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Introduction

Surface alloys, and subsequently nanoalloys, have received much attention because of their applications in various fields such as metallurgy, magnetism, optics and catalysis [START_REF] Ferrando | Structure and Properties of Nanoalloys[END_REF][START_REF] Piccolo | Surface studies of catalysis by metals: nanosize and alloying effects[END_REF][START_REF] Lebedeva | [END_REF] . The mixing of two metallic elements in metallic layers or nanoalloys is expected to bring different properties from the pure materials and therefore new potential applications. In addition, by controlling metal composition and dimensionality, one can design customized materials. In the field of heterogeneous catalysis, it leads to an improvement of the performance in terms of activity, selectivity, and/or stability [START_REF] Piccolo | Surface studies of catalysis by metals: nanosize and alloying effects[END_REF] .

From the experimental viewpoint, bimetallic supported PdIr catalysts and their monometallic counterparts were evaluated for the oxidation of CO and the preferential oxidation of CO in the presence of hydrogen (PROX). Although Pd alone is an excellent CO oxidation catalyst, it is poorly selective to CO 2 in PROX. This has been previously ascribed to the formation of Pd hydride, which would favor the (undesirable) oxidation of hydrogen 4 . Ir alone exhibits low performance for both reactions. However, the PdIr catalysts appeared much more efficient than their Ir and Pd counterparts in PROX 5 . This synergistic effect has been correlated to Ir-induced inhibition of hydrogen absorption in Pd through nanoalloying 6 . Indeed, the nano-alloying of Pd with elements miscible (e.g. Co, Ni, Cu, Au, Ag) or immiscible (e.g. Ir, Pt, Rh, Ru) in the bulk state leads to changes in its hydrogen absorption properties (absorption capacity, diffusion rate, hydride formation, etc.) [7][8][9] . In the case of Ir-Pd nanoalloys, the pressurecomposition isotherms showed a much smaller hydrogen sorption capacity as compared to Ir and Pd counterparts. Moreover, unlike Pd nanoparticles, PdIr nanoalloys do not form a β -hydride phase. Consistently with previous TEM-EDX analyzes which have suggested a surface enrichment in Pd 6 , computational simulations for small clusters 10 and 2 nm-sized particles 11 predict various chemical configurations mostly driven by a strong surface segregation of Pd and the large miscibility gap of bulk PdIr, which has profound consequences on surface reactivity 12,13 .

From the single theoretical viewpoint, the surface reactivity studies (involving hydrogen) on PdIr based systems are very scarce, unlike for pure Pd [14][15][16][17][18] and for some Pd-based bimetallics surfaces or nanoparticles [19][20][21][22][23][24] . In this context, until now, the most advanced work on PdIr is based on DFT calculations performed on small clusters containing 13 to 79 atoms. Both structural and adsorption studies have been carried out, the latter involving benzene, hydrogen and carbon monoxide molecules 10,12,13 . Although these studies show some nanosize effects both on the atomic structure and the reactivity, larger size nanoparticles are hardly handleable within first-principle calculations. A first approach to fill the gap towards larger-size systems remains to start with bimetallic surface models.

In this work, calculations of hydrogen sorption properties were performed in order to determine the physical origin of the differences between pure Pd and Pd interacting with an Ir substrate, through an accurate local analysis of the hydrogen bonding properties. Consistently with the strong surface segregation of Pd in PdIr systems, the calculations are made for an Ir substrate covered by an atomic overlayer of Pd which, apart from its fundamental interest, can be considered to mimic the extended facets of large core-shell nanoparticles. It is worth mentioning that one other interest of the PdIr system is the absence of strain effect, since the constituent elements present a negligible size mismatch. This enables us to explore the so-called ligand effect, coming from the heterometallic interactions between the surface layer and the substrate, independently from the strain effect. Consequently, the present results remain qualitatively valid for other couples of bulk-immiscible elements with similar lattice parameters.

