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Introduction

During the last two decades wet-chemistry methods have accomplished considerable progress in the synthesis of metal nanoparticles (NPs) with controlled morphology, structure and surface chemistry. These NPs present a great potential for applications in the field of catalysis, which can exploit not only their high surface/volume ratio but also their structural characteristics, [START_REF] An | Size and Shape Control of Metal Nanoparticles for Reaction Selectivity in Catalysis[END_REF][START_REF] Cargnello | Colloidal Nanocrystals as Building Blocks for Well-Defined Heterogeneous Catalysts[END_REF][START_REF] Pal | Faceted metal and metal oxide nanoparticles: design, fabrication and catalysis[END_REF][START_REF] Zaera | Nanostructured materials for applications in heterogeneous catalysis[END_REF][START_REF] Sharma | Preparation and catalytic applications of nanomaterials: a review[END_REF] or in nanotechnology, which can benefit from the original properties at the nanoscale. [START_REF] Xia | Shape-Controlled Synthesis of Metal Nanocrystals: Simple Chemistry Meets Complex Physics?[END_REF] Besides the size control of isotropic or compact polyhedral particles, which are usually generated as a result of the surface energy minimization, more complex and unusual shapes such as metal ultrathin metal nanosheets, [START_REF] Chen | Two-Dimensional Metal Nanomaterials: Synthesis, Properties, and Applications[END_REF][START_REF] Pei | Recent progress in the synthesis and applications of 2D metal nanosheets[END_REF] nanocages, [START_REF] Zhao | Synthesis of Ru Icosahedral Nanocages with a Face-Centered-Cubic Structure and Evaluation of Their Catalytic Properties[END_REF] stars [START_REF] Kumar | High-yield synthesis and optical response of gold nanostars[END_REF][START_REF] Liakakos | The Big Impact of a Small Detail: Cobalt Nanocrystal Polymorphism as a Result of Precursor Addition Rate during Stock Solution Preparation[END_REF][START_REF] Camargo | Platinum tripods as nanometric frequency multiplexing devices[END_REF] and highly branched particles, [START_REF] Lacroix | Tuning Complex Shapes in Platinum Nanoparticles: From Cubic Dendrites to Fivefold Stars[END_REF] are targeted for their original physical properties or peculiar chemical reactivity. For instance, free-standing ultrathin metal nanosheets have recently attracted attention in the domain of catalysis as they represent an efficient strategy toward high catalytic performances and cost-efficiency, due to their ultrahigh surface area and efficient utilization of metal active sites. [START_REF] Huang | Freestanding palladium nanosheets with plasmonic and catalytic properties[END_REF][START_REF] Luo | Ultrathin twodimensional metallic nanocrystals for renewable energy electrocatalysis[END_REF] Among the metal NPs of the platinum group, as described in recent reviews, [START_REF] Axet | Catalysis with Colloidal Ruthenium Nanoparticles[END_REF][START_REF] Zhao | Crystal-phase and surface structure engineering of ruthenium nanocrystals[END_REF] ruthenium NPs prepared by colloidal chemistry find a wide range of applications such as reduction or oxidation, Fischer-Tropsch synthesis and hydrogen production through amine borane dehydrogenation [START_REF] Alyami | Synthesis and Characterization of Branched fcc/hcp Ruthenium Nanostructures and Their Catalytic Activity in Ammonia Borane Hydrolysis[END_REF] or water-splitting reactions. [START_REF] Kong | Free-Standing Two-Dimensional Ru Nanosheets with High Activity toward Water Splitting[END_REF] Despite all efforts to find alternative materials, ruthenium is still the best catalyst for H2 production via ammonia decomposition. [START_REF] Bell | H2 Production via Ammonia Decomposition Using Non-Noble Metal Catalysts: A Review[END_REF] Ruthenium NPs find also applications in electrode materials. [START_REF] Shu | Highly reversible Li-O2 battery induced by modulating local electronic structure via synergistic interfacial interaction between ruthenium nanoparticles and hierarchically porous carbon[END_REF] The physical and chemical properties of colloidal metal NPs strongly depend on the NP size, shape, structural properties and electronic structure. Size-controlled ruthenium NPs have been synthesized by different methods such as the organometallic route [START_REF] Martinez-Prieto | Organometallic Ruthenium Nanoparticles: Synthesis, Surface Chemistry, and Insights into Ligand Coordination[END_REF][START_REF] Pan | Ligand-Stabilized Ruthenium Nanoparticles: Synthesis, Organization, and Dynamics[END_REF] or the polyol process. [START_REF] Yan | Size control of polymer-stabilized ruthenium nanoparticles by polyol reduction[END_REF][START_REF] Viau | Ruthenium Nanoparticles : Size, Shape and Self-Assemblies[END_REF][START_REF] Joo | Size Effect of Ruthenium Nanoparticles in Catalytic Carbon Monoxide Oxidation[END_REF] These methods were very useful to control the particle size of isotropic particles with very narrow size distribution. Among them, the organometallic approach for the synthesis of Ru NPs has proven to be particularly efficient in the control of the surface chemistry through ligand exchange, [START_REF] Martinez-Prieto | Organometallic Ruthenium Nanoparticles: Synthesis, Surface Chemistry, and Insights into Ligand Coordination[END_REF][START_REF] Tschan | Ruthenium Metal Nanoparticles in Hydrogenation: Influence of Phosphorus-Ligands[END_REF] enabling high activity and selectivity in C-H acKvaKon and H-D exchange. [START_REF] Martinez-Prieto | Organometallic Ruthenium Nanoparticles: Synthesis, Surface Chemistry, and Insights into Ligand Coordination[END_REF] The shape control of metal nanoparticles synthesized by wet-chemistry methods, particularly studied for metal NPs that crystallize in the cubic structure such as platinum, [START_REF] Lee | Morphological Control of Catalytically Active Platinum Nanocrystals[END_REF][START_REF] Wang | A General Approach to the Size-and Shape-Controlled Synthesis of Platinum Nanoparticles and Their Catalytic Reduction of Oxygen[END_REF] relies on the surface chemistry of the NPs. In the case of ruthenium, most of the reactions lead to isotropic particles that crystallize in the hexagonal close packed (hcp) structure. [START_REF] Martinez-Prieto | Organometallic Ruthenium Nanoparticles: Synthesis, Surface Chemistry, and Insights into Ligand Coordination[END_REF][START_REF] Bedford | 3D Structure of Nanosize Catalysts by High-Energy XRD and RMC Simulations: Study of Ru[END_REF] A recent review on Ru NPs illustrates the fact that the shape control has been less explored for Ru than for other metals. [START_REF] Chen | Shape-controlled synthesis of ruthenium nanocrystals and their catalytic applications[END_REF] Only a few methods producing anisotropic Ru NPs have been described so far. Hour-glass like NPs were obtained by reduction of ruthenium(II) acetylacetonate in oleylamine. [START_REF] Watt | Shape Control from Thermodynamic Growth Conditions: The Case of hcp Ruthenium Hourglass Nanocrystals[END_REF] Ultrathin triangular platelets and capped-columns were synthesized by reduction of RuCl3.xH2O under hydrothermal conditions in solutions of formaldehyde containing PVP and/or sodium oxalate in various concentrations. [START_REF] Yin | Ru Nanocrystals with Shape-Dependent Surface-Enhanced Raman Spectra and Catalytic Properties: Controlled Synthesis and DFT Calculations[END_REF] Ultrathin hcp Ru nanosheets were obtained by a solvothermal method in the presence of isopropanol and urea. [START_REF] Kong | Free-Standing Two-Dimensional Ru Nanosheets with High Activity toward Water Splitting[END_REF] Branched ruthenium particles were obtained by decomposition of Ru3(CO)12 in toluene at 160 °C under hydrogen atmosphere in the presence of a mixture of hexadecylamine and hexadecanoic acid. [START_REF] Lignier | Facile Synthesis of Branched Ruthenium Nanocrystals and Their Use in Catalysis[END_REF] In addition, syntheses by wet-chemistry of Ru NPs that do not crystallize in the thermodynamically stable hcp structure are very scarce. Recently, Ru NPs with a face centered cubic (fcc) structure were produced by chemical reduction of [Ru(acac)3] in solution. [START_REF] Joo | Size Effect of Ruthenium Nanoparticles in Catalytic Carbon Monoxide Oxidation[END_REF][START_REF] Kusada | Discovery of Face-Centered-Cubic Ruthenium Nanoparticles: Facile Size-Controlled Synthesis Using the Chemical Reduction Method[END_REF][START_REF] Mi | Controlling Allotropism in Ruthenium Nanoparticles: A Pulsed-Flow Supercritical Synthesis and in Situ Synchrotron X-ray Diffraction Study[END_REF] The Ru fcc structure was studied by conventional X-Ray Diffraction (XRD) and high-energy XRD and Pair Distribution Function (PDF) analysis. [START_REF] Song | Size dependence of structural parameters in fcc and hcp Ru nanoparticles, revealed by Rietveld refinement analysis of high-energy X-ray diffraction data[END_REF][START_REF] Kumara | Origin of the catalytic activity of face-centered cubic ruthenium nanoparticles determined from an atomic-scale structure[END_REF] Branched Ru particles crystallizing as a mixture of fcc and hcp phases were obtained by reducing Ru(III) precursors with metal carbonyls at high temperature. [START_REF] Alyami | Synthesis and Characterization of Branched fcc/hcp Ruthenium Nanostructures and Their Catalytic Activity in Ammonia Borane Hydrolysis[END_REF] Another approach to synthesize Ru nanostructures with the fcc structure is the seed mediated growth method developed by Xia and co-workers. Ru nanocages with icosahedral shape and fcc structure were obtained by growing a thin Ru shell on Pd icosahedral particles, followed by the selective chemical etching of the Pd core. [START_REF] Zhao | Synthesis of Ru Icosahedral Nanocages with a Face-Centered-Cubic Structure and Evaluation of Their Catalytic Properties[END_REF] Following the same approach Ru octahedral particles crystallizing with the fcc structure were obtained using rhodium cubes as seeds. [START_REF] Zhao | Ru octahedral nanocrystals with a face-centered cubic structure, {111} facets, thermal stability up to 400° C, and enhanced catalytic activity[END_REF] Epitaxy effects were also evidenced in more classical heterogeneous catalyst routes. Ru nanoparticles supported on carbon nitride C3N4 prepared at high temperature exhibited fcc and hcp structures or mixtures of both. [START_REF] Zheng | High Electrocatalytic Hydrogen Evolution Activity of an Anomalous Ruthenium Catalyst[END_REF] The role of the carbon nitride on the stabilization of the fcc phase was supported by Density Functional Theory (DFT) calculations.

