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Recently, we have proposed a unified model for electrochemical electron transfer reactions which explicitly accounts for the
electronic structure of the electrode. It provides a framework describing the whole course of bond-breaking electron transfer, which
explains catalytic effects caused by the presence of surface d bands. In application on real systems, the parameters of this model—
interaction strengths, densities of states, and energies of reorganization—are obtained from density functional theory (DFT). In
this opportunity, we review our main achievements in applying the theory of electrocatalysis. Particularly, we have focused on the
electrochemical adsorption of a proton from the solution—the Volmer reaction—on a variety of systems of technological interest,
such as bare single crystals and nanostructured surfaces. We discuss in detail the interaction of the surface metal d band with the
valence orbital of the reactant and its effect on the catalytic activity as well as other aspects that influence the surface-electrode
reactivity such as strain and chemical factors.

1. Introduction

The increasing demand for electrical energy and the issues
related to environmental pollution have contributed to the
development of new technologies for the generation and
storage of electrical energy. These technologies focus the
attention on the electrochemical devices because of their
known advantages (no contamination, usage of renewable
resources, low-temperature operation, etc.). In this context,
the fuel cell is a promising alternative for the development
of new methods of production, conversion, and storage of
clean energy. This technology enables direct conversion of
chemical energy into electricity; it employs a device in which
hydrogen, through reaction with oxygen, produces water and
heat as the only products. However, there are still many
problems to be solved to ensure that hydrogen-based systems
become a competitive force.

For decades, a great number of groups worldwide have
investigated the hydrogen electrode reaction (HER) exper-
imentally and theoretically in order to improve the elec-
trocatalytic properties of electrode materials and contribute
to the general understanding of the hydrogen reaction. For

instance, the role of the electrolyte and the electrode material
and the behavior of the reaction intermediate, among others,
are the most studied topics.

In this sense, our group has investigated the HER in the
framework of a theory for electrocatalysis proposed by two of
us (E. Santos and W. Schmickler) [1, 2]. This theory is based
on a model Hamiltonian for electrochemical bond breaking
reactions [3, 4], which combines ideas of Marcus theory, the
Anderson-Newns model [5, 6], and density functional theory
(DFT). Hence, realistic calculations for an electrochemical
environment can be performed, and the interaction of the
valence orbital of the reactant and the d band of the electro-
catalyst, when either fluctuations of the solvent or the applied
potential shift their relative positions, can be understood.

On the basis of this Hamiltonian, E. Santos and W.
Schmickler have proposed a mechanism [1, 2] by which a
metal d band interacting strongly with the valence level of the
reactant may broaden the latter’s density of states (DOSs) as
it passes the Fermi level and, thereby, enhance the reaction
rate. First applications of this idea explained well the trends
in the hydrogen electrocatalysis in terms of the position of the
metal d band and its coupling to the hydrogen orbital [7–9].



2 Advances in Physical Chemistry

In this paper, we paper the main contributions we have
achieved applying our theory of electrocatalysis. Particularly,
we have investigated the hydrogen electrode reaction on
several single-crystal surfaces as well as on various nanos-
tructures (clusters, monolayers, nanowires, etc.) on different
substrates. We also discuss in detail the role of the position
of the metal d band and its interaction with the 1s hydrogen
orbital on the catalytic activity, and finally, we shall explain
in detail the contribution of different aspects, such as strain
and chemical interactions, on the reactivity of the electrode
materials.

2. Mechanism of Electrocatalysis

In order to describe the catalysis mechanism proposed by us
(a detailed description of the model can be found in [9]) and
the role played by the solvent, we employ an ideal system
consisting of the superposition of a wide sp band with a thin d
band. Two different reactions concerning bond breaking and
electron transfer—a reduction and an oxidation reaction—
are considered. In both reactions, the bonding orbital of the
molecule lies below the Fermi level at the initial state and is
filled (Figure 1). In order for the reactions to occur, a thermal
fluctuation in the configuration of the solvent must move
up (down) the bonding (antibonding) orbital to the Fermi
level, so that an electron can be transferred from (to) the
reactant to (from) the metal for the oxidation (reduction)
process. The resulting ion interacts strongly with the solvent,
the solvation shell relaxes towards equilibrium, and, in the
final state the bonding (antibonding) orbital lies well above
(below) the Fermi level. The most important properties of
the metal catalyst that determine their effectivity are the
position of the d band and its coupling strength to the
molecular orbitals: a good catalyst usually has a d band
extending across the Fermi level, which interacts strongly
with the reactant. When the interaction is weak, the level is
just broadened, and when the interaction is strong, the level
is split into a bonding and an antibonding orbitals but in this
case with respect to the metal. When the overall reaction is
in equilibrium, the orbital is half-filled at the transition state
and the part of the density of states that lies below the Fermi
level reduces the energy of activation. Figure 1 illustrates the
described mechanism for the case when A → A+ + e−.

