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Introduction

Many physicochemical parameters of transition metals have been reported to be size dependent based on both experiments and theoretical modelling. It has been shown that the size reduction, consisting in increasing the specific surface of particles -as compared to their volume -have a great impact on their performances for a wide range of energy applications, as hydrogen storage, hydrocarbon reforming etc. 1 The particle size reduction shows important changes in the atomic lattice parameters, the binding energy, the bulk modulus, and the melting point, when compared to the bulk phase. Moreover, these changes have proven to scale linearly with the inverse of the size of the nanostructure 2 .

The case of Pd nanoparticles is emblematic since it possesses a simple lattice (fcc), also adopted by other noble metals. Alongside with modifications of physicochemical properties such as, the fcc lattice parameter [3][4][5] , significant changes of hydrogen absorption in Pd with decreasing the particle size have been reported. Furthermore, it is well known that Pd is the only noble metal that absorbs hydrogen and forms a hydride (β phase) below 1 bar at room temperature. 6 At low H2 pressure, below the one needed for hydride formation, a dilute solid solution of hydrogen within Pd is formed, corresponding to the α phase. These two phases are separated by a miscibility gap, where they coexist. Following the Gibbs phase rule, the equilibrium pressure is constant at fixed temperature during the hydride phase formation (a plateau pressure is noticed in the pressure-composition-isotherms, PCI). Important modifications of the hydrogen sorption properties with decreasing the Pd particle size have been reported : improved kinetics, modified thermodynamics and changes in the Pd-H phase diagram. [7][8][9][10] The overwhelming experimental studies and numerous reviews 8,[11][12][13] agree to describe the following features: the hydrogen solubility in the solid solution (α phase) enhances by decreasing the size while the hydrogen solubility in the hydride phase (β phase) diminishes with reducing the particle size.

Consequently, the miscibility gap (α -β region) narrows and the critical temperature, TC (defined as the temperature where the hysteresis between the absorption and desorption curves vanishes) in the phase diagram decreases 14 . Overall, all studies converge to a decrease of the total hydrogen sorption capacity in the hydride phase with reducing the Pd particle size. To understand this behaviour several possible explanations have been proposed. The most widespread hypothesis emphasizes a core/shell model with a subsurface shell in which interstitial sites are less favourable for hydrogen atoms and a bulk-like inner core that more easily absorb hydrogen to form a bulk-like hydride. Thus, the number of interstitial sites available for hydrogen and the volume that will transform into the hydride phase reduce with decreasing the size 8,15,16 . Other explanations make use of size-induced thermodynamic modifications (entropy and enthalpy of mixing) 17 or stress-induced changes (surface tension for nanoparticles or clamping effect for thin films) 18,19 . In a very simple view, the miscibility gap shifts to lower temperatures and consequently, the solubility limit on the α phase increases, whereas the one in the β phase decreases. Thus, the total sorption capacity of Pd nanoparticles drops as compared to the bulk.

Theoretical approaches of the size-dependence of the hydrogen absorption properties in Pd are scarce and generally based on the core/shell model [20][21][22] . An empirical force-field model, such as ReaxFF, has been employed for modelling hydride formation in 1.0, 1.5 and 2.0 nm-sized Pd revealing that reducing the cluster size leads to a narrowing of the miscibility gap 20 , in agreement with experiments. Other theoretical studies have also shown an enhanced hydrogen solubility in the solid solution with hydrogen segregation to the subsurface and a vanishing of phase transition for 2 nm Pd clusters. 21 It is noteworthy that changes of hydrogen sorption properties in nanosized Pd are well-known and largely documented from both experimental and theoretical approaches. While hydrogen absorption is widely explored, desorption has been less studied. The latter is mentioned in the context of pressurecomposition-isotherms showing a hysteresis between absorption and desorption branches. Previously it was observed that absorption and desorption show only partial reversibility, i.e. non-closing absorption / desorption PCI curves, for Pd nanoparticles [23][24][25] . Interestingly, highly deformed bulk Pd 26 undergoes similar phenomenon. This behaviour is ascribed to the hydrogen trapping in strong sites of the lattice. Defects (mainly dislocations and vacancies) are the main H trapping sites in bulk metals and the interaction between H and defects is of paramount importance in the embrittlement process of materials. 27 If defects can be easily encountered in bulk materials, they are less favourable in small nanoparticles. Therefore, the classical explanation of H trapping in defects is unlikely for nanoparticles.