Several examples showed that in some cases the catalytic activities of Ru NPs can be greatly enhanced by the fcc structure or by a disordered structure resulting of mixtures of fcc and hcp phases on the same particles. [START_REF] Joo | Size Effect of Ruthenium Nanoparticles in Catalytic Carbon Monoxide Oxidation[END_REF][START_REF] Shu | Highly reversible Li-O2 battery induced by modulating local electronic structure via synergistic interfacial interaction between ruthenium nanoparticles and hierarchically porous carbon[END_REF][START_REF] Kusada | Discovery of Face-Centered-Cubic Ruthenium Nanoparticles: Facile Size-Controlled Synthesis Using the Chemical Reduction Method[END_REF][START_REF] Zhao | Ru octahedral nanocrystals with a face-centered cubic structure, {111} facets, thermal stability up to 400° C, and enhanced catalytic activity[END_REF][START_REF] Zheng | High Electrocatalytic Hydrogen Evolution Activity of an Anomalous Ruthenium Catalyst[END_REF] However, a general description of the stabilization of the fcc phase in nonsupported/free-standing Ru NPs prepared by colloidal chemistry is still lacking. At very small size, Ru clusters can adopt atomic structures very different from the bulk. Electron-and atom-precise mediumsized Ru clusters, bare [START_REF] Rapps | On the Structures of 55-Atom Transition-Metal Clusters and Their Relationship to the Crystalline Bulk[END_REF] or stabilized with hydrides, [START_REF] Waldt | Structures of Medium-Sized Ruthenium Clusters: The Octahedral Motif[END_REF] have been generated in gas-phase by magnetron sputtering. Their structure has been elucidated by a combination of trapped ion electron diffraction (TIED), genetic algorithms coupled with determined empiric potentials and DFT calculations. For example, the electron scattering signal of Ru55 -, 55 being a magic number for closed-shell icosahedra and cuboctahedra, is consistent with a close-packed structure resembling segments of the hcp bulk. [START_REF] Rapps | On the Structures of 55-Atom Transition-Metal Clusters and Their Relationship to the Crystalline Bulk[END_REF] Interestingly, while the structure of the Ru19 -cluster is consistent with a closed-shell octahedral geometry, it exhibits a bi-icosahedral structure upon hydrogenation, the driving force being the higher hydrogen adsorption energies on that metal core. [START_REF] Bumüller | Ruthenium Cluster Structure Change Induced by Hydrogen Adsorption: Ru19[END_REF] For bigger particles (Run clusters with n > 55), Soini et al. predicted that the hcp structure is more stable than the fcc one. [START_REF] Soini | Extending the cluster scaling technique to ruthenium clusters with hcp structure[END_REF] In addition, DFT calculations were performed on bare Ru NPs with different structures containing up to 1500 atoms. [START_REF] Nanba | Structural Stability of Ruthenium Nanoparticles: A Density Functional Theory Study[END_REF] The best candidate to compete with hcp Ru nanocrystals is the icosahedral Ru, but despite their high coordination numbers and stabilizing twin boundaries, the icosahedral Ru NPs were always found thermodynamically less stable than the hcp Ru nanocrystals of the same size and up to now no systematic strategy has been defined for the synthesis of Ru icosahedra .

In this paper, we investigate the Ru NPs synthesis by the organometallic approach, using as stabilizing agents a long chain carboxylic acid and a long chain primary amine in large excess relatively to the Ru precursor concentration. We show that the shape and structure of the Ru NPs prepared by decomposition of [Ru(COD)(COT)] (COD = cyclooctadiene, COT = cyclooctatriene) depend critically on the relative concentration of the acid and the amine. Large amounts of lauric acid favor the formation of Ru icosahedral particles together with hcp Ru ultrathin platelets and three-fold nano-stars. Surface characterization shows that in these cases carbon monoxide, generated in situ by decomposition of the carboxylic acid ligands, is adsorbed on the particle surface. On the other hand, ultrasmall NPs with the hcp structure were observed in presence of large concentration of amine and adsorbed N atoms were observed at the surface of Ru NP. In order to understand the role of carbon monoxide on the control of the Ru NP structure, first principles thermodynamic calculations of the total energy of Ru NPs containing 147 atoms with different shapes and structures were calculated as a function of temperature and partial pressure of CO.

Experimental

Materials and methods

All syntheses have been performed under inert conditions, either in an Ar filled glove-box or by using standard Schlenk techniques. All chemicals, [Ru(COD)(COT)] (furnished by NANOMEPS), lauric acid (Acros, 99%) and hexadecylamine (Sigma Aldrich, 98%) were kept in the glove-box and used without further purification. Freshly dried and degassed 1,3,5-trimethylbenzene (mesitylene) and pentane were also kept in the glove-box.

