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Reactions at the water/solid interface are central to the development of sustainable processes, from biomass upgrading to photo-and electrocatalysis. To gain atomistic insight in these reactions, modelling approaches have been constantly improved over the past decade. Polarisable continuum models have considerably improved the description of charge separation and enabled a proper inclusion of the surface polarisation in electrochemistry and photocatalysis. Micro-solvation has been used to probe the impact of H-bonding at the water/catalyst interface, a key ingredient to explain observed solvent effects in liquid heterogeneous catalysis. Last, considerable efforts have been dedicated to reach a full atomistic description of the water/liquid interface, allowing the evaluation of activation energies of catalytic reactions and catalyst decomposition. In this Viewpoint, we illustrate advantages and limitations of current methods and provide perspectives.

View Point

Aqueous interfaces are ubiquitous and central to a wide range of important and challenging processes: rock weathering in geochemistry, bio-compatibility of materials, and in aqueous phase heterogeneous catalysis including biomass upgrading, electro-and photocatalysis. [START_REF] Björneholm | Water at Interfaces[END_REF][START_REF] Calvin | Review of surface water interactions with metal oxide nanoparticles[END_REF][START_REF] Gonella | Water at charged interfaces[END_REF] The fundamental knowledge of these interfaces is surprisingly limited compared to solid/gas interfaces and bulk water. For example, open questions remain regarding the water structuring, the possible water dissociation at the interface, the impact of an applied electrochemical potential on this interfacial structure and the consequences of interfacial solvation effects on catalytic reactions. [START_REF] Gonella | Water at charged interfaces[END_REF] Standard surface sciences techniques (STM, vibrational and X-Ray spectroscopy, etc.) cannot be easily applied to the solidliquid interface. [START_REF] Björneholm | Water at Interfaces[END_REF] Nevertheless, they can provide valuable information about the interaction of water with surfaces under surface-science conditions (low pressure). [START_REF] Maier | How Does Water Wet a Surface?[END_REF] For instance, in conjunction with DFT calculations, [START_REF] Feibelman | Partial dissociation of water on Ru[END_REF][START_REF] Michaelides | Different surface chemistries of water on Ru[0001]: from monomer adsorption to partially dissociated bilayers[END_REF] several groups have found that water dissociates above 150 K and forms a mixed (OH/H/H 2 O) overlayer on Ru(0001). [START_REF] Maier | How Does Water Wet a Surface?[END_REF] Still, surface sciences techniques are limited to one or few layers of water at low temperature, which is a questionable approximation for liquid water at room temperature or typical reaction conditions for biomass transformations, which can reach ∼ 200 • C in an autoclave. [START_REF] Thapa | C6 Diacids from homocitric acid lactone using relay heterogeneous catalysis in water[END_REF] Other methods can be used (e.g. calorimetry and inelastic neutron scattering [START_REF] Calvin | Review of surface water interactions with metal oxide nanoparticles[END_REF] ) and some are even specifically designed to be sensitive to the interfacial signal, such as non-linear optical spectroscopies [START_REF] Shen | Sum-Frequency Vibrational Spectroscopy on Water Interfaces: Polar Orientation of Water Molecules at Interfaces[END_REF][START_REF] Zaera | Probing Liquid/Solid Interfaces at the Molecular Level[END_REF] and surface sensitive X-Ray diffraction methods. [START_REF] Zaera | Probing Liquid/Solid Interfaces at the Molecular Level[END_REF][START_REF] Pham | Integrating Ab Initio Simulations and X-ray Photoelectron Spectroscopy: Toward A Realistic Description of Oxidized Solid/Liquid Interfaces[END_REF] In all these studies, modelling appears as a corner-stone to convert the experimentally measured signals into an atomistic understanding of aqueous interfaces involved in catalysis. Several modelling approaches have been developed and used in the past decade. We here discuss how to choose the best method depending on the expected role of water on the reaction investigated at the catalyst/water interface, building on the experience we accumulated during the past years on a wide range of systems.