The topic of H trapping was earlier addressed for Pd nanoparticles with average sizes of 2.5 nm 28 , 3.6 nm 29 and 6.1 nm 30 . Mainly experimental observations were reported and only few tentative explanations were proposed. Using a Gibbs approach for the construction of the absorption isotherm for 3.6 nm Pd nanoparticles, Ren and Zhang suggested that the responsible sites for H trapping are located within a surface shell of around 0.4 nm. 29 Moreover, another study claims an irreversible trapping of H atoms inside 2.5 nm Pd nanoparticles, i.e. desorption is uncomplete even at temperatures as high as 140 °C. 28 Recently, Wanger and Pundt proposed a model for the determination of the distribution of site energies in Pd-H thin films in the solid solution regime. 31 Interstitial sites, grain/domain boundary sites and deep traps could be distinguished. If dislocations and vacancies have a minor contribution to H trapping in thin films, the authors claimed that deep traps are related to the surface adsorption sites.

In this context, the surface seems to play an important role for H trapping in nanostructured materials.

However, the surface mechanisms driving these effects are still unclear, especially at the atomic scale.

Indeed, several open questions arise in the case of nanoparticles: which strong sites are responsible for trapping H in nanoparticles? Is H trapping size dependent? Can trapped H be desorbed from nanoparticles?

Here, we report on the hydrogen absorption / desorption into a series of Pd nanoparticles supported on porous carbon with average sizes of 1.4, 2.0 and 6.0 nm. Our study is based on both experimental and theoretical approaches with a focus on H trapping and its size-dependency in nanoparticles. A thorough investigation by in situ X-ray Absorption Spectroscopy (XAS) provides a fine and unique local probe of the structural change during isothermal H absorption and desorption at 25 °C. In order to avoid any artefacts (oxide formation, impurities) during EXAFS refinements, a robust and clean pretreatment procedure was established. The experimental results are supported at the atomic level by using both Tight-Binding Monte Carlo simulations (TB-MC) and Density Functional Theory calculations (DFT) showing the key role played by subsurface sites in the desorption mechanism.

Materials and Methods

Well dispersed Pd nanoparticles with an average size of 6.0, 2.0 and 1.4 nm supported on a porous graphite (High Surface Area Graphite -HSAG -with 500 m 2 /g from Imerys Graphite & Carbon) and a commercial activated carbon (AC with 1400 m 2 /g from STREM Chemicals) were prepared by a wet impregnation method followed by H2 reduction at either 500 or 300 °C, as reported earlier 32 . The 6.0 and 2.0 nm Pd nanoparticles were supported on graphite, whereas the 1.4 nm clusters were synthesized on activated carbon. The final metal amount was 10 wt.% over the whole composite weight. Transmission Electron Microscopy (TEM) characterisations were carried out with a 200 kV FEG microscope (FEI Tecnai F20 equipped with a Gatan Energy Imaging Filter, resolution 0.24 nm). The Pd nanoparticle size distribution and the average size were determined by statistical analyses of several TEM images.

The structural properties of Pd nanoparticles were determined by powder X-ray diffraction (XRD) using a D8 Advance Bruker diffractometer (Cu Kα radiation, Bragg-Brentano geometry). In situ XRD was performed under 1 bar H2 atmosphere and vacuum at ambient temperature.

