mechanism. The binding energies of both
adsorbates on thin Pd/Au overlayers are larger by up to
0.2-0.3 eV than on pure Pd substrates and show their
maximum on two Pd overlayers at all considered
adsorption sites. At the most densely packed (111)
surface, the adsorption energies on three Pd overlayers
hardly differ from those on the pure expanded Pd slabs.
This means that the electronic effect of the underlying
Au substrate only contributes significantly to the
reactivity of the first two overlayers. The modified
reactivity of the third layer is almost entirely dominated
by the geometric effect due to the lattice expansion.
For the less densely packed (100) surface, there is still
some influence of the Au support up to the third
Pd overlayer. This can be understood from the fact
that the (100) layers have a smaller spacing than the
(111) layers.

As far as the pure strain effects are concerned, we do
not find an unique trend. On the Pd(111) surface the
binding energies increase upon lattice expansion at the
higher-coordinated sites while the top site shows the
opposite trend. On the Pd(100) surface, on the other
hand, both the fourfold hollow as well as the top site
exhibit a weaker binding upon lattice expansion whereas
at the bridge site there is a slight increase in the binding
strength.

As a reference, we have also calculated the CO and H
adsorption energies on Au(111) and Au(100) (see Fig.
1). Note that we did not consider the surface reconstruc-
tions of neither Au(111) nor Au(100). Our results
confirm the inertness of the Au substrate, i.e. all binding
energies are greatly reduced on Au compared to clean
Pd and the Pd/Au overlayers.

4. Discussion

4.1. Electronic structure

In order to analyse and understand the trends in the
hydrogen adsorption energies, we have utilized the d-
band model as proposed by Hammer and Nerskov [30].
In this model, the interaction between an adsorbate and
a transition or noble metal is formally split into a
contribution arising from the s and p states of the metal
and a second contribution coming from the d-band. The
interaction with the sp-bands is assumed to lead to an
energy renormalization of the adsorbate energy levels.
In a simplified expression, the whole d-band is assumed
to act as a single electronic level located at &g which is
chosen to be the center of the d-band. Based on second-
order perturbation theory, it can be shown [43,44] that
small shifts in the d-band center position of the metal
d¢q are linearly correlated to changes in the chemisorp-
tion energies

VZ

OE,
leg — €

hem — |2 58(1' (3)
Here ¢, is the renormalized adsorbate resonance and V'
is the d-band coupling matrix element between adsor-
bate and the surface metal atom.

According to Eq. (3), an upshift of the d-band center
is associated with a stronger interaction. A lattice
expansion or a reduced coordination leads to a smaller
d-bandwidth and, if the d-band is more than half-filled,
to an upshift of the d-band due to charge conservation
[20,45]. This effect explains for example the higher
reactivity of step edge atoms [43,46—49] or expanded
surfaces [20].

In Fig. 2 the position of the d-band center is plotted as
a function of the number of Pd overlayers on Au(111)
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Fig. 2. Position of the local center of the d-band with respect to the
Fermi energy as a function of the number of Pd overlayers on Au(111)
and on Au(100) for the surface and the subsurface layer. The results
for a pure Pd substrate with the lateral lattice constant of Au (a =4.18
A) and Pd (¢ =3.96 A) are labeled by Pd@Au and Pd, respectively.



A. Roudgar, A. Grof | Journal of Electroanalytical Chemistry 548 (2003) 121-130 125

and Au(100) for the uppermost and the subsurface layer.
In general, the (111) and (100) surfaces show rather
similar trends. Comparing the data for pure Pd and
Pd@Au, it is obvious that expanding the Pd substrate to
the Au lattice constant leads to an upshift of the local d-
band center at the surface, which is as expected.
Interestingly enough, on Pd(100) the d-band center of
the subsurface layer shifts down in energy upon lattice
expansion. This is a consequence of the relaxation along
the surface normal. Upon lateral expansion, the inter-
layer spacing decreases, and consequently, the coupling
between the layers becomes stronger. For the more open
(100) surface this effect even overcompensates the
weaker intra-layer coupling. However, in addition to
these geometric effects, the electronic interaction of Pd
with the underlying Au substrate leads to a further
upshift of the Pd d-band. In the following, we will first
address the effects induced by pure lattice strain, then
focus on the substrate interaction and finally discuss
coverage effects.

