Catalysis Today 177 (2011) 55-63

journal homepage: www.elsevier.com/locate/cattod

Contents lists available at ScienceDirect

Catalysis Today

Theory meets experiment: Electrocatalysis of hydrogen oxidation/evolution at

Pd-Au nanostructures

P. Quaino®¢, E. SantosP-*, H. Wolfschmidt9, M.A. Montero9, U. Stimming ¢

3 Faculdad de Matemadtica, Astronomia y Fisica, Instituto de Fisica Enrique Gaviola (IFEG-CONICET), Universidad Nacional de Cérdoba, 5000 Cérdoba, Argentina

b Institute of Theoretical Chemistry, Ulm University, D-89069 Ulm, Germany
¢ PRELINE, Fac. Ing. Quimica, UNL, 3000 Santa Fe, Argentina

d Department of Physics E19, Technische Universitdt Miinchen, D-85748 Garching, Germany

e ZAE Bayern Division 1, Walther MeifSner Strasse 6, D-85748 Garching, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 7 February 2011

Received in revised form 3 May 2011
Accepted 4 May 2011

Available online 12 July 2011

Keywords:

Electrocatalysis
Nanostructures

Electron transfer reactions
d-bands

Hydrogen oxidation/evolution
Pd

Au(111)

The oxidation and evolution reactions of hydrogen are investigated at nanostructures of palladium-gold
combining experimental and theoretical approaches. The extraordinary reactivity of submonolayers of
Pd on Au(11 1) has been explained by a direct correlation with the changes in the electronic properties
and geometrical arrangements. The application of the electrocatalysis theory, which goes beyond the
qualitative approach of the d band centers, allows explaining quantitatively the experimental finding.
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1. Introduction

The hydrogen oxidation/evolution reactions (HOR/HER) have
been intensively investigated by experimental as well as theoret-
ical research groups. The HER can occur in two different reaction
pathways, the Tafel-Volmer [1,2] and the Heyrovsky-Volmer [1,3]
pathway. Molecular hydrogen is formed by the recombination of
two adsorbed hydrogen atoms in the Tafel-Volmer reaction. The
Heyrovsky-Volmer reaction describes the formation of molecular
hydrogen from one adsorbed hydrogen atom and one proton from
the electrolyte, which is discharged at the adsorbed hydrogen atom
on the surface. Therefore the adsorption of atomic hydrogen is the
important issue. Moreover, the above described elementary steps
are also consequential for the HOR.

Hydrogen reactions have been studied on polycrystalline as well
as single crystal noble metal surfaces (see [4-9] and references
within). It has been found that the reactivity of different bare sur-
faces towards hydrogen reactions is strongly influenced by surface
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orientation. Noble metal catalysts on foreign host supports show
surprising findings compared to bare single crystal studies. It has
been experimentally shown by several groups [10-19] that the
physical and chemical properties of thin Pd overlayers change with
respect to the Pd bulk material. Baldauf and Kolb [11] investigated
the catalytic behaviour of Pd overlayers on Au(111) regarding
formic acid oxidation. They found that the reactivity is dependent
on the thickness of the Pd layer, the crystallographic orientation and
also on the chemical identity of the substrate. The oxygen reduc-
tion reaction (ORR) has been investigated by Naohara et al. [14,15]
on thin Pd layers on Au(111) and Au(100). They also found a
dependence of the catalytic activity on the thickness of the Pd over-
layer. Adsorption and desorption processes of hydrogen have been
investigated on Pd overlayers at different single crystal surfaces
in the group of Kolb [10,12,13]. Their results show that overlayer
thickness as well as the supporting metal influence the adsorption
and desorption behaviour and thus the electrocatalytic activity as
evidenced by a shift in adsorption potential of hydrogen. Kibler
et al. [16,20,12] investigated various parameters influencing the
HER which can change the catalytic activity of Pd; They explained
most of the observed experimental results such as adsorption, des-
orption and activity for HER by a lateral strain of thin Pd films on
Au(111)electrodes according to the Nerskov model [21]. Markovic
and Ross [22] studied the system Pd on Pt(1 1 1). It has been found
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that an improvement of the catalytic activity towards the HER and
HOR compared to pure Pt(11 1) also exists for this system. Experi-
mental results for the hydrogen evolution on Pd decorated vicinal
stepped Au single crystal surfaces with various densities of steps
have been investigated by Hernandez and Baltruschat [23,24]. Their
results indicate the importance of step sites for the electrocatalytic
reactivity of Pd-layers. More recently, Pandelov and Stimming [18]
reported an increased specific reactivity of Pd submonolayers on
Au(111)whichis two orders of magnitude higher compared to bulk
Pd when the amount of Pd from multilayers is lowered down to less
than 0.05ML. A spill-over mechanism of the adsorbed hydrogen
during the HER from the Pd sites to the Au substrate has been pro-
posed to explain the results for submonolayer coverage [25]. Local
reactivity measurements and combined Density Functional Theory
(DFT) calculations of Pd and Pt nanoparticles on Au(11 1) electrode
surfaces have been performed in the group of Stimming [19,26,27].
Experimentally it has been demonstrated by Meier et al. [19] that
with decreasing particle size from 200 nm to 6 nm the specific elec-
trochemical activity of single nanoparticles for HER is increased by
more than two orders of magnitude. This result has been tenta-
tively explained by a strain effect on the isomorphically deposited
Pd particles induced by the Au(11 1) substrate with larger lattice
constant. However, similar effects have not been found for noble
metal particles on HOPG as support material indicating the impor-
tance of the support [28]. A possible starting point for fundamental
research in electrocatalysis in order to screen substrate effects can
be provided by a wide range of combinations of host and solute ele-
ments large single crystalline supports suitable for electrochemical
environment [29].