Ru Nanoparticle synthesis

Ru nanoparticles were synthesized by hydrogenation of the organometallic precursor [Ru(COD)(COT)]. In the glove-box, 0.05 M of [Ru(COD)(COT)] was added to 10 ml of 1,3,5-trimethylbenzene containing lauric acid (LA) and hexadecylamine (HDA) at different concentrations in the range 0.05 M -0.40 M for the acid and 0 M -0.40 M for the amine, and placed into Fischer-Porter bottles. All resulting mixtures were yellow irrespectively of the molar concentrations of amine and acid. The sealed Fischer-Porter bottles were connected to a vacuum-line for evacuating Ar and filling with H2 to 3 bar. After pressurizing the Fischer-Porter bottles, the solutions were introduced into a pre-heated oil bath at 150 ˚C and let to react under stirring for 96 h. After completion of the reaction, the final brown colored Ru nanoparticles suspensions were cooled to room temperature and after evacuating the H2, they were stored under the inert atmosphere of the glove box.

Characterization

Transmission electron microcopy observations were performed on a JEOL JEM 1400 microscope operating at 120 kV. Scanning transmission electron microscopy coupled with a bright field detector and a high angle annular dark field imaging (HAADF-STEM) was performed on a probe corrected JEOL JEM-ARM200F instrument equipped with a cold field emission gun. Electron tomography of ruthenium stars were done with a FEI Titan electron microscope operating at 300 kV. In all cases the particles were diluted 10 times, one drop of the suspension was deposited on a carbon coated copper grid and the solvent was evaporated at room temperature under vacuum. Infrared spectra FT-IR spectra were recorded on a nitrogen purged Nicolet 6700 FT-IR spectrometer in the range 4000-700 cm -1 , using a Smart Orbit ATR platform. The mother suspensions were ultracentrifuged using a Sorvall MTX150 equipment and dispersed in pentane after removing the supernatant. Few drops of the colloidal suspensions were deposited on a Ge wafer and the spectrum was recorded when the solvent was fully evaporated. X-ray photoelectron spectroscopy (XPS) spectra were recorded using a K-Alpha+ system (ThermoFisher Scientific, East-Grinstead, UK) fitted with a micro-focused and monochromatic Al Kα X-ray source (1486.6 eV, spot size of 400 µm). The spectrometer pass energy was set to 150 and 40 eV for the survey and the narrow high-resolution regions, respectively. The chemical composition was determined by using the manufacturer sensitivity factors with Avantage software, version 5.9902. The spectra were calibrated with the (C-C/C-H) C1s component due to the use of the charge compensaKon system for insulating samples analysis. Few drops of the colloidal suspensions were deposited on Si wafers, the spectrum was recorded when the solvent was fully evaporated.

Theoretical calculations

DFT calculations were done with the Vienna ab initio simulation package, VASP, [START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF][START_REF] Kresse | Efficiency of Ab Initio Total Energy Calculations for Metals and Semiconductors Using a Plane-Wave Basis Set[END_REF] by using the exchange-correlation potential approximated by the generalized gradient approach proposed by Perdew, Burke, and Ernzerhof (PBE). [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] The method uses the plane-augmented wave scheme [START_REF] Blöchl | Projector Augmented-Wave Method[END_REF][START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] to treat core electrons, with a kinetic energy cutoff of 500 eV. [START_REF] Cusinato | Theoretical characterization of the surface composition of ruthenium nanoparticles in equilibrium with syngas[END_REF][START_REF] González-Gómez | Carboxylic acid-capped ruthenium nanoparticles: experimental and theoretical case study with ethanoic acid[END_REF] The 2s and 2p orbitals of carbon and oxygen and 4p, 4d and 5s orbitals of ruthenium have been treated explicitly in the valence. Γ-centered calculations [START_REF] Monkhorst | Special Points for Brillouin-Zone Integrations[END_REF] were performed with a Gaussian smearing (σ) of 0.02 eV, energies being therefore extrapolated to σ = 0.00 eV. All atoms were allowed to relax with a force convergence threshold defined as 0.02 eV/Å. The supercell size was set up so as to ensure a vacuum space of ca. 12 Å between periodic images of metal clusters, i.e. 31 x 31.5 x 32 Å 3 . The d-band center [START_REF] Hammer | Electronic Factors Determining the Reactivity of Metal Surfaces[END_REF] values were calculated after projection by the Lobster software [START_REF] Maintz | A Tool to Extract Chemical Bonding from Plane-Wave Based DFT[END_REF] of the planewave/pseudopotential wavefunction on a local Slater atomic basis set. Scheme 1. Models of 147-atoms Ru NPs considered in this study, hcp truncated bipyramid, icosahedron and fcc-cuboctahedron. Three ∼1.4 nm polyhedra, hcp bipyramid, icosahedron (ico) and fcc cuboctahedron (cubo), have been considered in this study, see Scheme 1. They are all composed of 147 atoms, a magic number both for McKay icosahedra and cuboctahedra. [START_REF] Teo | Magic numbers in polygonal and polyhedral clusters[END_REF] The hcp cluster of 147 atoms that have been chosen is very similar to the one described by Nørskov and co-workers following a Wulf construction. [START_REF] Honkala | Ammonia Synthesis from First-principles Calculations[END_REF] Because they are only slightly smaller than the observed Ru NPs, the calculated energy trends are expected to be transferable to the experimental case. Their atomic coordinates were automatically generated with the polyhedra software developed in the group. [START_REF] Cusinato | electronic structure and steric effects of organometallic nanocatalysts: relevant tools to improve the synergy between theory and experiments[END_REF] A line of atoms has been removed between the (001) and (101) planes in the hcp bipyramid, thus yielding a 147-atoms cluster that exhibits the so-called B5 sites. [START_REF] Honkala | Ammonia Synthesis from First-principles Calculations[END_REF] Thanks to a Monte-Carlo based tool, CO ligands in Ru147(CO)n clusters were randomly grafted on the surface by minimizing their mutual interaction. [START_REF] Cusinato | electronic structure and steric effects of organometallic nanocatalysts: relevant tools to improve the synergy between theory and experiments[END_REF] The resulting geometries were then optimized at the DFT-PBE level of theory. Each of the three considered metal cores were stabilized by ca. θ = 0.25, 0.75, 1.00 and 1.5 CO per surface Ru atom (Rusurf). Adsorption free energies ΔGads(T, pCO) were calculated under realistic temperature (T) and CO pressure (pCO) with the ab initio thermodynamics method, [START_REF] Reuter | Ab initio atomistic thermodynamics and statistical mechanics of surface properties and functions[END_REF] recently successfully applied to the theoretical determination of the surface composition of Ru NPs in equilibrium with a mixture of compounds (namely H2/CO and H2/MeCOOH). [START_REF] Cusinato | Theoretical characterization of the surface composition of ruthenium nanoparticles in equilibrium with syngas[END_REF][START_REF] González-Gómez | Carboxylic acid-capped ruthenium nanoparticles: experimental and theoretical case study with ethanoic acid[END_REF] The chemical potential for CO(g) is the same as the one used in Ref. [51]. To be more explicit, in the present study ΔGads is calculated for the equilibrium reaction:

, .

Cohesive energies per atom are calculated as:

where EN is the total energy of a N-atoms Ru NP and E1 is the energy of a single Ru atom. The surface energy γ can be calculated using the cohesive energy per atom in the bulk state, Ecoh,b:

, !
where S is the surface area of the NP. Ecoh,b was calculated to be -6.67 eV, a value close to experiments, -6.74 eV. [START_REF] Kittel | Introduction to Solid State Physics[END_REF] Adsorption energies per ligand L, Eads/N, can be calculated as a first indication of the adsorption strength, by directly using DFT energies: Eads/N = (EN -ENP -N•EL)/N.

Results and Discussion

Morphology and structure

The syntheses of Ru NPs were carried out by hydrogenation of [Ru(COD)(COT)] in 1,3,5trimethylbenzene containing different concentrations of LA and HDA. Both molar ratios A = [LA]/[Ru] and B = [HDA]/[Ru] were independently varied, from 0 to 8. The particle size, shape and structure were found to depend on both ratios. The particle morphologies are summarized in Table S1 of supplementary materials. The mean particle size (dm) and the standard deviation of the size distribution (σ) obtained for different values of A and B are given in Table S2 (supplementary materials).