To model reactions at the catalyst/water interface, implicit solvent models, also known as polarisable continuum models (PCM), have been used increasingly since it was first implemented in a major periodic DFT software in 2014, [START_REF] Mathew | Implicit solvation model for density-functional study of nanocrystal surfaces and reaction pathways[END_REF] and is now available in various flavors in a wide variety of codes. [START_REF]ENVIRON -Home[END_REF][13][14][START_REF] Gpaw | DFT and beyond within the projector-augmented wave method[END_REF] Implicit solvation models are very convenient and valuable when the main effect of the solvent is expected to be the stabilization of (partially) charged species such as in electrocatalysis as reviewed by Ringe et al., [START_REF] Ringe | Implicit Solvation Methods for Catalysis at Electrified Interfaces[END_REF] including when modelling transition states. [START_REF] Abidi | How are Transition States Modelled in Heterogeneous Electrocatalysis?[END_REF] In the PCM, the average interaction between a solute and the solvent is modelled by two terms: an average electrostatic interaction that leads to a stabilization of the solute, supplemented by the so-called cavitation energy, which accounts for all the energy penalty terms (repulsion, creation of a cavity in the solvent etc.) While the electrostatic interaction can be computed by the Poisson-Boltzmann equation, the cavitation energy generally relies on semi-empirical parameters, fitted to molecular benchmark data. [START_REF] Ringe | Implicit Solvation Methods for Catalysis at Electrified Interfaces[END_REF] In practice it turns out that the cavitation energy is generally negligible compared with the electrostatic interaction. [START_REF] Steinmann | Solvation free energies for periodic surfaces: comparison of implicit and explicit solvation models[END_REF][START_REF] Gu | Group Additivity for Aqueous Phase Thermochemical Properties of Alcohols on Pt(111)[END_REF] However, the definition of the solute cavity, and thus the transition of the dielectric constant from its vacuum value (in the solute) to the bulk solvent value, directly impacts the quality of the implicit solvent model, [START_REF] Andreussi | Revised self-consistent continuum solvation in electronic-structure calculations[END_REF][START_REF] Vassetti | Assessing the performances of different continuum solvation models for the calculation of hydration energies of molecules, polymers and surfaces: a comparison between the SMD, VASPsol and FDPB models[END_REF] including work functions [START_REF] Bramley | Reconciling Work Functions and Adsorption Enthalpies for Implicit Solvent Models: A Pt (111)/Water Interface Case Study[END_REF] and adsorption energies. [START_REF] Bramley | Understanding Adsorption of Organics on Pt(111) in the Aqueous Phase: Insights from DFT Based Implicit Solvent and Statistical Thermodynamics Models[END_REF] While machine-learning seems to be able to replace implicit solvents for neutral molecules, [START_REF] Chen | Machine learning implicit solvation for molecular dynamics[END_REF] the lack of a physical description of electrostatics seems difficult to reconcile with electrified interfaces. The later are, however, a stronghold of implicit solvents as recently reviewed in detail. [START_REF] Schwarz | The electrochemical interface in first-principles calculations[END_REF] Indeed, the implicit solvent ensures a reasonable capacitance (relation between applied potential and surface charge) [START_REF] Lespes | Using Implicit Solvent in Ab Initio Electrochemical Modeling: Investigating Li+/Li Electrochemistry at a Li/Solvent Interface[END_REF] and allows a consistent, black-box, treatment of the solvent for all reactants and intermediates, [START_REF] Jinnouchi | Electronic structure calculations of liquid-solid interfaces: Combination of density