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Catalytic activation of a non-noble intermetallic surface through nanostructuration under hydrogenation conditions revealed by atomistic thermodynamics †

The unique electronic and crystallographic structure of intermetallics is known to result in excellent catalytic performances for selected chemical reactions. Moreover, owing to the specific bonding network of these compounds, a high structural stability of their surfaces is generally assumed, even under reaction conditions. Transition metal (TM = Fe, Co) aluminides of the Al 13 TM 4 stoichiometry have previously demonstrated high activities and selectivities in partial hydrogenation of alkynes and alkadienes. Focusing on the Al 13 Co 4 (100) surface as a model catalyst for butadiene hydrogenation, the hydrogen-rich reaction conditions are predicted -based on DFT calculations and atomistic thermodynamics -to modify the relatively flat surface structure identified under ultra-high vacuum, in the form of highly cohesive clusters emerging from the bulk lattice. Unlike the flat one, this termination presents favorable adsorption properties, able to make it catalytically active and fully selective to butenes. In addition, its contrasted catalytic behavior as compared to that of the reference Al 13 Fe 4 (010) surface -which is more active but less selective -is rationalized in terms of butadiene, butene and hydrogen co-adsorption properties. This work demonstrates that a realistic description of the surface structures under reaction conditions is mandatory to the design of new-generation catalysts based on the complex topology of intermetallic surfaces.

Introduction

Heterogeneous catalysis on intermetallic compounds represents a quickly growing field, which contributed to innovative breakthroughs in recent years. Several examples show the possible replacement of noble metal-based materials with noble metal-free intermetallics for selective hydrogenation reactions [1][2][3][4][5][6][7] . The catalytic performances of these compounds are ascribed to their stability, as well as their defined stoichiometries and ordered crystal structures. This leads to unique coordination geometries [8][9][10] , and to isolated active sites. The latter especially holds in the case of complex intermetallic compounds, a class of ordered alloys comprising quasicrystals, their approximants and other ordered compounds with large unit cells 11,12 .

The stabilization of intermetallics bulk crystal structures and stoichiometries, which constitutes a key advantage over transition metal alloys, is generally explained by electronic factors of various types (Mott-Jones mechanism [START_REF] Mott | The theory of the properties of metals and alloys[END_REF] , Zintl concept 14 , etc). This is assumed to lead to stable surfaces, even under reaction conditions 2,15,16 . However, investigations to probe a possible adsorbate-induced restructuring in the case of complex intermetallics surfaces under hydrogenation conditions, and its influence on the catalytic performances, have never been reported to our knowledge. With respect to simple metal/alloy catalysts that can already face surface reconstruction, segregation, roughning, or more macroscopic restructuring under reaction conditions 17 , additional phenomena are expected when dealing with complex intermetallic catalysts. In particular, their structural building blocks, i. e. highly symmetric clusters of a few tens of atoms 18 may influence their surface structure and related catalytic properties.

Al 13 TM 4 (TM = Fe, Co) complex intermetallic compounds have recently shown unexpected performances in the partial hydrogenation of alkynes 2,19 and alkadienes 4,20,21 . The bulk and surface structures of these compounds, considered as low scale prototypes of Al-based decagonal quasicrystals, have been extensively studied since several years [22][23][24][25][26][27][28][START_REF] Grin | o-Co 4 Al 13 , a Low-Scale Prototype of Complex Metallic Alloy, European Congress on Advanced Materials and Processes[END_REF][START_REF] Burkhardt | [END_REF][31][32] . A possible reaction path was identified by first principles calculations on the Al 13 Co 4 (100) surface, with energy barriers similar to the ones calculated for conventional Pd and Pd-Ag catalysts 33 . However, the starting point of this investigation was a surface model derived from a theoretical cleavage, which appears to be inconsistent with the experimental observations of the surface prepared by sputteringannealing under UHV [23][24][25] , and for which rather large barriers have been calculated 34 . Thus the question of the surface structure under catalytic hydrogenation conditions remained open.

On the basis of DFT calculations, reaction conditions are here shown to promote from the relatively flat Al 13 Co 4 (100) surface known under UHV, the emergence of bulk-like clusters at the surface. This surface termination is similar to that determined for Al 13 Fe 4 (010) under UHV.