In addition, it is important to remark that the same
mechanism also operates in other electron transfer reactions.

3. Hydrogen Reaction on
Single-Crystal Surfaces

It is well known that the hydrogen electrode reaction (HER)
consists of the following elementary steps, Tafel (1), Heyro-
vsky (2), and Volmer (3), respectively:

H2 + 2s −→ 2Had (1)

H2 + s −→ H+ + Had + e− (2)

Had −→ H+ + s + e− (3)

Therefore the reaction evolves through an adsorbed
intermediate (Had) on an active site (s) on the metal
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Figure 1: Mechanism of electrocatalysis by a d band near the Fermi
level for the following reaction: A → A+ + e− on a good metal
catalyst: (a) initial, (b) transition, and (c) final states. The Fermi
level has been taken as the energy zero.

Table 1: Energies of activation for hydrogen adsorption (Volmer
step) on various metals [11].

Metal Cd Cu Ag Au Pt

ΔGact (eV) 0.93 0.71 0.71 0.70 0.30

electrode; and although this is one of the most fundamental
reactions in electrochemistry and during the last decades
much effort has been spent to clarify the mechanism of
electrocatalysis, the behavior of the adsorbed intermediate,
the effect of the electrode potential on the adsorbate, the
role of the electrolyte, and so forth, there is still a lack
of knowledge in understanding the nature of the hydrogen
electrocatalysis.

As discussed previously (Sections 1 and 2), a good
catalyst has a metal d band situated at the Fermi level
that interacts strongly with the adsorbate and broadens
its valence orbital and, thereby, decrease the activation
energy. Accordingly, first applications of our theory (for
detailed information, see [8, 10, 11]) on the electrochemical
adsorption of a proton from the solution onto the surface-
Volmer reaction (3) —on good (Pt), mediocre (Au, Ag, Cu),
and bad catalysts (Cd) show, as expected, a high activation
energy for Cd, medium values for the coin metals, and the
lowest one on Pt. The free energy surfaces for the Volmer
reaction for four of these metals are shown in Figure 2; the
energies of activation are shown in Table 1, and to facilitate
the interpretation, the densities of states of the d bands are
given in Figure 3. In all the free energy surfaces, the valley
near q = −1 corresponds to a solvated proton close to
the metal surface; the minimum near q = 0 represents the
adsorbed hydrogen atom. The two minima are separated by
a barrier with a saddle point of ΔGact height.

In accord with experimental findings, the activation
barrier is highest for Cd, because its d band lies well below the
Fermi level to affect the activation energy; therefore it has no
catalytic effect and the reaction is mostly dominated by the
sp band. On the coin metals Cu, Ag, and Au, the reaction has
the same activation energies. This is due to a compensation
effect: the interaction with the d band increases down the
column of the periodic table, which lowers the energy of
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Figure 2: Free energy surfaces for hydrogen adsorption at Cd(0001), Cu(111), Au(111), and Pt(111).

activation. On the other hand, the energy of the adsorbed
hydrogen increases in the same order therefore; the reaction
free energy for the adsorption rises, which in turn raises the
activation energy. On all the three coin metals, the d band
lies well below the Fermi level and both the bonding and

the antibonding parts of the hydrogen DOS caused by the
interaction with the d band are filled, so that the d band
does not contribute much to the adsorption bond which is
dominated by the interaction with the sp band. Of all the
metals considered, Pt is the only one whose d band extends
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Figure 3: Surface d band DOS of the metals considered. The Fermi
level has been taken as the energy zero.

over the Fermi level. Its interaction with H is strong, and
therefore, it has by far the lowest activation energy. At the
equilibrium electrode potential, the energy of the adsorbed
hydrogen is lower than that of the solvated proton. Therefore,
adsorption sets in at potentials above the hydrogen evolution,
so that one speaks of strongly adsorbed hydrogen (Hupd).
However, there is convincing experimental evidence that this
is not the species that takes part in hydrogen evolution [12],
but the intermediate is a more weakly adsorbed species. So,
our calculations correspond to the deposition of strongly
adsorbed hydrogen. Experimentally, this reaction is so fast
that it has not been possible to measure its rate. This is in
line with the very low energy of activation that we reported.

