Hydrogen adsorption energies on bimetallic overlayer systems at the solid-vacuum and the solid-liquid interface

Ata Roudgar and Axel Groß Physik-Department T30, Technische Universität München, James-Frank-Str., 85747 Garching, Germany

Atomic hydrogen adsorption energies on bimetallic overlayer systems have been determined by periodic density functional theory calculations within the generalized gradient approximation. On the pseudomorphic Pd/Cu(111) surface, both the substrate interaction and the lattice compression of the Pd overlayer lead to smaller hydrogen binding energies. For pseudomorphic Cu/Pd(111), on the hand, the strong Cu-Pd interaction results in larger binding energies. Hence, both Pd/Cu(111) and Cu/Pd(111) exhibit an intermediate behavior between pure Cu(111) and pure Pd(111). In addition, we have determined the atomic hydrogen adsorption on Pd/Au(111) in the presence of a water overlayer. The hydrogen adsorption energies are changed by less than 60 meV by the most stable H2O bilayer compared to the clean surface. This indicates that theoretical adsorption studies at the solid-vacuum interface might also be relevant for the solid-liquid interface.

Keywords: Ab initio quantum chemical methods and calculations, metallic films, chemisorption, solid-gas interfaces, solid-liquid interfaces, hydrogen atom, palladium, water

I. INTRODUCTION

The study of bimetallic surfaces has recently been of strong interest [1–4]. Bimetallic systems offer the possibility to prepare specific surface compositions and structures. This might be used to influence catalytic and other properties of the surface in a well-defined way [4]. Hence, an understanding of the electronic factors determining the reactivity of bimetallic surfaces could lead to the rational design of better catalysts. Bimetallic systems are also of particular interest in electrochemistry [5] since the catalytically active material has to be placed on a conductive electrode.

In the case of pseudomorphic overlayers, two effects influence the reactivity of the bimetallic surfaces: the direct electronic interaction between substrate and overlayer, and geometric strain effects due to the lattice mismatch of substrate and overlayer. Both effects can be disentangled experimentally only if the pseudomorphic structure of the overlayers is preserved for a film thickness of several layers as for example in the system Pt/Ru(0001) [1].

However, often the strain of thick overlayers is relieved by the formation of dislocations making an analysis of the microscopic origins of a modified reactivity of the bimetallic system rather cumbersome. Therefore, electronic structure calculations are rather helpful since they allow to separate strain from substrate interaction effects by addressing model systems that cannot be realized experimentally.

In electrochemistry, Pd overlayers deposited on Au single crystal surfaces have served as a model system of a transition metal deposited on an inert noble metal electrode [6–10]. The electrocatalytic activity of the Pd/Au overlayers with respect to hydrogen adsorption/desorption [8, 11] and to the electro-oxidation of small organic molecules such as formaldehyde [8] and formic acid [12] are very sensitive to the layer thickness of the deposited Pd films. Furthermore, significantly enhanced hydrogen evolution rates have been found on small Pd islands deposited on Au(111) in an electrochemical STM set-up [10].

We have recently studied atomic hydrogen and CO adsorption on Pd/Au bimetallic surfaces by performing density functional theory (DFT) calculations [13, 14]. We have found that both the expansion of the Pd overlayer by 5% and the relatively weak coupling between the d bands of Pd and Au cause an upshift of the d band which in agreement with the predictions of the d-band model [15, 16] leads to a stronger adsorbate bonding. Furthermore, we have determined H and CO adsorption energies on Pd_n clusters with n ≤ 10 deposited on Au(111) [17]. Interestingly enough, we find that the adsorption energies on these supported clusters are smaller than on the corresponding overlayer although the cluster atoms are less coordinated than the overlayer atoms. This is caused by the compression of the supported cluster together with the relatively strong cluster-substrate interaction.

We have now extended these studies into two directions. In order to establish chemical trends, we have replaced the Au(111) substrate by another noble metal substrate, Cu(111). Pd/Cu bimetallic surfaces are also interesting from a catalytic point of view as far as the CO oxidation and hydrogenation are concerned [18]. Besides, both H/Cu and H/Pd have served as model systems for the study of dissociative adsorption in surface science [19–22]. Usually the bimetallic PdCu system forms surface alloys [23, 24]. Still we have studied the pseudomorphic overlayer systems in order to establish chemical trends. Cu has a much smaller lattice constant than Au; thus, pseudomorphic Pd overlayers on Cu(111) are compressed by 8%. We find that this compression does in fact lead to smaller adsorption energies. However, also the Pd/Cu interaction results in weaker binding in contrast to the Pd/Au system. As far as the hydrogen adsorption on the overlayer system with the opposite stacking sequence, a pseudomorphic Cu overlayer on Pd(111), is concerned, we find that the lattice expansion of Cu(111) has a negligible influence on the hydrogen adsorption energy, in agreement with a previous study [25]. However, for this stacking order the Cu-Pd interaction leads to a larger binding of hydrogen.