Methodology

2.1 Use of the density functional theory with the SIESTA method SIESTA 25 is a widely used method to perform standard selfconsistent Kohn-Sham DFT electronic structure calculations on molecules and solids. Its efficiency is tightly related to the use of localized basis sets (Numerical Atomic Orbitals: NAO). It can be used with a wide variety of exchange-correlation functionals (including the well-known and widely used GGA-PBE, as in the present work). Practical implementation of DFT calculations with SIESTA requires some particular choices including exchange correlation functional, basis set, and pseudopotentials which are used to describe the effects of the core (i.e. non-valence) electrons of an atom and its nucleus. In our case, the latter are normconserving, improved Troullier-Martins pseudopotentials 26 with core corrections, factorized in the Kleinman-Bylander form 27 including scalar-relativistic effects. Pseudopotentials were generated using the program ATOM 28 developed by A. Garcia et al.. Basis sets, describing the valence electrons, are numerical localized atomic-orbital sets. We used a split-valence double-zeta basis with polarization (DZP) for all the atoms of the systems. Two main relevant quantities in SIESTA are the k-grid cutoff and the mesh cutoff. The first one governs the fineness of the k-grid used for Brillouin zone sampling. The second one corresponds to the fineness of the real-space grid on which the Poisson equation is solved. In this work we took 17 Å for the k-grid cutoff and 200 Ry for the mesh cutoff. Finally, atomic positions were systematically fully relaxed, using the conjugate gradient (CG) minimization method. The method, within these settings has been used successfully for hydrogen adsorption/absorption on/in Pd-based systems 22,[START_REF] López-Corral | [END_REF] . Adsorption or absorption energy of H, on a surface layer or in a subsurface layer of a metal M is evaluated from total energies relatively to the hydrogen molecule:

E ads,abs = E slab (MH) -E slab (M) - 1 2 E(H 2 ) (1) 
where the first term corresponds to the relaxed system (Pd or Pd/Ir slab) + an hydrogen atom at a stable adsorption or absorption site (M= metal; H=hydrogen). The second term is the total energy of the relaxed bare slab. The last term corresponds to half the energy of a hydrogen molecule in the vacuum.

2.2 Pd/Ir(100) and Pd/Ir(111) systems of layers: selected geometries for H sorption We chose to study the extended (100) and (111) model surface systems, constituted either by pure Pd and Ir slabs or by an underneath substrate of Ir further covered by a surface atomic layer of Pd. For DFT calculations, we used the supercell model including a slab and a large enough region of vacuum. These surfaces can also be considered as representative of the main facets of a large FCC nanoparticle. The slab in the supercell is infinite and periodic in the directions parallel to the surface, but finite in the direction perpendicular to the surface. The vacuum spacing should be large enough to avoid surfaces of consecutive slabs affecting each other. The calculated total energy of a 12-layers slab of Pd(111) with a 2nm thick region of vacuum chosen after checking that the total energy variation is less than 1 meV with regard to the same system with a very thick vacuum region of 4 nm. Then, the slab itself should be thick enough to avoid any interaction between the two surfaces of one slab. This normally also ensures that the middle layer of the slab exhibits bulk-like properties and that the charge distribution at the surface is not affected by the thinness of the supercell. With 4 atoms per layer, 12 layers were considered so that calculations were still easily manageable to perform fully relaxed calculations. It is worth mentioning that the negligible atomic size mismatch between Pd and Ir ensures the correctness of simulating the Pd overlayer in total registry (pseudomorphy) with the Ir substrate. In this configuration, one atom of H adsorbed at the surfaces leads to a nominal coverage of 0.25 ML. In the present study, we aim at elucidating characteristics of sorption properties at low hydrogen coverage including, in particular, electronic structure features, so that further investigations as a function of hydrogen coverage would be the next step of the work.