So far, we have shown that explicit model calculations
performed for the densest crystal surfaces reproduced well
the observed experimental trends and, even, gave a good
estimate for the reaction rates [11, 13], but for long time, it
has been known that the rate of hydrogen evolution depends
strongly on the electrode material. When well-defined single-
crystal electrodes became available, an important question
was whether the rate depends only on the nature of the
electrode or on the crystal face as well. Experiments on silver
[14, 15] and copper [16] showed that, in both cases, the (111)
surface was the better catalyst. The differences in the rate
constants between various facets of Ag and Cu are not large
and, as yet, unexplained. Hence, we have also investigated
the hydrogen evolution on silver and copper on open crystal
faces, such as (100) surfaces, and compared our results with
the (111) surfaces [17].

To begin with, we have calculated the free energies of
adsorption of hydrogen on the four surfaces that we consider.
On both metals, the adsorption energy is less favourable on
the (100) than on the (111) surface (Table 2) and the lowest
energy is associated with the four- and threefold hollow sites,
respectively.

To understand the effect of the metal d band on the
H-metal bond, an analysis of the surface d band DOS is
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Figure 4: Surface density of states of the d bands. The Fermi level
has been taken as the energy zero.

Table 2: Reaction free energy and free energy of activation for the
Volmer reaction on the hydrogen scale [17].

Metal Ag(111) Ag(100) Cu(111) Cu(100)

ΔGad (eV) 0.39 0.48 0.10 0.14

ΔGact (eV) 0.71 0.81 0.71 0.79

helpful. Figure 4 shows the d band structure for each system.
As it can be seen, all the d bands lie below the Fermi level
indicating that they are mediocre catalysts. The hydrogen-
metal interaction splits the 1s hydrogen orbital in a bonding
and an antibonding part. Since both parts are located well
below the Fermi level, they are filled and no bonding results.
Thus, the hydrogen adsorption is purely due to the hydrogen-
sp band interaction. Because silver and copper d bands are
filled and they do not contribute to the bonding, the Pauli
repulsion becomes important, probably inducing a weaker
adsorption on these open surfaces.

In the framework of our theory, we have investigated
the Volmer reaction (the first step in hydrogen evolution)
as described in [11, 17]. The resulting free energy surfaces
for a variable energy of reorganization λ and the standard
hydrogen potential are shown in Figure 5. In all the surfaces,
the minimum the upper left corner, at q = 1, corresponds to
the initial state, the solvated proton, and the minimum at the
bottom right corner, q = 0, to the final state, the adsorbed
hydrogen atom. In all cases the final state has higher free
energies, which are the values given in Table 2. These two
states are separated by an energy barrier; the energy of the
saddle point gives the free energy of activation of the Volmer
reaction, which is also given in the table. For both metals,
the energy of activation is higher for the surface with the
higher free energy of adsorption, as may have been expected.
Thus, in agreement with experimental data, we find higher
activation energies and, hence, lower rate constants, for the
(100) than for the (111) surfaces. The main cause is the
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Figure 5: Free energy surfaces for hydrogen adsorption on single-crystal surfaces of copper and silver.
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more endergonic adsorption energy on the open surfaces.
For silver, both theory and experiments [14] suggest that the
second step is the electrochemical desorption of the hydrogen
atoms. On copper, the same mechanism is likely to operate,
though we cannot rule out at what low absolute values
of the overpotential chemical recombination may occur.
Thus, electrochemical desorption seems to be more prevalent
than previously thought [12, 18], and there is a need for a
theoretical description of this process. Corresponding work
is in progress in our group.

4. Electrocatalytic Properties of Nanostructures

4.1. Intrinsic Chemical Nature and Strain Effect: Monolayers
of Pd on (111) Substrates. Electrochemical nanostructures
have gained a great interest in the last decade because of the
large variation of their reactivity in comparison with bulk
material [19–25]. An interesting aspect is the possibility to
design at the nano scale materials with specific properties in
order to improve the electrocatalytic properties of electrodes.
In this sense, electrochemistry offers convenient techniques
for the synthesis of nanostructures such as metal overlayers,
steps decorated by adatoms, or even monoatomic nanowires
[26, 27]. One of the main features of nanomaterials is that
their properties can be controlled by their electrochemical
potential, a variable that is not available in vacuum or in air.
This makes electrochemical nanostructures versatile. The big
scientific challenge is to understand how the structure affects
the chemical and physical properties of the materials and
how this in turn influences their reactivity [28]. However, the
implementation of these nanostructures is difficult because
of the lack of understanding of the fundamental aspects and
mechanisms which determine their stability, reactivity, and
dynamics.