In all these calculations, the adsorption energies are determined at the solid-vacuum interface. The question arises whether these calculations are of relevance for the electrochemical situation of the solid-liquid interface. In order to address this question, we have calculated hydrogen adsorption energies in the presence of a water layer on Pd/Au(111). We find that the hydrogen adsorption energies are only slightly modified by the presence of water. Thus calculated adsorption energies at the solid-vacuum interface can indeed be meaningful for an understanding of the binding at an electrochemical electrode.

This paper is structured as follows. First we give an overview about the computational methods used. We will then briefly summarize the results for the Pd/Au overlayer system before we discuss in detail the hydrogen adsorption on bimetallic PdCu surfaces. Finally we address the hydrogen adsorption on Pd/Au(111) in the presence of a water adlayer and close the paper with some concluding remarks.

II. COMPUTATIONAL METHOD

We have performed periodic DFT calculations using the Vienna ab initio simulation package (VASP) [26]. The exchange-correlation effects have been described within the generalized gradient approximation (GGA) using the Perdew-Wang (PW-91) functional [27]. We have mainly employed ultrasoft pseudopotentials [28, 29] in our calculations. In the case of the water adlayers, we have also used the projector augmented wave (PAW) method [30, 31] that corresponds to an allelectron method in order to check the reliability of our results.

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. This necessary cutoff sensitively depends on the particular element. While for the description of hydrogen adsorption on the Pd/Au and the Pd/Cu systems cutoff energies of 200 eV and 235 eV, respectively, turned out to be sufficient, all systems containing oxygen required a cutoff energy of 400 eV. The PAW calculations for H_2O even made a cutoff of 700 eV necessary to obtain converged results.

The overlayer structures have been modeled by a slab of four layers of the substrate on which up to three overlayers have been deposited. All layers structures are separated by at least 10.5 Å 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.

All reported hydrogen adsorption energies are determined in a (2×2) surface unit cell corresponding to a coverage of Θ = 0.25. The surface Brillouin zone of the Pd/Au systems is sampled by a Monkhorst-Pack k-point set [32] of 7×7×1 for the 2×2 unit cell, corresponding to 8 k-points in the irreducible Brillouin zone. Due to the low density of states of Cu close to the Fermi energy 23×23×1 k-points corresponding to 56 k-points in the irreducible Brillouin zone have been used for the Pd/Cu systems. A Methfessel-Praxton smearing [33] of σ = 0.2 eV has been used in order to get a faster convergence of the electronic structure calculations.

The hydrogen adsorption energies are determined via

E_{ads} = E_{slab+H} − ( E_{slab} + 1 2 E_{H2} ) , (1)

where E_{slab} and E_{slab+H} are the total energies of the slab without and with the adsorbed hydrogen. For the hydrogen binding energy E_{H2} in the gas phase we have taken the calculated GGA value of 4.550 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.

The calculated trends in the adsorption energies will be analysed with respect to the underlying electronic structure using the d-band model [16]. In this model, the whole d-band is assumed to act as a single electronic level located at the center of the d-band ϵ_d. According to the d-band model [34, 35], a shift in the position of the d-band center position δε_d is linearly related to changes in the chemisorption energies δE_{chem}

δE_{chem} =

V^2 |ε_d − ε_a|^2 δε_d , (2)

where ε_a is the adsorbate level and V is the d-band coupling matrix element between adsorbate and the surface metal atom.

A reduced coordination or a smaller overlap between the metal orbitals leads to a smaller d-band width and to an upshift of the d-band due to charge conservation if the d-band is more than half-filled [36, 37]. This model thus gives an natural explanation for the preferential adsorption on step edge atoms [34, 38–40] or expanded surfaces [37].