Apart from substrate effects, investigations on ultra microelec-
trodes [30,31] and highly dispersed particles on carbon supports
[32,33] also show higher specific activities. It has been shown that
higher activity due to enhanced mass transport compared to planar
systems should be taken into account.

The experimental results reviewed above have been ascribed
to several effects regarding electronic and geometric factors such
as a strain effect in the lattice [21,34], high activity of low coor-
dinated atoms [23,24,35], a direct involvement of the gold surface
[25] and enhanced mass transport [30-33]. However, a complete
understanding that describes the overall effect has not been clearly
addressed until now.

The experimental findings have been frequently supported
by theoretical work from the groups of Nerskov [34,36,37] and
Grof3 [35,38-40] based on DFT calculations. Nevertheless, some
of us have proposed the first theory of electrocatalysis [41-46],
which combines elements of the Marcus-Hush theory [47,48]
of electron transfer, and the Anderson-Newns model [49,50] for
adsorption. DFT calculations are used in our theory as a tool to
obtain some of the parameters to be inserted as input in the
Santos-Koper-Schmickler (SKS)-Hamiltonian [41,42]. This theory
explicitly allows the consideration of solvent and potential effects.
Consequently, realistic calculations for an electrochemical environ-
ment can be carried out, and the interaction of the orbitals of the
reactant and the d band of the electrocatalyst, when either fluc-
tuations of the solvent or the applied potential shift their relative
positions, can be understood. Recently, we have applied our theory
of electrocatalysis to investigate the reactivity of various nanostruc-
tures [51-54]. Particularly, we have given a detailed quantitative
analysis of the contribution of different effects, such as strain and
chemical interactions on the reactivity of the nanostructures [54].
Thus, the experimental results obtained for monolayers of Pd on
different substrates have been explained.

In the present work, we combine experimental as well as the-
oretical studies to obtain a closer look into the effects of foreign
supports on catalytically active noble metals for their activity. The
main challenges when theory and experiment meet, is to find a

common language connecting the results obtained by means of
these two approaches. The accessibility of the systems to be inves-
tigated may be different at the atomic level. On the one hand, a
wide range of structures and arrangements can theoretically be
explored. In many cases, some of them are impossible to obtain
experimentally, but the theoretical analysis provides a full picture
of the effects that are present in real systems. A nice example of this
situation is the calculation of the electronic structures of poten-
tially good catalysts using the lattice constants of other systems.
We have applied this strategy in a previous work [54] which has
allowed us to separate geometrical from chemical effects on the
catalytic properties of monolayers of Pd on different substrates. On
the other hand, the dimension of nano-particles employed in real
catalysis implies clusters of at least 100-200 atoms, too large for
DFT calculations. For this purpose Pd decorated Au(111) serves
as a well investigated model system with well defined param-
eters and stable experimental conditions. The conclusive results
from experiment and theory will be highlighted in the discussion
to explain the extraordinary behaviour of submonolayers of Pd
onAu(111).