Not only the surface atomic structure but also electronic effects associated with the nature of the transition metal are expected to influence the catalytic performances. A recent experimental investigation of the catalytic performances of quasi isostructural Al 13 Co 4 (100) and Al 13 Fe 4 (010) surfaces for butadiene partial hydrogenation has revealed that the initial butene-formation activity of Al 13 Fe 4 is 5-10 times higher than that of Al 13 Co 4 , while the selectivity to butene is maximum on the latter 21 . In the second step of this work, we rationalize the differences between these two systems, by determining their respective hydrogen adsorption and hydrogen-hydrocarbon co-adsorption properties under reaction conditions.

Models and Methods

Al 13 TM 4 (TM=Co, Fe) Bulk and Surface Structures

Al 13 Fe 4 crystallizes in the C2/m space group (No. 12, Pearson symbol mC102, fig. 1) 27 . So far, six phases from the Al 13 Co 4 family were reported with slightly different structures 35 . The crystal used in this study (o-Al 13 Co 4 ) is orthorhombic and crystallizes in the Pmn2 1 space group (No. 31, Pearson symbol oP102). It is known to be unstable at low temperatures, but stabilized at higher temperatures by the entropy of Al vacancy hopping and low frequency vibrational modes 36 . In the following, ideal structures with full atomic occupations are considered.

The bulk structures of Al 13 TM 4 compounds, considered as approximants to decagonal quasicrystals, are traditionally described as periodic piles of atomic planes perpendicularly to the pseudo 10-fold direction ([100] and [010] for Al 13 Co 4 and Al 13 Fe 4 , respectively), with pseudo-quasiperiodic in-plane atomic order. Like most intermetallic compounds 18 , they are also represented as a stacking of clusters, defined by geometric or electronic arguments [37][START_REF]Complex Metallic Alloys: Fundamentals and Applications[END_REF][START_REF] Chen | [END_REF][40] . This dual description leads to two typical models for the Al 13 Co 4 (100) and Al 13 Fe 4 (010) pseudo 10-fold surfaces, presented in Fig. 1. Their relative stabilities depend on the aluminum chemical potential 22 , i.e. on the exact composition of the single crystalline ingot used for the experiments (amount of vacancies, anti-sites, etc) 41,42 : a rather flat termination, truncating the cluster substructure, without protruding Co atoms (P flat model) in the Al-rich limit, or a nanostructured termination (P corr model), build from the preservation of the cluster building blocks at the surface, in relation to strong covalent interactions present in these compounds 22 , in the TM-rich limit. Other models may be meaningful as well, as suggested by Refs. [23][24][25][26] . We focus here on the two limit cases P flat and P corr , which are relevant for both systems. Besides being experimentally observed under UHV -P flat for Al 13 Co 4 (100) and P corr for Al 13 Fe 4 (010) -these models have been the bases of previous theoretical investigations of the Al 13 Co 4 (100) catalytic performances (P flat 34 and P corr 33 ). 

Computational details

All calculations are based on DFT and use the Vienna ab initio simulation package (VASP). Self-consistent Kohn Sham equations were solved by means of the projected-augmented wave (PAW) method 43 . Spin polarization was not taken into account, as it is not requested for such Al-rich compounds 34,36 . The electron exchange and correlation energies were described by the gen-eralized gradient approximation approach, using the standard semilocal functional (PBE) 44 , known to underestimate several parameters like the surface energy. The magnitude of underestimation has been shown to correlate with the extent to which the functional neglects van der Waals attraction at intermediate and long ranges 45 . Then, the DFT-D3 method 46 was used to include such effects. The plane-waves energy cut-off was set to 500 eV. Monkhorst-Pack meshes were used for the k-points sampling 47 (9×7×5 and 1×7×5 k-meshes for Al 13 TM 4 bulk systems and surfaces, respectively). For the bulk materials, this leads to structural parameters and cohesive energies in reasonable agreement with the experimental values (Tab. S1, Tab. 1) for both PBE and DFT-D3 functionals.