Results

Energetics of hydrogen sorption

We have calculated the sorption energy of a single hydrogen atom at the different possible sites on the (111) and (100) surfaces of Pd and Pd/Ir systems including subsurface sites (let us recall here that in the used slab configuration, the nominal H coverage is 0.25 ML). These sites, according to the FCC materials symmetry are well defined: threefold hollow FCC and HCP, twofold bridge, top and subsurface interstitial tetrahedral or octahedral (under hollow sites) for (111) surface, hollow (four-fold), bridge, top and subsurface octahedral (O h , under top sites) or tetrahedral (T d , under bridge) sites for (100) surfaces. The geometric configurations of the systems (slabs + interacting hydrogen atom) are represented in Fig. 1. The hydrogen sorption energies, determined from DFT calculations and using eq. 1, are summarized in Fig. 2. The numerical values are given in the tables of the supplementary information section. From eq. 1, a negative adsorption energy corresponds to a stable state compared to free hydrogen molecules. The fact that hydrogen adsorption in Pd has been widely studied provides here a good verification test of the relevance of the present calculations within the SIESTA method, since the main characteristics as found in the literature are well reproduced. Briefly, on (100) surfaces, hollow sites are the most stable ones and one-fold coordinated on-top sites are very unstable (positive sign). Absorption at subsurface octahedral and tetrahedral sites is rather stable since the associated energies show a negative sign and values comparable to adsorption ones.

On (111) surfaces, we can make the same ascertainments on the relevance of our results compared to the literature. The present results for H/Pd(111) are well consistent with previous reference studies 14,15,20 . The favored sites are the three-fold coordinated FCC and HCP and the least stable the one-fold coordinated top ones (positive adsorption energy in our case). Again, subsurface sites are rather stable and, with negative values of the absorption energy, are competing with adsorption sites.

One particularity was also reproduced in our study, already mentioned by Qi et al. 17 : upon geometry optimization, the hydrogen could stabilize its position in all tested sites except for the bridge one from which hydrogen spontaneously transfers to FCC site without diffusion energy barrier during the relaxation process (therefore the energy reported in Fig. 2 is the one obtained with z optimization only). In summary, for Pd surfaces, consistently with previous works, chemisorption at surface hollow sites is the most stable but subsurface sites are also rather stable (negative sign) in agreement with the tendency to form hydrides in bulk Pd. While hydrogen chemisorption on Pd surfaces has been widely investigated, interaction of hydrogen with Ir surfaces has been the subject of only few theoretical studies 20,[30][31][32] . Based on these works and our results presented in Fig. 2, we can make some assessments on the differences between Pd and Ir surfaces upon hydrogen sorption. A common feature is that subsurface sorption is by far less stable than in the case of Pd, which in our case can be seen by the sign change between subsurface sorption in Pd (negative) and Ir (positive). The high values of energies at subsurface sites can be related to the absence of hydride formation in bulk Ir, conversely to bulk Pd materials. There are also some differences between H chemisorption on the Pd and Ir surfaces. The main ones are the competition between hollow and bridge site on Ir(100) slightly favoring bridge sites. Concerning the Ir(111) surfaces the previous studies 20, [30][31][32] have a common finding that on-top position is the most favorable position for hydrogen adsorption. In the present study, within SIESTA calculations, it is indeed found that with regards to Pd, on-top position is more stable and adsorption energy has a negative value getting much closer to the other positions from an energy point of view. However,in our results, there is no change in the sequence of favored surface sites adsorption with regards to Pd with: E f cc < E hcp < E bridge < E top . Going to mixed systems, constituted by a Pd overlayer onto (100) and (111) Ir slabs, one can deduce how the previous properties are combined. The presence of Ir under Pd leads to a moderate weakening of the adsorption onto Pd (see Fig. 2). In return, because of the underneath slab of Ir, sorption at subsurface sites is strongly weakened. In other words, the Pd on top of Ir dictates the adsorption geometry and strength of H chemisorption, the latter being however somewhat weakened. Moreover, subsurface Ir leads to destabilization of H absorption.