In the absence of LA (A = 0) and with a large excess of HDA (B = 8), isotropic NPs with a mean diameter of 2 nm were obtained (Fig. 1a). Under the same conditions but with lower amount of HDA (B < 4), the particles were found agglomerated forming chains (Fig. S1 in supplementary materials) in agreement with previous observations. [START_REF] Martinez-Prieto | Organometallic Ruthenium Nanoparticles: Synthesis, Surface Chemistry, and Insights into Ligand Coordination[END_REF] In the absence of amine (B = 0), mixtures of small isotropic NPs, triangles and three-fold stars were observed, with about 50% in number for the isotropic NPs (Fig. 1b and Fig. S2 in supplementary materials). With a large excess of acid (A = 8) the population of triangles decreased in favor of the three-fold stars. In addition, the mean size of the three-fold stars increased from 8 nm to 12 nm when the ratio A was increased from 2 to 8. The mean sizes of the isotropic particles were 2.2 and 3.5 nm for the molar ratio A of 2 and 8, respectively. It is interesting to note that, unlike the HDA, small amounts of LA are sufficient to stabilize small Ru NPs. We observed also that the mean particle size increased with higher LA concentration. This can be explained by the stabilization of the Ru precursor in solution, when the LA concentration is increased, which results in lowering the nucleation extent. It has been shown that carboxylic acids react with [Ru(COD)(COT)] and depending on the ratio between the acid and [Ru(COD)(COT)], complexes comprising carboxylate ligands in different coordination modes. [START_REF] Min | 3D Ruthenium Nanoparticle Covalent Assemblies from Polymantane Ligands for Confined Catalysis[END_REF] These complexes are less reactive than the raw [Ru(COD)(COT)] precursor.

In the presence of a mixture of LA and HDA, the particle morphology was found to depend mainly on the ratio A/B and to a less degree on the total concentration of LA and HDA. Isotropic NPs with very small mean diameter (dm ≤ 2 nm) were found when the ratio A was limited to 1 and B was at least equal to A (A = 1 and B ≥ A). Representative TEM images for A = 1 and B = 1, 4, 8, are shown in the supplementary materials (Fig. S3 in supplementary materials). In these conditions the Ru NPs are very similar to the ones prepared in the absence of LA.

When LA was added in sufficient amount (A ≥ 2) and when the HDA concentration did not exceed that of LA (A ≥ B> 0), mixtures of facetted NPs (triangles, truncated triangles or hexagons) and isotropic NPs were observed. In Figure 1c is shown a TEM image of Ru NPs prepared in equimolar mixture of LA and HDA (A = B = 4). In this case, the mean sizes of the facetted and small isotropic particles were of 3.7 and 1.8 nm, respectively. Additional representative TEM images of samples prepared with A ≥ 2 and A ≥ B > 0 are given in the supplementary materials (Fig. S4a-b). All these images show a polymorphism as in the samples prepared in the absence of HDA, however, with a smaller relative number of isotropic NPs (between 10 and 35 % compared to 50 % in the absence of HDA). For the samples prepared in large excess of LA, the particle size increased when the LA concentration was increased. The triangle prepared with A = 4 and B = 1 exhibited a mean size of 4.2 nm, smaller than the triangle prepared with A= 8 and B = 2, that exhibited a mean size of 7 nm (Fig. S4 and Table S2). As mentioned above, an increasing amount of LA can reduce the nucleation extent because of the formation of stable intermediate Ru carboxylates which participate mainly to the growth. On the other hand, the effect of the LA concentration on the isotropic particles mean size was less pronounced, their mean size was always in the range 1.8 -2.5 nm whatever A and B. Interestingly, when LA and HDA were both added in large excess (A = B = 8) the mean particle size decreased compared to the sample A = B = 4, showing that a large excess of HDA may favor the nucleation. For A = B = 8, the two types of NPs are hardly distinguished on the conventional TEM (Fig. S4c) but are revealed by the high-resolution images (see next section). The low contrast of the star-like and triangular nano-objects indicates that they have a small thickness. The atomic structure of the particles was analysed using scanning transmission electron microscopy using a probe corrected microscope. The different types of samples, isotropic NPs only, mixture of facetted and isotropic NPs and mixtures of three-fold stars or triangles and isotropic NPs depending on the A and B values, and the structure of the different particles are summarized in Figure 2. S2 (Supplementary information).

High-resolution HAADF STEM characterizations were carried on the facetted NPs and stars obtained in the absence of HDA or in large excess of LA and demonstrated that these are indeed, 2D nano-objects. Most of the triangular platelets and the three-fold stars adopt a flat orientation on the TEM grids. A representative high-resolution HAADF-STEM image of Ru triangular platelets prepared with an excess of acid (A = 4, B = 1) is presented on Figure 3. The particles crystallize in the hcp structure and are oriented in [0001] zone axis, which means that the crystallographic c axis is perpendicular to the platelet plane. The edges of the triangular platelets correspond to the {101 $ 0} crystallographic planes (Fig. 3). The three-fold stars prepared in the absence of HDA crystallize also with the hcp structure with the [0001] axis perpendicular to the star plane, as shown in the example given in Figure 4. The core of the stars is similar to the triangle described above, but the edges of the arms are no longer {101 $ 0} planes but {21 $ 1 $ 0} planes, therefore different from the edges of the initial triangle (Fig. 4). Some stars and platelets were deposited edgewise on the TEM grids giving the opportunity to measure precisely their thickness. In most of the cases, the platelets are composed of only 5-or 6-atomic layers, corresponding respectively to 2 and 2.5 unit cells along the crystallographic axis c (Fig. 4b and Fig. S5 in supplementary materials). The homogeneity of the thickness is noticeable showing that the growth of the basal planes is highly favored over the growth along the c axis. The thickness of the 5-atomic layer platelets was comprised between 8.6 Å, i.e. the expected value for 2 unit cells along c, and 8.9 Å

[Ru(COD)(COT)]

 The isotropic NPs that are present with the triangle, facetted and star-shaped NPs were also characterized by high-resolution HAADF-STEM. The observations revealed that isotropic NPs of icosahedral structure crystallized together with the particles of hcp structure. A representative image of Ru NPs prepared with large excess of LA and HDA in equimolar proportion (A = B = 8) is given on the Figure 5, showing on the same area an icosahedron viewed along a five-fold axis (yellow circle), a particle crystallizing with the hcp structure and oriented in the [0001] zone axis (red circle), and a platelet oriented edgewise (green rectangle). For the hcp particle, the {101 $ 0} reticular distances of 2.38 Å measured from the FFT are very close to the distance of 2.343 Å in bulk Ru. The FFT of the icosahedron exhibits the ten equidistant spots resulting from the Moiré pattern generated by the overlapping of several atomic layers of an fcc stacking in [110] zone axis, characteristic of multiply twinned particles. The ten spots correspond to {111 $ } reflections of the fcc structure. The average {111} distance calculated from the FFT was found of 2.29 Å. This value is slightly higher than the distances of [START_REF] Alyami | Synthesis and Characterization of Branched fcc/hcp Ruthenium Nanostructures and Their Catalytic Activity in Ammonia Borane Hydrolysis[END_REF] In order to pinpoint the crucial parameters allowing the formation of Ru icosahedra by the organometallic route, structural studies were systematically carried out on various samples prepared with different ratios A and B. Interestingly, no particles with icosahedral structure were found in the samples prepared in the absence of LA (A = 0, B = 8) or with A = B = 1 (case 1 of Fig. 2). In these cases, only hcp particles were found on the HAADF-STEM images. All the particles were indexed as hcp particles oriented along the (112 $ 0) or along the (0001) zone axis (Fig. S6, supplementary materials). On the other hand, icosahedral particles were detected in all samples prepared with LA provided it was present in sufficient concentration (case 2 of Fig. 2). Moreover, in the absence of HDA (B=0) or in large excess of LA, only icosahedral particles were detected in the population of small isotropic NPs (case 3 of Fig. 2).