Thermodynamic model

Surfaces were modeled with 7-layer-thick symmetric slabs, separated by a void thickness (∼ 20 Å). Since the slab stoichiometries differ from those of their bulk, the surface energies are not given by the simple energy difference between slabs and corresponding bulks, as in the case of elemental metals, but involve the chemical potentials (µ Al , µ TM ) of the chemical species in the slab (section S1.3) 48,49 :

γ clean (µ Al ) = 1 2A E slab (N Al , N TM ) -µ Al N Al -µ TM N TM (1) 
where A is the area of the surface cell and E slab (N Al , N TM ) is the total energy of the slab, built with N Al Al and N TM TM species.

The chemical potentials of the species are related through the cohesive energy (E coh ) of the compounds (17E coh = 13µ Al + 4µ T M ). They are constrained in a range, i.e. 17 13 ∆H f ≤ µ Al -µ bulk Al ≤ 0 for Al, where ∆H f is the formation enthalpy of the complex phase.

Possible modifications of the surface structure under operating conditions (pressure P and temperature T ) have been investigated by calculating surface energies modified by adsorption 50-52 , i. e. γ cover (T, P, µ Al ) = γ clean (µ Al ) + γ ads (P, T ), where

γ ads (P, T ) = 1 A E ads (N Al , N TM , ∑ X n X ) -E slab (N Al , N TM ) -∑ X n X E X -k B T ln Z X + k B T ln P X k B T (2) 
In the previous equation, E ads (N Al , N TM , ∑ X n X ) is the total energy of the slab covered with the species, E X is the gas phase energies of X, where X ∈ {H 2 , C 4 H 6 , C 4 H 8 }, while 2n H 2 and n C 4 H x are the number of atomic hydrogen atoms and C 4 H x molecules adsorbed in one surface cell, respectively (x ∈ {6, 8}, n C 4 H x ∈ {0, 1}). We only considered the rotational (z X rot ) and modified translational (z X * trans ) contributions to the partition function: Z = z X * trans z X rot (Tab. S2). Here, we consider that all translation degrees of freedom for adsorbates are lost when adsorbed, and we do not consider configurational entropy. These contributions are assumed to be small 53 . 12.471 107.69 -0.30 28,55 Table 1 Cell parameters and formation enthalpies for bulk Al 13 TM 4 .
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Results and Discussion

Adsorption properties

To predict adsorption thermodynamics at reaction conditions, the first step consists in the determination of the energetically favorable adsorption structures and sites for H, C 4 H 6 and C 4 H 8 .

Atomic hydrogen

The atomic hydrogen adsorption properties of Al 13 Co 4 (100) (P flat model) have been detailed in a previous work within the PBE approximation 56 . The most stable sites are bridge sites (Tab. S3). Overall, the consideration of van der Waals effects leads to a slight stabilization of the adsorbates, by less than 10 meV/at. In all cases, the favorable adsorption sites are stabilized by the electronic donor character of cobalt atoms positioned in the subsurface layer (Co S-1 ) 56 . The potential energy surface of an hydrogen atom is very flat, giving rise to very easy atomic hydrogen diffusion, with barriers smaller than 0.3 eV (PBE functional) 34 .

The dissociative adsorption of H 2 has been shown to occur with a rather low barrier as well (0.59 eV 34 , PBE functional), even if this surface shows an Al-rich termination.

Only two TM atoms per surface cell protrude at the surface on the incomplete P layer (P corr model), each surrounded by a pentagonal arrangement of Al atoms. The vicinity of these protruding TM atoms provides favorable adsorption sites for atomic hydrogen (sites B3, H1 and H2, see Tab. 2), which result from H 2 dissociative adsorption on top of a TM atom. The barriers for such dissociations are calculated to be low (0.18 eV 33 for Al 13 Co 4 (100) and 0.06 eV for Al 13 Fe 4 (010), within the PBE approach). Another favorable site is the one on top of the under coordinated Al "glue atom" (sites T1 and T2). However, these surface Al atoms may desorb at high temperatures. In that case, hydrogen atoms may adsorb on the underlying TM atom, with a similar adsorption energy for Al 13 Fe 4 (010) (-0.50 eV within the PBE approach) and a slighly reduced one for Al 13 Co 4 (100) (-0.29 eV 33 , within the PBE approach). Similar trends are found with the DFT-D3 functional. One interesting result is related to the adsorption process occurring on the Al-Al bridge sites (B4), calculated to be exothermic on Al 13 Co 4 (100) and endothermic on Al 13 Fe 4 (010). For the semi-hydrogenation of acetylene on Al 13 Co 4 (100), this bridge adsorption site was found to be crucial to ensure the diffusion from the source of atomic hydrogen to the catalytically active site 33 . This raises the question of the transferability of the reaction path calculated on Al 13 Co 4 (100) to Al 13 Fe 4 (010), at least for the semihydrogenation of acetylene.