In the framework of our theory, we have examined the
reactivity of various nanostructures on which much atten-
tion has been focused recently. Particularly, the role of the
geometry and chemistry of the substrate on the electrocata-
lytic activity was investigated.

Monolayers of foreign atoms deposited on different
metallic substrates have been extensively studied from an
experimental point of view. We have systematically investi-
gated monolayers of Pd at different substrates M(111), M =
Pt, Au, Ni, Cu, Ru, Pd.

Figure 6 shows the contour plots of the potential energy
surfaces calculated by employing parameters which corre-
spond to the hydrogen oxidation reaction. To analyse the
catalytic activity of the systems, we focus on the region
corresponding to the transition state, where the bond of
the molecule starts to break and the electrons are being
transferred to the electrode. In accord with experiments [19–
21], a monolayer of Pd on Au(111) shows the best catalytic
property, while the activity of the deposit on Cu(111) is
the lowest. All the cases are compared with Pd(111). Pd on
Ru(111) shows a similar behaviour as Pd on Cu(111), while
Pd on Pt(111) is slightly less active than Pd(111).

As we explained in detail [29], there exists different
factors which can affect the reaction. Frequently, these
changes on the catalytic reactivity are explained in terms of

strains in the lattice of the deposited monolayer resulting in
a shift of the d band center to higher or lower energies. Since
the overlap of metal d states at neighbouring sites is affected,
the band width is also simultaneously modified. Thus, the
interaction with the reactants also changes [30].

We have systematically studied a palladium monolayer
at different substrates having either larger or smaller lattice
constants (a0). Figure 7 illustrates the strain effect mentioned
above for two extreme cases: when Pd is deposited on
Au(111), the monolayer is expanded with respect to the bulk
Pd (aPd

0 < aAu
0 ), consequently the distance between nearest

neighbours increases. In contrast, when it is deposited on
Cu(111), it is compressed (aPd

0 > aCu
0 ) and the distortions

produce changes in the electronic properties.
Particularly, the density of states of the d band shows

important alterations. However, these changes are too com-
plex to be explained only by a modification of the geometri-
cal arrangements. Specific chemical interactions between the
substrate and the monolayer should also play an important
role.

To clarify the strain effect and the influence of the
substrate on the reactivity, a set of theoretical systems have
been investigated by us [29]. We have replaced the value
of the lattice constant of Pd by that corresponding to the
different substrates employed for the deposit and calculated
the density of states for the surface of Pd(111) with this
fixed value. Obviously, these are not real systems but their
electronic behaviors allow us to distinguish between the
strain effect and the role played by the chemical interactions
between the foreign atom and the substrate. Figure 8 shows
the comparison of the electronic properties, specifically on
the shapes and position of the d bands. The lattice constants
decrease from top to bottom. The distribution of electronic
states for the bare (111) surfaces of the different substrates is
shown on Figure 8(a). Here, the effect of the lattice constant
does not produce a systematic change because of other effects
that are also involved. There exists a combination of two fac-
tors: going from left to right in the periodic table, the number
of d electrons increases, and thus the position of the d band
relative to the Fermi level shifts to lower energies, and going
from top to bottom the orbitals are more extended in space
producing a higher overlap, and thus the bands are wider.

The effect of the lattice constant can be observed in
the middle part of Figure 8(b) for the artificial systems
obtained for Pd(111) with the lattice constants of the other
metals. Here, the number of electrons is constant and the
spatial extension of the orbitals is the same. When the lattice
constant decreases, the delocalization of the orbitals increases
producing the extension of the d band into lower energies.
The distribution of the electronic states of the d band of a
monolayer of Pd deposited on different substrates is shown
on the right side of Figure 8(c). Here, the structure of the
d band is the result of the combination of all the effects
mentioned above. In general, one observes a widening of
the d band with the decrease of the lattice constant of the
substrate, whose orbitals are located at different energies
depending on its chemical nature (see Figure 8(a)). The
density of states decreases slightly at the Fermi level in all the
cases, but it appears to be more localized at lower energies.
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Figure 6: Contour plots of the potential energy surfaces showing the saddle point of the reaction path for the hydrogen oxidation at a
monolayer of Pd deposited on different substrates M(111). The projections are done on the plane of the solvent coordinate q and the
distance between both hydrogen atoms relative to the equilibrium in the molecule.