Examples of high-resolution HAADF-STEM images of such NPs, prepared in the absence of HDA (B = 0) and of those prepared with an excess of lauric acid (A = 8 and B = 2), are shown in Figure 6. Icosahedra viewed along five-, three-and two-fold axes were clearly identified. The experimental images are very similar to the projection of a model Ru icosahedron built with 309 atoms and of size 2.1 nm (see also Fig. S7, supplementary materials). The chemical composition of the icosahedral particles was verified by local energy dispersive spectroscopy (EDS) analysis in order to exclude any possibility of impurities present in the nanoparticles and inducing the formation of an icosahedral phase. Spectra of several isolated icosahedra showed that they contained only ruthenium and were free of impurities of other metals (Fig. S8, supplementary materials). 

Surface chemistry

The stabilization of the icosahedral structure for very small metal particles is generally attributed to a minimization of the surface energy by exposing only close-packed facets at the expense of the energy of the core that increases because of structural distortion. Here two structures have been evidenced for particles that present almost the same size. In order to investigate the relationship between the surface chemistry and the particle structure, FT-IR and XPS spectra of Ru NPs prepared under different conditions were recorded. Figure 7 shows FT-IR spectra of Ru particles prepared with various A and B ratios. The FT-IR spectra of the particles prepared in the absence of HDA (B = 0) exhibit a small peak at 2047 cm -1 attributed to the vibrational frequency of carbon monoxide adsorbed "on-top" at the Ru NP surface (terminal CO) and a broader band centered around 1970 -1980 cm -1 corresponding to the vibrational frequency of bridging CO molecules. [START_REF] Chin | FTIR Studies of CO Adsorption on Al2O3-and SiO2-Supported Ru Catalysts[END_REF] As no CO was introduced in the reactor, this is a clear evidence that CO was produced in situ during the reaction and remained adsorbed at the particle surface. The unique source of CO in the reaction medium is lauric acid, the decomposition of which is likely catalyzed at high temperature by ruthenium complexes or clusters. [START_REF] Min | 3D Ruthenium Nanoparticle Covalent Assemblies from Polymantane Ligands for Confined Catalysis[END_REF] The other features of the FT-IR spectrum of the particles prepared with A = 2 and B = 0 (Fig. 7a) are the ν(CH) in the region 2850-2950 cm -1 and the δ(CH) around 1415 cm -1 showing the presence of long alkyl chains. The band corresponding to the stretching vibration ν(C=O) of lauric acid are not seen. Bands of weak intensity that could correspond to the symmetric and asymmetric v(CO) of the carboxylate ions are observed on both sides of the δ(CH) band. [START_REF] González-Gómez | Carboxylic acid-capped ruthenium nanoparticles: experimental and theoretical case study with ethanoic acid[END_REF] On the other hand, the band at 1700 cm -1 corresponding to ν(C=O) of lauric acid is clearly seen on the spectrum of the sample prepared with a large excess of lauric acid (A = 8, B = 0) (Fig. 7a). The peak position is the same as in the pure lauric acid spectrum showing that the main part of the acid is free (not strongly bound to the Ru particle surface), thus that was not completely eliminated during washing procedure. The ligands present on the surface of the particles prepared with pure LA, are thus a mixture of CO and long chain carboxylates ions, the last ones being in small amount.

The bands of the carbon monoxide and ν(C=O) of lauric acid are still visible on the FT-IR spectrum of the sample prepared with A = 8 and B = 2, however with weaker intensities than in the spectrum of the particles prepared in the absence of amine. Moreover, two additional peaks are observed that were absent of the spectrum of the particles prepared with B = 0, a peak at 1640 cm -1 and a peak at 3313 cm -1 attributed, respectively, to the stretching vibration ν(C=O) and to the stretching vibration ν(N-H) of an amide group. [START_REF] Fukasawa | Mechanism of permeability modification in polyethylene foams[END_REF] This shows that the hexadecylamine reacted with lauric acid to form Nhexadecyl laurylamide that remains adsorbed at the Ru NPs surface. It has been shown that this reaction also takes place during the formation of Co nanorods in the presence of LA and HDA. [START_REF] Kaźmierczak | Influence of Capping Ligands on the Catalytic Performances of Cobalt Nanoparticles Prepared with the Organometallic Route[END_REF] The formation of N-hexadecyl laurylamide was confirmed by the FT-IR spectrum of the particles prepared with an equimolar mixture of LA and HDA (A = B = 8) with more intense peaks at 3313 cm -1 and 1640 cm -1 . The absence of peak at 1700 cm -1 shows that the lauric acid is no more present at the end of the reaction (Fig. 7a). The absence of the CO peaks shows also that, in the presence of HDA, the decarbonylation of the LA is in competition with the amide formation. As expected, in the absence of LA the FT-IR spectrum of the hcp-Ru NPs does not exhibit the CO features which confirms that CO comes from the decarbonylation of the lauric acid (Fig. 7a). The FT-IR spectra show a very good correlation between the relative number of icosahedral particles and the intensity of the CO bands. In the absence of HDA, the CO bands are intense and as mentioned above all the small particles exhibit an icosahedral structure. With A = 8 and B = 2 the CO band is weaker and the number of small isotropic particles is less, mixture of isotropic particles and presence of small isotropic particles with the hcp structure (Fig. 2). In the absence of LA, CO cannot be produced in the medium, the small isotropic particles exhibited only the hcp structure. With A = B = 4 (Fig. 1c), the CO band is absent of the FT-IR spectrum which can be due to a small number of icosahedral NPs, but the count of the relative numbers of icosahedra and hcp particles is more difficult on the conventional TEM images because both type of particles present the same shape and almost the same size. We can finally note the absence of peaks between 3000 and 3100 cm -1 , i.e. in the region of the stretching vibrations ν(C-H) of aromatic rings showing that the trimethylbenzene is always removed with the washing procedure.

The XPS survey scans of the particles prepared in the presence of HDA exhibited the Ru 3d, Ru 3p, C 1s and N 1s peaks. In the region 280 -290 eV, the overlapping of the C 1s and the Ru 3d3/2 peaks makes difficult an accurate analysis of the high-resolution XPS spectra. Nevertheless, for all the samples analyzed, whatever the ratio A and B, the main contribution of the Ru 3d5/2 peak appears at 280.1 eV, which is consistent with Ru in the zerovalent state (Fig. S9, supplementary materials). [START_REF] Chakroune | Acetate and thiol-capped monodisperse ruthenium nanoparticles: XPS, XAS and HRTEM studies[END_REF] . The N 1s highresolution spectrum of the particles prepared in the absence of LA (B = 8) exhibited two main peaks centered at 399 eV and 397.5 eV and a minor one centered at 401.3 eV (Fig. 8a). The peaks at 399 eV and 401.3 eV correspond to N atoms of hexadecylamine and hexadecylammonium ions, respectively. [START_REF]NIST Standard Reference Database 20[END_REF] The peak at low energy corresponds to N atoms adsorbed on the surface 68 of the Ru NPs and/or to a surface nitridation of the Ru NPs. [START_REF] Phadke | Sputtering and nitridation of transition metal surfaces under low energy, steady state nitrogen ion bombardment[END_REF] It shows a partial decomposition of the HDA, resulting from the C-N activation, likely catalyzed by the Ru nanoparticles in presence of molecular hydrogen. Ruthenium is known to be a good hydrodenitrogenation catalyst. [START_REF] Guo | Ring-opening and hydrodenitrogenation of indole under hydrothermal conditions over Ni, Pt, Ru, and Ni-Ru bimetallic catalysts[END_REF] The possibility to form surface nitride has recently been demonstrated upon reacting the surface of Ru NPs with NH3. [START_REF] Rothermel | Surface reactions of ammonia on ruthenium nanoparticles revealed by 15N and 13C solid-state NMR[END_REF] The N 1s high-resolution spectrum of the particles prepared with HDA and an excess of LA (A=8, B=2) exhibited a main contribution centered at 399.8 eV attributed to N atoms of N-hexadecyl laurylamide, in agreement with the FT-IR spectroscopy. Three additional contributions centered at 397.5 eV, 399 eV and 401.1 eV, corresponding to the N atoms of Ru nitride, amine and ammonium groups, respectively, are also observed (Fig. 8b). After several washings, the N 1s XPS spectrum did not exhibit the peak at 399.8 eV anymore, but only the three contributions centered at 397.5 eV, 399.3 eV and 401.2 eV (Fig. 8c), showing that the amide is weakly adsorbed at the Ru NP surface. The peak at 397.5 eV confirms that a partial decomposition of the HDA to form Ru nitride occurs, which is however in competition with the formation of the amide in the presence of LA. It is interesting to note that the HDA was not completely converted into the amide despite the large excess of LA since the signal at 399 eV is still visible. 