To check the local structure of the Pd, in situ X-ray absorption spectroscopy (XAS) experiments were performed on the ROCK beam line at the SOLEIL synchrotron. The X-ray absorption spectra at the K edge of Pd were measured at isothermal conditions at 25 °C. The powder samples were placed inside a Lytle-type cell which was connected to a gas distribution system that controls the gas flow composition at atmospheric pressure. 33 Prior to any isothermal measurement the samples were treated under H2 flow (30 ml min -1 ) at room temperature for 10-15 minutes to remove any oxide at the surface of nanoparticles, as demonstrated earlier. 12 Then the H2 flow was replaced by He (30 ml min -1 ) and the samples were heat-treated with the following temperature profile: heating to 250 °C with a ramp of 10 °C min -1 , dwell at 250 °C for 10 minutes followed by cooling to 25 °C with a ramp of 15 °C min -1 . The purpose of this treatment is to completely remove water molecules formed during reduction of the surface oxide layer at room temperature together with hydrogen atoms possibly adsorbed / absorbed in Pd nanoparticles. Such pre-treatment ensures the exploration of hydrogen sorption properties of clean nanoparticles without oxide layer or other interstitial impurities. Four samples (bulk Pd and 6.0, 2.0 and 1.4 nm Pd nanoparticles) were measured under several H2 partial pressures in a He flow (30 ml min -1 ). The sequence of H2 partial pressures was the following: 0, 0.05, 0.25, 0.5 and 1 bar in absorption as well as 1, 0.5, 0.25, 0.05 and 0 bar H2 in desorption at 25 °C. A Pd foil was used as reference. All XANES spectra were calibrated in energy and normalised. The XAS data treatment and EXAFS refinements were performed with the MAX program package (E0 = 24350 eV for Pd K edge, Fourier transform range 3 -15 Å -1 ) 34,35 . EXAFS fitting was performed on first-sphere filtered spectra. Theoretical phases and amplitudes were computed with FEFF8 based on fcc Pd metal structure. The refined parameters are the coordination number (N), the Debye-Waller factor (σ 2 ), the nearest neighbour distance (RPd-Pd) and, for small Pd nanoparticles only, the C3 cumulant factor to account for deviations from Gaussian distribution. The energy shift ΔE0 was refined first for the Pd reference and then fixed for further refinements. The goodness of fit was evaluated using the quality factor (QF).

Hydrogen absorption properties were determined by measuring the pressure-composition isotherms (PCI) at 25 °C up to 1 bar. The PCI curves were recorded using an automated volumetric device (Autosorb IQ Quantachrome). Before any sorption measurements, the samples were pre-treated with H2 at 25 °C and then degassed under secondary vacuum at 220 °C overnight. The adsorption on the porous host is small under these conditions, as demonstrated previously 36 . Consequently, the sorption capacity is expressed here as H/Pd. Good repeatability of the measurement was observed.

The hydrogen desorption properties were investigated by thermo-desorption-spectroscopy (TDS) using a homemade instrument coupled to a quadruple mass spectrometer (MKS MicroVision Plus RGA) working under high vacuum, as described elsewhere 37 . The samples were pre-treated with H2 at 25 °C and then degassed under secondary vacuum at 220 °C overnight. The samples were exposed to 1 bar H2 pressure at room temperature, then evacuated and the desorbed H2 partial pressure was recorded by heating constantly up to 225 °C with a constant heating ramp of 5 °C min -1 .

To go beyond phenomenological approaches, simulations at atomic scale were performed using both Tight-binding (TB) and Density Functional Theory (DFT) calculations. In order to better understand the variation of the lattice parameter with the size of the NPs, we have chosen to perform TB calculations for several NP sizes (ranging from 55 to 2057 atoms) and shapes (cuboctahedra, icosahedra and truncated octahedra) in order to generalize our conclusions. The TB formalism framework is perfectly adapted to carry out this kind of complete study, which requires different types of nanoparticles made up of several hundreds of atoms. To describe transition-metal systems, we previously developed a model based on the TB approximation; details can be found elsewhere 38 . We use a moment (or recursion) method to determine the local electronic densities of states at a minimal (fourth moment) level, giving access to the band energy and ensuring linear scaling of the CPU time with system size. Such model is particularly well suited to model transition metals where the cohesion is governed by the d-electron band 39 . This interatomic potential is both fast and accurate once a set of parameters has been fitted to reproduce metal-metal interactions. The adjustment of the parameters is based on a fitting procedure already implemented in a previous study for empirical potentials [START_REF] Earl | Understanding Molecular Simulation[END_REF] and generalized to the TB formalism at the fourth moment approximation used in this work. For the Pd system, the TB parameters were obtained by fitting on experimental values of the lattice parameter, the cohesive energy, and the elastic moduli (bulk modulus and the two shear moduli) for the fcc structure, as detailed in Table I of the Supp. Mat. This TB model was implemented in a Monte Carlo (MC) code in the canonical ensemble, based on the Metropolis algorithm, which allows to relax the structures at finite temperatures 41 . In the canonical ensemble, MC trials correspond to random displacements. The average quantities were calculated over 10 6 MC macrosteps, a similar number of macrosteps being used to reach equilibrium. A MC macrostep corresponds to N propositions of random atomic displacement, N being the total number of atoms of the cluster. In addition, the location of the H trapped in the Pd nanoparticles and bulk fcc Pd was studied by DFT calculations which are very precise. We used the Quantum Espresso 42 code within the projector-augmented wave (PAW) method 43 . The generalized gradient approximation 44 was employed for all calculations. Two different particles containing 147 and 309 atoms in cuboctaedron shape were considered as well as bulk fcc structure. This equilibrium structure was chosen because it is typical of the shapes observed experimentally. In the case of NPs, the size of the supercell in the all directions was set to 40 Å to avoid artefacts due to interaction between images caused by periodic boundary conditions. For the bulk fcc, integrations over the Brillouin zone were based on a 6x6x6 Monkhorst-Pack three-dimensional grid for 108 atom cells.