2. Experimental details

Electrochemical Pd deposition on Au(1 1 1) was performed with
an EC-Tec BP 600 bipotentiostat/galvanostat and waveform gener-
ator (Agilent arbitrary 33220A). Data were recorded with a digital
oscilloscope. The electrochemical reactivity measurements with
respect to the HOR were done with a potentiostat (HEKA PG 310)
using potentiostatic pulses in a standard three-electrode arrange-
ment. A Veeco Multimode EC-SPM/AFM system and a homebuilt
Veeco/MI EC-STM system under dry and electrochemical condi-
tions were used for the morphological characterization of the
Pd/Au(11 1)electrodes. All STM images were taken in constant cur-
rent mode using etched Au tips or cut Pt/Ir (atomic ratio 80:20)
tips. Gold substrates (Schroer GmbH) consisting of 0.7 mm borosil-
icate glass, 2.5 nm chromium and 250 nm gold layer with a square
size of 11 mm x 11 mm) were used as electrodes. Solutions were
prepared from HClO4 (Merck, Suprapur), Pd(NO3), (MaTeck, pro
analysis) with deionized clean water obtained from a Millipore-
Milli-Q (18.2 M£2/cm, 3 ppm total organic carbon).

The gold substrates were flame annealed and cooled down in Ar
atmosphere. This annealing procedure leads to a (11 1) orientation
of the gold surface. After annealing, the substrates were transferred
with a droplet of Milli-Q water to the electrochemical cell in order
to avoid contamination. 0.1 M HClO4 solution containing 0.5 mM
Pd(NO3); was used for Pd deposition. Pd/Au(11 1) was character-
ized in an Ar-purged 0.1 M HCIO4 electrolyte. The pulse deposition
procedure starts at an initial potential of 860 mV versus NHE. The
potential is then set to the deposition potential of 660 mV versus
NHE for various times. The amount of deposited Pd on Au(111)
was determined by integrating the current during the electrochem-
ical deposition, by hydrogen adsorption experiments and by STM
images of the substrates, whereas a full monolayer of Pd, deposited
from the Pd2?*-containing solution, corresponds to a charge of
420 wCcm~2. Reactivity measurements of the Pd/Au(11 1) system
were carried out in Hy purged 0.1 M HCIO4.

In the electrochemical STM a gold spiral was used as
counter electrode. Prior to measurements the electrode was flame
annealed. An oxidized gold wire was used as a reference electrode.
The gold wire was cleaned by flame annealing and prepared by
anodic oxidation in 0.1 M HClO4 at 12V for approx. 5min. Gold
tips with Apiozon wax insulation served as probes. The morphol-
ogy analysis of the STM images such as Pd coverage particle height
and total island perimeter length were evaluated with WSxM 4.0
Develop 8.5 (Nanotec Electronica S.L.) [55]. The ratio of particle
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Table 1a

Adsorption energy for hydrogen on different nanostructures of Pd—-Au calculated by DFT. (V) Pure metal surfaces -Pd(111) and (I) Au(1 1 1)-, two different kind of defect on
Au(111) surface: (II) Au-vacancy and (III) Au-adatom; (VI) a monolayer of Pd on Au(1 1 1), (VILVIII) Pd, (n=3,4) clusters on Au(111).
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area and total length perimeter and the distance to the first order
neighbours was directly calculated via WSxM.

3. Computational details

All calculations were performed using the dacapo code [56].
This utilizes an iterative scheme to solve the Kohn-Sham equa-
tions of density-functional theory self-consistently. A plane-wave
basis set is used to expand the electronic wave functions, and
the inner electrons were represented by ultrasoft pseudopotentials
[57], which allow the use of a low-energy cutoff for the plane-wave
basis set. An energy cutoff 450 eV, dictated by the pseudopotential
of each metal, was used in all calculations. The electron-electron
exchange and correlation interactions are treated with the gener-
alized gradient approximation in the version of Perdew et al. [58].
The Brillouin-zone integration was performed using a 8 x 8 x 1 k-
point Monkhorst-Pack grid [59] corresponding to the 1 x 1 surface
unit cell. Unless mentioned, spin-polarization was not considered.
Dipole correction was used to avoid slab-slab interactions [60].

To study the hydrogen adsorption several types of systems were
considered: pure metal surfaces -Pd(111)and Au(11 1)-, a mono-
layerof Pdon Au(11 1),Pdy (n=3,4)clustersonAu(1 1 1) and finally,
two different kind of defects on Au(1 1 1) surface: a Au-vacancy and
an Au-adatom.

The pure metal surfaces -Pd(11 1)and Au(1 1 1)- were modeled
by a (3 x 3) supercell with 4 metal layers. For the alloy a (3 x 3)
supercell with 4 substrate-layers -Au(111)- and one adatom-
overlayer were used. In the case of the nanostructures, the gold
substrate was modeled by a (3 x 3) supercell with 4 layers. Two

Table 1b
Adsorption of additional hydrogen atoms at the three atom cluster of Pd.

nano-arrangements were investigated: a 2D cluster consisting of 3
Pd adatoms and a 3D cluster with 4 Pd adatoms.