(c)

Theoretical calculations and discussion

The structural studies showed that the particles prepared in the absence of LA, or with a small amount of LA in equimolar proportion with HDA (A=B=1), crystallized mainly with the hcp structure. The surface chemistry studies evidenced amine and N atoms adsorbed at the Ru NP surface and weakly bonded amide in case of mixture of LA and HDA. On the other hand, in the samples prepared with large amount of LA a polymorphism was evidenced with both icosahedral and hcp NPs and the surface studies evidenced the presence of carbon monoxide on the surface of the particles, generated in situ by the decarbonylation of LA. Since CO was hardly or not observed on the FT-IR spectra of samples for which platelets were the main population (see for example the sample prepared with A=B=4 on Fig. 1c or A=8 and B=2 on Fig. S4b), it is reasonable to assume that the main effect of the presence of CO is to favor the icosahedral structure.

In order to assess if the carbonylation could explain the stabilization of the icosahedral structure, the energies of three model Ru NPs, hcp-bipyramid, icosahedron and fcc-cuboctahedron, with same number of Ru atoms (147) were calculated as a function of CO surface coverage, temperature and CO partial pressure. So far, the effect of CO adsorption was only considered in the case of the crystallization of hcp-Ru NPs. [START_REF] Yin | Ru Nanocrystals with Shape-Dependent Surface-Enhanced Raman Spectra and Catalytic Properties: Controlled Synthesis and DFT Calculations[END_REF] In the present case, our aim is to understand the role of CO adsorption on the stabilization of icosahedral NPs. Even if the syntheses were done under H2 pressure with concomitant formation of surface hydrides, CO was only considered in the DFT calculations since hydrides are expected to be removed by CO on the surface, given a previous joint theoretical/experimental study about the surface composition of small Ru NPs in equilibrium with syngas. [START_REF] Cusinato | Theoretical characterization of the surface composition of ruthenium nanoparticles in equilibrium with syngas[END_REF] This is related to the very large adsorption energy difference between CO and H2 (on a Ru55 hcp model: Eads/CO ~ -40 kcal.mol -1 for 1.5 CO/Rusurf; Eads/H ~ -9 kcal.mol -1 for 1.6 H/Rusurf).

The relative structural stability of the three bare isomers, hcp-bipyramid, icosahedron and fcccuboctahedron, was first analyzed by comparing their cohesive energies. As expected, the hcp isomer was more stable than the icosahedron and fcc-cuboctahedron counterparts with cohesive energies per atom Ecoh = -5.68 eV, -5.67 eV and -5.58 eV, respectively. These numbers are very similar to the values reported by Nanba et al. [START_REF] Nanba | Structural Stability of Ruthenium Nanoparticles: A Density Functional Theory Study[END_REF] In terms of total energy, the bare icosahedron and cuboctahedron isomers lie 20 kcal/mol and 329.7 kcal/mol, respectively, above the hcp structure. Although this high energy difference found for the cuboctahedron isomer probably precludes the possibility of a stabilization upon carbonylation of its surface, it has been incorporated in the set of structures and energies considered in the thermodynamics model. The resulting predominance diagram is reported in Fig. 9. It is based on the calculation of ΔGads(T,pCO) for all the isomers and surface coverage values θ considered in this study (see the theoretical part of the experimental section as well as Refs. 51 and 58). The bare hcp-Ru147 cluster is the most stable isomer at relatively high temperatures and under low pressure of CO. Upon lowering the temperature and for moderate to low CO pressure, the hcp core is still the most stable, with a θ = 0.25 CO/Rusurf coverage value. A striking result is the stabilization of the icosahedral core in the temperature and pressure conditions that favor a surface coverage of at least 0.75 CO/Rusurf. It is already obvious when comparing the relative energies of the ico and hcp isomers stabilized with 69 CO ligands (i.e. θ = 0.75): the icosahedral NP is more stable than the hcp counterpart by 56 kcal.mol -1 . The structure, shown in Fig. 9, essentially exhibits edge-bridging CO in agreement with the FT-IR spectra of the Ru particles (see also the comparison between DFT vibrational frequencies and FT-IR data in Ref. 51). A kind of energy decomposition analysis, coupled with a d-band center calculation is proposed in Figure 10 for the 1.00 CO/Rusurface case. The Ru147(CO)92 icosahedral nanocluster is more stable than its hcp counterpart by 51.9 kcal.mol -1 (Figure 10a). The inversion of stability between the bare nanoclusters (hcp vs. ico: -20 kcal.mol -1 ) and the CO-stabilized clusters can be explained by a stronger adsorption energy of carbon monoxide on the icosahedral metal core: ∼ -4055 kcal.mol -1 vs. ∼ -3983 kcal.mol -1 . Single-point calculations demonstrate that this strong stabilization due to CO adsorption competes both with a still less stable icosahedral Ru147 core and with a steric hindrance between carbon monoxide that is more important in the icosahedral nanocluster (Figure 10b). Indeed, the frozen icosahedral Ru147 moiety is less stable than the frozen hcp metal core, by 39.4 kcal.mol -1 . In the same way, with a +40 kcal.mol -1 relative energy of the 92 frozen CO taken from the icosahedral nanocluster with respect to those taken from the hcp one, a spurious steric hindrance of the 92 CO in HCP-Ru147(CO)92 can be discarded. The 51.9 kcal.mol -1 relative stability of ICO-Ru147(CO)92 seems to originate from a pure electronic effect of the metal core, as shown by the pDOS analysis and by the calculation of the d-band center (εd) reported in Figure 10c. Whereas εd for the ∼55 core metal atoms is almost the same in both compounds (hcp: -3.44 eV and ico: -3.48 eV), εd for the surface atoms is significantly closer to the Fermi energy in the icosahedral nanocluster (hcp: -2.52 eV and ico: -2.43 eV). It makes them more reactive, in line with the stronger adsorption energy calculated in this compound. It is noteworthy that the Ru147 hcp cluster was designed with steps (see also scheme 1), which atoms exhibit dangling orbitals and are characterized by an intrinsic unstable dband center. Despite the presence of such steps, the overall surface d-band center of the hcp nanocluster is more stable than that of the icosahedron. In summary, this analysis shows that the ruthenium surface of the icosahedron is more reactive toward CO adsorption. The stabilization of icosahedra is thus related to the electronic properties of the metal moiety and to the CO pressure, that compete with the relative stability of the different crystal packings, intrinsically in favor of a hcp metal core.