This effect is especially noticeable by the monolayer of Pd
deposited on Au(111), where a sharp peak is observed at
about −0.5 eV below the Fermi level.

Thus, in order to predict the catalytic activities of these
systems, it is not enough to make estimations considering
the strain produced by the different lattice constants of the
substrates; it is necessary to make a more detailed analysis
taking into account specific chemical interactions with the
substrate.

4.2. Intrinsic Chemical Nature and Geometrical Effect: Nobel
Metal Nanowires Supported on Graphite Edges. Due to
their unique properties, nanowires are employed in many
applications and electrochemistry is one of them. In a recent
communication, we have investigated the catalytic properties
of isolated monoatomic wires. Cu and Au free-standing wires
were predicted to be promising catalysts for the hydrogen
reaction [31]. However, it is known that isolated wires are
impractical as electrocatalysts. Therefore, we focus in more
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realistic systems, where these nanowires are supported on
inert substrates to examine their stability and the influence
of their chemical properties on the electrocatalytic activity
(for details, see [32]).

Specifically, we considered Pt and Au monoatomic
wires attached to monoatomic steps on the basal planes
of graphite, the so-called graphite-supported wires (GSW).
Considering the sp2 hybridization of the carbon orbitals
and the distance between two unsaturated carbon atoms
(2.46 Å), which fits quite well the bond distances of the bare
wires (≈2.50 Å), the zigzag arrangement was taken as the
initial configuration. The system is shown in Figure 9—more
detailed information can be found in [32].

The chain of metal atoms shows a corrugation along the
z-axis forming an angle θ, which, in these commensurate
structures is induced by the graphite lattice. The binding
energy of the systems per metal atom is given in Table 4.

As it can be concluded from the adsorption energies,
both metals adsorb exothermically, but the wire-graphite
bond is much stronger for Pt. This fact can be revealed by a
detailed analysis of the projected density of states (PDOSs) of
the orbitals involved in the graphite-wire bond (Figure 10).

In the systems under study, the overlapping orbitals are
sp2

y of the carbon atoms Cedge and dx2 y2 of each metal.
Before the adsorption process, sp2

y of Cedge is centered at
the Fermi level; dx2 y2 of the metals is below the Fermi
level in Au-GSW and above it in Pt-GSW. During the

adsorption process, sp2
y of Cedge and dx2 y2 of the metals

overlaps and splits into a bonding and an antibonding parts.
The bonding contribution appears below the Fermi level for
both metals (Figure 10). The antibonding contribution is
below the Fermi level only in Au-GSW, and this is the reason
for the differences in the binding energy: the binding of Pt on
graphite is stronger because the antibonding is unoccupied.

In the search for a good electrocatalyst for the hydrogen
reaction, the hydrogen-GSWs adsorption was also investi-
gated. The hydrogen adsorption process can occur on the
attached wires at several positions and also directly on the
graphite, cleaving one wire-graphite bond. Both situations
were considered, and the most stable configurations for
the adsorption are shown in Figure 11 together with their
energies of adsorption.

To clarify the behavior of these systems, we must
analyze the bond formation and the adsorption energies of
hydrogen (Table 4). In Figure 12, the DOSs of the metal states
overlapping with hydrogen are plotted and compared with
the same orbitals in the absence of hydrogen. The adsorbate
overlaps not only with d but with p states. On surfaces, p
orbitals form a wide band spanning the Fermi level; this
delocalization of the p band occurs on all metals.

In BW and GSW, only the p orbital along the axis of
the wire is delocalized (px in our case) and the others are
empty. py is empty in GSW; therefore, its DOS appears above
the Fermi level for Au and Pt (In Figure 12, top). However,
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Figure 9: (a) The system (GSW—graphite supported wires) is formed by two layers (black and cyan), one step (blue), and the wire (yellow).
The unit cell is indicated with red dash lines. (b) Metal-metal distance (dmm). (c) Corrugation angle of the wire (θ).