4.2. Lattice strain effects

Since CO and hydrogen show the same trends in the
adsorption energies, we will mainly concentrate on
hydrogen adsorption in our analysis of the electronic
factors determining the reactivity in the following. The
interaction of hydrogen with Pd is well-studied, in
particular under vacuum conditions [50—54]. For the
unstrained pure Pd surfaces, our results are in agreement
with previous calculations, both with respect to hydro-
gen adsorption [55-57] as well as to CO adsorption
[58,59]. DFT calculations have found a surface reactivity
increasing with lattice expansion, as far as O and CO
adsorption energies and the CO dissociation barrier on
Ru(0001) are concerned [20], in agreement with the
experiment [18,19]. In our calculations, on the other
hand, we do not obtain a unique trend of the adsorption
energies as a function of the lattice expansion. While the
binding energies at the threefold hollow and the bridge
position on the Pd(111) surface increase with lattice
expansion, they decrease at the top position of both the
(100) and (111) surface and at the fourfold hollow
position of Pd(100). This non-uniform behavior is at
variance with the statements of the d-band model, which
would predict an increase in the adsorption energies at
all sites due to the d-band center upshift upon lattice
expansion.

First we address the question whether this unexpected
behavior could be due to an extension of the adsorbate—
substrate bond upon expansion which would result in a
weaker interaction. In Table 1 we have listed the
adsorption heights and distances to the nearest Pd
atoms for all considered hydrogen adsorption sites at
the unstrained and strained surfaces. Upon expanding
the lateral lattice constant of the Pd(111) surface by 5%,

the hydrogen adsorption height at the bridge site is
reduced from 0.97 to 0.86 A and from 0.81 to 0.61 A at
the threefold fcc hollow position. This process is
illustrated in Fig. 3; d and d’ are the bond length before
and after the expansion, respectively. The downward
relaxation of the hydrogen atoms occurs in such a way
that the H-Pd distances to the nearest neighbors are
kept constant within +0.01 A. We have found the same
effect for CO adsorption on Pd(111), where the adsorp-
tion height at the fcc hollow position is reduced from
1.30 to 1.19 A, thus keeping the C—Pd distances to the
nearest neighbors of d=2.08 A constant.

This mechanism can not work any longer at the
fourfold hollow position of the (100) surface. There the
hydrogen atom sits already rather deep in the first Pd
surface layer only 0.32 A higher than the Pd atoms.
Hence it is also directly interacting with the subsurface
layer so that it becomes effectively fivefold coordinated.
Although the hydrogen atom reduces its height to 0.14
A upon the lattice expansion and the neighboring Pd
atoms also relax towards the hydrogen atom, still the
H-Pd bond length increases from 1.99 to 2.06 A. The
reduced H-Pd interaction and the energetic cost of the
Pd atom relaxations overcompensate the increase in the
reactivity of the expanded surface due to the d-band
center upshift. As a result, the fourfold hollow and the
bridge site become energetically degenerate.

In the case of CO adsorption at the hollow site, we see
a qualitatively similar behavior: upon lattice expansion,
the CO binding strength decreases. Although the
adsorption height is much larger, 1.05 A, there is still
some direct interaction with the subsurface atom, as the
analysis of the LDOS confirms. This interaction is
increased upon lattice expansion since the CO distance
to the subsurface Pd atom reduces from 3.10 to 2.92 A.
This effectively higher coordination is energetically
unfavorable for CO resulting in a weaker binding.

The hydrogen adsorption energies on the on-top
positions of Pd(100) and Pd(111) also show the opposite
trend upon lattice expansion than expected from the d-
band shift. However, here the adsorption height which
at this site is the same as the nearest-neighbor distance
to the adjacent Pd atom remains basically unchanged
upon lattice expansion. Hence bond length effects can
not be the source for the unexpected trend in the
adsorption energies as a function of lattice strain.

It is important to note that at the top site the
hydrogen atom is mainly interacting with the Pd atom
directly beneath. Furthermore, the hydrogen 1s state
only couples to the Pd d;. . orbital since all other d
orbitals are not rotationally symmetric with respect to
the Pd—H bond along the z-axis. This means that the H
atom at the top site is much more strongly interacting
with the single Pd d,. . orbital compared to the
interaction of the H atom with the Pd d orbitals at the
higher coordinated site, as a comparison of the H-
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Table 1

Atomic hydrogen adsorption height /4 and nearest-neighbor distance dpy_y between hydrogen and Pd on various high-symmetry adsorption sites on

Pd(111) and Pd(100) as a function of the lattice strain

Pd(111)
Lattice fec hollow hcp hollow bridge top
Constant h de H h h de H h= de H
3.96 0.81 1.83 0.73 0.97 1.73 1.56
4.18 0.61 1.83 0.58 0.86 1.73 1.56
Pd(100)
fourfold hollow bridge top
h h de—H h :de—H
3.96 0.32 0.99 1.72 1.56
4.18 0.14 0.88 1.72 1.55

All distances are given in A.

