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Résumé

Mots-clés : Électrocatalyse, hydrogène, disulfure de molybdène (MoS 2 ), théorie de la fonctionelle de la densité grand-canonique, solvatation Dans une société dépendante des énergies fossiles, la production d'hydrogène à partir de l'eau par électrocatalyse (HER) est une alternative que les chimistes doivent explorer. Un des problèmes est le remplacement du catalyseur platine, le plus efficace, par un autre, moins cher. Le bisulfure de molybdène (MoS 2 ) s'est présenté comme un candidat très prometteur. Cependant, la nature de ses sites actifs reste controversée et la densité des sites actifs est généralement limitée ce qui empêche une utilisation à large échelle. Contrairement aux travaux précédents, cette thèse théorique considère l'influence du solvant, du potentiel électrochimique ainsi que la désactivation par le dégagement de H 2 S sous conditions HER. Tout d'abord, en revisitant les sites actifs connus sur les bords du MoS 2 , nous avons mis en évidence que l'eau participe dans la production de H 2 et change la structure des bords, menant à une désactivation partielle. En effet, l'eau est adsorbée sur le bord Mo ce qui mène à un dégagement de H 2 S et à la conversion vers le bord Mo couvert par OH* adsorbées. H 2 continue à se produire via un cycle entre ces OH* et H 2 O avec une surtension négligeable ( 0 V). Le bord S a une moindre tendance à perdre sa structure initiale et contient des sites actifs pour HER. Cependant, il évolue dans le temps en présence d'eau vers un bord S recouvert de OH* qui bloqueront définitivement les sites actifs. Ainsi, nos calculs étudient pour la première fois la désactivation des bords S en présence d'eau. L'effort principal a été consacré à l'étude du plan basal. Comme c'est la surface la plus abondante du catalyseur MoS 2 , nous avons évalué deux stratégies afin d'améliorer son activité HER. La première était la création de lacunes de soufre (V S , V S 2 ) et d'anti-sites (Mo S , Mo S 2 ). Nos calculs, qui traitent le milieu réactionnel de manière réaliste, confirment l'hypothèse de la littérature selon laquelle les lacunes sont,MO en principe, des sites actifs pour l'HER. En plus, nous avons pu montrer que les anti-sites Mo S et Mo S 2 sont également des sites prometteurs (surtension < 0,2 V) en présence de l'eau. Ces résultats soulignent la nécessité, jusqu'à présent négligée, de prendre en compte la composante liquide (H 2 O) et le potentiel électrochimique. Afin de détailler les étapes du mécanisme HER en présence du potentiel électrochimique, nous avons choisi V S , le site actif le plus abondant et facile à créer de point de vue énergétique. Nous avons déterminé les états de transition et l'énergie d'activation en fonction du potentiel électrochimique pour chaque étape pour trouver finalement qu'on suit deux étapes Volmer et une étape Heyrovsky pour la production de H 2 sur V S . Ces énergies d'activation des étapes ix

Introduction

Mankind is faced with a growing demand for energy. A large part of it is covered by fossil resources: oil, coal and natural gas. Their stock is limited and their use produces carbon dioxide, the main greenhouse gas responsible for global warming, which threatens the global ecosystem. Numerous research efforts have, therefore, been directed towards the use of renewable energies. However, the difficulties in storing these energies and using them as fuels for various means of transportation have hindered their implementation. [1][2][3] H 2 has attracted great interest in recent decades as an energy vector. 4;5 Speaking of hydrogen, several scientists like to quote Jules Vernes and endorse his futuristic vision of a hydrogen engine. In his work "The Mysterious Island" 6 , the author wrote of water: "The hydrogen and oxygen of which it is composed, used separately or simultaneously, will be an inexhaustible source of heat and light." Today, fiction is becoming reality. Hydrogen is the lightest element in Mendeleev's periodic table. Its nucleus consists of a single proton and its atom has one electron. Dihydrogen is odorless, colorless, and non-caustic. Hydrogen is also the oldest of all chemical elements. 7 In 1766, Henry Cavendish discovered hydrogen, a gaseous substance that yields water when burned in air. This "combustible air" was renamed "hydrogen" by Antoine-Laurent Lavoisier in 1783. Later, the composition of the water molecule, one oxygen atom for two hydrogen atoms, was discovered by Louis-Joseph Gay-Lussac together with Alexander von Humbolt in 1805. Some decades later, William Robert Grove discovered a process that uses hydrogen to generate electricity, heat and water simultaneously: The fuel cell. By the 1960s, such fuel cells could be found in NASA spacecraft such as the Apollo and Gemini capsules. 8 About 110 Mt of hydrogen are produced annually worldwide in 2018, mostly (at least 75%) from natural gas and coal (∼ 23 %). 33% of the hydrogen produced is used for petroleum refining in the conversion of heavy oils and desulfurization of gasoline and diesel, while 27% is used for the production of ammonia. The rest is used for the production of chemicals such as methanol (11%), steel production (3%) and various other minor usages. 9 Hydrogen has the highest energy density per kilogram compared to other fuels, especially Chapter 1. Introduction natural gas. Combustion of one kilogram of H 2 releases three times more energy than one kilogram of gasoline, 120 MJ/kg compared to 45 MJ/kg. 10 The main "source" of hydrogen on earth is water. Various processes are used to produce hydrogen: reforming or gasification of hydrocarbons, electrolysis of water, or thermochemical splitting of water or biomass. The choice of process depends on numerous parameters: Type of primary energy, purity, flow rates, etc. 11 Thermochemical splitting for hydrogen production is at the laboratory stage and electrolysis represents less than 1% of the total production capacity of hydrogen. The latter is used only surplus or very cheap electricity is available (e.g., in the case of wind or photovoltaic power) and/or when a high degree of purity of the hydrogen produced is required. Currently, the increasing use of renewable energies is leading to the development of electrolysis, a process well suited for the storage of these intermittent energies. The electrochemical splitting of water can be done by different methods, which can be divided into two broad categories: Water electrolysis and water photolysis. 12 An electrolysis cell consists of two electrodes (anode and cathode, electrical conductors) connected to an external power source and separated by an electrolyte (ionic conductive medium). This electrolyte can be either an acidic or basic aqueous solution, a proton or anion exchange polymer membrane or a ceramic membrane that conducts O 2-ions. The latter is used in solid-oxide electrolyzers at high temperatures (> 500 • C) Photoelectrochemical and photocatalytic water splitting devices use semiconducting materials to absorb sunlight and generate charge carriers so that water can be split without an external power supply.

Regardless of the configuration of the device, the overall reaction of water splitting remains the same:

H 2 O - → H 2 + 1 2 O 2 (1.1)
This reaction requires an energy input ∆G = 237.1 kJ/mol, corresponding to an ideal (thermodynamic) potential of 1.23 V. 13 In a water electrolysis cell, the hydrogen evolution reaction (HER) occurs at the cathode and the oxygen evolution reaction (OER) occurs at the anode. The water is oxidized to oxygen and protons at the anode (1.2):

H 2 O - → 1 2 O 2 + 2H + + 2e - (1.
2)

The oxygen evolution reaction (OER) requires the formation of the O--O bond, which is a significant challenge for water electrolysis. Indeed, OER features sluggish electrode kinetics and is, therefore, responsible for high overall overpotentials for water electrolysis. Furthermore, in acidic conditions (which are most beneficial for the reduction of mass-and charge-transfer limitations) only noble metals (Ir or Ru) can be used as efficient catalysts. 14;15 A lot of research Current density as a function of hydrogen adsorption free energy for various HER catalyst materials. 19 is being performed to understand and overcome the limitations of OER and the development of efficient catalysts is ongoing, but this is beyond the scope of this thesis.

The hydrogen evolution reaction (HER), i.e., the reduction of protons, occurs at the cathode:

2H + + 2e -- → H 2 (1.3)
HER is one of the most studied reactions in electrochemistry due to its importance in electrolyzer technology for the production of H 2 and its formal simplicity. Many metals have been used to study the reaction HER in an acidic medium, e.g., Pd, Ni, Co, Ir, and various alloys such as Ni-Co and Ni-Mo. 16 However, it is platinum that is the most active HER catalyst in acidic solutions. 17 In 1958, Parsons established the volcano diagram, the variation of current density as a function of free energy of hydrogen adsorption, by studying a large number of metals as electrode materials. 18 The special position of platinum, which has the highest exchange current, can be explained by the fact that it has an intermediate adsorption energy for hydrogen, i.e., strong enough to allow the formation of the intermediates but not too strong, which would block subsequent steps that lead to the formation of hydrogen. However, the need for noble metals of the platinum group for efficient catalysis of electrochemical half-reactions poses a challenge for large-scale implementation of electrolytic H 2 production. Molybdenum disulfide-based HER electrocatalysts have emerged as an interesting and competitive low-cost alternative to Pt. 20 Apart from its interesting catalytic activities, HER on MoS 2 was chosen as my research topic because my thesis is part of a collaboration with IFP Énergies Nouvelles (IFPEN). IFPEN is a leader in the synthesis of MoS 2 in France: Their expertise is based on the historic application of MoS 2 for hydrodesulfuration (HDS) of fossil fuels and they are now looking for new application and valorization possibilities of MoS 2 .

MoS 2 is the most well-known transition metal dichalcogenide. Transition metal dichalcogenides are chemical compounds with the general formula MX 2 consisting of two elements: M a transition metal and X a chalcogenide. Chalcogenides are the chemical elements of the 16th group of the periodic table of chemical elements: S (sulfur), Se (selenium) and Te (tellurium). MoS 2 is a lamellar compound whose structure resembles that of graphite. It consists of a stack of two-dimensional layers along the C axis. Each MX 2 layer consists of three atomic planes: a plane with metal atoms M (Mo) sandwiched between two planes with chalcogen atoms X (S). The X atoms are arranged according to the compact hexagonal lattice and in prismatic trigonal coordination with the metal atoms. The interaction between the layers (X-X) is weak (of Van der Waals type), while the bonds within the layers (M-X) are strong (covalent/ionic nature). MoS 2 layers can be stacked in three different ways corresponding to the three polytypes: 1T, 2H, and 3R. 2H-MoS 2 is the most stable polytype at standard pressure and room temperature. Therefore, my thesis will be largely devoted to this polytype. 2H-MoS 2 is a diamagnetic semiconductor with an indirect band of 1.29 eV, and can be found in nature. Although the first study of molybdenum sulfide for HER was reported by Tributsch and Bennett in 1977 21 , the main thrust was made during the last 15 years. 12 Before the growing interest of 2H-MoS 2 as an HER catalyst, molybdenum disulfide had been used as lubricant, 2D transistor, hydrodesulfurization catalyst and photovoltaics. 12;22-24 It is now also used for the development of high performance electrodes in lithium/sodium/potassium/aluminum/zinc ion batteries [25][26][27] , lithium-oxygen batteries 28;29 , lithium-sulfur batteries [30][31][32] , and supercapacitors [33][34][35] due to its good electrochemical activity. Catalysts based on MoS 2 are also widely used for HDS reaction due to their high activity, stability and low cost. 36 In 2005, MoS 2 was proposed as a promising and cost-effective catalyst for HER. 20 Being a two-dimensional (2D) material, MoS 2 particles have a basal plane and edges (Mo edges and S edges) with different chemical properties. Only the edges, which have comparably high surface energies and are, thus, only little exposed, are active for HER. In contrast, the dominant surface, which is the perfect basal plane, is catalytically inert. 37;38 Atomistic modeling plays an important and complementary role to experimental investigations. It is used to understand the structure of catalysts, identify the active sites and their evolution during chemical reactions. Furthermore, modelling can be exploited to predict and design new catalysts. 39 The corresponding computational background in the context of electrocatalysis is reviewed in Chapter 2, where we also discuss alternative methods, such as model Hamiltonians, to gain insights into the mechanism of electrocatalytic reactions.

In Chapter 3, we focus on the catalytic activity of MoS 2 sites under hydrogen evolution conditions. MoS 2 is well studied in the context of the gas-phase hydrodesulfurization (HDS) process. However, HER is an aqueous-phase reaction. Therefore, we revisit the active sites of 2H-MoS 2 with explicit consideration of the electrochemical potential using grand canonical density functional theory (GC-DFT) in combination with the linearized Poisson-Boltzmann equation.

For the solvent part, an implicit solvent model is used with additional explicit water molecules.

In addition to the known catalytically active edge sites, specific point defects on the otherwise inert basal plane are also investigated.

In Chapter 4, we examine a very important factor for large-scale applications of electrocatalysis: long-term stability of the catalyst. We focus on the 50%S S-edge and the 50%S Mo-edge because they have been shown to be the most stable edge structure under synthesis conditions. Unlike HDS, there is no sulfur reservoir under hydrogen evolution conditions. Therefore, we investigate the reconstruction of the edges after sulfur loss by the release of H 2 S and the role of water in this reconstruction and its impact on the hydrogen generation.

In Chapter 5, we review the different approaches used to search for transition states and to determine the activation energies of the electrochemical reactions. This serves to investigate the electrocatalytic activity not only from a thermodynamic point of view, but to also elucidate the kinetics of these reactions.

In Chapter 6, we apply some of the techniques described in Chapter 5 to investigate the activation energies of the HER mechanism at the sulfur vacancy (V S ) formed at the basal plane of 2H-MoS 2 , which was identified as an active site in Chapter 3. Given that MoS 2 is a semiconductor, this electrocatalyst is usually applied in conjunction with a conductive support, as otherwise the electron conduction can become a limiting factor. 40 Therefore, we investigate the impact of the conductive supports (graphite, gold, and copper) on the reaction mechanism and activation energies of HER at V S .

In Chapter 7, we investigate an approach to improve the electrocatalytic activity of the 2H-MoS 2 basal plane. The main goal is to increase the number of active sites for HER on the otherwise inert basal plane. To this end, we screen 17 abundant elements for molybdenum doping and 5 elements for sulfur substitution. For the first time in such a screening study, we investigate not only the adsorption of H but also of OH* and H 2 O to study the solvent effect since the reaction takes place in an aqueous medium. Two other phenomena that could Chapter 1. Introduction hinder hydrogen production at these sites are investigated, namely the release of H 2 S and the (local) segregation/dispersion tendency of the dopants in the basal surface.

Finally, in Chapter 8 we develop an alternative to the implicit solvent model used throughout this thesis to describe the solvent more realistically. To do this, we combine molecular mechanics to describe the solvent with DFT for the surface chemistry. The resulting electrostatic embedding scheme is completely general and might be useful to study solvent/electrolyte effects of electrified interfaces across various domains which include electrocatalysis, batteries, and supercapacitors.

2 Atomistic modelling of electrocatalysis: Are we there yet?

This Chapter is based on the following article: N. Abidi Electrified interfaces play a prime role in energy technologies, from batteries and capacitors to heterogeneous electrocatalysis. The atomistic understanding and modeling of these interfaces is challenging due to the structural complexity and the presence of the electrochemical potential. Including the potential explicitly in the quantum mechanical simulations is equivalent to simulating systems with a surface charge. For realistic relationships between the potential and the surface charge (i.e., the capacity), the solvent and counter charge need to be considered. The solvent and electrolyte description are limited by the computational power: either molecules or ions are included explicitly or implicit solvent and electrolyte descriptions are adopted. The first option is limited by the phase-space sampling that is at least 10 times too small to reach convergence, while the second is missing a realistic structuring of the interface. Both approaches suffer from a lack of validation against directly comparable experimental data. Furthermore, the limitations of density functional theory in terms of accuracy are critical for these metal/liquid interfaces. Nevertheless, the atomistic insight in electrocatalytic interfaces allows insights with unprecedented details. The joint theoretical and experimental efforts to design non-noble hydrogen evolution catalysts are discussed as an example for the success of theory to spur and accelerate experimental discoveries.

Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

Introduction

Electrochemistry is a key technology to overcome our fossil energy based economy and energymanagement. 1;2 The common characteristic of electrochemical processes is the importance of interfaces: Even for molecular electrochemistry, where the reaction is conceptually occurring in bulk solution, the need to exchange electrons with the electrode limits the reaction to the diffusion layer. Indeed, in certain cases the impact of the electric double layer on such reactions has been evidenced. [3][4][5] The major efforts for understanding electrified interfaces is devoted to batteries 6;7 and electrocatalysis, 8;9 with the more historical applications in metal-plating and corrosion [10][11][12] being more sparse, despite enormous economic importance (corrosion generates costs of 3% of the gross-domestic-product). 13 For batteries, the aim is to extend the cyclability of Li batteries and improve their safety via reduced dendrite formation propensity. 14 The development of Na or Mg based batteries, is also a hot topic. 15 At the intersection between batteries and electrocatalysis are the super-and pseudo-capacitors, which allow a short-term storage of electrical energy. 16 These electrochemical devices are essentially constituted of interfaces and still poorly understood due to their complex morphology. 17 Heterogeneous electrocatalysis, which is the main object of this review, combines the power of electrochemistry and heterogeneous catalysis to drive and accelerate chemical reactions, respectively. This catalytic activity is located at the electrode surface, where a (mostly liquid) electrolyte ensures the transport of ionic species.

The typical electrocatalyst is composed of a metallic surface immersed in an electrolytic solution, i.e., a solvent containing the dissolved electrolyte. However, there is a large diversity of electrocatalytic devices, ranging from gas-diffusion electrodes with only very small liquid layers at room-temperature 18 to solid-oxide fuel cells and electrolyzers 19 which operate at 500 K and rely on a solid electrolyte. Similarly, in the electrochemical promotion of catalysis, 20 the catalyst is supported on a solid electrolyte and it is the application of the electrochemical potential that tunes the chemical reactivity. Another axis of diversity opens when considering the nature of the electrocatalyst: while transition metals are most common and Pt being the prototypical electrocatalyst, sp-metals such as Sn or Bi have also attracted attention. 21 Furthermore, non-noble transition metal oxides, sulphides, phosphides etc. have a great potential to replace the rare and expensive Pt catalysts. [22][23][24] More exotic electrocatalysts exploit intermetallics, 25 MXenes 26 and transition metal doped carbon nitrides. 27;28 These materials generally undergo modifications upon their use as electrocatalysts and eventually they age and deactivate. This leads to challenges regarding the determination of the relevant surface state and interfaces. 29 However, since these challenges resemble very much the ones faced in heterogeneous catalysis in general, 30;31 we do not treat them herein.