In all the calculations 10 layers of vacuum were considered.
For all the systems, the two bottom layers were fixed at the next-
neighbour distance corresponding to bulk, and all the other layers
were allowed to relax. The convergence criterion was achieved
when the total forces were less than 0.02 eV/A.

For the adsorption of H, a single H atom was adsorbed on the
adsorption sites and allowed to relax in the xyz coordinates to find
the equilibrium position. The effect of the hydrogen coverage was
also investigated for the 2D cluster Pd3Au(11 1) and the integral
adsorption energies were evaluated.

To understand the effects of the coverage and the shape of
nanostructures on the hydrogen reaction different coverages and
arrangements of Pd atoms on Au(11 1) were studied. The selected
distributions were: homogenous, rows, and 2D clusters. All these
configurations were considered to be deposited on the gold surface
or embedded in the surface. The following coverages were checked
for all the previous configurations: 0.11, 0.25, 0.33, 0.5, 1.0 and the
projected density of states of the d-band for each system has been
obtained.

4. Results and discussion
4.1. Energetic aspect of the hydrogen adsorption
We have systematically analyzed the electronic properties of

different nanostructures of Pd-Au and investigated the hydrogen
reactions. In the first step, we have calculated by DFT the adsorp-
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Fig. 1. a) STM image of Pd submonolayers on Au(11 1), dotted line for cross section. b) Cross section of two particles with one monolayer high Pd. c) Gray scale image of a)
in order to obtain surface area and perimeter (indicated in green) for Pd particles. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)

tion energy of a hydrogen atom at the equilibrium position of the
more favorable site of possible structures of Pd-Au. The results are
shown in Table 1a). It is clear, that the adsorption of hydrogen on
gold requires higher energies than on palladium sites (E=0.12 eV
for bare surface). Also for defects, such as gold adatoms (E=0.12 eV
like at flat surface) or vacancies (E=0.45eV) and at gold sites sur-
rounded by palladium atoms (E=0.3 eV) the values are positive.
On the contrary, palladium shows a high reactivity (E=-0.60eV
for bare surface), specially at nanostructures. Effectively, the calcu-
lated adsorption energy of hydrogen at a cluster of four atoms of
Pd on Au(111)is about 0.15 eV more negative than at a flat surface
of Pd(111).

The monolayer of palladium (E=-0.66eV) and the cluster of
three palladium atoms (E = —0.69 eV) show an intermediate reactiv-
ity. Further (see Table 1b)), we have calculated the energy required
to adsorb additional hydrogen atoms at different possible sites of
the cluster of three Pd atoms on Au(11 1) with the first hydrogen
at the hollow site. This nanostructure seems to be very reactive for
the adsorption of hydrogen. Even the adsorption of four hydrogen
atoms at the small cluster gives negative energies with respect to
the bare cluster, and it never occurs that hydrogen adsorbs on gold
atoms in a stable configuration. There are two possible sites for the
adsorption of the second atom at the palladium cluster, on top of
a Pd atom and on a bridge position between two palladium atoms.
The latter configuration is more favorable (E=—0.45eV), and due to
the repulsion between the hydrogen atoms, the second hydrogen is
slightly shifted to the surface of gold remaining at a mixture hollow
site formed by two palladium and one gold atoms.

The third hydrogen atom prefers the second Pd-Pd-Au-hollow
site (E=—0.32eV) instead of the top site on Pd (E=—0.21 eV). How-
ever, the configuration with the lowest energy (E = —0.37 eV)results
if the third hydrogen atom approaches the other nonequivalent top
site position near the second hydrogen atom. In this case these both
atoms strongly interact and come close to each other at a distance
near the bondlength of a hydrogen molecule (0.84 A in compari-
son, dy, = 0.765 A). It is noticeable, that this “pre”-molecular state

is only formed with the hydrogen adsorbed at the mixture hollow
site and not with those at the pure palladium hollow site. Thus, it is
expected that the recombination or the Heyrovsky step in the HER
at these nanostructures to occur faster than at pure palladium sur-
faces. Because the adsorption at the mixture hollow site is weaker
than at the pure Pd hollow site, it is easier to form the hydrogen
molecule by the reaction of this adsorbed atom.

The fourth hydrogen atom prefers a mixture hollow site
(E=-0.33eV) to a top site (E=—-0.20eV). Nevertheless, the for-
mation of a second “pre”-molecule is also possible if the fourth
hydrogen approaches to the top site near the first hydrogen pair
(E=—-0.21eV).