Only a few sites are found to be favorable for hydrogen adsorp- . The positive adsorption energy calculated with atomic hydrogen positioned in the subsurface (site T3) is consistent with the suppression of hydride formation already observed with these materials 2 . Again, the consideration of van der Waals interactions does not modify much the picture drawn using the PBE functional. The previous results are then used to build hydrogenated surface models with hydrogen coverages ranging from one to twelve hydrogen atoms per cell (5.6×10 -3 Å 2 to 6.7×10 -2 Å -2 , Figs. S1-S3). The complex energy landscape displayed by the pseudo 10fold surface leads to a non-monotonous character of the atomic hydrogen differential adsorption energies.

1,3-Butadiene and But-1-ene

Regardless the surface model, the trans configuration of butadiene is preferred (Tab. 3), the molecule-surface interaction occurring through π-bonds, di-σ -bonds or a combination of both types. On the P corr model, all considered adsorption sites involve protruding surface TM atoms and neighboring Al atoms. No adsorption sites were found in between the surface clusters, on the exposed part of the F-type layer. Only surface Al atoms are involved in the case of the P flat model.

The adsorption energies of butadiene calculated on Al 13 Co 4 (100) range from -0.76 eV to -1.06 eV within the PBE approach, and from -1.31 eV to -1.59 eV using the DFT-D3 functional, hence demonstrating the stabilizing effect of dispersion between the adsorbate and the substate. The energetic ordering between the optimal adsorption structures is globally kept from PBE to DFT-D3 functionals. The unsaturated molecule is more strongly adsorbed on Al 13 Fe 4 (010). The surface energy landscape is also found to be flatter, the range of butadiene adsorption energy differences being below 100 meV, using both the PBE and DFT-D3 functionals. The stronger adsorption of butadiene on Al 13 Fe 4 (010) than on Al 13 Co 4 (100), classically attributed to a decreased filling of the adsorbate-metal antibonding states, is indeed in agreement with Bader charge calculations (section S5) and the lower-energy d-band center in the former case: -1.41 eV for bulk Al 13 Fe 4 , -1.97 eV for bulk Al 13 Co 4 21 .

A few configurations are presented for butene on Al 13 Co 4 (100) and Al 13 Fe 4 (010) (Tab. 4). On the P corr model, the π configuration is the most favorable, whatever is the relative orientation of the molecule with respect to the surface. On the P flat model, the most stable configuration is found to be a di-σ configuration, the adsorption energy being rather similar to the one found for the π configutations on the P corr models 57,58 . In all cases, butene adsorption is found to be weaker than butadiene adsorption.

The adsorption of alkene molecules on TM-A binaries where A is a sp metal, generally only involves the TM surface atoms. It is the case for ethene on the pseudo 5-fold surface of GaPd 59 and AlPd 60 , as well as for ethene, butadiene and propene on Pt x Sn/Pt(111) [61][62][63][64] . The role played by surface Al atoms on the molecule-surface bonding has already been explored using acetylene on the Al 5 Co 2 (2 10) and Al 13 Co 4 (100) surfaces 33,56,65 . On the Al 13 TM 4 pseudo 10-fold surfaces, two factors may explain the role played by surface Al atoms in the bonding: the low coordination of Al atoms in the vicinity of protruding TM atoms, in the case of the P corr model, as well as the covalent-like character of Al-TM bonds.

Nanostructuration of Al 13 Co 4 (100) under reaction conditions

The butadiene hydrogenation reaction is known to follow a Horiuti-Polanyi-type mechanism 66 , which requires the presence of coadsorbed {butadiene+hydrogen} species. These adsorbates may induce modifications of the surface structure. This is questioned here in the case of Al 13 Co 4 (100), using the previous surface models and adsorption energies as inputs for the thermodynamic model introduced before.