functional theory and modified Poisson-Boltzmann theory[END_REF][START_REF] Wang | Formic Acid Oxidation at Pt/H2O Interface from Periodic DFT Calculations Integrated with a Continuum Solvation Model[END_REF] equally applicable to water [START_REF] Steinmann | Modeling the HCOOH/CO 2 Electrocatalytic Reaction: When Details Are Key[END_REF] and organic solvents. [START_REF] Steinmann | Impacts of electrode potentials and solvents on the electroreduction of CO 2 : a comparison of theoretical approaches[END_REF] As an example, we have exploited the implicit solvent model to investigate the electro-chemical potential dependence of the electro-oxidation of formic acid, typical for direct formic acid fuel cells. [START_REF] Steinmann | Modeling the HCOOH/CO 2 Electrocatalytic Reaction: When Details Are Key[END_REF] In this study we could demonstrate that the reaction mechanism on Ni(111) crucially depends on the reorientation of the formate intermediate, a formally "chemical" reaction step, which nevertheless shows a non-negligible potential dependence. This importance of the electrochemical potential on formally chemical steps has also been observed for the reductive coupling of CO 2 on copper, [START_REF] Goodpaster | Identification of Possible Pathways for C-C Bond Formation during Electrochemical Reduction of CO 2 : New Theoretical Insights from an Improved Electrochemical Model[END_REF] suggesting the general importance of accounting for the electrode polarisation. We have also relied on an implicit solvent description to elucidate why increasing the pH increases thermal formic acid decomposition into CO 2 and H 2 on Pd(111). [START_REF] Wang | Key role of anionic doping for H 2 production from formic acid on Pd (111)[END_REF] At a pH above the pKa of formic acid, anionic formate can be chemisorbed at the Pd/water interface. Detailed analysis has revealed that the interaction between the surface dipole moment of the adsorbate with the electric field generated by the adsorption of anionic species results in a lowering of the limiting transition states. This study relied on the capability of rigorously computing the energy of a charged periodic surface through the inclusion of an effective neutralizing counter-charge, obtained by the solution of the linearized Poisson-Boltzmann equation. [START_REF] Mathew | Implicit selfconsistent electrolyte model in plane-wave density-functional theory[END_REF] Furthermore, we have demonstrated for two potential-dependent overlayers on Au(111) immersed in an aqueous electrolyte, that this approach yields semi-quantitative agreement with experiments, [START_REF] Steinmann | Assessing a First-Principles Model of an Electrochemical Interface by Comparison with Experiment[END_REF][START_REF] Fang | Revisiting the atomistic structures at the interface of Au(111) electrode-sulfuric acid solution[END_REF] a conclusion that has also been reached for CO 2 reduction intermediates over copper. [START_REF] Baricuatro | Operando Electrochemical Spectroscopy for CO on Cu(100) at pH 1 to 13: Validation of Grand Canonical Potential Predictions[END_REF] Therefore, we advocate the use of implicit solvents for investigating the potential dependence of electrocatalytic reactions, [START_REF] Abidi | Atomistic modeling of electrocatalysis: Are we there yet?[END_REF] including the reactivity on semi-conductors under photo-electrocatalytic conditions, such as oxygen evolution reaction (OER) over the CoOOH co-catalyst. [START_REF] Curutchet | Two-Sites Are Better Than One: Revisiting the OER Mechanism on CoOOH by DFT with Electrode Polarization[END_REF] For this catalytic system we have demonstrated the importance of considering chemical steps, in particular the formation of the O-O bond and the desorption of O 2 and revealed the involvement of two, rather than only one, Co site for the most probable reaction pathway.