The very large range of energies obtained by the adsorption
of hydrogen on different possible sites of these nanostructures
demonstrates the complexity of the system in comparison to flat,
homogeneous surfaces.

4.2. Structural characterization of the nanostructures

In spite of the incredible technological advances, it is not easy to
obtain and to characterize atomic arrangements with the precision
that the theoretical studies suggest.

In order to investigate the influence of particle size, particle dis-
tance and particle morphology STM was used to obtain a detailed
view of the Pd/Au(1 1 1) nanostructured electrodes. It is a challeng-
ing task to observe cluster composed of few atoms. One typical
example of Pd nanoislands obtained on Au(11 1) at room temper-
ature is shown in Fig. 1a). The background shows an atomically flat
Au(111) surface covered by four islands of Pd with a height cor-
responding to the dimension of atomic Pd. The horizontal dashed
line through the two middle particles is plotted as cross section
in Fig. 1b). Two uniform particles with similar diameter (approx-
imately 4nm and 5nm), an inter-particle distance of 7nm and
the same monoatomic height referred to the ordinate baseline of
0.5 nm, are shown. This result underlines the equal size distribu-
tion of electrochemical deposition via potentiostatic pulses for the
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Fig. 2. Ratio of area divided by perimeter vs. coverage of Pd in monolayer. (The line
is a help to the eye.)

system Pd/Au(1 1 1) for small coverage without any agglomeration.
The perimeter and the area of each single particle have been deter-
mined with WSxM software and are shown for the four particles.
A background correction has been done by flooding the Au(111)
surface shown in Fig. 1c). The Pd coverage on Au(11 1) is 2.8%. Par-
ticles stay as islands due to higher contrast, which is illustrated in
gray scale. The area as well as the perimeter can be determined and
evaluated to obtain the total perimeter length, the area of each sin-
gle particle, the total coverage and the first neighbour distance of
Pdon Au(111).

Fig. 2 shows the area perimeter ratio versus the coverage of Pd
onAu(111).Itcanbe clearly seen that the increasing coverage leads
to an increasing ratio of the particle area divided by the perimeter.
Whereas an increase of about one order of magnitude in the whole
range is seen, there are three major parts. Below 0.1 ML the ratio
increases by more than a factor of two. Between 0.1 ML and 0.5 ML
the ratio is only slightly increasing followed by an increase of more
than a factor of three for coverage higher than 0.5 ML. Especially
in the range for more than a half monolayer the nanoislands grow
together which strongly influences the ratio of area to perimeter.
Interestingly there is also a strong effect below 0.1 ML where a large
change in the ratio is seen when only varying the coverage by a few
percent indicating a strong decrease for smaller particles with a
strong variation in the ratio of terrace atoms and edge atoms.

In order to investigate the distribution of nanoparticles prepared
by random electrochemical deposition methods using potentio-
static pulses an additional evaluation has been performed to obtain
a parameter for structural analysis. As an average value for the
Pd/Au(111) electrode for particle separation the first neighbour
distance can be determined. This allows a rough estimation of the
inter particle distance although the particle distribution is not per-
fectly uniform across the surface. As it can be seen in Fig. 3 the first
neighbour distance increases with decreasing coverage for smaller
than 0.5 ML. A large separation for smaller particles especially with
a strong increase in the range smaller than 0.1 ML is obvious. The
coalescence together for larger coverage and thus less single sepa-
rated particles results also in an increasing first neighbour distance
for coverage larger than 0.5 ML.

In spite of the high accuracy of these experiments, the size of
the islands characterized by STM is much larger than the clusters
used for the theoretical calculations. However, when the coverage
decreases, in the real system the number of sites such as those of the
few atoms clusters described above, also increases. Because of their
high activity, they mainly determine the catalytic activity. Also, it
is possible that such small clusters are present at the surface, but
the size is below the detection level of the STM measurements.
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Fig. 3. Distance to the first neighbour vs. coverage of Pd in monolayer. (The line is
a help to the eye.)