Note that the DFT calculations have been done on 147 atom clusters while the experimental size of 2 nm corresponds more to clusters of 309 atoms. The calculation time on 309 Ru atoms would have been extremely long because the DFT calculations time scales with Ne 3 with Ne the number of electrons in the clusters. A previous study on the relative stability of metal particles with different shapes and structure did not evidence any energy crossing of the different isomers between 147 and 309 atoms. [START_REF] Chepulskii | Ab Initio Insights on the Shapes of Platinum Nanocatalysts[END_REF] We are therefore very confident that the trend obtained with particles of 147 atoms can be transposed to 309 atoms. LA is a source of CO that has a strong affinity for the metals and that can orient the crystallization of the ruthenium particles toward the icosahedral structure, as shown by the DFT calculations. However, even in the case of the reaction with a very large excess of LA (A = 8) the proportion in number of icosahedral particles and hcp three-fold stars is around 50-50 showing a competition between the nucleation of icosahedral and hcp seeds. These seeds then grow as platelets or 3-fold stars. A recent unified approach of DFT, Wulff construction and ab initio atomistic thermodynamics showed that even if increasing CO surface coverages of Ru NPs favor the flat facets in equilibrium morphology of nanoparticles, the overall shapes of hcp Ru NPs covered with CO remain hexagonal bipyramids. [START_REF] Zhao | Morphology and Reactivity Evolution of HCP and FCC Ru Nanoparticles under CO Atmosphere[END_REF] The formation of ultrathin triangular platelets and 3-fold stars observed in presence of large amount of LA has very likely another origin than only CO adsorption. LA in the carboxylate form can also be adsorbed on the Ru NP surface. The possible co-adsorption of carboxylates and CO can be evaluated from the comparison of their adsorption energies. DFT calculations of the adsorption of carboxylates and CO on Ru NPs were already published. [START_REF] Cusinato | Theoretical characterization of the surface composition of ruthenium nanoparticles in equilibrium with syngas[END_REF][START_REF] González-Gómez | Carboxylic acid-capped ruthenium nanoparticles: experimental and theoretical case study with ethanoic acid[END_REF] The CO adsorption energy on the same Ru NP model varies between -55 kcal.mol -1 (low CO coverage) and -37 kcal.mol -1 (very high CO coverage), whereas the dissociative adsorption energy of one molecule of ethanoic acid was found to lie between -58 kcal.mol -1 on a bare NP and -30 kcal.mol -1 on a NP stabilized with hydrides and other ethanoates. Given the small differences of the adsorption energies, a competition on the surface between RCOOH and CO could occur. The presence of two particles different in shape and structure may be related to a different stabilization, CO for the icosahedra and long chain carboxylates for the platelets and 3-fold stars. Further theoretical calculations should allow to conclude on this point. In the presence of mixtures of LA/HDA the relative number of icosahedra was limited, likely because of a lower amount of CO generated in situ. This can be explained by the formation of amide by condensation of LA and HDA that competes with the LA decomposition limiting the CO in situ formation and finally the crystallization of the icosahedral particles. Nevertheless, the large excess of LA still favors the formation of platelets supporting the role of an excess of LA on the stabilization of the (0001) facets of Ru hcp, favoring the growth of ultrathin platelets.

Interestingly, the 3-fold stars were only observed in case of addition of LA alone, i.e. under the same conditions as those favoring the icosahedra. Generally, the formation of stars is explained by two successive nucleation/growth stages resulting from a change in the experimental conditions. At this point of the study, it is difficult to establish clearly why at a given point of the reaction the growth of the {101 $ 0} lateral facets is inhibited and why a second nucleation occurs at the vertices of the triangles with the growth of the {21 $ 1 $ 0} lateral facets.

LA has also a strong effect on the reaction rate. The reaction is fast with pure HDA and is considerably slowed down by adding LA in equimolar proportion or in excess. 4 days at 150 °C was necessary for a complete ruthenium NP formation with a large excess of LA while in the absence of carboxylic acid few hours were enough. In situ formation of intermediate stable ruthenium complexes in the reaction medium can explain the decreasing nucleation rate and the growth of hcp-Ru seeds into larger platelets and stars. It has already been observed that the thermal decomposition of [Ru3(CO)12] under 3 bars of molecular hydrogen in solutions containing mixtures of amine and long-chain acid was strongly slowed down by the increase of the acid/amine ratio. [START_REF] Lignier | Facile Synthesis of Branched Ruthenium Nanocrystals and Their Use in Catalysis[END_REF] Addition of LA in large excess slows down the reaction, limits the number of nuclei and increases the mean size of the particles with the hcp structure. This is only true for the hcp NPs, the icosahedral particles also formed in large excess of LA do not grow beyond a given size. This can be explained by the increasing strain energy with increasing size in the multiply-twinned particles which is commonly observed for Au NPs.

HDA plays very different roles than LA not only in the nucleation and growth steps of the Ru NPs or in the reaction rate but also as reactant. In the presence of pure HDA, or excess of HDA, the nucleation rate is very fast and the growth is limited leading to very small particles with the hcp structure. The C-N activation of HDA produces N atoms adsorbed at the surface of the Ru NPs. At the opposite of CO that has been observed only on the samples containing icosahedra, the surface nitridation has been observed both on NP prepared in excess of amine or with mixtures of amine and acid. This surface nitridation does not seem to have any effect on the Ru NP crystallization, occurring very likely after the crystallization of the Ru NPs.

Conclusion

The control of the size and shape of metal NPs synthesized by chemical methods in solution strongly depends on the presence and concentration of ligands added with the metal precursor. Ligands may play several roles throughout the NP formation process. Upon reaction with the initial molecular precursors they can change its nature, thus, modifying the kinetics of the decomposition. They act as surfactant for the stabilization of the nuclei and the final particles. They can also favor the anisotropic growth by a selective adsorption on some crystallographic facets. In addition, we have shown in this study that they can also be the precursor of small molecules that have a strong interaction with the metal NP surface. The syntheses of Ru NPs by hydrogenation of [Ru(COD)(COT)] in the presence of long chain carboxylic acid illustrates well these multiple roles. This study demonstrates the high reactivity of the small clusters formed in the initial steps of nanoparticles growth which are able to decarbonylate carboxylic acids to give CO adsorbed at the NP surface or to perform hydrodenitrogenation of terminal amines to give surface nitrides. Small ruthenium icosahedra, which is a very rare structure for this metal, have been observed in large amount whenever the CO bands are present in the FT-IR spectra of the particles. On the other hand, no influence of surface nitridation on the particle structure was noticed. DFT calculations on different Ru nanoparticles predict that CO could be responsible for the formation of Ru icosahedra. These calculations show that the adsorption of CO on the surface of small Ru seeds favors icosahedral seeds over hcp seeds, and rule out a possible role for the electronic structure or the compactness of the metal icosahedral core. The low CO partial pressure resulting from the decarbonylation of lauric acid can explain the formation of the two types of seeds and eventually two types of particles. Concerning the crystallization of the more classical Ru hcp NPs, the nucleation rate is slowed down in presence of large excess of carboxylic acid favoring the growth of hcp seeds into 2D-platelets and stars.

A future direction of this work is to carry out syntheses of Ru NPs under low CO partial pressure atmosphere to study precisely the conditions favoring the icosahedra. It is expected that the CO partial pressure must be controlled very carefully, a large excess of CO will lead to ruthenium carbonyl clusters and the reaction of an equimolar mixture of CO:H2 in presence of Ru NPs leads to the formation of carbides. [START_REF] Moraru | A combined theoretical/experimental study highlighting the formation of carbides on Ru nanoparticles during CO hydrogenation[END_REF] In addition, the Fischer-Tropsch reaction for which Ru is an active catalyst has to be overlooked when H2 is also present. [START_REF] Lignier | Facile Synthesis of Branched Ruthenium Nanocrystals and Their Use in Catalysis[END_REF] Such a study is important because it should confirm that CO can orient the crystallization to Ru NPs with unusual shape and structure, thus complementing the DFT results. 

Figure 1 .

 1 Figure 1. Transmission electron microscopy images of ruthenium nanoparticles prepared by hydrogenation of 0.05M of [Ru(COD)(COT)] in solution of 1,3,5-trimethylbenzene containing LA and HDA with different the molar ratio A = [LA]/(Ru] and B = [HDA]/[Ru] : (a) A= 0, B= 8 ; (b) A = 8, B = 0; (c) A = B = 4.