Finally, the process of H penetration (i.e. diffusion to the subsurface) can be inferred in a simple approach by determining the potential energy curve for a displacement of H perpendicularly to the surface while embedding it progressively in the subsurface region starting from the stable surface hollow sites. In this procedure, the z coordinate of the penetrating H atom is fixed and the system is left free to relax in the (x, y) plane. The results, are reported in Table 1, together with some values of the literature for pure Pd (in the same hydrogen coverage conditions). It is worth noticing that most of the values found in the literature are for the (111) surface of Pd.

Going from pure Pd to Pd/Ir, the resulting activation energies increase. Even if the increase is not drastic, it supports the hypothesis of a destabilization of H penetration in Pd subsurface when Ir is used as an underneath slab.

Detailed bonding characteristics

Many adsorption studies are limited to the energetics stage, although an actual control of the reactivity of such material requires a comprehensive study at the electronic structure level to identify the origin of changes in the bonding properties. To this aim, we have extracted from the calculations the projected densities of states (PDOS) at particular sites and orbitals of pure surfaces, mixed ones and finally for the systems with chemisorbed hydrogen.

Then we have also extracted the Crystal Orbital Overlap Population (COOP) curves which are a representation of the densities of states n(E) weighted by the overlap population in the wave function at energy E between two atomic orbitals or two atoms 14,[START_REF] Dronskowski | Computational Chemistry of Solid State Materials[END_REF] . In this representation, one is able to decompose the interaction in bonding (positive values of the curve), anti-bonding (negative values of the curve) and non-bonding (zero values) regions. The integral of a COOP curve up to the fermi level (E f ) gives then a good insight in the bonding strength evolution of the considered interaction.

It is worth noticing that, in the following, we only consider the case of (100) surfaces but we have verified that the conclusions of this part hold for (111) surfaces. In the analysis of the d-PDOS (local d partial density of states) at the Pd and Ir atomic sites of the surfaces of pure Pd and Ir slabs and of Pd covering Ir slabs, the location of the d-band center is supposed to give already some indications on the further interaction with adsorbed hydrogen 19,[START_REF] Hammer | [END_REF] . Thus, in Fig. 3 are represented the d-PDOS for such sites (left) and also for underneath Pd or Ir atomic sites in contact with surface atoms (right). In the latter case, the PDOS at the subsurface site of a pure Ir slab is also represented. The d-band center is marked by vertical lines. Going from Pd(100) to Pd/Ir(100) the d-band center at the surface is shifted towards lower energies by 0.34eV , which suggests the weakening of further adsorption of hydrogen atoms following the so-called d-band position criterion of B. Hammer et al. [START_REF] Hammer | [END_REF] . Moreover, it is consistent with the energetics study of the preceding section. The width and the detailed structure of the band are only very slightly perturbed and n(E F ) nearly unchanged, indicating a moderate modification of chemisorption properties when covering an Ir(100) substrate with a Pd monolayer, as compared to pure Pd systems, which is again consistent with the energetics study. The same remark holds for subsurface sorption, going from pure Ir and Ir covered by Pd, with a d-band shift even lower (-0.07eV ), which confirms that sorption properties at the interface are dictated by Ir electronic structure.

Projected densities of states: PDOS -Systems before sorption

-H adsorption at (100) surfaces of Pd(100) and Pd/Ir(100) Fig. 4 shows the DOS projected onto the sp, d-bands of the metallic (100) surface site in contact with H, and to the H 1s state, in the case of the stable hollow adsorption site. In this Table 1 Activation energy (eV) deduced from the potential energy curve of an H atom penetrating into the subsurface region from hollow sites on Pd. ∆E(sur f . -→ subsur f .) Pd(100) Pd/Ir(100) Pd(111) Pd/Ir(111) Present work 0.36 0.50 0.31 0.37 Ref. [33] 0.41 0.40 Ref. [34] 0.40 Ref. [24] 0.32 Fig. 5 shows the DOS projected onto the sp, d-bands of the metallic (100) surface and subsurface sites in contact with H, and to the H 1s state, in the case of the stable subsurface O h site. The gap between the d-band metallic state and the split-off state is again increased which is due to the increase in coordination 14 . The increase is even larger when the surface Pd layer is supported by an Ir substrate (see Fig. 5.a,d). It is worth mentioning that the width of the gap alone is not a quantity enough relevant to conclude on the hierarchy of the relative stability between the different sites. In particular, any assessment from a simple coordination argument may be misleading. Again here, it can be seen that the sp contribution to the bonding overlapping between Pd and H orbital(s) is not negligible (Fig. 5.b,e,c,f).