Pd Pd
< Lattice expansion—+ < Lattice expansion—

Fig. 3. Schematic sketch of the change of the H adsorbate height upon
lattice expansion. (a) Bridge site; (b) threefold hollow site. Upon lattice
expansion the hydrogen atoms relax towards the surface so that the
optimum H-Pd distance d is kept constant.

adsorption induced LDOS at the fcc site (Fig. 4a) and
the top site (Fig. 4b) of Pd(111) confirms. While at the
fce site the Pd d-band LDOS is hardly changed by the
presence of the adsorbed hydrogen atom, at the top site
there is strong hybridization between the H 1s-derived
state and the Pd d,., .. orbital.

Fig. 4c shows the LDOS for hydrogen adsorption on
the top site of the expanded Pd(111) surface. As far as
clean Pd(111) is concerned, it is obvious that the local d-
band is narrower and its center higher than on the
unstrained surface which should make it more reactive
according to the d-band model. However, the hydrogen
induced downshift of the Pd d-band at the unstrained
surface is larger by 0.10 eV compared to the expanded
surface, as can already be infered from a careful
inspection of Fig. 4b and c. The larger H induced d-
band downshift at the unstrained surface overcompen-
sates the effect of the higher d-band center at the
expanded surface and thus stabilizes the adsorption at
the unstrained surface. This analysis shows that the d-
band model is only appropriate if the interaction
between adsorbate and substrate is not too strong [60].
If there is a strong coupling, then the response of the
local d-band to the presence of the adsorbate has to be
taken into account in addition to the d-band position in
order to understand the reactivity. An equivalent

behavior has also been observed in the system H/Cu
[61].

4.3. Substrate interaction effects

For Pd pseudomorphic overlayers on Au, the inter-
action of Pd with the Au substrate leads to a further
upshift of the local d-band center of the Pd overlayers,
as shown in Fig. 2. In order to understand the reasons
for the upshift, we have plotted in Fig. 5 the local d-
band density of state for one Pd atom adsorbed per 3 x
3 surface unit cell on Au(111) and Pd(111), respectively.
As already mentioned, Pd atoms are by 0.103 eV less
strongly bound to Au than to Pd. This difference is not
too large with respect to the cohesive energies of Pd and
Au. However, the difference in the local d-band density
of state of the Pd atom adsorbed on both surfaces is
quite significant.

Au has a deep-lying filled d-band which makes it to an
inert noble metal [29]. And indeed, on Au(111) the d-
band LDOS of the Pd atom is much narrower and
higher in energy than on Pd(111), as Fig. 5 shows. This
reflects that there is only a weak coupling between the
Pd and the Au d electrons. Thus, the attraction between
Pd and Au is mainly mediated by the sp electrons. It also
explains the further upshift of the d-band center for the
Pd overlayers on Au (see Fig. 2) which contributes to the
higher reactivity of the overlayer systems.

On the basis of our findings we thus propose that
depositing a reactive metal on an inert metal with a
larger lattice constant should in general lead to a higher
reactivity of the overlayer since both substrate interac-
tion and strain effects increase the reactivity. Exactly the
opposite trend we expect for an overlayer of a less
reactive metal deposited on a more reactive metal with a
smaller lattice constant, such as, e.g. Pt on Ru [62]. This
has in fact been verified in both experiment and theory
[21,63]. Shubina and Koper have calculated CO adsorp-
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Fig. 4. Local density of states (LDOS) of the hydrogen 1s state and the
Pd d-band for atomic hydrogen adsorption on unstrained Pd(111) at
the fcc hollow site (a) and the top site (b) and at the top site of strained
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tion energies on a Pt monolayer deposited on a number
of different d-band metals [21]. Their results fully
confirm our general model proposed above.