Calculations were performed at zero pressure, i.e., the relaxation of the atoms and the shape of the simulation cell were considered using the conjugate gradient minimization scheme. In all cases (NPs and bulk fcc), the atomic positions were relaxed until the magnitude of the forces on all the atoms was smaller than 1.10 5 Ha/Bohr.

Results

Pd nanoparticles are well dispersed on the carbon supports, as shown in Figure 1 The size effect on PCI can be summarised as follows: the total capacity at 1 bar H2 pressure diminishes, the miscibility gap narrows, the plateau is slopping until complete vanishing for the smallest size (1.4 nm) and the solubility in the α phase increases with decreasing the particle size, irrespective of the temperature. The presence of a plateau in the PCI, even slopped, marks the formation of a hydride phase for bulk, 6.0 and 2.0 nm particles. The vanishing of the plateau for 1.4 nm clusters confirms that the hydride phase is no longer formed and only solid solutions with H are expected, in very good agreement with our previous findings for 1.0 nm Pd clusters embedded into MIL-101. 14 Along with these observations, we also notice that all Pd nanoparticles show incomplete recovery between the absorption and desorption branches at low pressures, contrary to bulk Pd. The non-closing absorption / desorption PCI branches are often encountered for Pd nanoparticles and H trapping inside the lattice is suggested to explain this finding.

In order to better understand this behaviour, we have performed in situ XRD under vacuum (initial state), under 1 bar H2 (absorbed state) and again under vacuum (desorbed state) at 25 °C (Figure SI-2).

All diffraction peaks could be indexed into a fcc structure typical for bulk metal. As expected, the diffraction peaks became broader with reducing the particles size. With one exception for 1.4 nm nanoparticles, a reversible peak shift is noticed during absorption and desorption steps. Form this experiment, nothing can be inferred about the possible trapping of H inside the lattice of nanoparticles after desorption due to large peaks and uncertainties in the XRD analysis. Thus, a finer probe must be employed to characterize the H trapping inside Pd nanoparticles. The EXAFS refinements allow the determination of the nearest Pd-Pd distance (RPd-Pd), the coordination number (N) and the Debye-Waller factor (σ 2 ), see Table 1. Typical refinements are plotted in Figure SI-3.

Table 1: EXAFS refinements results for bulk Pd and 6.0, 2.0 and 1.4 nm Pd nanoparticles under various H2 pressures at 25 °C. The nearest Pd-Pd distance (RPd-Pd), the coordination number (N), the Debye-Waller factor (σ 2 ), C3 cumulant and the confidence factor (QF) are given. The average coordination number (average of all experimental points) decreases from 11.5 for bulk (12 typical for bulk fcc metals) to 10.3, 7.9 and 7.5 for 6.0, 2.0 and 1.4 nm Pd nanoparticles, respectively. The decrease of N can be understood by an enlarged number of dangling bonds of surface atoms increasingly important with decreasing the size. 12,14 The initial value of the Debye-Waller factor shows an increase from 0.0066 to 0.0087 from bulk to 1.4 nm particle size. This finding can be explained as an increase of the static disorder in nanoparticles due to the relaxation of bond lengths at the surface, which undergoes substantial strain. Moreover, within the same material, the Debye-Waller factor rises with increasing the hydrogen pressure, which can be linked to the hydride phase formation and consequently, to the rise of the static disorder by hydrogen insertion within the interstitials. It is worth noticing that the coordination numbers and Debye-Waller factors do not differ significantly for 2.0 and 1.4 nm nanoparticles because the discrimination among these sizes is within the error bar by this experimental technique.