Finally, it is useful to go beyond the LDOS analysis and introduce the approach of COOP curves, which are more directly related to the bond strength.

COOP analysis -H adsorbed at stable hollow surface sites

The COOP H-Pd bonding curves (and their integrals) for H adsorbed at the (100) surface of a pure Pd slab and at the overlayer of Pd supported by an Ir(100) slab, in the stable hollow fourfold site, are represented in Fig. 6. As already mentioned, the split-off state contains most of the bonding effect between metal atoms and H, leading to a first high plateau at low energy in the integrated COOPs. Then after this first plateau, bonding states are still present and contribute to the further increase of the integrated COOP, though to a lower extent. Overall, there is no significant differences between both cases, which shows again that H-Pd bonding at the surface is not strongly affected by the presence of an underneath Ir slab. -H absorbed at stable subsurface sites for an overlayer of Pd on an Ir(100) slab

The COOP curves and their integrals over energy are represented in Fig. 7. First, in any case the interaction of H with a surface nearest metallic neighbor leads to a noticeable increase in the integrated curve after the split-off state contribution, independently of the chemical nature of the surrounding atoms. This large increase can therefore be attributed to an electronic surface effect where the bond of H to a metal surface atom compensates the reduced bonding of the involved surface atom.

Then, in the pure Pd or Ir, H interaction with the atoms of the subsurface layer, the most important bonding effect still comes from the split-off peak at low energy. In the case of Pd, after first resulting plateau, the integrated COOP slightly decreases because of small anti-bonding states present in the valence band. These anti-bonding effects are more marked in the case of Ir, leading to a much deeper decrease of the integrated COOP. One consequence is that, at the Fermi level, the value of the orbital overlapping is lower for H-Ir than for H-Pd, which indicates a weaker bonding in the former case, in agreement with the tendency of Pd only to form a hydride in the bulk. The decomposition of the integrated COOP curves into the different orbital contributions shows the most striking difference between Pd and Ir (see Fig. 8). It is related to a strong anti-bonding character in the 1s-H/5p-Ir interaction, leading to a non-bonding character of the overall sp-Ir interaction with hydrogen, so that going from pure Pd to an environment progressively richer in Ir weakens the overall metal-hydrogen interaction. Conversely, in all pure Pd systems, the 1s-H/sp-Pd has always an important bonding character, which is of the same order of magnitude as the 1s-H/d-Pd interaction. Finally, let us examine subsurface bonding within the COOP curves taken at the interface of the Pd overlayer and the Ir substrate in the Pd/Ir(100) configuration (Fig. 7). H-(Pd,Ir) curves are rather similar to the case of H-Ir at the subsurface site in the pure Ir slab. In the decomposed integrated curves (Fig. 8), one recognizes the important anti-bonding 1s-H/p-Ir part in the valence band at the origin of the deeper decrease in the COOP integral than in Pd, causing the weakening of the H bonding in presence of Ir.

Conclusion

Using the strong segregation effect in the PdIr system one is able to retain adsorption properties for surface reactions while preventing hydrogen penetration, which can be detrimental to catalytic performances (as in CO-PROX). As an actual control of the reactivity of such material requires a comprehensive study at the electronic structure level to identify the origin of the changes in H bonding properties, we have successively determined and examined the PDOS and COOP curves obtained from DFT calculations. The PDOS on atomic sites of bare systems (without H) were analyzed according to the so-called d-band theory, and corroborate the results of adsorption energetics. The COOP curves show that the main difference between Pd and Ir with respect to H sorption relates to a strong anti-bonding character of the 1s-H/5p-Ir interaction, leading to a non-bonding character of the sp-Ir interaction with hydrogen. Thus, going from pure Pd to an environment progressively richer in Ir increases the anti-bonding contribution, which in turns weakens the overall metal-hydrogen interaction. Conversely,in pure Pd systems, the 1s-H/sp-Pd has always an important bonding character, of the same order of magnitude as 1s-H/d-Pd interaction.