4.3. Electronic analysis of the nanostructures

Fig. 4 shows the electronic density of states for the d and sp
bands of different systems with flat surfaces. The bands of the
Pd(111) surface extend just up to the Fermi level, while those
of Au(111) surface are negatively shifted about of 1.5eV. Only
this distinction makes palladium a better catalyst than gold and
a qualitative description based on the position of the band center
is sufficient (¢4 = —1.82 eV and & = —3.5 eV for Pd and Au respec-
tively). For mixed systems the situation is more complicated. There
are strain effects, but also the chemical interactions between the
substrate and the adlayer play a very important role, as can been
observed by comparing Fig. 4c) and d). The analysis of a virtual sys-
tem calculated using the lattice constant of Au(111)foraPd(111)
surface allows to separate these two effects. In this case only the
strain effect is present, and it produces sharper bands due to the
higher localization, but the distribution of electronic states is simi-
lar (see Fig. 4c)) and compare red and orange curves). In the case of
amonolayer of Pd on Au(1 1 1) surface, both effects are present and
thus the distribution of electronic states changes in comparison to
bare surface of Pd(1 1 1) (see Fig. 4d)). Effectively, the d band of pal-
ladium is sharper and the peak at —0.5 eV is particularly high. Also,
the sp band of palladium shows important changes with a compli-
cated structure, which reveals the bonding with the gold surface.
In fact, the sp band of palladium now shows electronic states in the
region from —9 to —5 eV, indicating an overlap with the sp band of
the gold substrate.

The behaviour of submonolayers of palladium on gold strongly
depends on the geometrical arrangement of the nanostructures.
The electronic density of states is different for different distribu-
tions of the palladium atoms. Fig. 5 shows the calculated density
of states at a constant composition of 0.33 Pd atoms, but with
different configurations. Also the same distribution of atoms has
different electronic properties if the nanostructure is embedded in
the surface of gold or adsorbed above the surface. As expected, the
structures with lower coordination give the sharper peaks because
of the larger electronic localization. In addition, the interaction of
the sp bands of gold and palladium is evident from Fig. 5. In the case
of the adsorbed nanostructures, like the monolayer (see Fig. 4d)),
the contribution of gold and palladium to the overlap can be clearly
distinguished. The embedded structures show a larger mixture of
these states and the lower edge of the sp band extends up to inter-
mediate energies between the values of gold and palladium. These
results are a clear evidence that an interpretation of the catalytic
activity of these systems based only on the position of the d-band
centers and strain effects is insufficient.
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Fig. 4. Electronic density of states projected onto the d-band (red shaded area) and onto the sp-band (gray shaded area) for different systems. a) flat surface of Au(111);
b) flat surface of Pd(11 1); c) virtual expanded flat surface of Pd(1 1 1) calculated with the lattice constant of Au; sp-band for the not expanded surface (green dashed line);
d-band for the not expanded surface (purple dashed line) d) commensurate monolayer of Pd on Au(111); sp-band of bare Au(11 1) (green dashed line); sp-band of bare
Pd(111)(blue dashed line). The vertical line indicates the position of the Fermi level. (For interpretation of the references to color in this figure legend, the reader is referred
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Fig. 6 shows the effect on the electronic properties of the sys-
tem due to the interaction of the nanostructures with a hydrogen
atom approaching to the surface of a three palladium cluster on
Au(111). Similar features have been observed with other nanos-

Fig. 5. Electronic density of states at constant composition (0.33 Pd) projected onto the d-band (red shaded area) and onto the sp-band (gray shaded area) of palladium for
different atomic arrangements; embedded atoms (top, a)-c)) and adatoms (bottom, d)-f)); homogeneous distribution (a)-d)); three atoms clusters (b)-e)); row distribution
(c)-f)). The vertical line indicates the position of the Fermi level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)
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tructures. In the past, when the reactivity of a catalyst has been
investigated, the attention has been exclusively focused to the d-
bands. The sp bands have been underestimated because it was
thought they are wide, structureless and similar for all the metal-
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Fig. 6. Electronic density of states when a hydrogen atom approaches a three palladium cluster on Au(11 1). a) Hydrogen adsorbed at the cluster at the equilibrium position.
b) Hydrogen at a distance of 2 A from the equilibrium position. The states are projected: onto the d-band of palladium (blue line with stars), onto the sp of palladium (green
line with open circles) onto the s orbital of hydrogen (black line with full squares). The d band (red shaded area) and the sp-band (gray shaded area) of palladium in the
absence of hydrogen are also shown. The vertical line indicates the position of the Fermi level. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)