III. RESULTS

A. Pd/Au overlayers

In order to facilitate the discussion of the chemical trends in the adsorption on bimetallic surfaces, we will briefly summarize the results obtained for the Pd_n/Au(111) overlayers [13, 14]. In Fig. 1, the hydrogen adsorption energies are plotted as a function of the number of Pd overlayers on Au(111). The pure Pd substrates with the lateral lattice constant of Au (a = 4.18 Å) and Pd (a = 3.96 Å) are labeled by Pd@Au and Pd, respectively. Pseudomorphic Pd films deposited on Au(111)

FIG. 1: Atomic hydrogen adsorption energies as a function of the number of Pd overlayers on Au(111) for different adsorption sites on the (111) at a coverage of θ = 0.25. The pure Pd substrates with the lateral lattice constant of Au (a = 4.18 Å) and Pd (a = 3.96 Å) are labeled by Pd@Au and Pd, respectively.

are expanded by 5%. Such an expansion leads to larger hydrogen binding energies at the higher-coordinated adsorption sites of the (111) surface in agreement with the predictions of the d-band model. The opposite trend at the top site has also been found on strained copper surfaces [25]. It is caused by the strong modification of the substrate density of states for H adsorption above the top site.

Furthermore, we see that the adsorption energies on three Pd overlayers on Au(111) are almost indinstinguishable from the results for the expanded pure Pd(111) substrate denoted by Pd@Au in Fig. 1. This means that the electronic effect of the substrate is limited to the first two Pd overlayers. For Pd/Au(100), we have found that there is still some influence of the substrate up to the third layer which is caused by the fact that the more open (100) surface has a smaller layer spacing than the close-packed (111) surface.

The direct interaction of the substrate with the overlayers leads to a further increase of the hydrogen binding strength. As an analysis of the local density of states reveals, this increase is reflected by an upshift of the Pd d-band because of its relative weak interaction with the Au substrate [14]. Interestingly, the binding energies of hydrogen show a maximum for two Pd overlayers on Au. This maximum is not reflected by an extremum of the d-band center position. It is rather caused by the fact that on one Pd overlayer there is still some indirect unfavorable interaction between the adsorbate and the Au substrate which is no longer operative for two Pd overlayers on Au. It should be noted that all the trends in the adsorption of hydrogen on the Pd/Au overlayers have also been found in the case of CO adsorption.

FIG. 2: Surface energy in eV/atom according to eq. (3) for different surface compositions of PdCu alloys on Cu(111). The energy zero corresponds to a Cu layer on Cu(111), i.e., to a pure Cu(111) surface.

B. Pseudomorphic Pd/Cu and Cu/Pd overlayers

In our study of the atomic and molecular binding on pseudomorphic Pd/Au overlayers we have found that both the lattice expansion of the Pd overlayers as well as the relatively small interaction of the Pd overlayer with the noble metal substrate lead to higher binding energies. In order to establish chemical trends in the adsorption strength on pseudomorphic overlayer systems, we decided to replace the Au substrate by another noble metal, namely Cu. While pseudomorphic Pd overlayers on Au are expanded by 5%, they are compressed by 8% on Cu. Due to this strong suppression, pseudomorphic Pd/Cu overlayers are not stable. They rather form an alloy [23, 24], as Fig. 2 confirms. Here the surface alloy formation energy E_{surf} = (E^{slab}_{PdxCuy /Cu} − E^{slab}_{Cu} − yE^{coh}_{Cu} − xE^{coh}_{Pd} ) N_{sa} (3) is plotted for an number of different Pd_xCu_y surface compositions. N_{sa} is the number of surface atoms per surface unit cell, i.e., N_{sa} = x + y. E^{coh}_{Cu} and E^{coh}_{P d} are the cohesive energies of Cu and Pd, respectively, which means that we have assumed that both Cu and Pd are in equilibrium with their corresponding bulk reservoirs. For a pure Cu surface, E_{surf} according to eq. 3 is zero, i.e., the energies plotted in Fig. 2 are defined with respect to the pure Cu surface. The fact that the value for Cu in Fig. 2 is not exactly zero is due to the finite thickness of the Cu slab in the calculations.