However, according to our analysis of the d-band
center shifts, one Pd overlayer on Au should show the
strongest binding since it has the highest d-band center;
nevertheless, the binding energies show a maximum on

N
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Fig. 5. Local d-band density of states (LDOS) for one Pd atom
adsorbed per 3 x 3 surface unit cell on Au(l111) and Pd(111) as a
function of the energy. The vertical lines indicate the position of the d-
band centers. On Au(111), the d-band LDOS of the Pd atom is much
narrower and higher in energy than on Pd(111).

two Pd overlayers on Au (see Fig. 1). Note that the
difference in the hydrogen adsorption energies between
the fcc and the hep positions on Pd(111) indicates that
the second layer plays an important role for the
adsorption because the fcc and hep sites only differ in
the second-nearest neighbors in the subsurface layer. We
have therefore analysed the modification of the electro-
nic structure of the subsurface layer upon hydrogen
adsorption. Indeed we find that the d-band LDOS of the
subsurface layer is still perturbed by the presence of the
atomic hydrogen on the surface, even for hydrogen
adsorption at the on-top position, as Fig. 6 shows.
However, there is hardly any change of the LDOS at the
energetic position of the hydrogen Is adsorbate reso-
nance. This indicates that there is no direct interaction
between the adsorbed hydrogen and the second-layer
atoms; the interaction is rather mediated indirectly via

| H/PA(111)

top site

T I T | T | T | T | 1 I T | T | T

«++ Hs-LDOS H(2x2)/Pd x5 | ]
= Pd d-LDOS, clean Pd [
— — Pdd-LDOS, H(2x2)/Pd |

.Il‘ ......... ...
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Local density of states / arb. units

Energy e-¢./ eV

Fig. 6. Local density of states of the hydrogen Is state and the Pd
subsurface d-band for atomic hydrogen adsorption at the top site of
two Pd overlayers on Au(111). The hydrogen 1s density of state is
multiplied by a factor of 5.
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the modification of the electronic structure of the first-
layer atoms. In fact, we find that the change in the d-
band LDOS of the second layer is mainly caused by
those d-orbitals which are participating in the bonding
to the first-layer Pd atoms. These findings are all
supported by an analysis of the charge density difference
induced upon hydrogen adsorption in real space [28].

Having established that there is an significant inter-
action of the adsorbates with the subsurface layer, we
can understand the origin of the maximum in the
binding energies for two Pd overlayers. Although the
first Pd overlayer should be the most reactive according
to the d-band model, there is an indirect coupling to the
subsurface layer which consists of gold. Gold as a noble
metal is rather unreactive which is reflected by the deep-
lying d-band (see Fig. 5). Thus the high reactivity of the
first Pd overlayer is overcompensated by the inertness of
the Au subsurface layer. For two Pd overlayers, the
subsurface layer is more reactive leading to the max-
imum in the binding energies.

With respect to the substrate interaction, the fourfold
hollow site of the (100) surface shows an exceptional
behavior in the hydrogen adsorption energies. While for
two Pd overlayers the hollow and the bridge site are
energetically almost degenerate, on one Pd overlayer the
twofold coordinated bridge site becomes favored by 50
meV compared to the fourfold hollow site.

In order to find out the reason for the significant
decrease in the binding strength at the fourfold hollow
position, it is instructive to analyse the hydrogen
adsorption height at both the hollow and the bridge
site (Fig. 7). Upon expanding the surface, the adsorption
height is reduced both at the bridge and at the hollow
position. However, whereas the adsorption height at the
bridge site is more or less independent of the number of
Pd overlayers on Au, at the hollow site there is a
significant increase in the adsorption height when the
number of Pd overlayers is reduced from two to one.
Recall that at the fourfold hollow position the hydrogen
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Fig. 7. Hydrogen adsorption height as a function of the number of Pd
overlayers at the bridge and fourfold hollow site of the (100) overlayers
at a coverage of 6 =0.25.

atom is very close to the surface layer so that it is
effectively fivefold coordinated. The increase in the
adsorption height for one Pd overlayer then indicates
that the hydrogen atom is repelled from the subsurface
Au atom.

This conclusion is confirmed by an analysis of the
electronic structure which reveals that at the hollow site
the adsorbed hydrogen atom is in fact directly interact-
ing with the d;. . orbital of the Au atom directly
beneath in the second layer. Since the d-band of Au is
completely filled, this interaction is strongly repulsive. In
Table 2 we have collected the relevant distances at this
adsorption site. The repulsion between the H and the Au
atom is so strong that the Au atom even relaxes
downward towards the bulk away from the adsorbed
H atom.

Our findings with respect to the hydrogen adsorption
energies at the Pd/Au overlayer system are in agreement
with recent experiments of the electrochemical hydrogen
evolution at small Pd nanoparticles deposited on
Au(111) [17]. Pd particles of 0.5, 2.5 and 10 nm height
had been investigated. These particles were relatively flat
so that they rather corresponded to small nano-islands.
The highest reactivity was obtained for the thinnest Pd
particles with an height of 0.5 nm which corresponds to
two to three Pd layers. According to our calculations, it
is the combination of substrate interaction and lattice
strain effects that makes thin islands so reactive. For
higher pseudomorphic islands, only lattice strain effects
are operative. In even higher islands the lattice strain
will be relaxed by the formation of dislocations. Thus
their reactivity will approach the one of bulk Pd.