Today, the main application of electrocatalysis is the electrolysis of water to generate ultrapure hydrogen and, in the reverse direction, fuel cells. 32 The use of other fuels than hydrogen (e.g., ethanol or boron hydrides) is characteristic of the research of novel electrocatalysts
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for oxidation reactions, 33 while electro-reduction catalysts are mostly devoted to CO 2 34 and, increasingly, N 2 reduction. 35 Application of electrocatalysis for electrosynthesis of organic molecules is comparably rare. 36 The large diversity of electrified interfaces in general and even when focusing on heterogeneous electrocatalysis constitutes the first major challenge for their computational modelling: Even with today computational resources, a single methodology is unlikely to be powerful enough to reliably describe the disorderd solid-electrolyte interphases found in batteries, the impact of morphology on super-capacitor performance and bond-breaking and formation processes at the active sites on electrocatalysts. Hence, the relevant scale (from atoms to centimeters) dictates the use of given modelling methods or imposes the use of mulit-scale models.

Even though electrocatalysis is intrinsically a multiscale process, with charge-and masstransport being of significant technological importance, 37 we herein focus on the atomic scale:

The atomic scale is where the intrinsic limitations of the catalysts are found and where the methods that allow to understand electrocatalysis can be almost directly transposed to other electrified interfaces. We refer to the appropriate reviews for the larger scale models (applied to fuel cells) and do not treat them herein. [38][39][40] The remainder of this review is structured into five sections. The short first one discusses conceptual questions that haunt the atomistic modelling of electrocatalysis. The second section gives an extensive overview on techniques to model the electrified interface. The third section discusses outstanding challenges that wait for solutions and the fourth section presents the significant insights obtained by atomistic modelling of electrocatalysis for the hydrogen evolution reaction. The fifth section briefly discusses possibilities to more thoroughly validate the atomistic models.

Volcano curves, overpotential and their potential dependence

Computational modelling complements experimental observations and is, in principle, able to suggest the most promising combinations of electrode material, electrolyte and electrochemical potential. However, given that the methodology required for these simulations is still in its infancy, it cannot come as a surprise that there is no consensus in the community and harsh criticism regarding the usefulness of computational modelling to complement experimental studies is partially justified. 41;42 Here, we first introduce the notion of the volcano diagrams and their limitations and then tackle the overpotential and how to connect the experimental overpotential to the quantities from atomistic modelling.

Sabatier's principle of heterogeneous catalysis states that the optimal catalyst binds adsorbates and intermediates with an appropriate binding energy: if intermediates are bound too strongly, Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

they block active sites and if they are too weakly adsorbed, they are not sufficiently present on the surface to allow for high reaction rates. 43 This principle still holds in electrocatalysis: indeed, it is almost trivial that intermediates need to be stabilized appropriately in order for the reaction to proceed without major kinetic limitations. In practice, for a family of catalysts, the Sabatier principle is most often represented as a two-dimensional graph, with a descriptor (possibly the binding energy of the limiting intermediate) serving as the x-axis and the y-axis representing the activity. These graphs are commonly called "volcano plot", as they tend to show a unique maximum activity. Following an earlier proposal by Parsons, 44 Trasatti was the first to publish an electrocatalytic volcano curve, applied to the case of the hydrogen evolution reaction (HER). 45 While in principle any descriptor that leads to a exploitable volcano curve works, the determination of this descriptor (x-axis) is not always possible experimentally. Therefore, most of the volcano curves in the literature rely on Density Functional Theory (DFT) computations 42 as pioneered by Nørskov and co-workers. 46 Nevertheless, as we will discuss in section 2.3, the binding energy of intermediates depend, in principle, on the full electrified electrode/electrolyte interface and even on the target potential. It turns out that in practice simple descriptors, such as the adsorption energy of atoms (typically H, O, N and C) are a close enough proxy for the determination of volcano curves. The advantage of these very simple descriptors is that they allow to screen a very large number of similar materials (e.g., surface alloys) at modest computational cost. 8;9;47-49 The slopes of the volcano tend to be linear. This has led to a second highly important concept: the "universal" scaling relationships, [50][51][52] which describe the fact that the adsorption energy of various intermediates cannot be tuned independently. Overcoming these scaling relations has, therefore, been an important goal in the recent years, with the main approaches being (i) bifunctionality, e.g., alloys (ii) addition of promoters, (iii) functionalization of the surface via ligands (iv) electrolyte and solvent engineering, (v) interfacial sites, i.e., heterofunctional catalysts and (vi) confinement (see Fig. 2.1). [53][54][55] Closely related to the volcano curves in electrocatalysis is the concept of overpotential and the exchange current density: In short, the overpotential (η) is the minimal voltage that is necessary to significantly accelerate an electrochemical reaction, while the exchange-current density (i 0 ) is the current density at the equilibrium potential U • , i.e. zero overpotential. The standard equilibrium potential is connected to the free reaction energy ∆G • via:

∆G • = -nFU • (2.1)
Where n is the number of electrons exchanged and F Faraday's constant. The more general form of this equation is known as the Nernst equation. For a half-cell reduction reaction it reads: Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?
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(a) (b) (c) (d) (e) (f) (g)
U r ed = U • r ed - RT nF ln a r ed a ox (2.2)
Where R is the universal gas constant, T the temperature and a r ed and a ox the activities of the reduced and oxidized species, respectively. Eq. 2.1 and Eq. 2.1 together determine the minimum cell potential that is required for the reaction to be spontaneous, i.e., that the reaction free energy is zero or negative. If a larger potential difference is applied, the reaction is driven by the external power source. In the reverse direction, the overpotential measures the minimal energy loss of a battery or fuel cell. In the simplest systems, the Tafel equation provides the link between overpotential and the exchange-current density:

η = A • log 10 i i 0 (2.3)
Where A is the so called Tafel slope and i the current density. Fig. 2.2 shows a model Tafel plot to illustrate the connection between the Tafel slope and the exchange current density. It also becomes evident that the Tafel plot relies on a linear approximation in order to extract information out of the measured current densities. Tafel slopes depend on the reaction mechanism, that is, if the electrochemical step (i.e., an elementary steps where electrons are exchanged with the electrode) is rate determinating or not and if it is preceded by chemical or electrochemical steps, as nicely summarized in ref 56 . Here, chemical steps refer to elementary steps that preserve the formal number of electroactive species in the system. Typical values for Tafel slopes at room temperature vary between 30 and 120 mV/decade. Detailed microkinetic models show that the connection between the observed Tafel slope and the reaction mechanism is far from straightforward. [57][58][59] For atomistic modeling of electrocatalysis, the limitation is almost immediately clear: The overpotential as defined in Eq. 2.3 is intrinsically a kinetic quantity and thus depends on the larger scales. The crudest approximations for obtaining these kinetic characteristics are the framework of micro-kinetics, where mean-field differential equations are solved. 60 Lattice-based kinetic Monte Carlo simulations, where the coverage of intermediates and their spatial arrangements are explicitly simulated, are more realistic, but also computationally much more involved. 61;62 A variety of other multiscale and multiphysics simulations have been developed in order to include the macroscopic properties such as the charge and mass-transfer, viscosity, and so on. [38][39][40] Since performing these simulations exclusively from first principles information is unfeasible in practice, a number of approximations have been adopted. While some studies prefer to approximate prefactors in the mean-field differential equations which then are solved under steady-state conditions, the most common approximation is the most drastic one: neglecting all detailed kinetics

Approaches to model the electrified interface

and focusing exclusively on the thermodynamics of the reaction pathway. This leads to the concept of "thermodynamic overpotential" (η T D ). η T D is the potential which is necessary to make all the electrochemical steps either athermic or exothermic. 60;63 Assuming that the reaction mechanism only involves electrochemical steps and no chemical steps, η T D ensures that there are no thermodynamic barriers anymore. In contrast with the kinetic modeling, determining η T D is well defined at an atomistic level. Furthermore, the influence of the level of theory (inclusion of the surface polarization, coverage and electrolyte effects and so on) can be assessed with greater ease than for a full kinetic study. However, this approximation is very crude: in particular, the reaction barriers and the thermodynamics of chemical steps, as opposed to electrochemical steps, are difficult to include within this framework. Hence, while η T D tends to be a relevant quantity for screening catalysts, it is clearly not enough for a detailed understanding of reaction mechanism. 64 The second key issue with η T D is that it is such a crude approximation that it is not even clear what experimental quantity it should be compared or correlated to: Is it the overpotential based on the Tafel relation, that is, when the linear approximation becomes valid ? The overpotential as determined experimentally based on a limiting current density, often taken as 10 mA/cm 2 and thus more commonly available than a complete Tafel analysis ? Or correlated to the exchange current density, which is most closely related to thermodynamic barriers ?

The discussion of η T D is closely related to the volcano curves, as it is one of the most frequently used theoretical measures for the activity of a given family of catalysts. To simplify the determination of theoretical volcano plots even further, the binding energy of intermediates in the absence of an applied potential can be used. This, however, is an even more dramatic approximation, as it assumes that the binding energy of all intermediates behave the same as a function of the potential. This later approximation is equivalent to assume that the Tafel slope does not change as a function of the potential, an assumption that is rarely fulfilled for effective electrocatalysts. [65][66][67] 

Approaches to model the electrified interface

Early days

In this section, we adopt a historical and largely chronological point of view. As very nicely described by Bockris in 1971, the existence of overpotentials, which is a key concept in electrocatalysis, was still very ill understood and even underrated by the community for many decades. 68 Therefore, it cannot come as a surprise that atomistic modeling via quantum chemistry was very slow to shed light on this tantalizing problem. Nevertheless, the group of Anderson pioneered the use of quantum-chemical computations to investigate electrocatalysis already in the late 70s. [69][70][71] Theses early (semiempirical) approaches already tried to take the electrochemical potential into account, for instance by shifting the ionization energy of metal atoms. This approach could even be validated against experimental changes in infrared frequencies as a function of the electrode potential. 70 Similarly and only slightly later, the "dipped adcluster" model of Nakatsuij proposed to perform Hartree-Fock computations with an applied potential based on a cluster model. 72 However, the electronic structure of the cluster features a HOMO-LUMO gap in contrast with metals that have a continuous density of state around the Fermi level. This gap turned out to interfere strongly, so that the physics of a metallic electrode 73 could not be retrieved. As most first-principles studies, the golden days only started in the late 1990s. The work by Bureau and Lecayon introduced the use of grand-canonical density functional theory (GC-DFT) for simulating electrocatalysis in 1997. 74 To make it simple (for details see Section 2.3.3.1), this approach consists in varying the number of electrons. Thus, the Fermi-level, that is, the workfunction and thus the electrochemical potential is tuned. Even though the actual model was still based on a cluster and the treatment of the solvent and countercharge was not addressed, the theoretical framework and its connection with conceptual DFT, such as the importance of the Fukui function, were fully laid out. Around the same time, Anderson's group introduced a second key concept in the atomistic modeling of electrocatalysis, which is the thermodynamic cycle that allows linking a given computation to the electrochemical potential. 75 The approach to deal with electrochemical steps closely follows the early arguments of Bockris 76 which avoids the need to know the energy of the (solvated) electron independently. Although performing computations in the gas-phase, Anderson already assessed the potential dependence not only of electrochemical steps, but also for reaction barriers. 77 Coming from the molecular chemistry community, these pioneering computations basically disregarded the explicit influence of the electrode or approximated the electrode by single atoms. 78 Bredas and coworkers validated the use
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of GC-DFT by determining Stark tuning slopes, for which a model charge-distribution was used to stabilize the surface charges. 79 Alternatively, explicit counter charges were used. 80 To simplify such computations that probe the effect of the local electric field, the use of a uniform electric field was proposed. 81 However, the relation between the field-dependent results and the actual electrochemical potential is not immediate and this approach was thus not very successful for electrocatalysis. 82 Along the lines of GC-DFT, the group of Alavi and Sprik turned to the problem of using periodic computations for treating solution redox chemistry. 83 The periodicity introduces the delicate issue of how to neutralize the unit cell in order to avoid a diverging Coulomb potential of periodic charges. In this pioneering work, the authors relied on a homogeneous background charge without discussing the issue in details. The use of the homogeneous background charge was subsequently criticized since it introduces artificial energy terms and forces. 84 Nevertheless, even in this study the conclusion was that for some applications it remains the only practical solution, although the introduced errors are difficult to assess. Alavi and coworkers later provided examples for the use of a Gaussian counter charge sheet in periodic simulations instead of the homogeneous background charge. However, the scheme was still applied in vacuum. 85 For determining redox potentials in solution, Sprik and coworkers heavily rely on the homogeneous background charge, last but not least since no clear, practical alternative exists for small, periodic simulation cells. 86;87 Turning back to heterogeneous electrocatalysis, it was again Anderson who, after summarizing his "reaction center" cluster approach 88 turned to the use of periodic slabs. 89;90 Compared to the now so popular method called computational hydrogen electrode (CHE), which we will discuss in the next subsection, Anderson's scheme is virtually identical. The only substantial difference is that he did not advocate the use of the very convenient H 2 molecule as a reference compound but rather the OH radical. This scientifically small detail seems to have tipped the balance, so that today the concept of CHE and the surge of computations for heterogeneous catalysis are ascribed to the Norskov group instead of Anderson, who, at the very same time, had already two decades of experience with the atomistic modeling of electrocatalysis.

The CHE revolution

The field of atomistic modeling of electrocatalysis has made an enormous leap forward with the introduction of the CHE by Norskov et al. 60 in 2004. The CHE method enables the evaluation of the relative free energies of intermediates along an electrochemical reaction network. Each elementary step is formulated as a removal or addition of the electroactive species, (H + + e -). The pathway of water oxidation, relevant to water electrolysis, provides a typical example:
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1 : H 2 O + * → OH * + H + + e - 2 : OH * → O * + H + + e - 3 : H 2 O + O * → OOH * + H + + e - 4 : OOH * → O 2 + * + H + + e - (2.4) 
The adsorbates are indicated via an asterisk and a single asterisk * denotes an empty reactive site on the catalyst. At each (electrochemical) step, (H + + e -) are abstracted from the adsorbates. The free energy ∆G for each step in the oxidation reaction can then be expressed as below:

∆G 1 = G OH * -G H 2 O -G * + µ H + + µ e - ∆G 2 = G O * -G OH * + µ H + + µ e - ∆G 3 = G OOH * -G O * -G H 2 O + µ H + + µ e - ∆G 4 = G O 2 +G * -G OOH * + µ H + + µ e - (2.5)
G x is the free energy of each specie involved and it can be determined by DFT computations. It typically contains the electronic energy E, the entropy S, and a zero-point energy correction ZPE: G = E + ZPE -TS. µH + and µe -are the electrochemical potentials of the removed protons and electrons, respectively, which are not directly determined by ab initio computations. Instead, the beautifully simple method of Norskov is based on the observation that under standard conditions (pH = 0, T= 298 K, p = 1 bar), defining 0 V of the standard hydrogen electrode (SHE), there is an equilibrium (∆G = 0) between hydrogen molecules in the gas phase and solvated protons and electrons:

1 2 H 2(g ) ↔ H + + e - (2.6)
Hence, the free energy of the H 2 molecule in the gas phase, which is trivial to compute, can be used to determine the combined energy of (H + + e -):

µ H + (U=0 vs SHE) + µ e -(U=0 vs SHE) = 1 2 G H 2 (2.7)
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which is much easier than computing the solvation energy of the protons and electrons. When changing the potential away from 0 V versus SHE, a term neU has to be added where n is the number of exchange electrons, e the elementary charge, and U the potential, all in suitable units. This term is then added to each electrochemical step. Together with a free energy correction for the proton activity that depends on the pH of solution, the free energy of an electrochemical oxidation step according to CHE is written as:

∆G x (U ) = ∆G x -neU + k B T pH ln 10 (2.8)
Use of Eq. 2.8 naturally shifts the focus of CHE from SHE to the reversible hydrogen electrode (RHE), that is, to a pH-independent reference electrode. Indeed, CHE is not well adapted to study (explicit) pH effects and implicitly assumes that the neutral surface state computed by DFT is representative of 0 V versus RHE.