As Fig. 2 demonstrates, among the ordered surface alloys considered by us the Pd_2Cu_1 alloy is the most stable. The fact that Pd and Cu form alloys indicates that there is a strong attractive interaction between Pd and Cu. Interestingly enough, the pseudomorphic Pd overlayer on Cu(111) is even more stable than the pure Cu(111) surface, in spite of the strong compression of the Pd over-

FIG. 3: Atomic hydrogen adsorption energy on bimetallic PdCu surfaces for a quarter monolayer hydrogen coverage, namely on pure Cu(111), on a pseudomophic Pd overlayer on Cu(111) (Pd/Cu), on pure Pd(111) with the lateral Cu lattice constant (Pd@Cu), on pure Pd(111), on a pseudomophic Cu overlayer on Pd(111) (Cu/Pd), and on pure Cu(111) with the lateral Pd lattice constant (Cu@Pd).

layer. We have also determined the adsorption energies per atom of a quarter monolayer of Pd and Cu atoms on Cu(111). We find that E^{ads}_{Pd/Cu(111)} = − 3.011 eV/atom and E^{ads}_{Cu/Cu(111)} = − 2.704 eV/atom. This shows that Pd atoms are in fact more strongly bound to Cu(111) than Cu atoms. In fact, we have also find the same trend favoring alloying for the Pd(111) substrate. Cu atoms are more strongly bound to a Pd(111) surface than Pd atoms.

Although PdCu surface alloys are more stable than a pure Pd/Cu overlayer, we have still determined the hydrogen adsorption energies on the pseudomorphic overlayer system in order to compare the results with those for the Pd/Au overlayers. Furthermore, small domains of a Pd/Cu overlayer may exist in the submonolayer coverage regime [24]. In Fig. 3, we have summarized the calculated results for the atomic hydrogen adsorption energies on the different high-symmetry sites on pure Cu(111), on a pseudomophic Pd overlayer on Cu(111) (Pd/Cu), on pure Pd(111) with the lateral Cu lattice constant (Pd@Cu) and on pure Pd(111).

We first note that the lateral compression of the Pd overlayer by 8% leads to a reduction of the hydrogen binding for the higher-coordinated adsorption sites. This can be well-understood in terms of the d-band model. The lateral compression of the Pd overlayer causes a down-shift of the local Pd d-band center [36, 37] which results in smaller binding energies. In Fig. 4, we have plotted the local d-band center for the different surface structure of Fig. 3. Indeed the d-band center of Pd shifts down by more than 0.5 eV upon 8% compression. Note that the hydrogen adsorption energy on the on-top site shows the opposite trend as the higher-coordinated sites. This trend has been obtained before for strained cop-

FIG. 4: Position of the local d-band center of the topmost layer on bimetallic PdCu surfaces. The considered structures are the same as in Fig. 3.

per [25] and strained Pd surfaces [13, 14]. At the on-top site, there is a strong electronic coupling between adsorbate and substrate which makes the d-band model no longer fully applicable.

In contrast to the Pd/Au system, however, the interaction of Pd with the Cu substrate leads to a further down-shift of the Pd d-band center which is reflected in the lower hydrogen binding energies on the Pd/Cu(111) overlayer compared to the pure compressed Pd surface. In fact, the hydrogen adsorption energies on the Pd/Cu(111) overlayer are very similar to the hydrogen adsorption energies on the pure Cu(111) substrate. A corresponding result has also been found for CO adsorption on a Pd/Cu(111) overlayer in DFT-GGA calculations [41]. Although Au and Cu are both noble metals, it is important to realize that the coupling of their d-bands to Pd is quite different. While the Au d-band center is 1.6 ev below the d-band center of Pd, the Cu d-band center is lower by only 0.6 eV (see Fig. 4). Due to the large energetic overlap between the Pd and Cu d-bands, there is a strong hybridisation between both bands, as an analysis of the local d-band density of states confirms. This hybridisation is also reflected by the strong Pd-Cu interaction energies.

In order to round up the study of the CuPd overlayer system, we have also addressed the opposite stacking sequence, a pseudomorphic Cu overlayer on Pd(111). In contrast to the Pd/Cu(111) system, at room temperature Cu/Pd(111) has been found to grow in a layer-by-layer fashion for at least the first two layers [42]. Furthermore, underpotential deposition of Cu on Pd(111) in sulfuric acid solution has been observed [43, 44]. Calculated atomic hydrogen adsorption energies at the fcc hollow site of a pseudomorphic Cu overlayer on Pd(111) and on a pure Cu substrate with the lateral lattice constant of Pd(111) are included in Fig. 3. We first note that the geometric expansion of the Cu substrate has no influence on the hydrogen adsorption energies although the d-band center has moved upwards (see Fig. 4), as we have already found in a previous study [25]. The strong coupling between Cu and Pd for the Cu/Pd(111) overlayer system, on the other hand, causes a significant upshift of the Cu d-band center and larger hydrogen binding energies.