Figure 2 .

 2 Figure 2. Summary of shape and structure of Ru NPs prepared by hydrogenation of [Ru(COD)(COT)] with different ratios A = [LA]/(Ru] and B = [HDA]/[Ru]. Information about the mean size and relative amount of each populations are given in TableS2(Supplementary information).
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  : A ≤ 1 and B ≥ A : A ≥ 2 and 0 < B ≤ A  : A ≥ 2 and B=0 hcp corresponding to a dilatation of 4 % of the unit cell. The thickness of the 6-atomic layer platelets was found very close to 10.7 Å, the expected value for 2.5 times the c value. Thus, in large excess of LA, the (0001) planes of the hcp Ru are strongly stabilized by the long chain carboxylates (see next section) preventing the incorporation of Ru atoms perpendicularly to the basal planes. Triangular and hexagonal platelets result from a preferential growth of the (0001) plane with lateral {101 $ 0} facets. The stars arise from a two-step growth. Triangular or hexagonal platelets are formed first and at a given point of the reaction, the growth still develops the (0001) plane but with {21 $ 1 $ 0} edges, due to a stronger stabilization of the {101 $ 0} facets and a higher growth rate of the {21 $ 1 $ 0} facets. Therefore, the 2D stars result from a subtle balance between the growth rates of the {101 $ 0} and {21 $ 1 $ 0} lateral edges.

Figure 3 .

 3 Figure 3. (a) High resolution HAADF-STEM image of Ru nanoplatelets prepared with molar ratio A = [LA]/(Ru] = 4 and B = [HDA]/[Ru] = 1; (b) Fourier filtered image of the framed nano-triangle showing an orientation in [0001] zone axis, the expected atomic pattern with 2 atoms per unit cell and the crystallographic indexes {101 $ 0} of the edges.

Figure 4 .

 4 Figure 4. (a) High resolution HAADF-STEM image of a Ru three-fold star prepared with molar ratio A = [LA]/(Ru] = 8 and B = [HDA]/[Ru] = 0. Inset: image at lower magnification showing two three-fold stars with two branches overlapped; (b) High-resolution HAADF-STEM edgewise images Ru nanoplatelets revealing a stacking of five (0002) Ru layers with a thickness comprised between 8.6 and 8.9 Å (the left part of the platelet is oriented in the (112 $ 0) zone axis, the c axis is perpendicular to the layers).

Figure 5 .

 5 Figure 5. High resolution HAADF-STEM image of Ru nanoparticles prepared with A = B = 8 showing particles with different structure. Inset on the left: zoom image and calculated FFT of a particle crystallizing in the hcp structure and oriented in the [0001] zone axis; Inset on the right: zoom image and calculated FFT of particle with an icosahedral structure viewed along a five-fold axis, the FFT exhibits the ten equidistant spots characteristic of the Moiré pattern generated by the overlapping of several atomic layers in [110] zone axis. The spots visible on the FFT correspond to {111 $ } reflections.

Figure 6 .

 6 Figure 6. (a-c) High resolution HAADF-STEM images of a Ru nanoparticles with icosahedral structure; (d-f) Corresponding Fourier filtered images; (g-i) Model of a 309 atoms Ru icosahedron viewed along an axis tilted of 3° with respect to a five-fold axis (g), a three-fold axis (h) and a two-fold axis (i).
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 78 Figure 7. FT-IR spectra of Ru nanoparticles prepared by hydrogenation of [Ru(COD)(COT)] in a solution of 1,3,5-trimethylbenzene containing LA and HDA with various molar ratio A = [LA]/(Ru] and B = [HDA]/[Ru]: (a) full spectra ; (b) zoom on theν(N-H) region ; (c) zoom on the ν(C≡O) region.

Figure 9 .

 9 Figure 9. ΔGads(T,pCO) phase diagram for CO adsorption on Ru NPs.

Figure 10 .

 10 Figure 10. Comparison of energy clues and of projected-density of states (pDOS) for the hcp-Ru147(CO)92 (left) and of the ico-Ru147(CO)92 (right) nanoclusters. (a) Geometries and energies relative to the hcp nanocluster. CO adsorption energies are also given (Eads(CO) = E(nanocluster) -E(Ru147) -92E(CO), where energies are those of the fully optimized species). (b) Relative energies of the Ru147 and (CO)92 moieties, after single-point calculations done on frozen geometries, extracted from the optimized Ru147(CO)92 structures. (c) projected-density of states (pDOS) and d-band center energies of the surface (εd,s) and core (εd,c) ruthenium atoms in bare Ru147 bare nanoclusters; the Fermi level (EF) is also shown.

Figure S6 .

 S6 Figure S6. Structural study of ruthenium nanoparticles prepared by hydrogenation of Ru(COD)(COT) in a solution of 1,3,5-trimethylbenzene containing an equimolar amount of lauric acid and hexadecylamine, A = B = 1, with A = [acid]/(Ru] and B = [amine]/[Ru]. (a-c) Transmission electron microscopy images (particle size = 2 nm); (d-f) Corresponding Fast Fourier transform images; (g-i) Corresponding filtered Fourier transform images. Nanoparticles (a) and (b) are indexed as hcp particles in the 112 0 zone axis. Nanoparticle (c) is indexed as hcp particles in the [0001] zone axis

Figure S8 .

 S8 Figure S8. Energy dispersive spectra of Ru nanoparticles prepared by hydrogenation of Ru(COD)(COT) in a solution of 1,3,5-trimethylbenzene containing lauric acid with the molar ratios A = [acid]/(Ru] = 2 and B = [amine]/(Ru] = 0: (a) icosahedron viewed along an axis slightly tilted with respect to a 5-fold axis; (b) icosahedron viewed along a 2-fold axis.

Figure S9 .

 S9 Figure S9. Ru 3d5/2, Ru 3d3/2 and C 1s XPS spectra of Ru NPs prepared by hydrogenation of Ru(COD)(COT) in a solution of 1,3,5-trimethylbenzene containing lauric acid and hexadecylamine with various molar ratios A = [acid]/(Ru] and B = [amine]/[Ru]: (a) A = 0 and B = 8 ; (b) A = 8 and B = 2 ; (c) A = 8 and B = 0. The main Ru 3d5/2 peak centered at 280.1 eV corresponds to zerovalent Ru atoms. The Ru 3d5/2 peaks at higher energies indicated on the figure correspond to surface Ru atoms involved in chemical bonds with surface ligands. The strong C 1s peak at 284.7 eV correspond to the long aliphatic chains of the ligands and the C 1s peak at high energy (287.9 eV) appearing in the figures (b) and (c) corresponds to the C atoms of either the amide or the carboxylic acid groups.

  Figure S10. Several 3D models can be found at http://vchem3d.univ-tlse3.fr/vM_NanoCrystals.html. Selection of the "FF HRTEM-like model" button gives access to projections as those reported in Figs. 6 and S7.

  

  

  2.23-2.26 Å reported for Ru fcc NPs with different sizes,[START_REF] Song | Size dependence of structural parameters in fcc and hcp Ru nanoparticles, revealed by Rietveld refinement analysis of high-energy X-ray diffraction data[END_REF][START_REF] Kumara | Origin of the catalytic activity of face-centered cubic ruthenium nanoparticles determined from an atomic-scale structure[END_REF] but remaining below the limit of 5 % of uncertainty of the STEM technique. As mentioned in the introduction, most of the Ru particles prepared by chemical routes crystallize in the hcp structure. Some rare examples of Ru particles of fcc structure were reported and even rarer are the examples of Ru multiply twinned particles. Only two examples characterized by high-resolution TEM studies were found in the literature. Kusada et al. reported five-fold decahedral Ru NPs 35 and Alyami et al. identified some icosahedra among Ru NPs prepared at high temperature and high pressure.
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