In order for the overall reaction to occur without thermodynamic barriers, ∆G x (U ) has to be either zero or negative. The computation of free energy differences along a pathway allows to estimate this potential U mi n , which, when compared to the equilibrium potential U • defines the thermodynamic overpotential η T D , itself by definition always positive. The great simplicity of CHE relies on a second approximation: the solvation effects are assumed to be negligible, which means that only computations in the gas phase are necessary to evaluate electrocatalytic reaction pathways. However, this second assumption is not necessary and some authors use the CHE in conjunction with solvation effects. 91;92 A lot of DFT-based research in electrocatalysis studies relies on the CHE approach as a tool to design the catalytic activities of different materials, 47;49;93;94 determine phase diagrams [START_REF] Kuo | Gold-catalyzed low-temperature growth of cadmium oxide nanowires by vapor transport[END_REF] and estimate the free energy of various electroreduction and electrooxidation reactions such as the oxygen reduction reaction, [START_REF] Nilekar | Improved oxygen reduction reactivity of platinum monolayers on transition metal surfaces[END_REF] the oxygen evolution reaction, [START_REF] Man | Universality in oxygen evolution electrocatalysis on oxide surfaces[END_REF] the HER, [START_REF] Song | The anodic surface film and hydrogen evolution on Mg[END_REF][START_REF] Liu | Concave octahedral Pd@ PdPt electrocatalysts integrating core-shell, alloy and concave structures for high-efficiency oxygen reduction and hydrogen evolution reactions[END_REF][START_REF] Ekspong | Stabilizing active edge sites in semicrystalline molybdenum sulfide by anchorage on nitrogen-doped carbon nanotubes for hydrogen evolution reaction[END_REF] the CO 2 reduction reaction, [START_REF] Karamad | Mechanistic pathway in the electrochemical reduction of CO2 on RuO2[END_REF][START_REF] Chen | Electric field effects in electrochemical CO2 reduction[END_REF][START_REF] Liu | Identifying active sites of nitrogen-doped carbon materials for the CO2 reduction reaction[END_REF] and the N 2 reduction reaction. 104;105 Despite these exploitable results, CHE has several limitations and unanswered questions remain related to the approximations in establishing the model. In the original applications of the CHE, solvation effects were assumed to play a minor role for the energetics of neutral reaction intermediates and thus omitted. In addition, the electrode potential in this method is not an explicit variable in the quantum mechanical calculations. The electronic energies are only measured for electroneutral entities independently from the electrochemical potential as the electron transfer reaction is always coupled. This is problematic in view of the accumulating experimental evidence that decoupled pathways are also key. [START_REF] Kwon | Electrocatalytic oxidation of alcohols on gold in alkaline media: base or gold catalysis[END_REF][START_REF] Calle-Vallejo | Theoretical considerations on the electroreduction of CO to C2 species on Cu (100) electrodes[END_REF][START_REF] Katsounaros | Evidence for decoupled electron and proton transfer in the electrochemical oxidation of ammonia on Pt (100)[END_REF][START_REF] Goodpaster | Identification of possible pathways for C-C bond formation during electrochemical reduction of CO2: new theoretical insights from an improved electrochemical model[END_REF] All these interrelated limitations of the CHE method are addressed by the "beyond the CHE" methods Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

discussed in the next subsections, which explicitly model the electrochemical potential and the electrode/electrolyte interface.

To summarize, the CHE approach often provides information on adsorption trends but the role of the chemical electrolyte/electrode interface is outside the scope of this type of model. It only allows the evaluation of the thermodynamics of the elementary reaction steps. Generally, activation barriers for charge transfer reactions are ignored, even though some schemes have been developed to approximate the potential dependence of barriers in a CHE-like spirit. [START_REF] Nie | Selectivity of CO2 reduction on copper electrodes: the role of the kinetics of elementary steps[END_REF][START_REF] Fang | Constant-Charge Reaction Theory for Potential-Dependent Reaction Kinetics at the Solid-Liquid Interface[END_REF][START_REF] Chan | Electrochemical barriers made simple[END_REF] In the next section, we will review the methods to model the electrochemical with increased realism compared to CHE, which allow to understand the interaction between adsorbates and the electrified, solvated electrode. These methods are based on explicitly changing the surface charge density of the electrode surface, so that activation energies and chemical steps, can also be assessed at a given potential.

Beyond the CHE

Any method that aims to go beyond the first-order CHE approximation should describe the interactions between the adsorbates and the electrified electrode. This can be either achieved via potential dependent DFT computations (Section 2.3.3.1) or model Hamiltonians (Section 2.3.3.2). We here emphasize that to be considered an improvement beyond the CHE, the methods have to include the energetics as expressed by Eq. 2.7 and Eq. 2.8. Fig. 2.3 summarizes the various possibilities to treat the electrochemical interface, ranging from the vacuum interface at zero charge to GC-DFT coupled to molecular dynamics. The aim of the figure is to illustrate the panel of available models and that the timeline is scattered across the two-dimensional surface.

Grand-Canonical density functional theory

As discussed in Section 2.3.1, grand canonical DFT is the framework which allows to perform electronic structure computations at a given electrochemical potential to mimic the experimental conditions. Hence, the electronic grand canonical (free) energy F now depends on the electrochemical potential U, instead of being evaluated at zero charge as in the CHE approximation:

F (U ) = E (U ) -q sur f (U ) •U ≈ E (U 0 ) - 1 2 C • (U -U 0 ) 2 (2.9)
where E (U ) is the electronic energy at potential U , the (surface) charge qsurf is positive if electrons are removed and negative when electrons are added. U 0 is the workfunction of the
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Rossmeisl [START_REF] Skúlason | Modeling the electrochemical hydrogen oxidation and evolution reactions on the basis of density functional theory calculations[END_REF] Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

system at zero charge and thus E (U 0 ) is the energy which would be used in the CHE framework. The second equality is valid for metallic (gap-less) systems, for which the grandcanonical energy F (U ) can be expanded to second order in terms of the capacitance C of the system. In contrast to CHE, the explicit dependence of the electronic energies on the electrochemical potential captures the potential-dependence of formally chemical steps, 64;113 for example, the desorption of O 2 depicted in Fig. 2.4. The last 10 years or so have seen several computational approaches that all rely on Eq. 2.9 to compute potential-dependent adsorption energies on periodic surfaces. There are two main characteristics that distinguish them: how the surface charge is neutralized and how the solvent is described.

Fundamentally, a charged periodic system has a divergent Coulomb energy. Hence, the periodic unit cell has to be neutralized. However, the counter charge can take various forms. Neurock and coworkers were among the first to apply GC-DFT to electrocatalysis on a routine basis for electrocatalysis. 114;114;115 In their scheme, a homogeneous background charge is used to neutralized the simulation cell. However, since part of the system is metallic, a simple energy correction with respect to the neutral system allows to obtain physically relevant electronic energies. In practice, they used static water (ice) layers to simulate the solvent, even though later the approach has been transposed to the use of implicit solvation models. 116;117 This model does not require any modification of the computational software, explaining its attractiveness from a user perspective. Performing different computations with varying numbers of electrons, a quadratic fit (right hand side of Eq. 2.9) allows to determine the energies as functions of the electrochemical potential at moderate computational cost. Finally, the equilibrium (redox) potential is calculated as an intersecting point between two curves.

Almost at the same time, Otani and Sugino [START_REF] Otani | First-principles calculations of charged surfaces and interfaces: A plane-wave nonrepeated slab approach[END_REF][START_REF] Otani | Electrode dynamics from first principles[END_REF][START_REF] Bonnet | First-principles molecular dynamics at a constant electrode potential[END_REF][START_REF] Haruyama | Electrode potential from density functional theory calculations combined with implicit solvation theory[END_REF] presented another model which avoids the use of the homogeneous background charge. This approach is called effective screening medium (ESM) and exploits Green's function techniques to formally treat a non repeated slab along the direction of the surface normal. The Green's function allows to impose two different electron potentials across the unit cell, so that the "bottom" can be imposed to have the metal bulk potential, while the potential away from the surface mimics the counter-electrode. The model is most suitable to simulate situations with a linear electric field in the solvent region and requires extensive modifications of the electronic structure code, so that it is not widely used. Like for other approaches that explicitly rely on an electric field, [START_REF] Rossmeisl | Calculated phase diagrams for the electrochemical oxidation and reduction of water over Pt (111)[END_REF] the assumptions about the thickness of the double layer introduces uncertainties which require somewhat arbitrary decisions.

The homogeneous background charge, [START_REF] Taylor | First principles reaction modeling of the electrochemical interface: Consideration and calculation of a tunable surface potential from atomic and electronic structure[END_REF] ESM [START_REF] Otani | First-principles calculations of charged surfaces and interfaces: A plane-wave nonrepeated slab approach[END_REF] or the Gaussian charge sheets 85 can only qualitatively represent the actual electric double layer and introduce, therefore, ad hoc assumptions. To avoid using these artificial treatments for countercharges, Rossmeisl and coworkers [START_REF] Rossmeisl | Modeling the electrified solid-liquid interface[END_REF][START_REF] Skúlason | Modeling the electrochemical hydrogen oxidation and evolution reactions on the basis of density functional theory calculations[END_REF][START_REF] Hansen | pH in grand canonical statistics of an electrochemical interface[END_REF][START_REF] Hansen | Modelling pH and potential in dynamic structures of the water/Pt (111) interface on the atomic scale[END_REF] proposed to control the electrode potential by changing the number of hydrogen atoms that dissociate into protons and electrons so that the total charge remains neutral. However, adding or removing one electron and one proton to or from the practical (i.e., relatively small) unit cells causes a drastic change in the calculated electrode potential, since fractional protons [START_REF] Cohen | Dramatic changes in electronic structure revealed by fractionally charged nuclei[END_REF] are not considered as an option. Consequently, controlling the electrode potential within a desired narrow range is difficult. Hence, the reaction energies for electrochemical steps (e.g., adsorption of a proton) need to extrapolated to infinite supercell sizes. Furthermore, just like for the icelayers used by Neurock, [START_REF] Taylor | First principles reaction modeling of the electrochemical interface: Consideration and calculation of a tunable surface potential from atomic and electronic structure[END_REF] the description of solvation effects via static solvent layers is very approximate, but highly important for these charged species. Note, that these arguments "against" the generalized CHE method of Rossmeisl and coworkers are only of practical nature. In principle, the generalized CHE method with varying numbers of explicit cations/anions is sound and if sufficiently large unit cells could be afforded, while achieving a representative sampling of the solvent (and electrolyte) phase-space, it would lead to a realistic description of the electrified interface (up to the errors of DFT itself, discussed in Section 2.4.2). However, we need to keep in mind that such simulations imply a grandcanonical treatment of the electrolyte and/or electroactive species. Based on the experience with constant pH simulations at the classical force field level, 128;129 which remain a field of active research, and the practical and conceptual issues discussed in Section 2.4.1, we expect that these simulations remain rather impractical for routine applications at least for another 10 years or so. Nevertheless, promising results have been obtained for the simulation of cyclic voltammograms. [START_REF] Bagger | Ab initio cyclic voltammetry on Cu (111), Cu (100) and Cu (110) in acidic, neutral and alkaline solutions[END_REF] Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

An elegant solution is to modify the surface charge and describe the double layer according the solution of the (modified) Poisson-Boltzmann (mPB) Equation. [START_REF] Jinnouchi | Electronic structure calculations of liquid-solid interfaces: Combination of density functional theory and modified Poisson-Boltzmann theory[END_REF][START_REF] Fang | Mechanism and tafel lines of electro-oxidation of water to oxygen on RuO2 (110)[END_REF][START_REF] Letchworth-Weaver | Joint density functional theory of the electrodeelectrolyte interface: Application to fixed electrode potentials, interfacial capacitances, and potentials of zero charge[END_REF][START_REF] Ringe | Function-space-based solution scheme for the size-modified Poisson-Boltzmann equation in full-potential DFT[END_REF][START_REF] Fisicaro | A generalized Poisson and Poisson-Boltzmann solver for electrostatic environments[END_REF][START_REF] Sundararaman | Grand canonical electronic densityfunctional theory: Algorithms and applications to electrochemistry[END_REF][START_REF] Mathew | Implicit selfconsistent electrolyte model in plane-wave density-functional theory[END_REF] The Poisson-Boltzmann equation provides a mean-field description, obtained by placing the counter charge in the solvent region according to the local effective electrostatic potential. Compared to the homogeneous background charge or the Gaussian charge sheet, the resulting ion distributions are much more realistic. The formal theory behind this combination has also been called joint DFT (JDFT) by Arias and coworkers, 133;138 making reference to the fact that these ion and solvent distributions can be formally generated by classical, "molecular" DFT, while the electronic structure of the slab is determined by the more conventional quantum mechanical, "electronic" DFT. The mPB equations do not automatically satisfy the charge neutrality constraint, which necessitates further corrections. 139;140 Thus, even the electronic DFT combined with mPB models need in practice either to use Lagrange multipliers in order to enforce the charge neutrality, [START_REF] Gunceler | The importance of nonlinear fluid response in joint density-functional theory studies of battery systems[END_REF] to employ simple background charges [START_REF] Kastlunger | Controlled-potential simulation of elementary electrochemical reactions: Proton discharge on metal surfaces[END_REF] or to utilize modified mPB boundary conditions [START_REF] Otani | First-principles calculations of charged surfaces and interfaces: A plane-wave nonrepeated slab approach[END_REF] which mimic neutralization by image charges to treat the charged semiperiodic systems. This contrasts with the most popular linearized Poisson-Boltzmann equation, which automatically generates neutral unit cells. Since the linearized PB equation assumes that the countercharge is made of point charges, it neglects, however, all finite size effects, resulting in countercharge distributions that approaches the solute too closely. [START_REF] Steinmann | Assessing a first-principles model of an electrochemical interface by comparison with experiment[END_REF] Compared to the homogeneous background method, where an energy correction is needed that assumes that the slab is metallic, the (linearized) Poisson-Boltzmann equation is also readily compatible with semiconductors64 (Fig. 2.4) and layered electrocatalysts, 143;144 making this approach universally applicable. Indeed, the advantage of the combination of DFT with the linearized Poission-Boltzmann equation is that it can be applied to any charged system, while producing physically meaningful electronic energies. Hence, we have also applied it to investigate the origin of electrochemical promotion of catalysis (EPOC) phenomenon 145;146 and to study the effect and the role of adding a base in heterogeneous catalysis. [START_REF] Wang | Key role of anionic doping for H2 production from formic acid on Pd (111)[END_REF] 

Model Hamiltonians

While DFT is the most popular approach used to simulate the electrochemical reactions, it has several limits. As mentioned in Section 2.3.1, several theories for electrochemical reactions already existed a long time before the advent of DFT, taking their origin in the theories of Marcus [START_REF] Lluch | Perspective on "On the theory of oxidation-reduction reactions involving electron transfer. I[END_REF] and Hush [START_REF] Hush | Adiabatic rate processes at electrodes. I. Energy-charge relationships[END_REF] and its extended versions. [START_REF] Kornyshev | Phase transitions at the electrochemical interface[END_REF] These treatments rely on a highly simplified, representation of the valence orbital of the reactant, the electrons on the metal, their electronic interaction, and the coupling of the electron exchange to the solvent. The electrochemical potential is taken into account by shifting the reactant's valence orbital with respect to the metal. The current use of model Hamiltonians in electrocatalysis is mainly the result of Schmickler and coworkers, [START_REF] Santos | A model for bond-breaking electron transfer at metal electrodes[END_REF][START_REF] Santos | Fundamental aspects of electrocatalysis[END_REF][START_REF] Santos | Bond-breaking electron transfer of diatomic reactants at metal electrodes[END_REF] who have combined Marcus theory and the Anderson-Newns model, 154;155 within a tight-binding or Hückel approximation and exploiting Green's function methods. This model Hamiltonian allows to account for bond breaking and
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formation and leads to a thorough understanding of trends in electrocatalysis, for example, for the HER. [START_REF] Santos | Model for the electrocatalysis of hydrogen evolution[END_REF] A similar decoupling between electron transfer and the evolution of the nuclear coordinates can, in principle, be achieved via the block-localized wave function techniques [START_REF] Staub | Energy decomposition analysis for metal surface-Adsorbate interactions by block localized wave functions[END_REF] at the DFT level. On one hand, the limitations of the model Hamiltonians are, of course, that they have to be set up for each system specifically, with certain terms nowadays being determined by DFT computations. [START_REF] Santos | Theory of electrocatalysis: hydrogen evolution and more[END_REF] On the other hand, the major strength of the model Hamiltonians is the deep insight they provide and the ability to compute free-energy surfaces for electrochemical reactions as a function of the reactant's position and the solvent coordinate, a topic that we will discuss again in the next section.

Selected challenges when modeling electrocatalysis 2.4.1 The rise and fall of implicit solvents

Electrocatalysis occurs at the electrode-electrolyte interface and a very important part of the electrochemical system is the solvent and thus the associated solvation free energies. [START_REF] Marcus | Theory of highly exothermic electron transfer reactions[END_REF] Solvation free energies are statistically averaged interactions between solutes and solutions. Most of the schemes discussed in Section 2.3 include either just a few solvent molecules [START_REF] Nie | Selectivity of CO2 reduction on copper electrodes: the role of the kinetics of elementary steps[END_REF] or a couple ice layers [START_REF] Mills | Alkali cation specific adsorption onto fcc (111) transition metal electrodes[END_REF] but without performing any statistical average or, in the other extreme, they include only the statistical average, directly obtained from integral or differential equations. These two options define the typical "explicit" and "implicit" solvation models, although approaches that combine characteristic of the two are common. 161;162 The downsides of explicit solvation models are the limited sampling of static structures, the difficulty of reaching a global energy minimum and the challenge to maintain a consistent solvation sphere for various adsorbates along a reaction pathway. Ab initio molecular dynamics (AIMD) 125;163 can alleviate these drawbacks, as it allows to sample a range of solvation structures at the electrode/electrolyte interface. However, AIMD does not reach the time and length scales necessary to assure a representative sampling of the structural ensemble. Indeed, given the size of the solid/liquid interface, brute force AIMD studies have only been applied to open-circuit model systems, [START_REF] Sakong | The structure of water at a Pt (111) electrode and the potential of zero charge studied from first principles[END_REF][START_REF] Bellarosa | Diversity at the water-metal interface: metal, water thickness, and confinement effects[END_REF][START_REF] Le | Determining potentials of zero charge of metal electrodes versus the standard hydrogen electrode from density-functional-theorybased molecular dynamics[END_REF][START_REF] Cheng | Full atomistic reaction mechanism with kinetics for CO reduction on Cu (100) from ab initio molecular dynamics free-energy calculations at 298 K[END_REF] or small systems, where lateral ordering is imposed. Even for these rare case studies, the accessible <50 ps of dynamics are an order of magnitude smaller than what is necessary to equilibrate a pure H 2 O/Pt(111) interface, even in the absence of ions and adsorbates. [START_REF] Steinmann | Force field for water over Pt (111): Development, assessment, and comparison[END_REF] To circumvent this issue, the group of Goddard has been relying extensively on pre-equilibration at a reactive force field level of theory [START_REF] Van Duin | Development and validation of a ReaxFF reactive force field for Cu cation/water interactions and copper metal/metal oxide/metal hydroxide condensed phases[END_REF] before turning to the actual AIMD simulations. 167;170;171 This is only possible if a suitable empirical force fields is available, which is currently only the case for Cu [START_REF] Van Duin | Development and validation of a ReaxFF reactive force field for Cu cation/water interactions and copper metal/metal oxide/metal hydroxide condensed phases[END_REF] and for dominating noble metal surfaces. 168;172 Furthermore, "suitable" is based on the assumption that the equilibration at the force field level brings the system into the vicinity of the DFT equilibrium ensemble, a hypothesis that is difficult to (in-)validate in the absence of rigorous DFT-based sampling. 