Sample

It is interesting to notice that the initial RPd-Pd (clean surfaces and H-free nanoparticles after heattreatment, as described above) for 6.0 and 2.0 nm particles are similar to the bulk value (2.748(1) Å).

For 1.4 nm clusters, the initial RPd-Pd is slightly smaller than the bulk value (2.745(1) Å).

Comparisons between the PCI curves and the RPd-Pd as function of pressure are shown in figure SI-4. A good agreement is noticed between the PCI curves and the evolution of RPd-Pd as function of pressure, irrespective of the particle size.

A thorough analysis of the refinements results in Table 1 allows us to draw several remarks:

1) For bulk Pd the absorption / desorption is fully reversible,

2) For all Pd nanoparticles the values of RPd-Pd after desorption are all systematically larger than the initial ones: 2.758 vs. 2.748 Å for 6.0 nm particles, 2.768 vs. 2.748 Å for 2.0 nm particles and 2.764 vs.

2.745 Å for 1.4 nm particles.

These findings are in good agreement with PCI curves proving that hydrogen absorption / desorption is not fully reversible in nanoscaled Pd and H is irreversibly trapped inside the lattice of nanoparticles.

Moreover, the larger RPd-Pd observed after desorption suggests that H is trapped inside the volume of nanoparticles and not at the surface as adsorbed species, as recently suggested for Pd thin films 31 . This is supported by the hypothesis that H atoms chemisorbed at the surface of Pd nanoparticles have a negligible effect on the overall nearest neighbour distances determined by EXAFS.

To highlight the size dependence of this behaviour figure 4 displays the evolution of RPd-Pd as function of the inverse of particle size in three states: initial clean metal, absorbed state under 1 bar of H2 and desorbed state under He. Obviously, there is a size dependence of the quantity of trapped H (irreversible part): the smaller the size, the larger the irreversible H amount (the dashed area in Figure 4). 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 However, one might object that nanoparticles are possibly not fully desorbed because of kinetic issues rather than H trapping, although this may seem counterintuitive since kinetics of hydrogen desorption for nanoparticles are enhanced relative to bulk. We have demonstrated that our results listed in Table 1 were obtained at thermodynamic equilibrium (see Figure SI-5 and related comments). No kinetic effects are responsible for the observed trend in the RPd-Pd.

In order to check if H trapped inside Pd nanoparticles can be desorbed at high temperature, we have performed in situ EXAFS under He flow during heating to 250 °C (10 °C min -1 ) and TDS experiments under dynamic vacuum for all samples (5 °C min -1 ). The results of EXAFS refinements (nearest neighbour distance) and the TDS spectra are plotted in Figure 5a and 5b, respectively. showing H desorption peaks for all Pd nanoparticles with the maximum desorption rate in between 75 -110 °C, contrary to bulk Pd that does not show any desorption at high temperature. In summary, all our experimental results converge to conclude that H trapping occurs in 6.0, 2.0 and 1.4 nm Pd nanoparticles unlike bulk metal. Trapped H can be desorbed by heating to 150-170 °C under vacuum or inert gas flow.

A close inspection of the maximum desorption rates for Pd nanoparticles (maximum of desorption peaks in the TDS -Figure 5B) suggests a clear size effect: the smaller the size, the higher the desorption temperature. This suggests that trapped H in smaller nanoparticles occupies stronger binding sites than in larger particles, i.e. a large activation energy is required for desorbing trapped H from small nanoparticles.