Water can also play a major role as a competitive adsorbate. To gain a thorough understanding of this effect, we need to explicitly describe water molecules. Moving to classical molecular mechanics (MM) is then a natural choice to avoid the large computational burden associated with ab initio molecular dynamics. However, pair-wise force fields fail to properly describe chemisorption of intermediates relevant to Catalysis. Therefore, we have proposed a QM/MM approach (MMSolv) to keep a high-level (DFT) description of the surface/adsorbate interaction in combination with solvation effects at the MM level, similar in spirit to the work of the Heyden [START_REF] Saleheen | Liquid-Phase Modeling in Heterogeneous Catalysis[END_REF] and Getman 40 groups. In practice, MM-Solv combines ab initio adsorption energies with solvation energies computed at the MM level using an alchemical transformation (see Fig. 1). [START_REF] Steinmann | Solvation free energies for periodic surfaces: comparison of implicit and explicit solvation models[END_REF] Of course, the reliability of the obtained results strongly depends on the quality of the force field. Most of the water/metal force fields do not reproduce the near chemisorption of the water/metal interaction observed with DFT. [START_REF] Steinmann | Force Field for Water over Pt(111): Development, Assessment, and Comparison[END_REF] Our GAL17 force field has been specifically designed to retrieve the strength and angular dependence of this interaction. [START_REF] Steinmann | Force Field for Water over Pt(111): Development, Assessment, and Comparison[END_REF][START_REF] Clabaut | Ten Facets, One Force Field: The GAL19 Force Field for Water-Noble Metal Interfaces[END_REF] The water/metal interaction is strong enough to challenge the standard alchemical transformation, so that we had to pass through a well-behaved physisorption potential for Pt/water in order to achieve converged, reproducible results. [START_REF] Clabaut | Solvation Free Energies and Adsorption Energies at the Metal/Water Interface from Hybrid Quantum-Mechanical/Molecular Mechanics Simulations[END_REF] This MMSolv strategy has been validated against experimental data on the adsorption of aromatics at the Pt/water interface. [START_REF] Clabaut | Solvation Free Energies and Adsorption Energies at the Metal/Water Interface from Hybrid Quantum-Mechanical/Molecular Mechanics Simulations[END_REF][START_REF] Singh | A Simple Bond-Additivity Model Explains Large Decreases in Heats of Adsorption in Solvents Versus Gas Phase: A Case Study with Phenol on Pt(111) in Water[END_REF][START_REF] Singh | Quantifying Adsorption of Organic Molecules on Platinum in Aqueous Phase by Hydrogen Site Blocking and in Situ X-ray Absorption Spectroscopy[END_REF] MMSolv performs noticeably better than PCM thanks to a proper inclusion of the surface solvation. It can be easily used with oxides surfaces, given that the chemisorption of water is well described. [START_REF] Rey | Transferable Gaussian Attractive Potentials for Organic/Oxide Interfaces[END_REF] When considering the adsorption of flexible molecules (e.g. polyols), MMsolv can easily be combined with our package DockOnSurf [START_REF] Marti | A Python code for the High-Throughput Screening of Flexible Molecules Adsorbed on Surfaces[END_REF] to automate the sampling of conformers. Currently, MMsolv is, however, not directly applicable to the adsorption of ions, since an electrostatic embedding is missing. [START_REF] Galvan | A program for the calculation of solvent effects combining QM/MM methods and the mean field approximation[END_REF][START_REF] Gim | Multiscale Simulation Method for Quantitative Prediction of Surface Wettability at the Atomistic Level[END_REF] Another limitation remains the quality of the classical force field. Our GAL force field [START_REF] Steinmann | Force Field for Water over Pt(111): Development, Assessment, and Comparison[END_REF] was a clear improvement compared to existing Pt/water force fields. Nevertheless, we have shown recently that many-body interactions (polarisability and the charge transfer) contribute up to about 50 % to the adsorption energy of water layers on Pt(111), [START_REF] Clabaut | Water adlayers on noble metal surfaces: Insights from energy decomposition analysis[END_REF] an effect that is beyond the capabilities of pair-wise additive GAL force fields. Importantly, the charge transfer scales with the polarisability. Hence, developing polarisable force fields (e.g., in the spirit of AMOEBA [START_REF] Liu | Implementation of Geometry-Dependent Charge Flux into the Polarizable AMOEBA+ Potential[END_REF] ) could be a valuable approach to improve the description of metal/water interfaces.