Nuclear Reaction

Selected challenges when modeling electrocatalysis

From a statistical mechanics point of view, the atomistic description of the interface is meaningless in the absence of a representative phase-space sampling. Typically ∼ 10 6 time steps, corresponding to ∼ 1 ns, are necessary to capture entropic effects appropriately. Alternatively, implicit solvation models 173;174 or the in practice basically equivalent [START_REF] Ramirez | Density functional theory of solvation and its relation to implicit solvent models[END_REF] classical DFT for liquids 138;176 could in principle achieve a computationally much more efficient description of the liquid phase. These methods derive their efficiency from the mean-field treatment, that is, by averaging the fast solvent modes leading to the adiabatic description of the liquid phase as an effective medium. This is particularly attractive at interfaces, where the diffusion coefficient is low, [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] requiring equilibration times of ∼ 0.5 ns. 168;178 Hence, a fundamental question arises [START_REF] Gauthier | Challenges in modeling electrochemical reaction energetics with polarizable continuum models[END_REF] : The electrolyte relaxation times (∼ 0.5 ns) are long compared to individual bond formation times (∼ 1 ps), although fast compared to turn over frequencies where one reactive event per second and active site is generally acceptable. Therefore, comparatively rare electrolyte arrangements that lower the activation barrier could dominate the overall kinetics due to the exponential dependence of the rate on the activation energy, in analogy to the relation between nanoparticle shape and activity. [START_REF] Sun | Metastable structures in cluster catalysis from first-principles: structural ensemble in reaction conditions and metastability triggered reactivity[END_REF] As well appreciated, Marcus theory identifies solvent reorganizations as one of the major contributions to the activation energy of electron transfer processes, [START_REF] Marcus | On the theory of oxidation-reduction reactions involving electron transfer[END_REF] that is, the electron transfer only occurs when the solvent fluctuations have generated a favorable environment. Furthermore, we have shown that the solvation shell of cations indeed fluctuate significantly, and cation specifically, at the electrified interface. [START_REF] Staub | Parameter-free coordination numbers for solutions and interfaces[END_REF] For electrocatalytic reactions, where both the electrolyte and the adsorbate have to rearrange, the situation is less clear: During the reaction, the adsorbate undergoes a bond-breaking/formation process (horizontal axis of Fig. 2.5) and the electrolyte (vertical axis) has to adapt to the new arrangement. If the solvent rearrangement is fast (flat solvation free energy surface in y-direction) compared to the nuclear reorganization, then the adiabatic approximation applied to the stationary states can also be applied to the transition state (TS) and no special treatment is necessary. If, however, the electrolyte has to reorganize significantly, then such a procedure is inadequate. Although nonequilibrium continuum solvation models exist, it is unlikely that they will be able to resolve this fundamental question of coupling between the solution and adsorbate dynamics. The model Hamiltonians of Section 2.3.3.2 are, however, ideally suited to address these questions. [START_REF] Santos | Theory of electrocatalysis: hydrogen evolution and more[END_REF] For thermodynamic quantities, that is, reaction energies, the implicit solvation models come with a significant advantage: in contrast with the explicit phase space sampling, which is associated with a statistical uncertainty, the effective medium reproducibly determines a single number. Additionally, electronic structure computations in conjunction with an implicit solvent are associated with only a very small computational overhead compared to vacuum, so that reaction pathways are efficiently and conveniently accessible. 137;183-185 However, these implicit solvation models have several shortcomings: (a) by construction, the implicit solvent and electrolyte will never actively participate in the reaction and not even act as a relay for proton transfers. This is likely at the origin of their negligible influence on scaling relations. 162;186 Therefore, such "strong" or "direct" solvation effects need to be modeled via the explicit inclusion of the relevant solvent molecules. 162;187 Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

(b) Many models, and in particular the ones that belong to the broad class of polarizable continuum models, neglect the size of solvent molecules and ions. As a consequence, the effective medium is in too close contact with the quantum mechanical system. This leads to formally filled cavities and the unphysical presence of solution between weakly bound layers (e.g., in graphite and MoS 2 ), even if there is no space to accommodate solvent molecules. 144;188 Strategies to overcome the issue are actively explored. [START_REF] Andreussi | Solvent-aware interfaces in continuum solvation[END_REF] (c) All of these models reside on more or less extensive parametrization. The existence of comprehensive tables for solvation free energies in bulk solution [START_REF] Moine | Estimation of solvation quantities from experimental thermodynamic data: Development of the comprehensive CompSol databank for pure and mixed solutes[END_REF] makes this parametrization rather unproblematic for solvated molecules and ions, even though the crude approximations in implicit solvent models prohibits the development of truly universal models, spurring the continuous development in the field. 183;185;191-194 Such experimental benchmark data is much more sparse and less diverse for the (electrified) surfaces, so that the current parametrizations are only based on bulk solvation properties of organic molecules and ions. Therefore, while being very attractive from a practical point of view, the accuracy of these models is very questionable. 195;196 

The electronic structure level of theory: Dominance and limitation of density functional approximations

As for any computational investigation using electronic structure methods, the accuracy and cost of the level of theory has to be balanced. For heterogeneous electrocatalysis, the choices are rather limited by seemingly trivial requirements: The electronic structure method needs to be able to describe (periodic) metallic systems. For example, this is not the case for the perturbative Møller-Plesset wave function methods. [START_REF] Møller | Note on an approximation treatment for many-electron systems[END_REF] MP2, which is widely used in main-group chemistry, diverges for gap-less systems. Even the most efficient, (near) linear scaling density matrix optimization algorithms 198;199 for Kohn-Sham DFT, [START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF] rely on the existence of a fundamental band gap. Hence, they cannot be applied to metals. To overcome this technical limitation, it has been proposed to neglect the partially occupied orbitals altogether. [START_REF] Kühne | Second generation Car-Parrinello molecular dynamics[END_REF] While it technically works after an initialization using a different method, the consequence of simulating this somewhat unphysical electronic structure on the derived properties is hard to predict. At the expense of a very large prefactor, rigorous near-linear scaling can be achieved while preserving the physics of partially occupied orbitals. 202;203 This method only becomes competitive for large systems (>1,000 atoms) and supercomputers, which prohibits its routine application. The second requirement related to the electronic structure method is, of course, its robustness and accuracy. Since heterogeneous (electro-)catalysis deals with the activation of small molecules such as CO, CO 2 , N 2 , and O 2 , on surfaces that range from transition metals to oxides, sulfides, and TM-doped graphenes, the room for error cancellation is rather limited. Indeed, depending on the interaction of the atoms and molecular fragments with the catalyst, the change in electronic structure is significant. [START_REF] Hu | Towards an exact treatment of exchange and correlation in materials: application to the "CO adsorption puzzle" and other systems[END_REF] The challenges can be exemplified in the context of the development of density functionals
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according to the generalized gradient approximation (GGA). The Perdew-Burke-Ernzerhof (PBE) functional, [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] was developed as a general purpose functional. The functional has then been revised to yield more accurate molecular thermodynamics under the name revPBE. [START_REF] Zhang | Generalized gradient approximation made simple[END_REF] An alternative revision, RPBE [START_REF] Hammer | Improved adsorption energetics within densityfunctional theory using revised Perdew-Burke-Ernzerhof functionals[END_REF] achieves a better compromise between metallic surfaces and molecular adsorption. Later, PBEsol, [START_REF] Perdew | Restoring the density-gradient expansion for exchange in solids and surfaces[END_REF] was proposed for higher accuracy for solids. Even though these functionals share the philosophy of minimal parameterization, they illustrate the struggles one is facing when having to balance the accuracy of overall (gas phase) thermodynamics of molecules, the behavior of adsorbates and the electronic structure of solids. Even reproducing the structure and density of liquid water with DFT is challenging, [START_REF] Gillan | Perspective: How good is DFT for water?[END_REF] illustrating the additional constraints the liquid component of the solid/liquid interface imposes on the robustness of density functionals for atomistic simulations of electrocatalysis.

The consequences of this limited accuracy are exemplified by the performance for energetic quantities for the few systems where the corresponding benchmark data are well established.

Recently, the claim has appeared that an accuracy of 0.05 eV is routinely achievable in electrocatalysis. [START_REF] Chen | Identifying active sites for CO2 reduction on dealloyed gold surfaces by combining machine learning with multiscale simulations[END_REF] However, the solid/gas interface benchmark data suggest that an accuracy of ∼ 0.2 eV [START_REF] Perdew | Generalized gradient approximation made simple[END_REF][START_REF] Zhang | Generalized gradient approximation made simple[END_REF][START_REF] Hammer | Improved adsorption energetics within densityfunctional theory using revised Perdew-Burke-Ernzerhof functionals[END_REF][START_REF] Perdew | Restoring the density-gradient expansion for exchange in solids and surfaces[END_REF][START_REF] Gillan | Perspective: How good is DFT for water?[END_REF][START_REF] Chen | Identifying active sites for CO2 reduction on dealloyed gold surfaces by combining machine learning with multiscale simulations[END_REF][START_REF] Gautier | Molecular adsorption at Pt (111). How accurate are DFT functionals?[END_REF][START_REF] Goerigk | A general database for main group thermochemistry, kinetics, and noncovalent interactions-assessment of common and reparameterized (meta-) GGA density functionals[END_REF][START_REF] Steinmann | Comprehensive benchmarking of a densitydependent dispersion correction[END_REF][START_REF] Schmidt | Benchmark database of transition metal surface and adsorption energies from many-body perturbation theory[END_REF] is the best we can hope for in general. This is depicted in Fig. 2.6, where the mono and diatomic adsorbates on Pt111 are separated from the organic adsorbates and typical data for gas-phase thermodynamics is shown as well. The graph also nicely illustrates the benefit of a dispersion correction at the metal/gas interface. Error cancellation or accumulation occurs unpredictably, so that the accuracy for relative energies is expected to be on the same order of ∼ 0.2 eV for surface reaction and adsorption energies, which compares well with the 0.2-0.3 eV gas-phase thermodynamics accuracy for PBE or RPBE. [START_REF] Goerigk | A look at the density functional theory zoo with the advanced GMTKN55 database for general main group thermochemistry, kinetics and noncovalent interactions[END_REF] Solution data are much less available, but the accuracy of DFT in solution has no reason to be higher than in gas phase. Due to the omnipresent delocalization error, [START_REF] Cohen | Insights into current limitations of density functional theory[END_REF] the situation at the metal/liquid interface is probably even worse, in particular for electrolyte solutions. Just as a reminder, the delocalization error denotes the observation that semilocal and hybrid density functionals artificially stabilize fractional charges. This shows up as an unphysical smearing of charges among atoms, ions, and molecules. The prototypical systems for this fundamental failure are the dissociation limits of alkali metal halides, for which GGAs erroneously predict fractionally charged ions instead of neutral atoms. [START_REF] Ruzsinszky | Spurious fractional charge on dissociated atoms: Pervasive and resilient self-interaction error of common density functionals[END_REF] Similarly, the band alignment at the metal/liquid interface is problematic: The intrinsically delocalized electronic structure of metals leads to generally reasonable predictions for workfunctions by GGAs (within ∼ 0.2 eV). [START_REF] Patra | Properties of real metallic surfaces: Effects of density functional semilocality and van der Waals nonlocality[END_REF] In contrast, the band gap of semiconductors and insulators is too small by 40% on average. [START_REF] Bahers | Semiconductors used in photovoltaic and photocatalytic devices: assessing fundamental properties from DFT[END_REF] As a consequence, the band alignment at the interface can be seriously wrong and leading to spurious results. (111). The other test sets are extracted from GMTKN24. [START_REF] Goerigk | A general database for main group thermochemistry, kinetics, and noncovalent interactions-assessment of common and reparameterized (meta-) GGA density functionals[END_REF] The PBE-dDsC data were published in Reference 213. ISOL22 assesses isomerization energies of large organic molecules. DARC stands for Diels-Alder reaction energies, while AL2X contains dimerization energies of AlX3 species. ISO34 determines isomerization energies of small organic molecules while S22 is dedicated to weak intermolecular interactions. BSR36 measures bond separation energies of alkanes, that is, hydrogenation reactions of alkanes to methane

Rationalizing experimental HER activity with atomistic modeling: Success stories

An ever increasing energy demand due to rapid industrialization has accelerated the need to develop environmentally and economically sustainable means to produce renewable energy. 1;9;221 Hydrogen (H 2 ) production from water electrolysis has emerged as a promising process to fuel a carbon-neutral energy economy due to its clean reaction by-products (H 2 and O 2 ), which can be stored and released in fuel cells on demand. [START_REF] Khan | Recent advances in two-dimensional materials and their nanocomposites in sustainable energy conversion applications[END_REF] In this regard, significant progress has been made toward industrial-scale water electrolysis for H 2 production through combining atomistic modeling and experimental data in the development of efficient and durable HER electrocatalysts. 9;48 In this section, we review the exemplary progress made by atomistic modeling of electrocatalysis to inform and drive the experimental discovery and optimization of new materials for HER.

Fundamentally, HER in acidic solution proceeds through either of two mechanisms beginning with the Volmer step (Eq. 2.10), followed by the Heyrovsky (Eq. 2.11) or Tafel step (Eq. 2.12). Since both mechanisms begin with the adsorption of a free H + ion in the electrolyte onto an active site on the HER electrocatalyst surface (*), the rate of HER depends on the Gibbs free energy of H adsorption (∆G H ). 44;46 Using a simple kinetic model, Nørskov et al. established a theoretical correlation between ∆G H and the HER exchange current density (i 0 ) for a series of transition metals, in good agreement with the experimentally obtained volcano plot and Sabatier's principle (Fig. 2.7a). 46 The findings were consistent with platinum (Pt) as the most active pure transition metal HER electrocatalyst due to its near thermoneutral ∆G H , as predicted earlier by Parson. 44 Very recent reports reveal that Pt is special beyond the ∆G H ∼ 0 criterion, that is, that it is the high-coverage differential hydrogen adsorption properties that
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make Pt particularly active for HER. [START_REF] Lindgren | A challenge to the G 0 interpretation of hydrogen evolution[END_REF] Nevertheless, the establishment of ∆G H as a simple yet accurate atomic-scale descriptor for HER catalytic activity has motivated a subsequent computational screening of 736 bimetallic alloy combinations from 16 transition metals. This screening predicted that a BiPt surface alloy could match and potentially out-perform Pt in HER activity, given that the calculated ∆G H difference between Pt and BiPt was ≈ 0.04 eV. 47 The BiPt alloy was synthesized by annealing its precursor (Pt-Bi i r ) and its HER performance was evaluated (Fig. 2.7b). From Fig. 2.7b, it was evident that at 0 V, BiPt alloy produced at least 50% more current density than Pt, 47 suggesting that a good atomistic understanding of the HER mechanism can inform high-throughput computational screening and yield accurate predictions of undiscovered HER catalysts.