Hydrogenated Al 13 Co 4 (100) surfaces

The stability phase diagrams of hydrogenated surfaces are drawn for three different pressures, simulating industrial catalysis (2 bar) 67 and UHV conditions (5 • 10 -10 mbar), as well as the reaction conditions of Ref. 21 (Fig. 2).

Under UHV, and for T = 300 K, the two surface models are calculated to be "clean", i.e. without any hydrogen atom adsorbed. Then, the hydrogen coverage increases progressively as the temperature decreases and the pressure increases. On the P flat model, the surface remains bare when P = 5 mbar and T = 300 K, within the PBE approach, while a slightly larger hydrogen coverage (2 H per surface cell) is found, with the same conditions, within the DFT-D3 approach. Overall, on the P corr model, the hydrogen coverage is found to be higher. For T = 300 K and P = 5 mbar, it reaches 2 and 6 atoms per surface cell, using the PBE and DFT- D3 functionals, respectively, and it increases up to 8-9 atoms per surface cell for P = 2 bar. In all cases, the corrugated surface model (P corr ) is the most stable one in the Co-rich limit while the flat surface model (P flat ) is the most stable one in the Al-rich limit. This is similar to what was found using standart DFT (T = 0, P = 0), and in agreement with experimental observations [23][24][25] . However, the reaction conditions quite significantly affect the region A P flat where the P flat model is more stable than the P corr model (γ P corr cover (P, T, µ Al ) ≥ γ P flat cover (P, T, µ Al ) and µ Al ≤ µ bulk Al ). Indeed, since atomic hydrogen adsorption is calculated to be more favorable on the P corr model, and since exothermic adsorption on solid surfaces contributes to reduce their surface energy, a narrowing of A P flat occurs as the pressure increases and the temperature decreases. Within the PBE approach, A P flat almost vanishes when P = 2 bar. Using the DFT-D3 approximation, A P flat extends to a wider range of chemical potentials.

Coadsorption {H+C 4 H 6 } on Al 13 Co 4 (100)

Atomic hydrogen and C 4 H 6 need to be simultaneously adsorbed on the surface for the hydrogenation reaction to occur according to the Langmuir-Hinshelwood mechanism 66 . We consider coadsorption with one butadiene molecule adsorbed per surface unit cell and a variable surface coverage of adsorbed hydrogen atoms (Figs S4-S5). The most stable isolated adsorption structure is considered for butadiene (configurations are shown in the SI) and the gas phase contains H 2 and C 4 H x (x ∈ {6, 8}) in the ratio 10:1 as in Ref. 21 (Fig. 3). Overall, the trends already observed for the hydrogenated surfaces are reproduced here. The optimal hydrogen coverage is however found lower, due to the steric hindrance caused by the presence of the adsorbed butadiene molecule. The consideration of van der Waals interactions does not affect the hydrogen coverage, but leads to a narrowing of the A P flat stability Fig. 3 Surface phase diagrams and optimal hydrogen coverages (number of hydrogen atoms in the surface cell) for Al 13 Co 4 (100) covered with butadiene and hydrogen within the PBE (upper left pannel) and DFT-D3 (other pannels). The red line corresponds to γ P corr cover (P, T, µ Al ) - γ P flat cover (P, T, µ Al ) = 0.

domain, similarly to the case of pure hydrogenated surfaces.

Catalytic activation of Al 13 Co 4 (100)