Impact of the Solvation on Adsorption Energies

Our target in this work is to assess the impact of the water solvent on the adsorption reaction of a given substrate (here levulinic acid, named LA in the following) on a surface (here Ru(0001)). This process can be described by the following reaction:

LA solv + Ru(0001) solv ! LA@Ru(0001) solv
Since the free energy of adsorption in vacuum is much more accessible than the one in solvent, it is customary to write the Gibbs free energy of adsorption in solution DG solv ⇤ ads as the following sum

DG solv ⇤ ads = DG vac ⇤ ads + DDG ads ⇤ solv ( 8 
)
where DG vac ⇤ ads is the Gibbs free energy of adsorption in vacuum and DDG ads ⇤ solv corresponds to the variation of the solvation Gibbs free energy DG ⇤ solv along the adsorption process. Since we have no data for a comparison with experiment for adsorption energies, we do not include any terms that affect all the schemes to the same extent. This implies that thermal effects (e.g., entropy of adsorption) are neglected in the present approach, but could be included at least An alternative to improve the description of the direct interactions between chemisorbed species and water is to add a few water molecules to be described at the ab initio level.
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This approach, often coined micro-solvation, has been originally used to describe solvation effects in homogeneous aqueous phase. For instance, micro-solvation was successfully used in combination with a PCM to compute the aqueous acid dissociation constants. [START_REF] Kelly | Adding explicit solvent molecules to continuum solvent calculations for the calculation of aqueous acid dissociation constants[END_REF] This is how we have investigated the impact of water on the transformation of oxygenated compounds catalysed by metals for the past 10 years. [START_REF] Michel | H versus O-H Bond Dissociation for Alcohols on a Rh(111) Surface: A Strong Assistance from Hydrogen Bonded Neighbors[END_REF][START_REF] Zaffran | Linear Energy Relations As Predictive Tools for Polyalcohol Catalytic Reactivity[END_REF][START_REF] Loffreda | Tuning catalytic reactivity on metal surfaces: Insights from DFT[END_REF][START_REF] Michel | Role of water on metal catalyst performance for ketone hydrogenation. A join experimental and theoretical study on levulinic acid conversion into gamma-valerolactone[END_REF][START_REF] Gu | Unraveling the Role of Base and Catalyst Polarization in Alcohol Oxidation on Au and Pt in Water[END_REF][START_REF] Schweitzer | Can microsolvation effects be estimated from vacuum computations? A case-study of alcohol decomposition at the H 2 O/Pt(111) interface[END_REF] Importantly, adding explicitly one water molecule has allowed us to rationalize solvent effects in ketone hydrogenation. [START_REF] Michel | Role of water on metal catalyst performance for ketone hydrogenation. A join experimental and theoretical study on levulinic acid conversion into gamma-valerolactone[END_REF] Figure 2 was not found to significantly impact on the activation and reaction energies compared with vacuum. [START_REF] Gu | Group Additivity for Aqueous Phase Thermochemical Properties of Alcohols on Pt(111)[END_REF] The largest modification is found for a C-C bond splitting (CH 3 -COH),

with a decrease of 0.22 eV of the reaction energy. This can be related to a change in the orientation of the hydroxyl group that reduces its stabilizing interactions with PCM. To improve the description of H-bonding between the water solvent and the solute, we have systematically added one water molecule, preferentially chemisorbed on a neighbouring top site. In the presence of micro-solvation, the impact of water was considerably stronger than when using only PCM. [START_REF] Schweitzer | Can microsolvation effects be estimated from vacuum computations? A case-study of alcohol decomposition at the H 2 O/Pt(111) interface[END_REF] The largest effect we identified is an increase of 0.53 eV of the activation barrier of a C-O bond dissociation (CH 3 CH 2 -O). This can be related to a stabilization of the initial state that is greater than the stabilization of the transition state.

This example is representative of the dissociation of C-O bonds, but not of C-OH bonds.

In this later case, the resulting OH fragment is stabilized through a very strong H-bond, which facilitates the C-OH bond cleavage. This micro-solvation approach can be used in a wide range of context to include the direct interactions between chemisorbed species and water, as for instance to address the competition between decarboxylation and decarbonylation in acetic acid over Pd(111), [START_REF] Chukwu | Effects of Co-adsorbed Water on Different Bond Cleavages of Oxygenates on Pd (111)[END_REF] to predict onset potentials in electrocatalysis, [START_REF] Rendón-Calle | Substantial improvement of electrocatalytic predictions by systematic assessment of solvent effects on adsorption energies[END_REF] or to study the adsorption of a corrosion inhibitor. For many reactions, water is a non-innocent solvent. In other words, its impact goes beyond the stabilization of surface species through electrostatic effects and H-bonding:

water and other protic solvents can also react, act as a co-catalyst and modify the reaction mechanism. [START_REF] Xie | Discovery of a New Solvent Co-Catalyzed Mechanism in Heterogeneous Catalysis: A First-Principles Study with Molecular Dynamics on Acetaldehyde Hydrogenation on Birnessite[END_REF] This is well known in the catalytic oxidation of alcohols in water when using O 2 as a oxidant. Isotopic labelling experiments have demonstrated that the oxygen atom that is incorporated in the carboxylic acid product is mainly coming from water and not from O 2 . [START_REF] Zope | Reactivity of the Gold/Water Interface During Selective Oxidation Catalysis[END_REF] The presence of water facilitates the O --O splitting not only thanks to a stabilizing H-bond network but also through a proton transfer. On Au(111), we have shown that a first proton is transferred from H 2 O to O 2 yielding OH and HOO. Then, the O-O bond cleavage in OOH is facilitated by a concomitant proton transfer from a second water molecule, generating in total 4 OH. These chemisorbed OH are the oxidizing species at the Au/water interface. [START_REF] Gu | Unraveling the Role of Base and Catalyst Polarization in Alcohol Oxidation on Au and Pt in Water[END_REF] The presence of water facilitates the O 2 activation on Au(111) since the overall barrier to generate the four OH is 0.86 eV while the O 2 splitting into two chemisorbed O was found above 1 eV by Zope et al. [START_REF] Zope | Reactivity of the Gold/Water Interface During Selective Oxidation Catalysis[END_REF] This barrier is even lower in presence of a base (0.74 eV), when the adsorption of a hydroxide anion polarises the Au/water interface. [START_REF] Gu | Unraveling the Role of Base and Catalyst Polarization in Alcohol Oxidation on Au and Pt in Water[END_REF] Modeling the aqueous environment using micro-solvation has well-known limitations: the number and position of the water molecules has to be chosen, making its usage clumsy and the results can depend on these somewhat arbitrary choices in an unpredictable manner, in particular when proton-transfers are involved. Even combined with PCM, micro-solvation cannot properly describe solvation shells with changing size, the surface solvation or long-range proton transfers in water (Grotthus mechanism).