Summarizing the section about the CuPd bimetallic surfaces, one might say that both Pd/Cu(111) and Cu/Pd(111) exhibit an intermediate behavior between pure Cu(111) and pure Pd(111) which is caused by the strong interaction between Pd and Cu. This is in contrast to the Pd/Au overlayer system where Pd/Au becomes more reactive than pure Pd. The Pd/Cu(111) overlayer shows adsorption properties similar to Cu(111) while the Cu/Pd(111) porperties are closer to those of Cu(111) than Pd(111). This is mainly caused by the fact that the geometric strain hardly influences the adsorption energies on Cu while it has a large effect on Pd.

C. Hydrogen adsorption in the presence of a water adlayer

All studies presented so far have been obtained at the solid-vacuum interface. Bimetallic surfaces have been studied intensively in the field of heterogeneous catalysis, but they are also of strong interest in electrochemistry since the catalytically active material has to be placed on a conductive electrode. However, electrochemical reactions occur at the solid-liquid interface in the presence of an electrolyte. The realistic incorporation of any electrolyte in electronic structure calculations is not trivial. Recently, Desai et al. have investigated the effect of water molecules on the deprotonation of acetic acid over Pd(111) [45] using periodic density functional calculations. Here we follow a similar approach in order to study the influence of a water adlayer on the hydrogen adsorption energies on a bimetallic Pd/Au(111) surface.

Just recently, there has been a strong interest in the structure of water layers on metal surfaces [46–51]. Usually, if the surface is not too reactive, water molecules stay intact on metal surfaces and form an icelike bilayer whose structure is similar to that of the densest layer of ice [52]. However, recently Feibelman has proposed that on the relative reactive Ru(0001) surface, the water molecules do not remain intact [46]. Instead, the water bilayer becomes partially dissociated forming a halfdissociated bilayer.

Hence, as a first step we have determined the stable structure of water molecules adsorbed on a Pd/Au(111) overlayer system. The calculated water adsorption energies are listed in the second column of table I. In Fig. 5a, the calculated equilibrium structures of the adsorbed water monomer and dimer are shown. There adsorption energies, determined in a (3 × 3) surface unit cell, are - 0.316 eV and -0.427 eV, respectively. In contrast to H_2O adsorption on Pt(111) [48], we find that the H-bond energy in the adsorbed dimer E_{H−bond} = (E_{ads}[dimer] − E_{ads}[monomer]) × 2 = (−0.427 − (−0.316)) × 2 =

FIG. 5: Water structures on a Pd/Au(111) overlayer. a) equilibrium structure of the water monomer and dimer, b) H-down bilayer, c) H-up bilayer, d) half-dissociated water bilayer.

−0.218 eV is less than the hydrogen bond energy in the free dimer, E_{H−bond} = −0.246 eV (all energies in eV/H_2O molecule). This means that the hydrogen bond between the water molecules becomes weakened by the adsorption on the Pd/Au(111) overlayer system.

The considered √ 3× √ 3R30^∘ water structures are plotted in Figs. 5b-d. They correspond to the H-down bilayer, the H-up bilayer, and the half-dissociated water bilayer, respectively, with a water coverage of θ_{H2 O} = 2/3 each. According to table I, the H-down bilayer structure is the most stable one while the half-dissociated water bilayer is less stable by about 0.2 eV per water molecule. Hence we can definitely rule out that the partial dissociation of water on Pd/Au(111) is stable. However, it should be noted that the calculated sublimation energy of water in a 32-molecule per cell model of ice- Ih, E_{sub} = −0.712 eV (ultrasoft pseudopotentials) and E_{sub} = −0.666 eV (PAW), is more negative than all calculated water adsorption energies on Pd/Au(111) in table I (see also Ref. [46]). This would mean that the considered water adlayers are not thermodynamically stable

TABLE I: H2O adsorption energies in eV/H2O and H adsorption energies (θH = 1/4) in eV/atom on Pd/Au(111). The energies were obtained using ultrasoft pseudopotentials. For the notation of the structures at a water coverage of θH_2O = 2/3, see Fig. 5.