Our calculations suggest a nanostructuring of the surface under hydrogenation conditions, for intermediate values of the chemical potentials. For instance, the most stable hydrogenated surface model is the nanostructured P corr model (9 H at./surf. cell) when P > 5 mbar, ∆µ Al = -0.1 eV and T = 300 K, while it is the clean (non-hydrogenated) P flat model under ultra-high vacuum conditions. Co-adsorption does not change the previous picture. The hydrogen coverage value, as well as the stability domains of the P corr and P flat surface models in realistic temperature and pressure conditions are influenced by the choice of the functional. However, in all cases, the clusters already present in the bulk substructure are predicted to emerge at the surface under hydrogenation conditions, for intermediate values of the chemical potentials. Supplementary arguments are provided by the comparison of our theoretical results with experimental observations. At T = 300 K, even for P = 2 bar, no hydrogen atom is coadsorbed with butadiene on the P flat surface, which prevents any reaction. This conclusion is valid within both the PBE and DFT-D3 calculations. The P corr model is expected to be more reactive, with 6 hydrogen atoms coadsorbed when P > 5 mbar. Since the P flat surface model was identified under UHV conditions [23][24][25] , and Al 13 Co 4 (100) was experimentally proved to be active and selective 21 , our results predict an activation of Al 13 Co 4 (100) under reactive conditions.

Hydrogenation reaction: Al 13 Co 4 (100) vs. Al 13 Fe 4 (010)

The next step is the comparison of the adsorption energies of butadiene and butene, in operating conditions. We focus here on the P corr model only. Indeed, the P flat model has been found to be not reactive in the case of Al 13 Co 4 (100), no hydrogen atom being coadsorbed under hydrogenation conditions. In addition, it has never been observed experimentally for Al 13 Fe 4 (010).

Within the PBE approximation, the optimal hydrogen coverage is found identical for Al 13 Co 4 (100) and Al 13 Fe 4 (010) (6 at./surf. cell, Figs. 3, S6-S8). The corresponding butadiene and butene free enthalpies are shown in Fig. 4. A weak adsorption is calculated for butadiene on Al 13 Co 4 (100) at (P, T ) = (5 mbar, 383 K), as well as a spontaneous desorption of butene, without possible further hydrogenation. In contrast, a rather strong adsorption is calculated for both molecules on Al 13 Fe 4 (010): once the butadiene molecule has been hydrogenated, the butene product remains adsorbed on the surface and may be further hydrogenated. Our calculations at the thermodynamic level are consistent with experimental observations in the same (P,T) conditions, showing a selective partial hydrogenation of butadiene 21 : a close to 100% selectivity to butenes was found for Al 13 Co 4 (100), while a lower value (89% when averaged over the whole semihydrogenation period under batch conditions 20 ) was measured with Al 13 Fe 4 (010).

The previous picture is modified within the DFT-D3 approximation. Here, the optimal hydrogen coverage is calculated to be 6 and 8 hydrogen atoms per surface cell, on Al 13 Co 4 (100) and Al 13 Fe 4 (010), respectively (Figs. 3, S5 and S7). The corresponding butadiene and butene free enthalpies are shown in Fig. 5. The comparison with Fig. 4 reveals a shift of the adsorption by ca. 75 K, when considering identical hydrogen coverages. This does not impact our conclusions for Al 13 Fe 4 (010), the two molecule still being strongly adsorbed. Butene may also not desorb from Al 13 Co 4 (100), allowing further hydrogenation to butane. This behavior, obtained with chemisorbed butene resulting from the hydrogenation of the C=C fragment not bounded to the protruding surface Co atoms, is not consistent with the experimental observations. In contrast, the hydrogenation of the C=C fragment bounded to the protruding surface Co atoms lead to physisorbed butene, weakly coadsorbed on the surface. Here, the spontaneous desorption is predicted for T≃420 K, i.e only 37 K above the experimental temperature. On Al 13 Fe 4 (010), the hydrogenation of the C=C fragment bounded to the protruding surface Fe atom does not lead to physisorbed butene, but to diσ -butene (Tab. 4), rather strongly coadsorbed at the surface.

To summarize, the comparison of the alkene adsorption energies on Al 13 Co 4 (100) and Al 13 Fe 4 (010) show a clear difference between the Fe and Co centers, the stronger adsorption of butadiene on Al 13 Fe 4 (010) than on Al 13 Co 4 (100) being consistent with the higher activity of the Al 13 Fe 4 catalyst 21 . For both Al 13 Co 4 (100) and Al 13 Fe 4 (010) pseudo 10-fold surfaces, the hydrogenation reaction is calculated to be thermodynamically possible. However, the reaction path is expected to be different between the two compounds. This assumption relies on the different adsorption properties of these two surfaces, especially for atomic hydrogen -the B4 site, which has been identified as critical in the case of the semi-hydrogenation of acetylene on Al 13 Co 4 (100) 33 is not favorale on Al 13 Fe 4 (010) -and on the dissimilar butene adsorption modes on the two compounds, as well as the different butene distributions measured experimentally 21 .