Table 3: Binding energy (Ebin), wire-graphite bond distance (dGSW), metal-metal distance of bare wire (dmm(BW)) and graphite-supported
wires (dmm(GSW)), the zigzag angle (θ) is shown in Figure 9(c).

Wires Ebin (eV) dGSW (Å) dmm(GSW) (Å) dmm(BW) (Å) θ (◦)

Au −1.78 2.08 2.68 2.61 133.2

Pt −3.29 1.95 2.54 2.39 151.1

Table 4: Hydrogen adsorption energies on fcc(111) surfaces, bare
wires [31] and wires of GSW.

Eads (eV) Au Pt

fcc(111) 0.17 −0.49

BW −0.751 −0.573

GSW −0.548 0.055

after the adsorption of hydrogen, the py of both metals lie
below the Fermi level and strongly overlap with hydrogen.
Besides the overlap with py , hydrogen overlaps with d states:

for geometric reasons, with dz2 in the case of Pt and with dx2 y2

in the case of Au. py and dz2 in platinum wire have almost
the same profile, which indicates a hybridization between
these two states; the resulting orbital overlaps with hydrogen.
In contrast, py and dx2 y2 of gold overlap separately with
hydrogen. As can be noticed, hydrogen bonds similarly on
both metals. The difference in the adsorption energies is
because Au-GSW is more reactive than Pt-GSW due to the
Au-graphite weaker bond.

As mention previously, the adsorption of hydrogen on
graphite was also studied. In this case, the adsorption energy
is lower than on wires for Au-GSW but almost the same for
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Figure 10: (a) PDOS of the sp2
y of Cedge and the dx2 y2 of the metal for BG (bare graphite), BWs (bare wires) and GSWs (graphite supported

wires) of gold and platinum. (b) Bonding and antibonding orbitals of the wire-graphite bond. The antibonding orbital is occupied only in
the case of Au.

Pt-GSW (Figure 11). A cleavage of the wire-graphite bond
is observed on Au-GSW, and a single bond of hydrogen
with Cedge is formed. However, in the case of Pt-GSW, the
adsorption process does not imply bond breaking and a
simple bond with Cedge is formed. These results suggest that
in the presence of hydrogen, gold wires may desorb from
graphite, which may not be the case for platinum.

On the platinum wires, hydrogen adsorption is isoen-
ergetic, because the platinum-graphite bond is weakened.
However, hydrogen adsorption on the wire and on graphite
is almost the same, and it does not imply desorption of the
wire. Finally, hydrogen adsorption on the supported gold
wires is more favorable than at Au(111) surfaces, and at 0 V
SHE and pH 0, such a gold wire would be covered with a
layer of strongly adsorbed hydrogen. Thus, these wires also
promise to be good catalysts, just like the bare gold wires, but
for a definite conclusion, more studies are needed.

5. Outlook

The results presented in this paper have been mostly oriented
to investigate the hydrogen reaction on pure single-crystal
surfaces and monolayers of a foreign metal on a variety of
(111) substrates, in good agreement with experimental data
reported in the literature. In addition and to the best of
our knowledge, this is the first explanation of the hydrogen
electrocatalysis founded on a theory and not on a correlation.

In the last few years, the searching for a better catalyst
was centered on pure and modified single-crystals. However,
the hope for the future advances in electrochemistry focuses
no longer on such surfaces but on nanostructures, due to the
fact that they are cheaper, more versatile, and efficient [33].

Dealing with nanomaterials is a challenge for both exper-
iments and theory. Hence, our goal is to combine DFT and
our theory to elucidate the electronic structure and predict
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Figure 11: Configuration of the most stable adsorption of hydrogen (blue) on the wire (a) and at the edge of graphite (b) of GSW. The
corresponding energies in eV are shown below. On the wire, for both metals, the adsorption is on top. On the graphite edge, the adsorption
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(a)

(b)

Figure 13: (a) Wire Adsorption on Graphite steps. (b) Hydrogen
adsorption on Pd nanoclusters on Au(111).

their catalytic activity. In this context, Pd submonolayers on
Au substrates and graphite-supported wires (Figure 13) are
being investigated in our group.

Acknowledgments

Financial support by the Deutsche Forschungsgemeinschaft
under Schm 344/40-1, Sa 1770-1,2 and FOR1376, Mincyt-
BMBF, CONICET, the European Union under ELCAT, PICT-
2008-0737 (ANPCyT), and a generous grant of comput-
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