Discussion

Lattice parameters of nanoparticles

Experimentally, contradictory trends have been earlier claimed in the lattice parameter of Pd nanoparticles with particle size: both lattice contraction 3,5 and expansion 45 have been reported with decreasing the nanoparticle size, as compared to the bulk value. The decreasing trend can be understood by the increased number of under-coordinated atoms at the surface those bond lengths shrink spontaneous; consequently, the hydrostatic pressure induced by surface tension results in lattice contraction and strain, which is increasingly important with decreasing the size. The increase in lattice parameter was previously explained by pseudomorphism and/or incorporation of impurity atoms (C, H) in the interstitial sites of Pd. While both contraction and expansion of the lattice have been reported experimentally, a common tendency from a theoretical perspective is converging to a shrinkage of the lattice parameter with downsizing, irrespective of the nature of metal nanoparticles. 4,46-52 Indeed, our TB calculations clearly demonstrate a fcc lattice contraction with reducing the Pd particle size, irrespective of cuboctahedra, icosahedra and truncated octahedra morphology, as detailed for different cluster sizes in Figure SI-6 and related comments.

However, the present EXAFS refinements of bulk and nanosized clean Pd particles (free of surface oxidation and other interstitial impurities) have proven little change with size reduction: the nearest neighbour distance is 2.748 Å for bulk, 6.0 and 2.0 nm Pd while 2.745 Å was obtained for 1.4 nm Pd nanoparticles. This very slight contraction with size reduction is within the error bar of our refinements.

Thus, the lattice of the Pd nanoparticles seems to be relaxed without any surface strain. The reason for this discrepancy with the TB modelling is still unknown and further investigations are needed to explain this behaviour, which is beyond our present aim. However, our main objective from atomic scale simulations is to study the effect of H trapping within Pd nanoparticles.

Size-dependence of trapped H in nanoparticles

The H trapping in the volume of nanosized Pd was proven by in situ EXAFS experiments and corroborated by the PCI findings. Moreover, a size-dependence of H trapping in Pd nanoparticles is uncovered: the smaller the size, the larger the content of trapped H, as also depicted in Figure 4.

Trapping of H in small Pd nanoparticles has been already reported for discrete sizes such as, 6.1 nm 30 , 3.6 nm 29 and 2.5 nm 28 . However, size-dependence of H tapping in Pd nanoparticles has never been reported previously, to the best of our knowledge.

The total amounts of absorbed H in Pd nanoparticles at 1 bar H2 pressure and 25 °C are 0.65, 0.45 and 0.45 H/M for 6.0, 2.0 and 1.4 nm nanoparticles, respectively (from the PCI curves). The amount of trapped H can be calculated by dividing the expansion of the cell volume due to H trapping (from EXAFS results) per metal atom to the volume of the interstitial H atom in Pd. The latter one was determined from the variation of the lattice cell volume from bulk Pd metal to the hydride phase under 1 bar at 25

°C and the total amount of absorbed H in bulk Pd, as taken from the PCI curve. This value was found to be around 2.7(1) Å 3 per H atom, close to 2.9 Å 3 proposed by Peisl [START_REF] Peisl | Hydrogen in Metals I[END_REF] for various hcp, bcc, and fcc metals and alloys. Using this approach, the quantities of trapped H in Pd nanoparticles are approximately 0.06, 0.12 and 0.12 H/M for 6.0, 2.0 and 1.4 nm Pd nanoparticles, respectively. These values represent around 9, 26 and 26 % of the total H sorption capacity for nanoparticles with average sizes 6.0, 2.0 and 1.4 nm, respectively.

Consequently, the H trapping in Pd nanoparticles is increasingly important with decreasing the particle size. The amount of trapped H can be as high as 26 % of the initial capacity for the smaller Pd nanoparticles (with 2.0 and 1.4 nm average sizes).

Location of trapped H in nanoparticles

From the point of view of desorption, we can distinguish several types of sites available for H : those with fast kinetics of desorption and the trapping sites with stronger binding energy. The desorption of H from the former is faster in nanoparticles than in Pd bulk due to short diffusion lengths and large surface area for H recombination. EXAFS results indicate that the trapped H are located in the volume of nanoparticles without providing a clear localization of H within the core or the subsurface of nanoparticles.