Butadiene Butene

Fig. 4 Adsorption free enthalpies (in eV) for butadiene and butene on the pseudo 10-fold surface of the hydrogenated Al 13 TM 4 catalysts, within the PBE approach. Surfaces are covered with butadiene and hydrogen (1 C 4 H 6 molecule + 6 H atoms per surface cell). The reaction conditions of Ref. 21 (5 mbar, 383 K) are dotted, dashed and squared.

Conclusions

In this study, we rationalized the catalytic behavior of the Al 13 Co 4 (100) and Al 13 Fe 4 (010) surfaces towards butadiene partial hydrogenation. On the basis of surface phase diagrams determined through DFT calculations, we demonstrate that the (P,T ,µ Al ) conditions where the Al 13 Co 4 (100) dense Al-rich flat termination is the most stable narrows as the pressure increases and the temperature decreases. Moreover, based on catalytic experiments, the dense Al-rich flat termination of Al 13 Co 4 (100) is unlikely under hydrogenation conditions, the adsorption of C 4 H 6 inhibiting any further adsorption of hydrogen at the surface, which prevents butadiene hydrogenation. According to atomistic thermodynamics, the reaction conditions promote a nanostructured surface termination, in the form of highly cohesive clusters emerging from the bulk lattice. The comparison of butadiene and butene adsorption energies under thermodynamic conditions relevant to the reaction on Al 13 Co 4 (100) and Al 13 Fe 4 (010), using the same corrugated surface model, reveals different adsorption and coadsorption properties between the two compounds, thus suggesting different catalytic behaviors. On Al 13 Co 4 (100) and within the PBE approximation, butene is weakly adsorbed (making it prone to quickly desorb once formed), while it is strongly adsorbed on Al 13 Fe 4 (010). The consideration of the DFT-D3 approximation leads to qualitatively different results: butene may not desorb when chemisorbed through a π bonding involving the Co atoms protruding at the surface. A better agreement with the experimental observation is obtained with the hydrogenation of the C=C fragment adsorbed on the protruding Co atom. Our calculations thus suggest the attack of the π-bonded C=C fragment on the protruding Co atom first. Reaction conditions are also expected to influence the kinetics, for which further investigation is required. Experimental verification of the predicted nanostructuring requires in situ characterization (e.g. surface X-ray diffraction) to identify the actual working surface under gas pressure conditions. 

S2.3 -Average hydrogen adsorption energies

The progressive filling of less stable adsorption sites leads to a gradual decrease of the average adsorption energies per hydrogen atom (Fig. S3). In the case of the P flat model, the 
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 1 Fig. 1 Al 13 Fe 4 bulk structure (a, Henley-type clusters in gray) and surface models (b-d, top and side views) for Al 13 Fe 4 (010) and Al 13 Co 4 (100). Color code: topmost surface Al, Fe and Co atoms in blue, dark green and dark red, respectively; Al, Fe and Co atoms in light blue, green and orange, respectively.

Fig. 2

 2 Fig. 2 Surface phase diagrams and optimal hydrogen coverages (number of hydrogen atoms in the surface cell) for the hydrogenated Al 13 Co 4 (100) surface within the PBE (upper left pannel) and DFT-D3 (other pannels). The red line corresponds to γ P corr cover (P, T, µ Al ) - γ P flat cover (P, T, µ Al ) = 0.

Fig. 5

 5 Fig. 5 Adsorption free enthapies (in eV) for butadiene and butene on the pseudo 10-fold surface of the hydrogenated Al 13 TM 4 catalysts, within the DFT-D3 approach. Surfaces are covered with butadiene and hydrogen (1 C 4 H 6 molecule + n H atoms per surface cell, n = 6 for Al 13 Co 4 (100) and n = 8 for Al 13 Fe 4 (010)). The reaction conditions of Ref. 21 (5 mbar, 383 K) are squared. χ = chemisorbed; φ = physisorbed.