Volmer step :

H + + e -+ * → H * (2.10)
Heyrovsky step :

H * + H + + e -→ H 2 + * (2.11) Tafel step : 2H * → H 2 + 2 * (2.12)
Beyond transition metals, efforts have also been made in the computational screening and theory-guided discovery of economically viable and Earth-abundant nonplatinum group metal HER electrocatalysts for industrial implementation. 8;124 Hinnemann et al. calculated the ∆G H for various H-binding sites in HER-active hydrogenase and nitrogenase enzymes which revealed that ∆G H was almost thermoneutral in the enzyme's equatorial sulfur (S) sites, expanding the application of ∆G H descriptor for HER activity from metals to now include enzymes. [START_REF] Hinnemann | Biomimetic hydrogen evolution: MoS2 nanoparticles as catalyst for hydrogen evolution[END_REF] Recognizing a close similarity in the coordination number and mode between the nitrogenase S active site and S in 2D MoS 2 , the authors then verified the HER activity of MoS 2 experimentally to demonstrate the theory-guided discovery of MoS 2 as promising HER catalysts. 2H-MoS 2 was subsequently determined to be HER active on its edges, [START_REF] Jaramillo | Identification of active edge sites for electrochemical H2 evolution from MoS2 nanocatalysts[END_REF] prompting follow-up reports in nanostructuring to expose more 2H-MoS 2 edge sites for enhanced HER activity. 23;226;227 Separately, Li et al. evaluated the effect of introducing S vacancies and elastic strain on ∆G H and electronic band structure of monolayer 2H-MoS 2 . [START_REF] Li | Activating and optimizing MoS2 basal planes for hydrogen evolution through the formation of strained sulphur vacancies[END_REF] The results indicated that various levels of strain and S vacancy combinations could theoretically yield ∆G H = 0 in 2H-MoS 2 (Fig. 2.7c), since both processes separately affect H binding to fine tune and optimize ∆G H . Indeed, subsequent experimental results confirmed that a combination of Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

both tensile strain and S vacancies (SV-MoS 2 ) significantly enhanced the intrinsic HER activity of 2H-MoS 2 (Fig. 2.7d). Based on GC-DFT computations, we have recently shown that the active sites of MoS 2 might change in the presence of water, but remain active through a change in mechanism. [START_REF] Abidi | Revisiting the active sites at the MoS2/H2O interface via grand-canonical DFT: the role of water dissociation[END_REF] Apart from vacancy and strain engineering, other research groups have also employed a variety of phase, defect, dopant and interfacial engineering of 2D transition metal dichalcogenides (TMDs) using ∆G H as a guiding principle for HER activity prediction and catalyst discovery. [START_REF] Voiry | Recent strategies for improving the catalytic activity of 2D TMD nanosheets toward the hydrogen evolution reaction[END_REF][START_REF] Voiry | Low-dimensional catalysts for hydrogen evolution and CO2 reduction[END_REF][START_REF] Voiry | Conducting MoS2 nanosheets as catalysts for hydrogen evolution reaction[END_REF][START_REF] Lukowski | Enhanced hydrogen evolution catalysis from chemically exfoliated metallic MoS2 nanosheets[END_REF][START_REF] Voiry | Enhanced catalytic activity in strained chemically exfoliated WS2 nanosheets for hydrogen evolution[END_REF][START_REF] Chhowalla | The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets[END_REF][START_REF] Di | Ultrathin two-dimensional materials for photo-and electrocatalytic hydrogen evolution[END_REF] Most recently, a newly discovered class of 2D transition metal carbides, nitrides, and carbonitrides (MXenes) has emerged as promising HER candidates due to their high metallic conductivity, hydrophilicity, and solution processibility. [START_REF] Hantanasirisakul | Electronic and optical properties of 2D transition metal carbides and nitrides (MXenes)[END_REF][START_REF] Anasori | 2D metal carbides and nitrides (MXenes) for energy storage[END_REF][240][START_REF] Gogotsi | The rise of MXenes[END_REF] MXenes possess a general formula of M n+1 X n T x , where n = 1-4, M = early-row transition metal such as Mo, Ti, Cr, and V, X = C and/or N, and T x = surface terminations such as -O, -OH, and -F formed during MXene synthesis. [START_REF] Deysher | Synthesis of Mo4VAlC4 MAX phase and two-dimensional Mo4VC4 MXene with five atomic layers of transition metals[END_REF][START_REF] Halim | Synthesis and characterization of 2D molybdenum carbide (MXene)[END_REF][START_REF] Naguib | Two-dimensional transition metal carbides[END_REF] Early works reported that different polar T x functional groups altered the electronic structure and band gap of MXenes, [START_REF] Fredrickson | Effects of applied potential and water intercalation on the surface chemistry of Ti2C and Mo2C MXenes[END_REF] which would consequently affect their ∆G H and predicted HER activity. [START_REF] Pandey | Two-dimensional MXenes as catalysts for electrochemical hydrogen evolution: A computational screening study[END_REF] Seh et al. first demonstrated the HER activity of MXenes experimentally after computing the volcano plot and identifying Mo 2 C T x as a promising HER electrocatalyst (Fig. 2.7e). [START_REF] Seh | Two-dimensional molybdenum carbide (MXene) as an efficient electrocatalyst for hydrogen evolution[END_REF] Unlike 2H-MoS 2 where HER activity was localized only at its edges, the -O terminated MXene basal planes of Mo 2 C T x were determined to be HER active, 236;237 garnering significant interest in exploring MXenes as 2D HER electrocatalysts. Subsequently, follow-up work from Handoko et al. reported that tuning the composition of T x terminations on MXene basal planes affected HER activity. [START_REF] Handoko | Tuning the basal plane functionalization of two-dimensional metal carbides (MXenes) to control hydrogen evolution activity[END_REF] By considering the -F coverage on the MXene basal planes, the authors discovered a good agreement between the experimental and theoretical overpotential (calculated from ∆G H ) at a current density of -10 mA cm -2 for a variety of MXenes (Fig. 2.7f), thus validating the HER atomistic model and ∆G H as a predictor for HER activity in MXenes. Thereafter, further computational work informed successive MXene designs to enhance HER activity by modulating ∆G H through adsorption and doping of transition metals 26;247-250 and nonmetals 251;252 onto MXene basal planes and through precise T x control. 253;254 Currently, efforts have also been made in the computational screening of novel MXenes with promising HER activity using ∆G H as an indicator for targeted experimental synthesis and validation. [START_REF] Zhan | Computational discovery and design of MXenes for energy applications: Status, successes, and opportunities[END_REF][START_REF] Ling | Searching for highly active catalysts for hydrogen evolution reaction based on O-terminated MXenes through a simple descriptor[END_REF][START_REF] Ling | Transition metal-promoted V2CO2 (MXenes): a new and highly active catalyst for hydrogen evolution reaction[END_REF][START_REF] Yang | MXene nanoribbons as electrocatalysts for the hydrogen evolution reaction with fast kinetics[END_REF] In summary, mechanistic insights into the HER mechanism (Volmer, Tafel and Heyrovsky elementary steps) resulted in the discovery of the correlation between ∆G H and HER activity.

Using ∆G H as a predictor for HER activity has resulted in good agreement with experimental data for varying classes of materials from transition metals to TMDs and MXenes, and informed numerous successful theory-guided experimental designs with significantly enhanced HER activity in acidic solution. We note in passing that the atomistic origin of the pH dependence of HER remains a vividly debated topic [START_REF] Rossmeisl | On the pH dependence of electrochemical proton transfer barriers[END_REF][START_REF] Mccrum | pH and alkali cation effects on the Pt cyclic voltammogram explained using density functional theory[END_REF][START_REF] Ledezma-Yanez | Interfacial water reorganization as a pH-dependent descriptor of the hydrogen evolution rate on platinum electrodes[END_REF][START_REF] Cheng | Explanation of dramatic pHdependence of hydrogen binding on noble metal electrode: Greatly weakened water adsorption at high pH[END_REF][START_REF] Lamoureux | pH effects on hydrogen evolution and oxidation over Pt (111): insights from first-principles[END_REF][START_REF] Liu | Enhancing the understanding of hydrogen evolution and oxidation reactions on Pt (111) through ab initio simulation of electrode/electrolyte kinetics[END_REF] . With a strong understanding in atomistic modeling, high-throughput computational screening can yield predictions with high levels of accuracy for targeted experimental work and reconcile experimentally observed trends. Coupled with advanced in situ and operando characterization, these catalytic insights can be extended beyond HER to other more complex reactions such as CO 2 and N 2 reduction in the future. [START_REF] Handoko | Understanding heterogeneous electrocatalytic carbon dioxide reduction through operando techniques[END_REF][START_REF] Handoko | Establishing new scaling relations on two-dimensional MXenes for CO 2 electroreduction[END_REF][START_REF] Chen | Catalytic effect on CO2 electroreduction by hydroxyl-terminated twodimensional MXenes[END_REF] 2.6 Validation: What more could be done?
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(a) (b) (c) (d) Mo 2 C Ti 2 C (e) Mo 2 C Ti 2 C (f) (g)
The development of advanced methods for the atomistic modeling of electrocatalysis is thriving. However, it is far from obvious to judge the general applicability and improvement of one approach compared to another. Furthermore, many of the most sophisticated approaches are basically designed ad hoc and used only in a couple of studies, which makes comparisons even harder. If, furthermore, the used software is either not public or system specific (e.g., only for Cu catalysts), the method should not be considered generally validated. From the experimental point of view, validation of theoretical (partial) current densities as a function of the potential are the most attractive quantities to reproduce. Such data is indeed increasingly available through online mass-spectrometry. [START_REF] Lai | Scanning electrochemical flow cell with online mass spectroscopy for accelerated screening of carbon dioxide reduction electrocatalysts[END_REF] However, as argued in the introduction, these kinetic quantities necessitate the most complete theoretical models-or rely on the most drastic approximations. Hence, while appealing, these quantities are not the most suitable ones for the validation of the atomistic description of the processes at the interface. In contrast, for few systems, the potential-dependent atomistic structure of the interface is known. In this respect, electrochemical scanning tunneling microscopy is most valuable, since it gives a direct depiction of the atomistic structure. [START_REF] Magnussen | Atomic structure of Cu adlayers on Au (100) and Au (111) electrodes observed by in situ scanning tunneling microscopy[END_REF][START_REF] Cai | Orientational phase transition in a pyridine adlayer on gold (111) in aqueous solution studied by in situ Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet? infrared spectroscopy and scanning tunneling microscopy[END_REF][START_REF] Khairunnisa | Adsorption and electrochemical polymerization of pyrrole on Au (100) electrodes as examined by in situ scanning tunneling microscopy[END_REF][START_REF] Vu | CV and in situ STM study the adsorption behavior of benzoic acid at the electrified Au (100)| HClO4 interface: Structure and dynamics[END_REF][START_REF] Vu | Self-assembled structures of benzoic acid on Au (111) surface[END_REF][START_REF] Lelaidier | Adsorption and growth of bis-pyrene molecular layers on Au (111) studied by STM[END_REF] Alternative operando (potential dependent) spectroscopies give also precious information about the surface state under operating conditions. 275;276 Reproducing (and interpreting) such data from first principles brings methods one step further toward validation. Nevertheless, most of these techniques do not directly probe the electrochemical reactivity. For instance, the Stark tuning slopes, which have been and still are, popular to validate theoretical models, [START_REF] Fang | Revisiting the Atomistic Structures at the Interface of Au (111) Electrode-Sulfuric Acid Solution[END_REF] probe the local electrostatic field, the geometry of the adsorbate and the IR frequencies, but do not tell anything about the reactivity. The quantification of capacitance as a function of the electrochemical potential assesses, on the other hand, the realism of the description of the interface. Unfortunately, only few examples exist that are unequivocally associated with one single phenomenon, that is, not affected by specific adsorption. 278;279 Again, while reassuring if well reproduced, the correct description of the capacitance in the double-layer regime does by no means validate the use of a given method to investigate the reaction mechanism. Over the decades, electrochemists have accumulated a fair quantity of potential dependent adsorption energies over single-crystal surfaces, for example, for alcohols 280;281 halides, 282;283 sulfate, 284;285 phosphate, [START_REF] Mostany | Thermodynamic studies of phosphate adsorption on Pt (1 1 1) electrode surfaces in perchloric acid solutions[END_REF] uracil, [START_REF] Wandlowski | Structural and thermodynamic aspects of phase transitions in uracil adlayers. A chronocoulometric study[END_REF] and benzoic acid. [START_REF] Li | Electrochemical studies of the benzoate adsorption on Au (111) electrode[END_REF] This data has so far not been exploited for method validation, last but not least because it puts stringent requirements on the compatibility and relative reliability of the solvation model and the description of the adsorbate-electrode interaction. This would, however, bring theoretical methods a significant step toward validation, as the description

Conclusion

of reversibly bound adsorbates is an integral part of reaction mechanisms. Last but not least, the electrosorption values which are experimentally determined and give information on the exchange of electrons between the adsorbate and the electrode (electron reservoir) give direct access to the (re-)distribution of electrons during elementary steps (such as adsorption) and can, therefore, be considered fundamentally important quantities for electrocatalysis. [START_REF] Schmickler | The partial charge transfer[END_REF] We suggest that a first principles-based method that describes potential dependent geometries, capacities and adsorption energies and electrosorption values quantitatively can be considered validated for the use of the elucidation of reaction mechanisms for electrocatalysis with increasing reliability in this order.

Conclusion

In this overview, we have highlighted the challenges that atomistic modeling of electrified interfaces and in particular electrocatalysis is facing. We have described the various methods that are currently applied to gain an atomistic understanding of reaction mechanisms at the electrode surfaces and reviewed the exemplary case of the HER, where the complementary efforts of theory and experiment have proven most fruitful, leading to catalysts based on Earth-abundant materials that rival with the precious platinum benchmark catalysts.

Beyond the standard challenges in heterogeneous catalysis which are the limited accuracy of affordable density functional approximations for periodic, metallic systems, and the choice of the active site model, the fundamental challenge in the field of first-principles-based modeling of electrocatalysis is the difficulty to validate the models: experimentally, kinetic measurements are the most available data. However, between the atomistic picture of the electrode and the macroscopically measured kinetics, there is a long, hazardous connection, which can be seen like a novel: if we want to tell the entire story with all its details in order to provide a true understanding of the electrochemical mechanisms, we have to deploy extraordinary efforts. If, however, we are more interested in screening catalysts, we can skip through all but the first and last pages. These crude approximations are very powerful indeed, as they allow to explore the chemical space efficiently. In this review, we have highlighted the virtues and techniques of the complementary approach, which consists in the characterization of the protagonists (the processes at the electrified interface). We foresee a bright future for methods that combine extensive phase-space sampling with a control of the electrochemical potential. Assuming that the DFT computations provide sufficiently accurate energies for these complex systems, this combination will allow to clarify electrolyte and pH effects, but will also shed light on the fundamental principles of electrocatalysis, where the role and coupling between adsorbate and electrolyte solution dynamics remains to be uncovered.

Revisiting the Active Sites at the MoS 2 /H 2 O Interface via Grand-Canonical DFT: The Role of Water Dissociation

This Chapter is based on the following article: N. Abidi, A. Bonduelle-Skrzypczak, and S. N. Steinmann ACS Appl. Mater. Interfaces 2020, 12, 31401-31410.

MoS 2 is a promising low-cost catalyst for the hydrogen evolution reaction (HER). However, the nature of the active sites remains debated. By taking the electrochemical potential explicitly into account using grand-canonical density functional theory (DFT) in combination with the linearized Poisson-Boltzmann equation, we herein revisit the active sites of 2H-MoS 2 .

In addition to the well-known catalytically active edge sites, also specific point-defects on the otherwise inert basal plane provide highly active sites for HER. Given that HER takes place in water, we also assess the reactivity of these active sites with respect to H 2 O. The thermodynamics of proton reduction as a function of the electrochemical potential reveals that four edge sites and three basal plane defects feature thermodynamic over-potentials below 0.2 V. In contrast to current proposals, many of these active sites involve adsorbed OH.

The results demonstrate that even though H 2 O and OH block "active" sites, HER can also occur on these "blocked" sites, reducing protons on surface OH/H 2 O entities. As a consequence, our results revise the active sites, highlighting the so far overlooked need to take the liquid component (H 2 O) of the functional interface into account when considering the stability and activity of the various active sites.

Introduction

Production of clean, renewable and affordable energy is a critical challenge because of the growing population and the current dependence on non-renewable fossil fuels, which produce green-house gases when converted into energy 1;2 . Among the possible alternative energy resources, dihydrogen (H 2 , which we simply call hydrogen in the following) has the advantages of emitting only water during the combustion process and having the highest mass energy density 3;4 . Electrocatalytic water splitting is proposed as the most convenient and promising method to produce H 2 . 5;6 Pt is the most active and stable known hydrogen evolution reaction (HER) catalyst, 7 with an experimental over-potential of ≈ 0 V and a small Tafel slope, in particular in acidic conditions 8 . Despite that it is not the limiting element for water splitting electrolysers when compared to Ir used as electrocatalyst for OER, 9 the high cost of Pt contributes to the economic barrier towards the large-scale implementation of HER for clean H 2 production. Therefore, developing active and stable electrocatalysts composed of earth abundant materials to replace the expensive platinum-group metals would make a significant step toward turning hydrogen into a competitive energy vector 10;11 .

The family of 2D materials is believed to provide powerful candidates to catalyze the HER. Among the newly discovered catalysts belonging to this family, the transition metal carbides, nitrides, and carbonitrides, MXenes, have been predicted by theory and confirmed experimentally to be active and stable catalysts for the HER in acid solution. [12][13][14] MXenes have been employed successfully in a large variety of electrochemical applications by reason to their high electronic conductivity and optimal adsorption strength for key reaction intermediates. 15;16 Another 2D material that has drawn significant attention in recent years and which is the subject of our study is molybdenum disulfide. Although MoS 2 and its hydrogen-adsorption energy was already well studied, 17 it was only the work of Hinnemann et al. 18 that changed the perception of MoS 2 as being inactive for HER, since their DFT computations predicted that MoS 2 would be a promising alternative to Pt for HER. Soon after, Chorkendorff and coauthors 19 experimentally confirmed that MoS 2 shows promising HER characteristics. Since then, the development of MoS 2 -based HER catalysts serves as an excellent example of theoryguided discovery and design of electrocatalysts. 20 This combination between experimental techniques and density functional theory (DFT) computations has been key to gain detailed insight into the activity and mechanisms of the functional electrochemical MoS 2 interface. 21;22 . Depending on the coordination of Mo atoms within a single layer and the stacking order of the layers, three polytypes of MoS 2 are distinguished: 1T, 2H and 3R 23 . 2H-MoS 2 is the most stable polymorph in acid and alkaline solutions, 24;25 while 1T can only be stabilized under specific conditions such as intercalation. 26 Therefore, we will only study the 2H-MoS 2 /water interface herein.

Introduction

Several studies demonstrate that the basal plane and the edges of this material present different electrocatalytic properties. In fact, the pristine basal plane is inert and the edges are highly active 27 . This was confirmed experimentally by finding that the rate of HER reaction is directly proportional to the number of edge sites, regardless of the particle size. 19 Furthermore, several strategies have been developed in order to enhance the HER activity of MoS 2 edges. One strategy focuses on improving the intrinsic activity of the edges by maximally exposing edge sites using nanostructured MoS 2 like nanowires 28 , nanoparticles 29 or mesoporous films 30 , sometimes in interaction with active supports such as CoS 2 . 31 Another strategy strives to ameliorate the edge sites through chemical doping 32 .