To get insight at the atomic scale and investigate the stability of H inside the Pd nanoparticles, we performed DFT calculations. More precisely, the formation energy (Ef) of H inserted in octahedral or tetrahedral interstitial sites along the radius of the nanoparticle was calculated according to the following equation : Ef = EPd+1H -EPd -1/2EH2, where EPd+1H is the total energy of the Pd system (fcc bulk or nanoparticle) containing one hydrogen atom, EPd is the total energy of the pure Pd system and EH2 is the total energy of the H2 molecule. The more negative is, the more strongly the H atom is bound to neighboring Pd atoms. It is worth noting that the study of the complete desorption kinetics of H2 is not our purpose but, above all, to identify the most stable thermodynamic position at the end of the desorption process. Moreover, at this stage of desorption a solid solution is formed within the NP.

Thus, the calculation for only one H atom inserted in Pd nanostructure is relevant since H atoms do not interact directly with each other contrary to the case of hydride.

As a first step, we determined the most favorable interstitial site occupied by a hydrogen atom in a "bulk" fcc Pd containing 108 atoms. As seen in previous works [START_REF] Fukai | The Metal-Hydrogen System[END_REF][START_REF] Lin | [END_REF] , among the two possible interstitial sites, the octahedral one is the most stable in the bulk, even if the energy difference between both interstitial sites is weak (around 0.1 eV). This stable configuration is not surprising since the octahedral site is larger than the tetrahedral one. Indeed, the presence of H in the tetrahedral site induces a local distortion (around 3% according to our calculations) required to relax the constraints, which is not the case for the octahedral position.

We now focus on nanoparticles containing 147 and 309 atoms in the cuboctahedron form. More precisely, the formation energy of H atoms located in interstitial sites along the radius of the nanoparticles, i.e. from the center to the outer surface, was calculated. The results are presented in Figure 6, where only the case of a nanoparticle containing 309 atoms is depicted, since the same conclusions can be drawn for the 147 atoms nanoparticle. First of all, for each location within the nanoparticle, the octahedral position is the most stable, in agreement with the bulk case. More interestingly, it is clearly observed that the further away from the core (surface and subsurface sites), the more stable the H atom (Figure 6 -d). This is particularly true for H atoms occupying subsurface sites, which are the most stable (red part in Figures 6 -c andd). The energy gain of an atom located at the subsurface in comparison with a bulk position is significant in the order of 1 eV. Indeed, in the presence of a surface the relaxation process is easier and the elastic energy cost is lower. Analysis of the local distortions around the incorporated H atom clearly shows this effect (Figure 6-b). On the one hand, the H atom located at the core is strongly constrained and cannot distort the structure leading to low distortion (1 %). In contrast, the H atom in the subsurface octahedral position can maximize the formation of Pd-H bonds, which are favorable, while at the same time it is able to strongly distort the structure to relax the stresses (around 7%). Such a configuration is more stable than in the surface position since by occupying an octahedral site, the H atom forms stronger bonds. As a result, the formation of Pd-H bonds and the elastic effect required to relax the structures favor the segregation of strongly energetic interstitial sites toward subsurface positions. It is to be noted that the subsurface position has often been put forward to explain the catalytic activity of transition or noble metals 56,57 . Consequently, our DFT calculations suggest that hydrogen atoms are trapped at subsurface sites that are very stable and more favorable than bulk sites. It can be noted that no significant difference was observed for the two sizes of nanoparticles considered in the present work (147 and 309 atoms), since they have fairly similar diameters (1.7 and 2.1 nm, respectively). In both cases, the H atoms at subsurface positions are strongly bound to the Pd atoms and therefore less prone to leave the particle at room temperature, as observed experimentally.

A higher temperature, around 150 °C, is needed for complete H desorption from these trapping sites.

Conclusion

This report demonstrates the H trapping in the subsurface interstitial sites of Pd nanoparticles with 6.0, 2.0 and 1.4 nm average sizes by a combined experimental and theoretical approach. Interestingly, a double size dependent effect of H trapping inside Pd nanoparticles is highlighted experimentally: the smaller the Pd particle size, the larger the fraction of trapped H and the higher the binding energy experienced by these H atoms. Moreover, the trapped H can be desorbed by heating to around 150-170 °C under vacuum or inert gas flow. However, our experimental proofs could only confirm the trapping of H inside the volume of nanoparticles without a clear localization of these trapping interstitial sites. Our joint DFT and TB simulations suggest that the strong H trapping sites are located at the subsurface of nanoparticles, just beneath the surface.