θH_2O E^{H2O}_{ads} (eV/H2O) E^{H f cc}_{ads} (eV/atom) E^{H hcp}_{ads} (eV/atom) 1/4 -0.308 -0.634 -0.592 1/3 -0.295 -0.606 -0.610 1/2 -0.419 -0.582 -0.602 1 +3.135 – – 3/4 -0.465 -0.561 – 2/3(b) -0.528 -0.633 -0.596 2/3(c) -0.499 – – 2/3(d) -0.327 – – 0 – -0.690 -0.655 with respect to a three-dimensional ice cluster. The reason is that the lateral lattice constant of the pseudomorphic Pd/Au(111) overlayer is too large compared to the water-water distance in ice. In order to find a stable water adlayer structure, larger surface unit cells have to be considered such as, e.g., √ 37 × √ 37 or √ 39 × √ 39, as in the case of water on Pt(111) [50, 51]. Since we are here mainly concerned with the influence of water on the hydrogen adsorption energies, we did not pursue this issue in more detail.

In the third and fourth column of table I, the hydrogen adsorption energies at the threefold hollow sites of Pd/Au(111) in the presence of different water adlayer structures are compared to the case of the clean surface (last line). The most important issue is that the change of the hydrogen adsorption energies for most water structure is below 100 meV. For the most stable water structure, the H-down bilayer, the changes are even below 60 meV which is about 10% of the atomic hydrogen adsorption energy. The reason for this small change is the relatively weak binding of water to Pd/Au(111) which does not significantly perturb the electronic structure of the substrate and thus does also not effect the hydrogensubstrate bond too much. Still, the polar water molecules induce an additional electric field at the surface. Apparently, these field effects only have a small influence on the hydrogen bonding. The slight modification of the hydrogen adsorption energies by the presence of a water adlayer suggests that theoretical studies of hydrogen adsorption on clean metal surfaces are also qualitatively and even semi-quantitatively meaningful for the specific hydrogen adsorption in electrochemistry.

IV. CONCLUSIONS

Extending previous studies of the hydrogen and CO adsorption on Pd/Au overlayer systems, we have calculated atomic hydrogen adsorption energies on Pd/Cu(111) and Cu/Pd(111). Due to the strong interaction between Pd and Cu, both overlayer systems show intermediate properties between clean Pd(111) and Cu(111). Still, the modification of the Pd/Cu(111) overlayer with respect to pure Pd(111) is more pronounced since adsorption energies show a stronger strain dependence on Pd than on Cu.

Furthermore, we have studied the influence of the presence of a water adlayer on the hydrogen adsorption energy on Pd/Au(111). The binding energy of hydrogen is reduced by less than 100 meV because of the relatively weak interaction of water with the Pd/Au(111) substrate. This suggests that hydrogen adsorption studies at the solid-vacuum interface are also relevant for the interpretation of specific hydrogen adsorption at the solid-liquid interface.

Acknowledgments

This work has been supported by the Deutsche Forschungsgemeinschaft through the priority programm SPP 1030. Useful discussions with R. Hiesgen, J. Meier, H. Kleine, K.A. Friedrich and U. Stimming are gratefully acknowledged.

[1] A. Schlapka, M. Lischka, A. Groß, U. Käsberger, and P. Jakob, Phys. Rev. Lett. 91 (2003) 016101.

[2] M. Abel, Y. Robach, and L. Porte, Surf. Sci. 498 (2002) 244.

[3] F. Maroun, F. Ozanam, O. M. Magnussen, and R. J.

Behm, Science 293 (2002) 1811. [4] F. Zaera, Surf. Sci. 500 (2002) 947. [5] D. M. Kolb, Surf. Sci. 500 (2002) 722.

[6] L. A. Kibler, M. Kleinert, and D. M. Kolb, Surf. Sci. 461 (2000) 155.

[7] M. Takahasi, Y. Hayashi, J. Mizuki, K. Tamura, T. Kondo, H. Naohara, and K. Uosaki, Surf. Sci. 461 (2000) 213.

[8] H. Naohara, S. Ye, and K. Uosaki, J. Electroanal. Chem.

500 (2001) 435.

[9] M. E. Quayum, S. Ye, and K. Uosaki, J. Eletroanal.

Chem. 520 (2002) 126.

[10] J. A. Meier, K. A. Friedrich, and U. Stimming, Faraday Discuss. 121 (2002) 365.

[11] M. Baldauf and D. M. Kolb, Electrochim. Acta 38 (1993) 2145.

[12] M. Baldauf and D. M. Kolb, J. Phys. Chem. 100 (1996) 11375.