Thus, moving to a full ab initio description of the liquid water is appealing, since in this case each water molecule could react. In principle, ab initio molecular dynamics (AIMD) addresses all the limitations we listed so far. However, the main bottleneck of AIMD is to reach a representative phase-space sampling, which requires sufficiently long MDs. Recently, the usefulness of AIMD for heterogeneous catalysis at the water/solid interface has significantly increased thanks to enhanced-sampling methods and efficient compu-tational resources and softwares. For instance, AIMD can be enhanced using thermodynamics integration or umbrella sampling, which require a good pre-knowledge of the reaction coordinate. [START_REF] Xie | Discovery of a New Solvent Co-Catalyzed Mechanism in Heterogeneous Catalysis: A First-Principles Study with Molecular Dynamics on Acetaldehyde Hydrogenation on Birnessite[END_REF] in aqueous phase relative to the gas phase. In this study, a full slab of liquid water (80 water molecules) is added on top the Au 11 /TiO 2 system, and the O-O distance is a natural choice for the reaction coordinate. However, thermodynamic integration is limited to a single reaction step, [START_REF] Sprik | Free energy from constrained molecular dynamics[END_REF] and the reaction coordinate needs to be straightforward. For instance, in the O 2 dissociation case, the H transfer is only observed if it happens in the reachable timeframe (< 20 picoseconds). We recently faced this issue when attempting to describe the desorption of ethanol from the alumina/water interface to the bulk water. [START_REF] Rey | Mechanistic investigation and free energies of the reactive adsorption of ethanol at the alumina/water interface[END_REF] It turned out to be a challenging process for thermodynamic integration because of the very slow dynamics of interfacial water molecules. [START_REF] Réocreux | Structuration and Dynamics of Interfacial Liquid Water at Hydrated γ-Alumina Determined by ab Initio Molecular Simulations: Implications for Nanoparticle Stability[END_REF] We employed the altitude as the natural reaction coordinate. The gas-phase adsorption mode and site was taken as a starting configuration for a slow-growth AIMD. Still, the replacement of chemisorbed ethanol by chemisorbed water (or dissociated water) requires a strong reorganisation of the solvation shell that cannot be reached in the accessible time frame, yielding to a spurious barrier. A first solution is to trigger this reorganisation "by hand", making the assumption that water diffusion at the interface is much faster than the desorption. However, the water diffusion is considerably slowed down at the interface compared to the bulk solution, [START_REF] Réocreux | Structuration and Dynamics of Interfacial Liquid Water at Hydrated γ-Alumina Determined by ab Initio Molecular Simulations: Implications for Nanoparticle Stability[END_REF] so that the validity of this hypothesis is uncertain. An alternative is to move to metadynamics, [START_REF] Bussi | Using metadynamics to explore complex free-energy landscapes[END_REF] where additional reaction coordinates can be included to bias (and thus accelerate the sampling off) changes in solvation. [START_REF] Rey | Mechanistic investigation and free energies of the reactive adsorption of ethanol at the alumina/water interface[END_REF] Last, water can even modify the catalyst surface. For instance, combining explicit water molecules and an implicit solvent model, we have provided evidence that sulfur atoms on edges of MoS 2 will be gradually replaced by hydroxyl groups under hydrogen evolution reaction conditions. [START_REF] Abidi | Revisiting the active sites at the MoS 2 /H 2 O interface via grand-canonical DFT: The role of water dissociation[END_REF][START_REF] Abidi | How Stable Are 2H-MoS 2 Edges under Hydrogen Evolution Reaction Conditions?[END_REF] Complementing the micro-solvation with a continuum model has been mandatory in this case to properly describe the polarisation of the electrified interface. This combination of micro-sovlation and PCM is a valuable tool to investigate the stability of active sites in aqueous solution but it cannot easily determine the corresponding activation energies and thus might miss kinetic bottlenecks. Furthermore, how a robust combination of implicit and explicit solvation can be achieved at electrified interfaces remains a subject of active research, [START_REF] Gauthier | Challenges in Modeling Electrochemical Reaction Energetics with Polarizable Continuum Models[END_REF] last but not least because the implicit solvent should not penetrate between the explict solvent molecules. [START_REF] Andreussi | Solvent-Aware Interfaces in Continuum Solvation[END_REF] Accelerating the phase-space exploration along several variables, ab initio metadynamics enables modelling of such multi-step complex reactions at the catalyst/water interface as demonstrated on the first steps of γ-Al 2 O 3 hydrolysis. [START_REF] Réocreux | Reactivity of shape-controlled crystals and metadynamics simulations locate the weak spots of alumina in water[END_REF] The γ-Al 2 O 3 (110) surface exposes two tetrahedral aluminum atoms (Al α and Al β ) in contact with water. [START_REF] Wischert | γ-Alumina: The Essential and Unexpected Role of Water for the Structure, Stability, and Reactivity of Defect Sites[END_REF] During hydrolysis, the coordination number (CN) of these aluminum atoms with water should increase, while the CN with the oxygen of alumina should decrease. Using these two variables, we explored the reactivity of the two tetrahedral aluminum atoms and identified the most sensitive Al atom on the (110) surface (named Al β in Figure 3). The two-dimensional free energy surface landscapes are shown in Figure 3. While only one free energy well is obtained when biasing the CNs of Al α , several wells are obtained when biasing the CNs of Al β , demonstrating that Al β is the weak-spot for γ-Al 2 O 3 decomposition via hydration.