This finding is crucial in the field of heterogeneous catalysis for which Pd is a widespread catalyst in many hydrogenation reactions. The quantity of trapped H is significant for Pd nanoparticles with sizes ≤ 2.0 nm and can reach one fourth of the maximum absorbed H. Thus, trapped H at the subsurface may play an important role in hydrogenation reactions through a subsurface hydrogen-induced electronic effect leading to the stabilization of metal-H bonds at the surface. Recently, the latter effect was shown to be beneficial for the hydrogenation of butadiene on RhHX nanoparticles 58 . Finally, this finding may open the way for clarifying the controversial role of "subsurface or bulk" hydrogen in Pdbased nano-catalysts for various hydrogenation reactions.

  . The average particle sizes are 6.0 nm (σ = 1.5 nm) for HSAG support and Tred = 500 °C, 2.0 nm (σ = 0.5 nm) for HSAG support and Tred = 300 °C and 1.4 nm (σ = 0.3 nm) for AC support and Tred = 300 °C, where σ is the standard deviation of the statistical analysis. More TEM images are shown in Figure SI-1.

Figure 1 .

 1 Figure 1. TEM images and related particle size histograms for 6.0 nm, 2.0 nm and 1.4 nm Pd nanoparticles supported on carbon.

Figure 2 .

 2 Figure2. Pressure-composition-isotherms for bulk Pd (square) and Pd nanoparticles with average sizes of 6.0 nm (triangle), 2.0 nm (rhombus) and 1.4 nm (circle) at 25 °C. Full and empty symbols stand for absorption and desorption, respectively.

  Consequently, we have performed in situ EXAFS measurements on clean Pd nanoparticles, i.e. without oxide layer at the surface and other impurities inside the volume of nanoparticles. The special pretreatment detailed in the experimental section ensures clean Pd nanoparticles, i.e. surface and volume free of any impurity, which is essential to emphasize possible subtle evolution of nearest Pd-Pd neighbouring distances as function of H absorption and desorption. These experiments have been carried out under several H2 partial pressures: 0, 50, 250, 500 and 1000 mbar in absorption as well as, 500, 250, 50 and 0 mbar in desorption under isothermal conditions at 25 °C. Figure3shows the Fourier Transform (FT) of EXAFS spectra for bulk Pd, 6.0, 2.0 and 1.4 nm Pd nanoparticles under different H2 partial pressures at 25 °C. Overall, FT peaks shift to larger distances and their intensity decreases with increasing H pressure, irrespective of particle size. The latter observation is size dependent: the smaller the size, the minor the effect on FT.

Figure 3 .

 3 Figure 3. FT of the EXAFS spectra (k² χ(k)) for bulk Pd and 6.0, 2.0 and 1.4nm Pd nanoparticles under various partial pressures of H2 at 25 °C.

Figure 4 .

 4 Figure 4. The variation of RPd-Pd as function of the inverse of particle size for several sizes of bulk Pd and nanoparticles as initial metal (triangle), hydride (square) and desorbed phase (circle).

Figure 5 .

 5 Figure5. The thermal variation of RPd-Pd (A) and the TDS spectra (B) for bulk, 6.0, 2.0 and 1.4 nm Pd nanoparticles. In figure A, the expected linear thermal expansion of bulk Pd is also plotted.

Figure 6 .

 6 Figure 6. (a) Cuboctahedron NP of Pd containing 309 atoms. (b) Presence of the hydrogen atom (white) in the subsurface position of the NP inducing a local distortion of the first layers. (c) Slide view showing the different planes within the NP. (d) Formation energy of a hydrogen atom occupying different sites (octahedral and tetrahedral) along the radius of the NP. The different coloured areas correspond to the regions indicated in (c) : blue and red correspond to the surface and subsurface, respectively. The most stable configuration is set to zero.
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