Conductivity has also been pointed out as a key aspect of MoS 2 electrocatalytic interfaces. 33 In particular, the edge sites provide both, active sites and enhance the conductivity due to metallic edge-states. Furthermore, there are also active sites on the basal plane, which provide catalytic activity if the electrons do not have to travel too far before reaching the conductive support. In other words, controlling and minimizing the number of stacked layers increases the activity of MoS 2 . 34 Defects generally play an important role in the diversification of the properties of twodimensional materials and in particular for the activity of the MoS 2 interface 6 . A joint experimental and theoretical study has shown that the dominant defects in experimentally available MoS 2 are the sulfur vacancies V S , di-vacancies V S2 , the anti-site Mo S with molybdenum replacing sulfur and Mo S2 or Mo S2 * which are anti sites in combination with S vacancy 35 . Even though the formation energies of these defects is positive, the relative abundance of Mo and S during the synthesis of MoS 2 allows to tune the relative amounts of the defects due to kinetic reasons. For example, mechanical exfoliation was found to mainly feature sulfur vacancy defects, while physical vapor deposition lead to a dominance of Mo S anti-site defects. 35 Several groups have shown that the 2H-MoS 2 basal plane is activated by V S defects. It was further demonstrated that elastic strain can be used to tune ∆G H , so that ∆G H = 0 in 2H-MoS 2 could be achieved under certain conditions. Reassuringly, these insights are fully compatible with the corresponding experimental findings. 34;36;37 It has also been demonstrated that a number of single transition metal atom dopants (TM) can be chemisorbed on the basal plane of monolayer 2H-MoS 2 in order to enhance the HER activity. [38][39][40][41] Moreover, Zn doping not only reduces the S-vacancy formation energy, but has also a beneficial effect on nearby active sites for HER. Previous studies have, however, shown that defects created on the edges of molybdenum disulfide do not increase the activity for HER 42;43 .

The computational method employed to measure the catalyst performance is the Gibbs free energy. Based on the Sabatier principle of heterogeneous catalysis, an optimal activity can be achieved when we have a thermoneutral value of the adsorption energy of a hydrogen atom, i.e., ∆G H ≈ 0 eV. 44 A very positive value indicates that the intermediates bind too weakly and it is difficult for the surface to activate them, but a very negative value signifies that they bind too strongly. In this case, the desorption of the products is hindered and the catalyst is poisoned 45 . Accordingly, one typically obtains a volcano diagram with the highest current density and an intermediate adsorption energy, where Pt is positioned 19 .

To better understand the details of HER the electrified MoS 2 interface immersed in the electrolyte solution needs to be simulated. We herein apply the computationally efficient grandcanonical DFT approach [46][47][48] and investigate the competition with adsorption of the water solvent. In contrast to the computational hydrogen electrode (CHE) method, 49 grand-canonicl DFT allows to explicitly take the polarization of the electrode into account, thus going beyond the purely thermodynamic effects of the electrochemical potential on the energy of proton/electron pairs. In our approach, the electrode and adsorbates, as well as the surface charge which tunes the electrochemical potential are described via DFT while the electrolyte and solvent are represented by the solution of the linearized Poisson-Boltzmann (PB) equation 50;51 . Previously, we have successfully applied this approach not only to the characterization of the electrochemical interface, 52;53 but also to the elucidation of reaction mechanisms at electrified interfaces such as the oxygen evolution reaction on CoOOH 54 or on iron doped graphenes 55 and even for the electrochemical promotion of catalysis, 56;57 demonstrating its great versatility.

In this article we first highlight additional, experimentally observed, defects on the MoS 2 basal plane that could serve as active sites. Then we move to the importance of considering the different components of the functional electrocatalytic interface, which includes water. Indeed, despite the progress in the study of MoS 2 , nothing is known regarding the nature of the active sites in the presence of water. Therefore, we not only probe the adsorption of H as a function of the electrochemical potential as is frequently done 5 but also H 2 O and electrochemically generated surface *OH. This analysis reveals that some of the active sites discussed in the literature are blocked by H 2 O, while on others water is not strongly adsorbed. More intriguingly, on a third category H 2 O water is strongly adsorbed, but might be directly involved in HER, a possibility that has been overlooked so far.

Methodology

Computational details

The first principles computations are performed using the periodic DFT code called "Vienna ab initio simulation package", VASP 58 . We adopted the PBE-dDsC 59;60 density functional, which belongs to the family of the Generalized Gradient Approximation (GGA) and is supplemented with a density-dependent dispersion correction 61 . The nuclei and core electrons are described by the the projector augmented wave function (PAW) 62;63 approach. A plane-wave basis set with a kinetic energy cutoff of 500 eV is utilized for the valence electrons. The precision setting of VASP is set to "accurate". The Brillouin zone is integrated by a Monkhorst-Pack k-points mesh. For the description of our p(4 × 4) surfaces, we choose 1 × 1 × 1 for the basal planes, 3 × 3 × 1 for the edges and for the bulk (2x2x1) cell we work with 5 × 5 × 5. The convergence criterion for the self-consistency process is set to 10 -5 eV for the optimization of the wave function. The maximum forces are converged to 0.025 eV/Åduring the geometry optimization. Approximately 15 Å of vacuum is added both above and below the slabs in the z-direction. 61 All geometries and unit cells are given in the supporting information.

The electrochemical interface is described by the solution of the linearized Poisson-Boltzmann equation as implemented in VASPsol. 51 In VASPsol, the interface is defined as a function of the electron density, which is compared to a "critical" density, ρ c . The default value of ρ c has been optimized against solvation energies of small molecules in water. 64 However, applying these settings leads to a significant polarization density, i.e., presence of solvent, between the dispersion bound MoS 2 layers as shown in Fig. 3.1. Therefore, we have gradually reduced ρ c in order to identify an iso-density value that completely excludes water between the layers. The final choice is 0.00025 e -/Å -1 , which corresponds to one tenth of the default value. This makes the DFT computations slower than usual due to the larger numerical noise but it allows us to remove the solvent between different layers and it has previously been used in the context of solvated alkali-metal ions 65;66 . The Debey screening length is set to 3 Å, corresponding to a 1 M electrolyte.

In order to properly define the work function (electrochemical potential) of the interface, the dipole moment of the slab needs to be nullified through symmetry. For basal planes, we perform symmetrization with respect to a plane, whereas for the edges, we realize a point 

Potential dependence of the energy

As detailed in our previous work, the potential dependence is studied by adapting the surface charge. 54;56 In practice, the charge of the system is varied from -1 to +1 in steps of 0.2 e -. The obtained relationship between the grand-canonical energy and the electrochemical potential is then fitted to an analytical formula, which is a parabola for conductors. This is performed in full analogy to the double-reference method of Filhol and Neurock, 67 and is much more flexible than the use of explict cations 49;68;69 since non-integer numbers of electrons allow to fine-tune the surface charge and can be neutralized via the Poisson-Boltzmann equation. Such a fine-tuning is particularly valuable for MoS 2 , which can be a conductor or a semiconductor, depending on the surface (state). Note that we assume large MoS 2 flakes, i.e. we have converged the results with respect to the system size. For smaller nanoflakes, the band-gap opens, just like in other two-dimenstional materials. 70 Such finite size effects are beyond the scope of this study.

In Fig. 3.3 we show the relative grand-canonical energy with respect to the neutral slab for two systems Mo S2 and H@Mo S2 , as a function of the electrochemical potential. In H@Mo S2 hydrogen is adsorbed on the anti-site defect which is combined with a sulfur vacancy. This leads to a typical conductor, where the energy as a function of the potential can be fitted by a parabola (see Fig. 3.3a). However, in the absence of adsorption, Mo S2 is a semi-conductor, just like bulk MoS 2 . This is clearly seen in Fig. 3.3b, where the energy is constant within the gap, i.e., from 0.05 V to 0.45 V. Both cases can, however, be described conveniently with analytical formulas to obtain a continuous description of the energy as a function of the potential. 

Methodology

Adsorption energy

For isolated molecules we use the following approximation for their free energy:

G mol = E mol -T S (3.1)
where T is room temperature (298.15 K), and S is the contribution of rotational translational entropy at standard pressure. For water, this entropy contribution is divided by two to account for its liquid state 71;72 .

The adsorption energy ∆G ad s of the different species are calculated according to the following formula: 73

G ad s (U ) = 1 2 × (E t ot (U ) -E sl ab (U ) -R) (3.2)
Where E t ot (U ) and E sl ab (U ) are the potential dependent energies of the symmetric MoS 2 surface with and without adsorbates, respectively. If the adsorbate is hydrogen (i.e., one hydrogen atom per surface), the reactant (R) will be defined as below:

R = 2 × (H + + e -) = 2µ H (U ) = G H 2 (g ) -2eU (3.3)
With G H 2 is the free energy of the hydrogen molecule, e is the number of electrons and U is the applied potential with respect to the standard hydrogen electrode. As pointed out by Norskov and co-workers, the chemical potential of protons and electrons can be conveniently replaced by that of hydrogen molecules and the energy correction for the electron due to the electrode potential. 49 In the general case, Equation 3.3 includes a pH dependence. However, since we here assess HER in acidic conditions, we assume a pH of 0 for which Eq. 3.4). Note, that this surface OH* is not to be identified with OH - adsorption: First, it originates from the dissociation of H 2 O and can, therefore, even in acidic conditions be present at the interface. Second, its generation is linked to water reduction (H 2 O+H + +e ---→ • OH+H 2 , so that it formally should be considered as an adsorbed hydroxyl "radical" and not an adsorbed hydroxide "ion". When a second adsorbate is adsorbed, the adsorption energy is computed just like for the first one, except that the initial surface already contains one adsorbate. To be explicit, the second adsorption energy is neither the sum nor the average adsorption energy, but the differential adsorption energy.

Results and Discussion

For a successful HER catalyst, the ∆Gs must be as close to zero as possible. They are calculated according to the following formulas: For the first cycle,

∆G 1 = 1 2 × (E t ot (H 2 O) -E t ot (OH) -2 × (H + + e -)) (3.4) 
∆G 2 = 1 2 × (E t ot (OH) + 2 ×G H 2 -E t ot (H 2 O) -2 × (H + + e -)) (3.5)

Results and Discussion

Basal plane

Using a descriptor-based analysis with the hydrogen adsorption free energy, the perfect basal plane was showed previously to be catalytically inert 18;19 and our computations with an applied electrochemical potential leeds to the same conclusion (see Fig. A.1 in the supporting information). Hence, we focus in this part of our work on the basal plane with the different possible defects cited before.

Active sites for HER

In order to identify the active sites for HER, various defects at the 2H-MoS 2 basal plane interface are investigated. The hydrogen adsorption energy ∆G H was first computed in vacuum for an extensive list of defects (see Fig. A.2 in the supporting information). The eV at 0 V), the potential dependent computations confirm that these defects have a binding energy for hydrogen that is compatible with HER. For V S and V S2 a second hydrogen atom can be adsorbed with an adsorption energy close to 0 around 0 V, which opens the possibility for the Volmer-Tafel reaction mechanism on these sites. The most relevant adsorption energies at 0 V are thus summarized in Fig. 3.5.

We can conclude that the best HER active sites on the basal plane of 2H-MoS 2 are obtained when the molybdenum atom is exposed at the catalyst/solution interface. This can be achieved via sulfur vacancies 5 but also by substituting S by Mo in anti-site defects as demonstrated herein.

Solvent adsorption at the functional interface

The presence of water at the electrochemical interface can have profound impacts on the activity beyond the macroscopic effects that are captured by the Poisson-Boltzmann equation. Therefore, we adsorb water molecules on the different defects at the MoS 2 interface (see Figure 3.6). Note that the adsorption of a water molecule is formally a chemical step. Therefore, in comparison to the adsorption of H + +e -, the adsorption energy of H 2 O depends much less on the electrochemical potential. Nevertheless, the surface dipole moment of H 2 O@MoS 2 leads to a non-negligible potential dependence due to its interaction with the potential-generated electric field. 52 As shown in the SI, ∆G is roughly decreasing in the case of Mo S and Mo ′ S2 sites and increasing for V S and V S2 with the increase of the electrochemical potential (see Fig. 

Production of H 2 from adsorbed OH and H 2 O

Given the propensity of water adsorption on active sites, we assess the possibility of HER to occur via a H 2 O/OH cycle (see Fig. ), suggesting that it can be obtained under HER conditions via a Heyrovsky step, generating H 2 , which is denoted as ∆G 2 (Eq. 3.5). The surface OH can then be reduced back to H 2 O via a Volmer step with a reaction energy ∆G 1 (Eq. 3.4). We note in passing, that this generation of (formally neutral) adsorbed OH* is not equivalent to the adsorption of (formally charged) OH -. Hence, the thermodynamics of the electrochemical OH* formation is not expected to be strongly dependent on the pH, but mostly a function of the electrochemical potential. Furthermore, at oxidizing potentials, OH* can also be formed via oxidation, rather than reduction, i.e., via H 2 O --→ • OH + e -+ H + , which contrasts with our case defined in section 3.2.3. This alternative pathway for OH* formation is also the reason why our results cannot be directly transposed to hydrogen oxidation reaction conditions, where positive potentials instead of the negative ones are relevant.

To probe the effectiveness of the different active sites, we adopt the notion of a thermodynamic overpotential η T D 49 . This is the minimal potential that needs to be applied in addition to the Nernst potential (0 V vs SHE for HER at pH 0) in order to drive the electrochemical reaction. It is determined as the potential that allows to form each reaction intermediate via a thermoneutral or exothermic step. We report η T D in Table 3.1, together with ∆G 1 and ∆G 2 . Furthermore, we illustrate the catalytic cycle for the most promising site, Mo S , in Fig. 3.7. Indeed, Mo S remains an active site even though H 2 O is strongly adsorbed: both of the ∆Gs are very close to 0 eV at zero potential. Similarly, on Mo ′ S2 the Heyrovsky step (∆G 2 ) to produce H 2 only requires an over-potential of 0.3 V, so that this site is also active for HER at the aqueous interface.

For the vacancies, water is weakly adsorbed and from Table 3.1 the overpotential for HER is high (0.4 V V S and 0.8 V for V S2 ) due to ∆G 1 , i.e., the Volmer step. In other words, H 2 O is not stable enough with respect to OH on the surface. However, since H 2 O is not strongly bound, 
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the vacancies could remain "empty" and evolve H 2 without the direct participation of water.

To summarize, all the defects presented are active sites for HER without H 2 O. If H 2 O is adsorbed on Mo ′ S2 or Mo S the sites remain thermodynamically very effective via a Volmer-Heyrovsky mechanism involving *OH. Note that these sites have a significant abundance in MoS 2 produced by physical vapor deposition. 35 In contrast, water covered V S and V S2 sites are inactive for HER. However, since H 2 O is barely adsorbed on the vacancies, we suggest that these active sites might not be hindered too much and remain active even at the solid/liquid interface. In order to identify the precise reaction mechanism (Volmer-Tafel or Volmer-Heyrovsky) on these vacancy sites, potential dependent reaction barriers for the Tafel and Heyrovsky steps would need to be determined, which is beyond the scope of this study.

HER on edges sites and the influence of water adsorption

While the basal plane is the most exposed surface, except for defects, it has no catalytic activity. This is in stark contrast with the minority edges sites of MoS 2 , which are known to be active sites. The study that is most closely connected to ours is the work by Goddard and co-workers 22 : They have performed an in-depths kinetic and thermodynamic study of the HER at the half-sulfided edge of MoS 2 at the grand-canonical density functional theory level. Furthermore, they have even investigated the transition states for the relevant reaction steps. As shown and discussed in the supporting information, our level of theory is in full agreement with previous reports (see Fig. A.6), i.e., the edges are predicted to be highly active.

Since the edges are, however, also exposed to the water solvent at the catalytic interface, we investigate the adsorption energy of H 2 O as a function of the electrochemical potential. Here, we show only the most stable configurations (see Fig. 3.8), while in the SI we also report other arrangements tested.

According to the Fig A .7, the first water molecule adsorbed is strongly bonded to the Mo-edge and only weakly on the S edge at 0 V. For the S-edge, water adsorption becomes, however, more exothermic when going to more reducing potentials. Note that we here consider the Mo-edge of the stoichiometric MoS 2 slabs. The exposure of Mo atoms, rather than partially sulfided edges, might be relevant for HER conditions, where the production of H 2 can also lead to the irreversible desorption of H 2 S, which contrasts with the traditionally studied gas-phase hydro-desulfurization conditions 74;75 . Hence, we decided to investigate the two "extreme" cases (Mo-edge and S-edge), rather than half-sulfided edges, which have been investigated by Goddard and co-workers. 22 Of course, the actual composition of the active edge sites might have various stoichiometries and even be varying over time. However, an in-depth study of the activation energies and dissolution of H 2 S under HER conditions is beyond the scope of this study. Since the first H 2 O molecule seems well adsorbed and the catalytic interface is immersed in water, we assess the energetics for the adsorption of a second molecule.

For both edges, the second water molecule is more strongly adsorbed, last but not least due to the hydrogen bond created with the first one (see Fig. As a consequence, it does not come as a surprise that HER involving OH/H 2 O on the S-edge features high thermodynamic overpotentials (see Table 3.2). However, the S-edge might remain barely affected by water, i.e., remain active for HER, but without the direct implication of water. Our results, demonstrating possible activity for OH* covered MoS 2 active sites, might also be in line with the relative stable (tens to hundreds of hours) performances of MoS 2 type catalysts in strongly alkaline media, 34;76;77 where OH* formation is expected to be (kinetically) even more pronounced.