The corresponding free energy surface provides the mechanism (addition/elimination sequence) and the barriers (∼80 kJ•mol -1 , see Figure 3d).

Ab initio metadynamics appears as the method of choice when water is involved as a reactant. Still, it is challenging to set up since the description of the reactions relies on only few variables to describe complex multi-step mechanisms. For cases where water is not reacting, we have recently developed MMSolv, a hybrid scheme that combines ab for liquid water at room temperature, but is computationally much cheaper and gives easily access to the solvation energies of arbitrary adsorbates. MMSolv relies on MM and alchemical transformation to compute the solvation term. So far, it implements a basic mechanical embedding but it could be upgraded to an electrostatic embedding, in particular to be used for electrified interfaces and the adsorption of ions. A more serious drawback is that the reliability of the results strongly depends on the quality of the force field. Therefore, more accurate force fields are clearly needed. Regarding water/metal force fields, a first step is to move to polarizable force fields. This was recently proposed by Goddard and co-workers in the context of electrocatalysis. [START_REF] Naserifar | Artificial Intelligence and QM/MM with a Polarizable Reactive Force Field for Next-Generation Electrocatalysts[END_REF] Another possibility is to move to machine learning potentials [START_REF] Unke | Machine Learning Force Fields[END_REF] as proposed by Behler and co-workers to describe the Cu/water interface, [START_REF] Natarajan | Neural network molecular dynamics simulations of solid-liquid interfaces: water at low-index copper surfaces[END_REF] a strategy that has lead to valuable insight into the hydrogen coupling at the platinum/water interface. [START_REF] Rice | Hydrogen Coupling on Platinum Using Artificial Neural Network Potentials and DFT[END_REF] Still, these accurate potentials lack transferability and cannot be used directly to investigate how an adsorbate would be solvated or could react at this aqueous interface. Nevertheless, a system-specific machine-learning potential in combination with DFT resampling [START_REF] Jinnouchi | First-principles hydration free energies of oxygenated species at water-platinum interfaces[END_REF] allows to retrieve most of the solvent effects, albeit at a considerable computational cost. Furthermore, such schemes result in complex workflows, which require automatization in order to become viable for applications. [START_REF] Steinmann | Autonomous high-throughput computations in catalysis[END_REF] Reactive force fields are a good alternative to handle complex interfaces.