Beyond the PdIr system, the present work shows that an interesting route for designing bimetallic nanocatalysts is to cover a core metal having low affinity with hydrogen (e.g. Ir) with a shell of highly reactive metal (e.g. Pd). The stability of the so-built material is better ensured if the chosen bi-metal has strong surface segregation properties and presents a miscibility gap in the bulk. The theoretical determination of electronic structure features (including d and sp states of the metals) provides a further complementary tool to quantify the evolution of the relative bond strength in the material under gas exposure.
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Fig. 1

 1 Fig. 1 Models for the geometric configurations of the system (metal slab + interacting hydrogen). The main sites for adsorption on (111) and (100) are represented in the upper images (ball representation) and the main sites for absorption in the first subsurface layer are represented in the lower images (ball and sticks representation). White ball: hydrogen atom; pink balls: metal atoms. T d : tetrahedral site; O h : octahedral site.

Fig. 2

 2 Fig.2Summarize of the hydrogen sorption energies for each considered system (see Fig.1). The horizontal line at x = 0 separates the region of unstable positions (positive energies) from the region of stable ones (negative energies). Filled symbols linked by solid lines correspond to sorption at (100) surfaces. Empty symbols linked by dashed lines correspond to sorption at (111) surfaces.

Fig. 3

 3 Fig. 3 Projected density of states (d-PDOS). Left: Pd(100) and Pd/Ir(100) hollow surface sites. Right: Ir subsurface octahedral sites in Ir(100) oriented slab vs Pd/Ir(100) slab; The vertical lines correspond to the d-band center of gravity.

Fig. 4

 4 Fig. 4 Projected Densities of States (PDOS) onto Pd and Ir atomic sites in contact H. H adsorption at hollow 4-fold (4F) sites on Pd(100) surface (left) and on Pd/Ir(100) surface (right).

Fig. 5

 5 Fig. 5 Projected Densities of States (PDOS) onto subsurface Pd, Ir and H atomic sites and and their decomposition into sp and d orbital contributions. for H absorption at subsurface octahedral (O h ) sites. Left: pure Pd system with a Pd(100) surface. Right: system with a layer of Pd covering an Ir(100) surface.

Fig. 6

 6 Fig. 6 COOP (black line) and integrated COOP (red line). H-Pd bonding in the case of H adsorption at surface four-fold hollow sites. Left: pure Pd system with a Pd(100) surface. Right: system with a layer of Pd covering an Ir(100) surface.

Fig. 7

 7 Fig.7COOP curves (solid lines) and their integrals (dashed lines) for bonding of H with Pd and Ir, the H atom being in the stable octahedral subsurface position. The left panel is related to the bonding of H with a surface metal atom and the right one to the bonding of H with a subsurface metal atom. The ball model in inset shows the considered configuration with red balls for Ir and blue balls for Pd. H is represented by a small yellow ball. The considered metal atom for the COOP determination is marked with a number: 1 for a surface atom and 2 for underneath atom.

Fig. 8

 8 Fig. 8 Integrated COOP curves for bonding of H with Pd and Ir, the H atom being in the stable subsurface octahedral position: decomposition into s, p and d orbitals. The left panel is related to the bonding of H with a surface metal atom and the right one to the bonding of H with a subsurface metal atom. The ball model in inset shows the considered configuration with red balls for Ir and blue balls for Pd. H is represented by a small yellow ball. The considered metal atom for the COOP determination is marked with a number: 1 for a surface atom and 2 for underneath atom.
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