4.4. Coverage effects

We have also addressed coverage effects in the
hydrogen adsorption energies by repeating the calcula-
tions as a function of the number of Pd overlayers on

Table 2

Hydrogen adsorption height #/, first interlayer spacing d;, and
relaxation displacement A of the second layer atom just below the
adsorbate at the fourfold hollow position for unstrained and strained
pure Pd(100) and one Pd overlayer on Au(100)

Adsorbate

Surface 5112
Subsurface A
Pd Pd@Au Pd on Au
h 0.32 0.14 0.40
dy» 1.98 1.85 1.93
A 0.02 0.04 0.13

The geometry is sketched in the figure above the table. All lengths
are in A.
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Au at a H coverage of 8 =1. The results are shown in
Fig. 8a and b for the (111) and (100) surface orientation,
respectively. For the (111) orientation, we find basically
the same trends in the adsorption energies as a function
of strain and the number of Pd overlayers compared to
the lower coverage. However, the binding energies at all
sites are smaller by 0.04—0.2 eV with respect to the
corresponding values at the coverage of 6§ =0.25.

At the (100) surface, the hydrogen binding energies at
a coverage of 6 =1 are also lowered with respect to the
coverage 0 =0.25, but to a smaller extent of only 0.06—
0.1 eV. However, the fourfold hollow site again exhibits
an exceptional behavior insofar as the binding on pure
Pd and on more than one Pd overlayer on Au is in fact
slightly increased compared to the lower coverage.

These findings can be traced back to an electrostatic
interaction between the adsorbates. Note that the
adsorption of atomic hydrogen on Pd is associated
with an increase in the work function by about 140-390
meV [57,64], depending on the adsorption site. This
indicates that there is a charge transfer from the
substrate to the adsorbate, creating a dipole layer. The

lateral interaction of these dipoles is repulsive. This
explains the decrease in the binding energies for higher
coverages. It also explains why the effect is slightly
larger on the close-packed (111) surface because there
the concentration of H atoms is larger.

On the fourfold hollow site, however, the hydrogen
atoms are located so deep within the first Pd layer that
the electrostatic dipole—dipole repulsion between adja-
cent hydrogen atoms is effectively screened so that a
small net attraction between the hydrogen atoms
remains [55,64]. On Au(100) and one Pd overlayer, the
H minimum energy adsorption position is further away
from the surface (see Fig. 7). Hence, there the direct
dipole—dipole interaction is operative leading to the net
repulsion.

5. Conclusion

Using density functional theory, we have calculated
adsorption energies of atomic hydrogen and CO at the
high-symmetry positions of thin pseudomorphic Pd
films deposited on Au(l11) and Au(100). In general,
we find that both the lattice expansion of the pseudo-
morphic Pd films by 5% as well as the interaction of the
Pd films with the Au substrate lead to a higher reactivity
of the overlayers. Most of our results can be rationalized
by the d-band model, which means that there is a direct
correlation between the center of the d-band and the
reactivity. However, additionally bond length and
second nearest neighbor interaction effects contribute
to the reactivity. The indirect interaction of the adsor-
bates with the inert Au substrate leads to a maximum in
the binding energies for two Pd overlayers on Au on all
adsorption sites that we considered. Furthermore, we
find that the d-band model is no longer fully appropriate
in the case of a strong coupling between adsorbate and
substrate.

Our results explain the dependence of the reactivity of
flat Pd nanoparticles on Au(111) on the particle height
found experimentally by using an electrochemical STM
set-up [17]. The highest reactivity was obtained for the
thinnest Pd particles studied which had a height
corresponding to two to three layers. We conclude
that their high electrochemical reactivity is a conse-
quence of the combination of substrate interaction and
lattice strain effects. Still it should be noted that we have
treated perfectly flat surfaces in the absence of any
electrolyte. Hence our results are only meaningful as far
as general trends are concerned. For example, according
to the DFT calculations, Pd is more strongly bound to a
Pd(111) substrate by 0.1 eV compared to a Au(l11)
substrate. This is at variance with the experimentally
well-established fact of a upd layer of Pd on Au(111).
Our results therefore suggest that the Pd—Au interaction
is modified by the presence of an electrolyte.
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