Once parameterized, they are fast enough to simulate 1 ns. For instance, ReaxFF has recently been used to investigate the dissociative adsorption and decomposition of acetic acid at the ZnO/water interface in function of the temperature. [START_REF] Sengul | ReaxFF Molecular Dynamics Study on the Influence of Temperature on Adsorption, Desorption, and Decomposition at the Acetic Acid/Water/ZnO(1010) Interface Enabling Cold Sintering[END_REF] Moreover, such simulations also give access to the entropy at the solid/water interface, [START_REF] Jung | Thermodynamic Description of Interfaces Applying the 2PT Method on ReaxFF Molecular Dynamics Simulations[END_REF] which will ultimately enable a fundamental understanding of the thermodynamic differences in reactivity between gas-phase, solution-phase and the water/solid interface.

Figure 1 :

 1 Figure 1: (a) Principle of the MMsolv method to compute adsorption energies at the water/solid interface (b) Gibbs free energy of adsorption of benzene at the Pt/water interface, simulation data from 43 and experimental data 45 (c) Snapshot of the Pt/water interface showing the first layer of hydration, extracted from MM simulations used in MMSolv.
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Figure 2 :

 2 Figure 2: Acetone hydrogenation on Ru(0001) and H 2 O-Ru(0001) studied using the PW91 functional. 56 (a) Energy profiles in eV (b) Optimized structures on Ru(0001) (c) Optimized structures on H 2 O-Ru(0001). Main distances are indicated in Å.
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  adsorption energies with solvation energies at the MM level. Compared with PCM, MMSolv accounts for the competitive adsorption of the water solvent without the arbitrariness of micro-solvation. Just like enhanced AIMD, MMSolv computes the properties CN(Al .;O of water) .;.O of alumina) α CN (Al.; O of water) α CN(Al..;.O of alumina) First and highest barrier 78 kJ.mol -1

Figure 3 :

 3 Figure 3: Exploration of the reactivity of γ-Al 2 O 3 (110) in contact with a slab of liquid water. 73 Top view (a) and side view (b) of the initial structure. Only chemisorbed water molecules are shown. O wat , O alumina , Al, H in blue, red, yellow, white respectively. Bidimensional free energy surfaces obtained from ab initio metadynamics when exploring the reactivity of the tetrahedral aluminum Al α (c) and Al β (d). Side view of the final structure (e) with a hydrated Al β extracted from the alumina network.

  gathers the energetic profile of acetone hydrogenation on Ru(0001) and on H 2 O-Ru(0001) with the related structures. In presence of a H-bonded water molecule on H 2 O-Ru(0001), acetone and iso-propanol are more strongly chemisorbed thanks to the additional H-bonding with the chemisorbed water. In contrast, the iso-propoxy intermediate is triggered to move from the hollow site to a bridge site that resembles more closely the transition state configuration. For this reason, water accelerates the ketone hydrogenation on oxophilic metals, where alkoxy intermediates are found to be particularly stable and difficult to hydrogenate into alcohols (O-H bond formation) or dehydrogenate into ketones (C-H bond scission).[START_REF] Michel | H versus O-H Bond Dissociation for Alcohols on a Rh(111) Surface: A Strong Assistance from Hydrogen Bonded Neighbors[END_REF][START_REF] Zaffran | Linear Energy Relations As Predictive Tools for Polyalcohol Catalytic Reactivity[END_REF][START_REF] Loffreda | Tuning catalytic reactivity on metal surfaces: Insights from DFT[END_REF][START_REF] Michel | Role of water on metal catalyst performance for ketone hydrogenation. A join experimental and theoretical study on levulinic acid conversion into gamma-valerolactone[END_REF] More recently, we have focused on the

energetics of O-H, C-H, C-C and C-O bonds cleavages of alcohols on Pt(111). Despite the strong polarity of O-H and C-O bonds, modeling water as a polarisable continuum

  This is how Siemer et al. 64 demonstrated that the O 2 bond cleavage barrier catalysed by Au 11 nanoparticule supported over TiO 2 is decreased by 25%
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