Conclusions

Conclusions

We have investigated the thermodynamics of the hydrogen evolution reaction at the interface of 2H-MoS 2 with an aqueous electrolyte applying grand-canonical DFT to take the effect of the electrochemical potential explicitly into account. Our computations identify four promising point-defects on the basal plane in addition to the well-known active sites on the edges of this 2D material. Since under reaction conditions water is necessarily present, we have also carefully studied the influence of the adsorption of H 2 O molecules and their dissociation into adsorbed OH, a competition that has been overlooked so far. H 2 O does not interact strongly with the sulfur edges and the sulfur vacancies on the basal plane. Hence, these sites can be considered unaffected by the presence of water. In contrast, the anti-site defects and the Mo-edges are clearly covered with OH and H 2 O. Intriguingly, this does, however, not completely deactivate this sites, as a Volmer-Heyrovsky mechanism involving cycling between adsorbed OH and H 2 O still allows for HER with very low (< 0.2 V) thermodynamic overpotentials. This computational prediction could eventually be probed experimentally, as the presence of chemisorbed oxygen species on the MoS 2 could be identified and quantified, In the previous chapter, we discovered the active sites of MoS 2 for the hydrogen evolution reaction (HER) in acidic condition. Th edges are confirmed to be active, but their precise atomistic nature and stability under HER conditions is not yet known. In contrast to other typical uses of MoS 2 as a catalyst, under HER there is no external source of sulfur. Therefore, the sulfidation of the edges can only decrease under operating conditions and the thermodynamics of the process are somewhat ill-defined. Our results suggest that the 50%S S-edge may be active for HER via the Volmer-Tafel mechanism and is, despite a high H coverage, stable with respect to H 2 S release. At the 50%S Mo-edge, the adsorbed hydrogen opens the way for H 2 S release, leading to the 0%S Mo-edge, which was previously investigated and found to be HER active. HER being a water-based process, we also considered the effect of the presence of H 2 O and the in-situ formation of OH. For the 50%S Mo-edge, H 2 O is only very weakly adsorbed and OH formation is unfavorable. Nevertheless, OH assists the loss of sulfur coverage, leading to OH-based HER active sites. In contrast, OH is strongly adsorbed on the 50%S S-edge. By explicitly considering the electrochemical potential using grand-canonical density functional theory, we unveil that the Volmer-Heyrovsky mechanism on sulfur sites is still accessible in the presence of surface OH at the 50%S S-edge. However, the 50%S S-edge is found to be mildly unstable with respect to H 2 S in the presence of water/OH. Hence, we suggest that the 50%S S-edge evolves over time towards a 0%S S-edge, covered by surface OH that will block permanently the active sites. 

Introduction

In recent years, transition metal disulfides (TMDs) have attracted much attention due to their abundance, low cost, and catalytic activity. [1][2][3][4][5] . Because of its natural occurrence, and potential use in numerous applications (from catalysis to solid lubricants), 6 the most studied material in the TMD series is molybdenum disulfide, MoS 2 7;8 . Since it is a 2D material, MoS 2 particles have a basal plane and edges with contrasting chemical properties. There is a general consensus that the edges of the most common 2H-MoS 2 polymorph are the catalytically active sites, while the defect-free basal plane is inert 9 . There are different types of edges in MoS 2 with various properties. [10][11][12] As represented in Figure 4.1, two families of edges can be distinguished for 2H-MoS 2 : the armchair edges ( 12 10) and the zigzag edges, for which the Mo-edge ( 1010) and S-edge (10 10) have distinct chemical properties. 13 . Theoretical 14 studies show that zigzag edges are much more stable than armchairs, so that experimentally only the zigzag edges have been identified. 15;16 Many studies have approached the problem of the edge configuration and their relative stability. Most of these studies have been carried out in the context of the hydrodesulfurization (HDS) reaction, for which MoS 2 is a typical catalyst 17;18 . HDS removes sulfur from natural gas and from petroleum to reduce polluting emissions upon combustion. Under HDS conditions MoS 2 is exposed to a mixture of H 2 and H 2 S gases. Therefore, the relative stability of edges with different sulfidation levels is governed by the relative abundance of H 2 and H 2 S. The first density functional theory (DFT) based thermodynamic model was developed by Raybaud et al. 19 for the zigzag edge. This theoretical study suggested that the 100%S S-edge and the 50%S Mo-edge are the most stable sulfidation levels under typical, S-rich, HDS conditions. The 50%S Mo-edge is particularly stable due to the reconstruction of the structure that satisfies the coordination needs of Mo and S atoms. Hence, transformation to more or less sulfided Mo-edges is suggested to be an activated process. 20 For the stoichiometric case, i.e., absence of excess S, the most stable distribution of S over the Mo and S edge was predicted to be semisaturated (50%S) on both edges. This also corresponds to typical sulfur poor conditions. 19;21 Complementary to the computational work, various experimental studies have been carried out to determine the structure, activity and stability of MoS 2 edges, mostly relying on scanning tunneling microscopy (STM) 20;22-26 . Despite a general agreement between theory and experiment, the prevalent structure of the active sites during hydrodesulfurization catalysis on MoS 2 is still debated. 27 The interest in MoS 2 based electrocatalysts started in 2005, when Hinnemann et al. 28 demonstrated, through computational and experimental methods, that MoS 2 is a promising low-cost electrocatalyst for hydrogen evolution reaction (HER). HER, the half-cell reaction of water splitting, is typically investigated for applications at ambient temperature, in an acidic, aqueous electrolytes. Therefore, the reaction conditions are very different from high-temperature, gasphase HDS. Inspired by this seminal work 28 , several groups have explored the electrocatalytic activity of molybdenum disulfide and how to improve it. 29;30 Jaramillo et al. 31 synthesized MoS 2 on Au (111) substrate and showed that the HER activity of MoS 2 increases linearly with the total length of the exposed edges of MoS 2 . Tan et al. 32 also presented that the edge site showed much higher activity for HER than the basal plane. Since then, numerous experimental studies have reported that although the edge occupies a small portion of the surface area of MoS 2 , the HER active site is mainly located at the zigzag edges and only a minority of active sites are located on the basal plane 1;33-36 .

For theoretical identification of active sites, the adsorption energy of hydrogen, ∆G H , is typically used as a descriptor. 37;38 A positive ∆G H value indicates that the interaction between H and the catalyst is too weak for efficient catalysis. A negative value indicates that the interaction is too strong, i.e., desorbing gaseous H 2 is energetically too costly. The adsorption of hydrogen on the edge of 2H-MoS 2 strongly depends on the edge type and the sulfidation level. 33;34;39;40 The most favorable hydrogen bonding with respect to HER was found for the edge covered by sulfur monomers (50%S Mo-edge). This edge is stable under a wide range of sulfidation conditions and should therefore be abundant in the catalytic particles. Furthermore, the 50%S Mo-edge and the 50%S S-edge configurations are the most representative ones obtained by the large-scale preparation of MoS 2 catalysts via wet-impregnation followed by sulfidation. For all hydrogen coverages between θ H = 0% and θ H = 100%, the adsorption energy of hydrogen at 50%S Mo-edge is about 0 eV. 41 Therefore, this surface state was, for instance, used by Goddard and coworkers for a detailed mechanistic study of HER. 42 Note, however, that assessing the stability of the S-coverage at the edges under HER conditions is somewhat ill-defined: while there is a constant source of sulfur under HDS conditions, in HER only the chemical potential of hydrogen is well defined. Hence, loss of sulfur atoms in form of H 2 S under these acidic reducing conditions is irreversible, an aspect that has been largely neglected in the HER literature.

Since HER takes place in liquid water at ambient temperature, one should also evaluate the reactivity and stability of MoS 2 edges towards H 2 O. However, only few, theoretical, studies have been devoted to the interaction between water and the MoS 2 edges. Singh et al. 43 , studied water dissociation, including the corresponding activation energies, over the three thermodynamically stable edges reported by Raybaud et al. (0%S Mo-edge, 50%S S-edge, and 100%S S-edge) 19 .

The process was found to be exothermic only for both 50%S S-edge and 0%S Mo-edge, with the 0%S Mo-edge having the lowest activation energy barrier. Ab initio molecular dynamics (AIMD) further confirmed a spontaneous dissociation of water on the 0%S Mo-edge, demonstrating that this surface termination is unstable and thus irrelevant in aqueous solution. The impact of the reactivity of the edges towards water has been considered as part of our previous study 44 that focused on HER over MoS 2 explicitly accounting for the electrochemical potential via grand-canonical DFT in combination with the linearized Poisson-Boltzmann equation 45;46 .

Methods

Contrary to current proposals, many of the identified active sites involve adsorbed OH*. In other words, we have shown that although H 2 O and OH can adsorb on MoS 2 , HER can also occur on these "blocked" active sites by reducing protons on surface OH*/H 2 O entities.

Here, we investigate the stability of the MoS 2 edges and the impact on HER of the changes due to reactions with water. The adsorption of H, H 2 O and electrochemically generated OH* is studied in detail on these edges. Then, we assess the possibility for H 2 S release from these edges. Finally, relying on grand-canonical DFT we demonstrate the possibility of HER even on the desulfided edges via OH/H 2 O cycles.

Methods

Computational details

The first-principles calculations are performed using the periodic DFT code "Vienna ab initio simulation package", VASP 47 . We have adopted the generalized gradient approximation density functional PBE-dDsC 48;49 , which is augmented with a density-dependent dispersion correction 50 . The nuclei and core electrons are described by the projector augmented wave function approach (PAW) 51;52 . A plane-wave basis set with a kinetic energy cutoff of 500 eV is used for the valence electrons. The precision setting of VASP is set to "accurate". We used a Fermi smearing corresponding to room temperature (0.025 eV) and a Monkhorst-Pack 3×3×1 k-point mesh for all the studied surfaces p(2 × 1), p(3 × 1) and p(4 × 1). The convergence criterion for the self-consistency process is set to 10 -5 eV for the optimization of the wave function. The maximum forces are converged to below 0.025 eV/Å during the geometry optimization. All edges are five layers thick, leading to well converged adsorption energies.

Above and below the slabs, approximately 15 Å of vacuum is added in the z-direction. 53 The electrochemical interface, where HER occurs, is described by electronic DFT for the electrode and adsorbates, combined with a continuum solvation model, augmented with an implicit electrolyte, both represented by the solution of the linearized Poisson-Boltzmann equation as implemented in VASPsol. 45 As in our previous study, 44 the "critical" density, ρ c which defines the interface is set to 0.00025 e -/Å -1 , which is equivalent to one-tenth of the default value in order to prohibit the implicit solvent from entering between the MoS 2 layers. This makes the DFT computations slower than usual due to the associated larger numerical noise, but has also been used previously in the context of solvated alkali-metal ions. 54;55 The Debey screening length is set to 3 Å, which corresponds to a 1 M electrolyte. This is representative for 0.5 M aqueous H 2 SO 4 solutions typically used in HER experiments. To properly define the work-function (electrochemical potential) of the interface, the dipole moment of the slab needs to be nullified through symmetry. We perform a point symmetrization for all the edges. The central layers are kept frozen in their bulk positions. The potential dependence is studied by varying the number of electrons. 53;56 In practice, the charge of the system is varied from -1 to +1 in steps of 0.2 e -(see example and script provided in the SI).

The non-integer system charges are neutralized via the Poisson-Boltzmann equation, similar to other grand canonical DFT schemes in the literature [57][58][59][60][61][62][63][64] . The obtained relation between the grand-canonical energy and the electrochemical potential is then fitted to an analytical formula, which is a parabola for conductors. This approach was previously applied for the elucidation of reaction mechanisms at electrified interfaces such as the oxygen evolution reaction 65;66 and for elucidating the origin of the electrochemical promotion of catalysis. 56;67

Reaction energies

For isolated molecules we use the following approximation for their free energy:

G mol = E mol -T S (4.1)
where T is room temperature (298.15 K), and S is the contribution of rotational translational entropy at standard pressure. For water, this entropy contribution is divided by two to account for its liquid state 68;69 .

If not stated otherwise, the adsorption energy, ∆G ad s , of the different species are calculated in the framework of the computational hydrogen electrode (CHE) 70 at 0 V and pH 0, representative for acidic HER:

G ad s = 1 2 × (E t ot -E sl ab -R) (4.2)
Where E t ot and E sl ab are the energies of the symmetric MoS 2 surface with and without adsorbates, respectively. When the adsorbate is hydrogen (i.e., one hydrogen atom per surface), the energy of the reactant is defined as R = G H 2 (g ) , where G H 2 (g ) is the free energy of the hydrogen molecule. For the adsorption of the water molecule, R = 2G H 2 O . For OH adsorption under the relevant reducing conditions, we set R = G H 2 (g ) -2G H 2 O . In other words, OH* is formed by adsorption of H 2 O with a subsequent electroreduction (formally a Heyrovsky step) that releases H 2 . 44 Similarly, we assess the stability of the edges with respect to the release of H 2 S:

Methods

∆G r el ease 1 = 1 2

× (E d ecomp + 2G H 2 S -E t ot ) (4.3)
Where E t ot and E d ecomp are the energies of the symmetric MoS 2 surface with H 2 S (in the form of at least 50% H coverage on the 50%S edges) and the "decomposed" edge, i.e., after loss of H 2 S, respectively. G H 2 S is the free energy of the H 2 S molecule. If G r el ease 1 is equal to 0 eV, it is an isothermal process. A negative value indicates that the reaction is spontaneous. A positive value indicates that the process is not spontaneous under standard conditions. Note, however, that under HER conditions the partial pressure of H 2 S is essentially very small (a low range of 10 -5 to 10 -8 ) 34 , so that even endergonic reactions have a finite probability to occur. Note that the loss of sulfur under acidic HER conditions most likely occurs as H 2 S.

An alternative of this "decomposition" reaction is the "substitution" reaction: H 2 S can be released in combination with water adsorption. The formula of the release energy is:

∆G r el ease 2 = 1 2 × (E subst + 2G H 2 S -E t ot -2G H 2 O ) (4.4)
Where E t ot and E subst are the energies of the (initial) symmetric MoS 2 surface with hydrogen bonding to sulfur and the (substituted) edges with hydrogen bonded to oxygen, respectively.

G H 2 S and G H 2 O are the free energies of the H 2 S and H 2 O molecules. The criterion for determining the thermodynamic nature of the process is the same as for Eq.4.3.

Hydrogen production by H 2 O, OH and O cycling

Our earlier study showed that adsorbed OH* and H 2 O species can participate in HER. This OH* differs from the adsorption of OH -, as it is associated with water reduction and should be considered as an adsorbed hydroxyl "radical" and thus accessible in acidic, reducing conditions. Similarly, we here investigate the stability and activity of such active sites on the 50%S S-edge; 50%S Mo-edge. The corresponding catalytic cycle is schematically depicted on Figure 4.2. Adsorbate A 1 , which is also a reaction intermediate, can be O or OH, while the corresponding intermediate A 2 is OH or H 2 O, respectively. In these catalytic cycles, the reactions connecting the intermediates are the addition of a H + + e -pair, with ∆G 1 resembling a Volmer and ∆G 2 a Heyrovsky step, respectively. Fore these catalytic cycles, we perform grand-canonical DFT computations in order to explicitly study the potential dependence. In practice, the charge of the system is varied from -1 to +1 with a step length of 0.2 e -and it is neutralized via the Poisson-Boltzmann equation in close analogy with our previous works. 44;65 The acquired connection between the grand-canonical energy and the electrochemical potential is then fitted to an analytical formula, which is a parabola for conductors.

Chapter Hydrogen production by these cycles can only occur when the ∆Gs are less than or near zero. They are calculated as a function of the electrochemical potential according to the following formulas:

∆G 1 (U ) = 1 2 × (E t ot (A 2 )(U ) -E t ot (A 1 )(U ) -2 × (H + + e -)) (4.5) 
∆G 2 (U ) = 1 2 × (E t ot (A 1 )(U ) + 2 ×G H 2 -E t ot (A 2 )(U ) -2 × (H + + e -)) (4.6) 
Where E t ot (A 1 )(U ) and E t ot (A 2 )(U ) are the potential dependent energies of the symmetric MoS 2 edges with O or OH for A 1 and with OH or H 2 O for A 2 . G H 2 is the free energy of the hydrogen molecule, and U is the applied potential with respect to the standard hydrogen electrode.

As pointed out by Norskov and coworkers, the chemical potential of protons and electrons can be conveniently replaced by that of hydrogen molecules and the energy correction for the electron due to the electrode potential. 70 Therefore, 2 × (H + + e -) = 2µ H (U ) = G H 2 (g ) -2eU at pH=0, as we evaluate here HER under acidic conditions.

Results and discussions

Hydrogen adsorption

While under HDS conditions there is a constant source of sulfur and thus the sulfided edges are stable, in HER only the chemical potential of hydrogen is well defined. Hence, the loss of sulfur
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atoms in the form of H 2 S is irreversible for HER. Therefore, the most stable, reconstructed, 50%S S-edge in combination with 50%S Mo-edge (see Figure B.1 and Figure 4.3), which is the most stable stoichiometric edge, is the common starting point for HER investigations. 42 Herein, we start by revisiting the expected hydrogen coverage of these edges under the hydrogen evolution reaction conditions, i.e., including the continuum solvent and a potential of 0 V vs SHE, the thermodynamic onset potential at pH 0.

The first step was to locate promising hydrogen adsorption sites (see Figure B.2). ∆G H is very close to 0 eV in all cases. The most stable adsorption site is on the "side" of the 50%S S-edge, with an adsorption energies of 0.04 eV. For the second hydrogen adsorption, the most promising sites are the "side" site (-0.01 eV). The top S site is somewhat peculiar: the first hydrogen adsorption energy is endergonic (0.38 eV), while the second one is exergonic (-0.14 eV). Given that the average remains less favorable than the "side" adsorption mode, these top-modes are likely to be relevant only at high H coverages.

Based on these results, we investigated the overall hydrogen adsorption as a function of the H coverage for the MoS 2 50 %S edges. Assessing various combinations, we identified the most stable step-wise H adsorption sequence: hydrogen 1 to 6 as shown in Figure 4.3. With increasing θ H , the ∆G H becomes weaker which is in complete agreement with the previously reported results of MoS 2 71 and with other transition metal dichalcogenides and phosphides in general 72;73 . ∆G H of the first to the fourth hydrogen is very close to 0 eV (from -0.17 eV to 0.33 eV). This opens the possibility for H 2 release via the Volmer-Tafel mechanism under the condition that the activation energy for the (chemical) Tafel step is not too high.