[13] A. Roudgar and A. Groß, Phys. Rev. B 67 (2003) 033409.

[14] A. Roudgar and A. Groß, J. Electronal. Chem. 548 (2003) 121.

[15] B. Hammer and J. K. Nørskov, Nature 376 (1995) 238. [16] B. Hammer and J. K. Nørskov, Surf. Sci. 343 (1995) 211. [17] A. Roudgar and A. Groß, to be published. [18] F. Illas, N. López, J. M. Ricart, A. Clotet, J. C. Conesa, and M. Fernández-García, J. Phys. Chem. B 102 (1998) 8017.

[19] A. Groß, B. Hammer, M. Scheffler, and W. Brenig, Phys.

Rev. Lett. 73 (1994) 3121.

[20] A. Groß, S. Wilke, and M. Scheffler, Phys. Rev. Lett. 75 (1995) 2718.

[21] A. Groß, Surf. Sci. Rep. 32 (1998) 291. [22] G.-J. Kroes, Prog. Surf. Sci. 60 (1999) 1. [23] A. de Siervo, E. A. Soares, R. Landers, T. A. Fazan, J. Morais, and G. G. Kleiman, Surf. Sci. 504 (2002) 215.

[24] A. B. Aaen, E. Lægsgaard, A. V. Ruban, and I. Stensgaard, Surf. Sci. 408 (1998) 43.

[25] S. Sakong and A. Groß, Surf. Sci. 525 (2003) 107. [26] G. Kresse and J. Furthmüller, Phys. Rev. B 54 (1996) 11169.

[27] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J. Singh, and C. Fiolhais, Phys. Rev. B 46 (1992) 6671.

[28] D. Vanderbilt, Phys. Rev. B 41 (1990) 7892. [29] G. Kresse and J. Hafner, J. Phys.: Condens. Matter 6 (1994) 8245.

[30] P. E. Blöchl, Phys. Rev. B 50 (1994) 17953. [31] G. Kresse and D. Joubert, Phys. Rev. B 59 (1999) 1758. [32] H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13 (1976) 5188.

[33] M. Methfessel and A. T. Paxton, Phys. Rev. B 40 (1989) 3616.

[34] B. Hammer, O. H. Nielsen, and J. K. Nørskov, Catal.

Lett. 46 (1997) 31.

[35] V. Pallassana, M. Neurock, L. B. Hansen, B. Hammer, and J. K. Nørskov, Phys. Rev. B 60 (1999) 6146.

[36] A. Ruban, B. Hammer, P. Stoltze, H. L. Skriver, and J. K. Nørskov, J. Mol. Catal. A 115 (1997) 421.

[37] M. Mavrikakis, B. Hammer, and J. K. Nørskov, Phys.

Rev. Lett. 81 (1998) 2819.

[38] B. Hammer, Faraday Discuss. 110 (1998) 323. [39] P. K. Schmidt, K. Christmann, G. Kresse, J. Hafner, M. Lischka, and A. Groß, Phys. Rev. Lett. 87 (2001) 096103.

[40] M. Lischka and A. Groß, Phys. Rev. B 65 (2002) 075420. [41] N. Lopez and J. K. Nørskov, Surf. Sci. 477 (2001) 59. [42] G. Liu, T. P. St. Clair, and D. W. Goodman, J. Phys.

Chem. B 103 (1999) 8578.

[43] A. Cuesta, L. A. Kibler, and D. M. Kolb, J. Electroanal.

Chem. 466 (1999) 165.

[44] J. Okada, J. Inukai, and K. Itaya, Phys. Chem. Chem.

Phys. 3 (2001) 3297.

[45] S. K. Desai, V. Pallassana, and M. Neurock, J. Phys.

Chem. B 105 (2001) 9171.

[46] P. J. Feibelman, Science 295 (2002) 99. [47] D. Menzel, Science 295 (2002) 58.

[48] S. Meng, L. F. Xu, E. G. Wang, and S. W. Gao, Phys.

Rev. Lett. 89 (2002) 176104.

[49] P. J. Feibelman, Phys. Rev. Lett. 90 (2003) 186103. [50] P. J. Feibelman, Phys. Rev. Lett. 91 (2003) 059601. [51] S. Meng, L. F. Xu, E. G. Wang, and S. W. Gao, Phys.

Rev. Lett. 91 (2003) 059602.

[52] P. A. Thiel and T. E. Madey, Surf. Sci. Rep. 7 (1987) 211.