Figure S2 :

 S2 Figure S2: Surface structures considered for the investigation of the surface stability of the P flat model (Al 13 Co 4 (100)) as a function of the H 2 pressure and temperature. Color code: Al → lightblue, Co → dark blue.

  adsorption energies on the well separated sites B'1, B'2 and B'4 are very similar, leading to a small decrease in the adsorption energy as a function of hydrogen coverage. The decrease is much more pronounced in the case of the nanostructured surface (P corr model). In this case, we only considered adsorption on the pentagonal bi-pyramid clusters emerging at the surface (sites Ti with i ∈ {1, 2, 3} and Bj, with j ∈ {1, 2, 3} for Al 13 Fe 4 , and j ∈ {1, 2} for Al 13 Co 4 ).

Figure S3 :Figure S4 :Figure S5 :Figure S8 :

 S3S4S5S8 Figure S3: Average adsorption energy of hydrogen atoms per surface cell, as a function of the number of hydrogen atoms in the surface cell.

Table 2

 2 Atomic hydrogen adsorption energies (eV) calculated on the nanostructured surface model (P corr ).

tion on the exposed part of the Al 13 TM 4 F-type layer (P corr model). While the adsorption energies are calculated to be as high as on the topmost P-type layer (site B3), the types of favorable adsorption sites are quite distinct on the two Al 13 TM 4 surfaces: they are mostly Al-Fe bridge sites (B2, B3) on Al 13 Fe 4 (010), hydrogen atoms being located very close to the Fe atom (d H-Fe = 1.55 -1.57 Å), while a few Al-Al bridge sites (B8) are found to be favorable on Al 13 Co 4 (100)

Table 3

 3 Butadiene adsorption geometries (top and perspective views) and energies (eV).

	P corr	P flat	P corr	P corr

1-10 | 5 Al 13 Co 4 (100) Al 13 Co 4 (100) Al 13 Fe 4 (010) Al 13 Fe 4 (010)

Table 4 But

 4 

-1-ene adsorption energies (eV) on Al 13 Co 4 (100) and Al 13 Fe 4 (010)
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S1.3 Surface energy calculations

According to Ref., 8 the surface energy γ clean of an elemental metal can be calculated using the following method. We consider a solid with a finite number n of infinitely extended S4 planar atomic layers, and a slab of finite area A embedded in this solid. The slab has n layers, each with N ℓ atoms. The surface energy is given by

where E slab (n) is the total energy of the slab and E bulk is the energy per atom of the infinite bulk. The factor of 1 2 in this equation comes from the fact that the slab is bounded by two symmetric surfaces.

In the case of compounds, the stoichiometry of the slab is in general different from the one of the bulk. The surface energy is then determined as a function of the chemical potentials. 9 The chemical potential of species i (µ i ) is defined as the derivative of the Gibbs free enthalpy G for a given phase with respect to the number of particles i and fixed numbers of other particles {N j } apart from N i :

For condensed states, the Gibbs free enthalpy per particle can be taken as the total energy per atom calculated at T = 0 K, i.e. as the cohesive energy (E coh = the energy required to separate the elements into neutral atoms at T = 0 K and atmospheric pressure P ).

Indeed, the Gibbs free enthalpy G(T, P, N ) can be expressed using the Helmoltz free energy F (T, V, N ): G(T, P, N ) = F (T, V, N ) + P V . Under normal pressure (≃1 atm), the difference between the Helmholtz free energy F and the Gibbs free energy G (F -G = -P V ) is almost zero for a solid. In addition, the temperature-dependent term is assumed to be negligible, based on the argument that there is a partial cancellation of the T S term (S is the entropy) with the contributions of the lattice vibrations to the internal energies (3k B T N i ) , at least in the limit of the validity of the equipartition theorem.

In the case of a simple metal, the previous statements imply that the chemical potential is simply given by the cohesive energy. For exemple, the chemical potential for Al in bulk Al is

In the case of a compound, the chemical potential is given by the Gibbs phase S5 When compound surfaces are modeled by symmetric slabs, the surface energies are given by

where µ i and N i are the chemical potentials and number of atoms of type i in the slab. In the previous equation, the numerator can be understood as the difference between the total energy of the slab and the energy of the corresponding bulk with the same stoichiometry.