lic systems. Although it is true that the electronic states of the
d bands play a key role in the catalysis when the hydrogen 1s
orbital is passing the Fermi level, the interaction with the sp bands
is also important in the formation of the bond to the surface at
the final state of the reaction. It is clear from Fig. 6 that the 1s
orbital of hydrogen interacts with both bands in a concerted way.
The electronic distribution of both bands is modified in the pres-
ence of hydrogen. An overlap of peaks corresponding to bonding
states between the 1s orbital, sp and d bands is observed at about
—5.8 eV when hydrogen is adsorbed at the equilibrium position (see
Fig. 6a)). In the region where the d band appears, the 1s orbital
shows a broad distribution. However, a small peak at about —2.0 eV
is observed. At these energies the d band also shows a shift of the
electronic states resulting in a coincident sharp peak with the 1s
orbital. All these bonding states are occupied and consequently
they stabilize the adsorbed species. At energies above the Fermi
level (~1.8 eV) a slight depletion of the sp band is observed, which
compensates the excess produced by the peak at —5.8 eV. The 1s
orbital slightly extends above the Fermi level. These observations
seem to indicate a partial transfer of electrons from the hydrogen
to the metal. However, because the sp band extends up to large
distances of the surface, it does not mean that a polarization of the
metal-hydrogen bond appears. Thus, there are no contradictions
with the experimental facts that hydrogen covalently binds to the
metal.

At larger distances of the hydrogen atom (2 A), this complicated
interplay of interactions is also evident. At —1.75 eV three coinci-
dent peaks of the 1s orbital, sp and d bands appear. At about 3 eV
above the Fermi level, an overlap of unoccupied anti-bonding states
between the sp band and the 1s orbital can be observed.
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Fig. 7 shows the electronic structure of a homogeneous distri-
bution of different amounts of palladium for embedded systems
(Fig. 7a)) and adatoms (Fig. 7b)). Very sharp d bands are observed
due to the localization. This effect increases at lower amounts of Pd
since the separation between the atoms also increases. The adatoms
show the larger localization, as expected. It is interesting to note,
that for the latter, up to a composition of 0.33 no changes are
observed for lower ratios of Pd. It indicates that at the lower content
of Pd the distances are so large, that no more interactions between
the Pd atoms takes places. It is not the case for the embedded atoms,
where they are interacting through the gold atoms bonded to them.

4.4. Effect of the composition of Pd-Au nanostructures on the
hydrogen oxidation and evolution reactions

Pd modified Au(111) surfaces have been investigated in H,
saturated 0.1 M HCIO4 using potentiostatic pulses at various over-
potentials. The current transients for the HOR were evaluated using
j versus t1/2 plot in order to separate the kinetic current from the
mass transport limiting current [17,61]. Kinetic current transients
for the overpotentials +100 mV, +200 mV and +300 mV with respect
to the hydrogen oxidation were evaluated. Fig. 8 shows the kinetic
currents versus the Pd coverage on the Au(11 1) surfaces in the
upper part in the range lower than one complete monolayer. The
determination of the active material assumes that only Pd is active
in the reaction and Au(111) acts as inactive support. The spe-
cific current with respect to the Pd area on the Au(11 1) surface
increases with decreasing amount of Pd for less than one ML by
more than one order of magnitude for 0.1 ML of Pd. The data indi-
cate a strong increase in specific reactivity of Pd with decreasing
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Fig. 7. Effect on the d band of palladium of different composition of palladium homogeneously distributed on Au(111). a) Embedded palladium in the gold surface. b)
Adsorbed on the gold surface. The d band (red shaded area) of Pd(1 1 1) surface is also shown. The vertical line indicates the position of the Fermi level. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 8. Specific current density for Pd on Au(1 1 1) vs. Pd coverage for the HOR and
HER at different overpotentials.

amount of Pd from 0.74 ML to 0.1 ML. Hence, current densities of
close to 8 mA/cm? per Pd area at +300 mV are observed.

The results on HER were extracted from [18]. As compared to the
results for the HOR a similar increase in reactivity for decreasing
amount of noble metal can be observed. Although the net currents
are higher as compared to the HOR the increase is also in the range
of more than one order of magnitude in the range between one full
monolayer and 0.1 ML. The difference in the absolute values can
be attributed to an influence of diffusion limitation of hydrogen
moleculesin the case of HOR although the potential pulse technique
and the evaluation procedure try to avoid this.

Further, we have applied our theory of electrocatalysis to cal-
culate the exchange current density for the oxidation reaction of
hydrogen at the different composition of palladium in the gold
surface. We have used a similar procedure as in [53] and used
the SKS-Hamiltonian to obtain the potential energy surface as a
function of the solvent coordinate g and the separation distance
between two atoms of hydrogen for the global reaction:

Hy — 2H" +2e~

The details of the theory are given in previous publications
[42,44,53]; here, we summarize those aspects which are essential
for understanding the application to hydrogen oxidation. Explic-
itly, we consider the reaction of a biatomic homonuclear molecule
at a metal electrode. The Hamiltonian of the system contains the
contributions of the molecule, the metal which acts as a catalyst,
the solvent and the corresponding interactions between these sub-
systems. In order to describe the molecular bond between the
two hydrogen atoms, we employ the extended Hiickel approxi-
mation taking into account the repulsion by orbital overlap. The
Marcus-Hush theory [47,48] is applied for the reorganization of
the solvent and the Anderson-Newns model [49,50] for the inter-
action of the valence orbital with the metal. Other interactions,
such as spin-spin repulsion on the reactant and image charge, are
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Fig. 9. Theoretical values of the exchange current for the HOR normalized to the
surface of Pd(1 1 1) for different composition of palladium embedded in a surface of
Au(111) calculated with the electrocatalysis theory and the electronic structures of
Fig. 8a). For comparison, the values obtained with a embedded row and a embedded
three Pd atoms clusters in the Au(11 1) are included. The dotted red line indicates
the value of 1 for the Pd(1 1 1) surface. Parameter used for the calculation: U=4.54
eV;1=2.0eV; V412 =6.3eV?; |V |2 =1.0eV?; B, =—4.55 eV. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

also considered. Then, the Hamiltonian is solved within the Green’s
functions formalism. For a homonuclear molecule, the density of
states of the reactant is affected by the presence of the metal and
can be described by the following expression:

1 4 4
) 1 N (M
Molec ”; (Z_ga_ﬂ)2+A2 (z—§a+ﬂ)2+A2

The sum is over the two spin states o =+1; the first term corre-
sponds to the bonding and the second one to the anti-bonding
orbital. The parameter g is related to the dissociation energy of the
molecule D. and thus determines the energy separation between
both orbitals. The effective energy of the orbital of one constituent
atom is given by &,:

Eor =%+ SB -2+ U (ngx) — Y (1 — (Ng=) — (No4)) + A (2)

Here £© is the energy of the atomic orbital relative to the Fermi
level; it can be tuned by the applied electrode potential. The second
term accounts for the orbital overlap S between both atoms. The
third term is the shift produced by the fluctuations of the solvent,
where A is the reorganization energy according to Marcus-Hush
theory, and q the normalized solvent coordinate. The fourth and
fifth terms account for the spin-spin and dipole-dipole interactions
respectively. (n;) is the occupation of the spin orbital i. A and A
are the so called chemisorption functions, which are related to the
density of states of the metal and the coupling constant between
metal and molecule V.

Fig. 9 shows the normalized exchange currents of the hydrogen
oxidation obtained from our theory for a series of different compo-
sition of Pd embedded in the surface of Au(11 1). Comparing these
results with the experimental data of Fig. 8 for the measured cur-
rents we can conclude that our theory applies well to these systems.
Effectively, both experimental and theoretical values increase by
about an order of magnitude when the coverage of Pd decreases,
indicating an appreciable diminishing of the activation barrier for
the processes implied in the reaction. Also it is interesting to note,
that although the center of the d bands for the three atoms clus-
ter, for the row and for the homogeneous distribution is almost the
same (e = —1.6eV), the electrocatalytic activity is different (see
Fig. 9). This is a clear demonstration of the limit of applying the
d band center theory. This can explain qualitatively some tenden-
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cies, but to obtain quantitative results the whole distribution of
electronic states must be considered.

5. Conclusions

Dealing with nanomaterials is a challenge for both, experiments
and theory. Hence, our goal was to combine both approaches to
elucidate and predict their catalytic activity. In this context, Pd sub-
monolayers on Au substrates have been investigated. The studies
have been focused on the HOR and HER. The experimental results
have shown that the activity of Au substrates covered by Pd consid-
erably increases when the Pd coverage decreases and small islands
with monoatomic height dimension are distributed at the surface.
A strong dependence on the atomic arrangements and the amount
of palladium has been found. The application of the electrocatal-
ysis theory, which goes beyond the qualitative approach of the d
band centers and strain effects, allows explaining quantitatively
the experimental finding. A direct correlation with the change in
the electronic properties and the electrocatalytic activity has been
obtained. The largest effect occurs for the clusters. Here the DOS
is strongly shifted towards the Fermi level, with a pronounced
peak lying just below the Fermi level. On the monolayer, the DOS
is also strongly shifted towards the Fermi level, but the effect is
not quite as large as for the clusters. Hydrogen adsorbs preferen-
tially on palladium sites, with the exception at higher coverage, of
a mixture hollow site of two palladium atoms and a gold atom at
the edge of clusters. This fact plays an important role to decrease
the activation barrier for the recombination and Heyrowsky steps.
Thus, the reaction at small cluster occurs faster than at large Pd
domains, in excellent accordance with the experiments. Effectively,
the comparison of experimental and calculated exchange currents
for the HER/HOR when the coverage of Pd decreases, shows the
same trend.
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