H 2 O/OH adsorption and H co-adsorption

We now move to the adsorption of the solvent (H 2 O) and OH which can be generated under HER conditions on the MoS 2 edges. 44 As illustrated in Figure 4.4, H 2 O adsorption is nearly thermoneutral for both the 50%S S-edge and the 50%S Mo-edge. For the 50%S S-edge, where H 2 O is more strongly adsorbed, the oxygen atom is in the "side" position and one hydrogen atom points away from the surface, while the other lies in the surface plane, pointing toward the neighboring MoS 2 layer. At the 50%S Mo-edge, the water molecules are just physisorbed, with one hydrogen atom pointing towards the sulfur surface atom, establishing the closest contact between water and the surface. For both edges, the OH bond lengths in the adsorbed water molecule are slightly larger (0.978 Å) than those of a free H 2 O molecule (0.958 Å), indicating that the OH bond is slightly weakened when the molecule is in contact with the MoS 2 edge.

In contrast to H 2 O, OH is only adsorbed at the 50%S S-edge, especially when there is one θ OH = 1. The OH adsorption energy on the 50%S Mo-edge is, however, above 1 eV. This difference is explained by the accessibility of the Mo atom in the "side" adsorption mode on the 50%S S-edge, while the Mo atoms of the 50%S Mo-edge are completely inaccessible.

These results reveal that there is a competition between H and OH at the 50%S S-edge, while H 2 O seems to be rather labile over both edges.

In view of the competition of H and OH and knowing that H 2 O will be present anyway, we assess ∆G For the 50%S Mo-edge, we observe that the presence of H 2 O does not qualitatively change the conclusion: The first hydrogen atom (number 1 in Fig. 4.5 is weakly adsorbed (the sign changes in presence/absence of water, but the adsorption energy remains weak), while the second one (number 6) features a clearly positive adsorption energy. For the 50%S S-edge, hydrogen number 2 and 4 are not affected by H 2 O, i.e., green and blue bars are close to each other. This is not the case for hydrogen 3, for which ∆G H reaches 0.49 eV in presence of H 2 O, while it was thermoneutral in the absence of the water molecule. Hydrogen 5 "compensates" this endothermicity, i.e. it is very strongly adsorbed in the presence of water, while it was costly in the absence of co-adsorption (-0.54 eV and 0.5 eV, respectively). The case of OH co-adsorption is restricted to hydrogen 4 and 5: The OH take the place of hydrogen 2 and 3.

The effect of OH on hydrogen 4 is only ∼ 0.2 eV, making H adsorption nearly thermoneutral. However, adsorbing a second hydrogen atom (number 5) becomes prohibitive ∆G H = 0.8 eV.

In summary, water modulates the hydrogen adsorption energy, but, in agreement with the
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Mo_edge S_edge weak adsorption energy of water on these edges, the overall H coverage is only marginally affected by the solvent. In contrast, the presence of OH groups on the "side" positions of the 50%S S-edge, where they are easily formed (see Fig. 4.4), reduces the H coverage on the S-edge significantly.

Edge Stability

An important aspect of MoS 2 electrocatalysts is their (long-term) stability. In contrast to HDS applications, there is no sulfur reservoir under HER conditions. Hence, we here estimate the thermodynamic stability of the edges. As shown in two preceding sections, the hydrogen coverage is significant (∼ 1 monolayer (ML) with respect to the Mo edge atoms) under HER conditions. Therefore, we start by computing the reaction energy for H 2 S release (see Figure 4.6), a typical process known in the literature in the context of hydrogen rich HDS conditions. At the 50%S S-edge, we find that the process is very endothermic (2.5 eV). In contrast, the 50%S Mo-edge is significantly less stable and H 2 S desorption is endergonic by only 0.41 eV. Note that this reaction energy assumes standard conditions (1 bar of H 2 S). Hence, under HER conditions (no partial pressure of H 2 S), the loss of H 2 S is certainly facilitated compared to this estimate. Furthermore, in the absence of a S reservoir, any sulfur that is lost from the surface has no chance to be replenished. Hence, we conclude that the sulfur coverage of the 50%S Mo-edge will decrease over time until it reaches the 0%S Mo-edge. Fortunately for HER, this edge is expected to be reasonably active as well, 44 so that activity should not drop significantly over time despite the structural rearrangements. As for the 50%S S-edge, it seems to be stable in the presence of H, i.e., the adsorbed hydrogen atoms can participate in the HER mechanism.

The above estimates have been performed without the consideration of the actual reaction medium which is an aqueous solution. As discussed above, OH can be generated in situ under HER conditions. Hence, we here investigate an "exchange" reaction, where the edge sulfur atoms are replaced by oxygen. To be precise, we assess the following reaction: E-SH+H 2 O --→ E-OH + H 2 S, where "E" symbolizes the remaining atoms of the edge. the loss of H 2 S of Fig. 4.6. For the S-edge, the exchange reaction energy is significantly more energy consuming for the first OH (0.8 eV) than for the Mo-edge, although still much lower than the H 2 S desorption energy. However, replacing the second OH by SH is as feasible as on the Mo edge.

These results indicate that the stability of the 50%S Mo-edge is rather limited under HER condition, which H 2 S desorption, potentially assisted by H 2 O/OH adsorption being rather likely. The 50% S-edge is somewhat more stable. Nevertheless, in the absence of estimates concerning the reaction barrier for the E-SH --→ E-OH exchange reaction under HER conditions, it is difficult to judge how much this decomposition reaction contributes to the long-term (in-)stability of the MoS 2 electrocatalyst. It must be noted that the 0%S Mo-edge is likely to remain active for HER. 44 This is, however, not the case for the 0%S S-edge: According to our computations (see Fig. B.5), this edge termination is permanently blocked by OH, rendering this edge inactive for HER.

HER mechanism over 50%S S-edge in presence of water

As shown above, the MoS 2 edges react with the water solvent under HER conditions. Hence, we here revisit the HER reaction mechanism starting with the most relevant surface state.

In particular, the 50%S S-edge is likely to be partially covered by OH. For the Mo-edge, the adsorbed water molecules are very unlikely to dissociate, since OH is poorly adsorbed (see OH 3 and 4 of Fig. 4.4). To assess the possibility of hydrogen production, we assessed different catalytic cycles. For the S-edge, Figure 4.8 shows the most relevant energy profile at 0 V. We start with the edge structure on which four water molecules are physisorbed, two spectators at the Mo-edge and the other two at the S-edge. At this potential, the Heyrovsky reaction releasing H 2 and concomitantly forming OH on the S-edge is exothermic. At this stage there are three pathways, two of which are endothermic, so we continue with the exothermic one, which leads to two OH adsorbed on the S edge. This surface state still presents three possible paths that could lead to HER: A Heyrovsky step with an OH hydrogen, a Volmer step on an 100 ): (i) in combination with an additional proton reduction H 2 S could be released, (ii) an SH*/OH* exchange reaction or (iii) H 2 production via a Heyrovsky step. The first of these reactions one is strongly endothermic. The second one is mildly endothermic (0.2 eV) and thus likely to be feasible but slow under HER conditions. However, once this reaction occurs and we reach an edge covered by 3 OH*, on which the Volmer step is endergonic by 0.4 eV, so that the HER activity is lost. The last possibility is the HER reaction, which turns out to b athermic as indicated in Fig. 4.8d. Therefore, we demonstrate that despite the presence of two surface OH entities on the 50%S S-edge, the sulfur sites could remain catalytically active via a Volmer Heyrovsky mechanism at near zero overpotential.

Conclusion

We have analyzed the fate of the most commonly produced MoS 2 edge, i.e., the 50%S S-edge; 50%S Mo-edge, under HER conditions. While this Mo-edge could potentially be active for HER with an estimated overpotential of about 0.2 V, we reveal that this edge is very likely to significantly reconstruct in the presence of water. In particular, H 2 S formation is only mildly endothermic (∼0.4 eV), so that under HER conditions, where there is no sulfur reservoir, surface-sulfur is gradually replaced by oxygen. Fortunately, the thus formed surface OH are active sites for HER. The situation on the 50%S-edge is less straight forward. First, the termination is more stable with respect to H 2 S release (∆G = 2.5 eV). Second, though, the exchange reaction that replaces surface SH by surface OH is endothermic by only 0.8 eV. Once the first such exchange reactions has occurred, the second one is facilitated. Furthermore, this OH substituted S-edge is no longer predicted to be active for HER. Hence, this exchange reaction appears to lead to a definite loss of HER activity of MoS 2 . Third, our grand-canonical DFT computations suggest that before the loss of surface sulfur, the S atoms of this edge are active sites for HER even in the presence of surface OH, with an estimated overpotential of 0 V.

In summary, our findings provide an atomistic description of the fate of the common 50%S S-edge, 50%S Mo-edge edge structure of MoS 2 under HER conditions. The likely active sites in presence of water have been identified and their stability has been assessed, revealing long-term stability issues of the S-edge in water, a prediction that could be experimentally verified by operando X-ray spectroscopies. Electrocatalysis is a promising technology for clean energy conversion. The prediction of activation energies is essential for reliably modeling electrocatalytic processes. Currently a compromise is necessary between model complexity (electrochemical potential, electrode/electrolyte interface) and the accuracy of the resulting activation energies. In this chapter, we provide an overview on the approaches and recent advances in methods and models to identify transition states and thus activation energies in heterogeneous electrocatalysis, covering a large range of methods from model Hamiltonians to fully atomistic descriptions. We also discuss specific examples and highlight the strengths and weaknesses of each approach. Some of the methods discussed will be useful for the next parts of my thesis.
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Introduction

Converting electrical energy produced with low carbon emissions (e.g., wind and solar power), into chemicals such as hydrogen 1 , ammonia 2 and CO 2 reduction products 3 seems very attractive to reduce the carbon footprint of the chemical industry. Therefore, the last two decades have seen a surge of interest in improving electrocatalysts. Concomitantly, computational chemistry has matured enough to accelerate the design of novel heterogeneous catalysts 4 , especially when combined with experiments 5 . However, determining transition states for heterogeneous electrocatalysis is not straightforward and has remained a niche. The absence of reliable activation energies ultimately hampers the in silico design of electrocatalysts.

The thermodynamics of electrocatalytic reactions is well described via the Nernst equation: the electrochemical potential allows to drive reactions that are endothermic under standard conditions. A first step towards the understanding of the kinetics of electrochemical reactions is provided by Marcus's theory: 6 For "outer sphere" electron transfer (i.e., no direct interaction between the reactant and the electrode, see Figure 5.1) the kinetics of the reaction is determined by the reaction free energy (∆G) and the reorganization energy (λ). λ measures the energy required to adopt the product-like arrangement of the reactant and the surrounding solvent before the electron transfer. In heterogeneous electrocatalysis, the reaction is occurring at the interface between the solid electrocatalyst and the liquid electrolyte. Hence, the fundamental reaction step is an "inner sphere" electron transfer with a direct interaction between the reactant and the electrode (see Figure 5.1). 7 Due to the complexity and system specificity of the interface and the interaction of the reactant with the catalyst, the solvent and the electrolyte, the equivalent to the "universal" Marcus theory is absent for these inner-sphere processes.

Phenomenological rate equations have been developed to model the kinetics for inner sphere processes, with the Buttler-Volmer equation being the most famous one. The reader interested in rate equations for electrocatalysis is referred to the thorough review in ref 8 . According to these equations, the reorganization energy is an important factor for the kinetics of inner sphere processes, but the coupling of the energy levels of the adsorbate and the electrode has to be considered as well. For example, the density of state around the Fermi level directly impacts the electron transfer, which means that the band-gap of semi-conductors is problematic in electrocatalysis 9 . Furthermore, the reactant competes with the solvent/electrolyte for the adsorption sites on the catalyst. Hence, the activation energy required for adsorption can be critical for the overall reaction kinetics. 10 Even though the atomistic modelling of electrocatalysis has a long history, 11 it is only since the introduction of the computational hydrogen electrode (CHE) 12 by Norskov and co-workers that such studies are performed on a routine basis. The success of CHE is mainly due to its computational ease, which itself is derived from the assumption that only the thermody- In an inner-sphere (catalytic) redox process, reactants, intermediates, and/or products interact strongly with the electrode surface (specific adsorption) and the electrode catalyzes the bond rearrangements for the functional group in contact with the catalyst (yellow).

namics of the reaction intermediates need to be considered, i.e., that identifying transition states is not necessary. The validity of this hypothesis has recently been revealed to be highly system-specific. 13 Given the excellent ratio of insight gained to computational expense of CHE, the modelling of transition states has been somewhat neglected by the community 5 .

Nevertheless, quantitative experimental data on the relative stability of intermediates is unavailable, so that the quality of the approximations of the CHE cannot be precisely determined.

In contrast, kinetic information (rates, Tafel slopes etc.) can be measured experimentally. Therefore, first-principles based kinetic simulations are required to validate theoretical models. [14][15][16] Thus, one has to determine (potential-dependent) activation energies and, therefore, identify transition states. 17 The potential-dependent activation energies are a first, necessary, step towards more approximate (linear-scaling-based) estimates that can then be used for catalyst screenings. [18][19][20] As discussed in the recent literature, 13;21;22 the success of the CHEderived catalyst screenings without the consideration of potential-dependent surface states and activation barriers is at least partially a happy coincidence.

Electronic structure theory, such as density functional theory (DFT), is the tool of choice to determine activation energies from first principles. The electrode potential is equivalent to the workfunction, i.e., the energy to add/remove an electron to/from the system. For the popular CHE, DFT computations are performed at "constant charge", i.e., the number of electrons is fixed by the user and the workfunction is a result of the self-consistent field process. Alternatively (see section 5.3.3), in grand-canonical (GC) DFT the number of electrons is a variable that is adjusted to perform computations at "constant potential". [23][24][25] Thus, GC-DFT gives direct access to potential dependent activation energies. Note that only charge-neutral unit cells can be simulated by periodic DFT. Hence, in CHE the unit-cells are always neutral by construction and in GC-DFT a counter-charge (either uniform 26 , based on the Poisson-Boltzmann equation or a combination thereof 27 ) is included.

In combination with GC-DFT, modelling the solvent and electrolyte is necessary to achieve realistic capacities, 28;29 the competitive adsorption between reactants and the solvent, 30 and electrolyte specific solvation environments. 31 Furthermore, the reorganization energy (λ), associated with a charge-transfer reaction, is one of the key components of the activation energy. Hence, solvation effects have to be carefully determined for activation energies in electrocatalysis. Unfortunately, however, accurately and efficiently treating solvation effects at solid/liquid interface remains an outstanding challenge. [32][33][34] Implicit solvation models are the most practical approaches, but have been found to significantly underestimate the solvation effects at metal/water interfaces. [35][36][37] This might be connected to the pronounced many-body effects of water molecules on noble metal surfaces, 38 which are inherently absent in implicit solvent models that focus on electrostatic interactions.

In this review we outline the most relevant approaches to identify transition states and activation energies in heterogeneous electrocatalysis. We focus on the (physical or atomistic) model that describes the potential energy surface and only mention on passing the most important algorithms to actually identify the transition states. Furthermore, we do not reproduce any formulas, which can all be found in the original articles cited.

Potential Free Energy Surfaces from Model Hamiltonians

One possibility to understand the potential dependence of activation energies in electrocatalyis is to set up a "model Hamiltonian". This approach is perfectly illustrated by the work of Schmickler and co-workers. 39 Two ingredients are combined: (i) Marcus' theory for electron transfers that emphasizes the role of the reorganization energy λ. (ii) The physical Anderson-Newns Hamiltonian for the interaction of adsorbates with the electrode.

In practice, a two or three dimensional potential energy is generated for electrocatalytic reaction, with the common choice of the dimensions being (i) the distance (z) of the center of mass of the molecule from the electrode, (ii) the bond distance (r ), and (iii) the polarization state of the solvent (q), which corresponds to the total charge of the reactive complex. In Figure 5.2, the adsorbate is assumed to be in close (constant) contact with the electrode. The minimum at (r = 0, q = 0) corresponds to the physisorbed adsorbate (atomic orbital occupations (〈n〉) of 2). When the two fragments are well separated (r > 1.5) a charge-transfer occurs (q = 2), leading to formally ionic adsorbates (〈n〉=4)on the surface. Based on the PES, the minimum energy path (and thus the difference between the saddle point and the energy minimum, i.e., the activation energy) can then been identified by well established algorithms such as the nudged elastic band (NEB) or various string-based methods as is, for example, discussed in ref 40 .

Potential Free Energy Surfaces from Model Hamiltonians

Just like in the theories of Marcus 41 and Levich-Dogonadze ( 42 ), it is the parametrization of the effective solvent coordinate q that represents the main challenge: E (q) describes the energy change of the system as a function of the charge state of the system (before/after an electron transfer). The current approach consists of parameterizing the model Hamiltonian based on density functional theory (DFT) and molecular dynamics studies (MD). As mentioned in the introduction, determining accurate solvation effects at the solid/liquid interface is a formidable challenge. Hence, the parametrized solvation effects in model Hamiltonians have to be considered with at least as much caution as for DFT-based approaches. Unfortunately, these shortcomings are currently unavoidable.

Ref 43 presents a typical application of this model Hamiltonian to the alkaline Volmer step (H 2 O + e -+ Surf --→ H@Surf + OH -). The model demonstrated that the desolvation of OH - and the intrinsic energy requirement for breaking the O-H bond in H 2 O is responsible for the slow hydrogen evolution reaction (HER) in alkaline compared to acidic conditions.

Other recent applications of model Hamiltonians include the CO 2 reduction reactions on a gold electrode 44 , as well as the electrochemical reduction of Ni(II)complexes 45 . They illustrate the insight that can be gained from model Hamiltonians, which continue to be refined 46;47 .

Atomistic Models for the Electrocatalytic Interface

Model Hamiltonians discussed in the section above provide an effective (parametrized) description of the free energy surface. In contrast, energies of atomistic models evaluated by DFT provide a first principles description of the electrocatalyst: the precise adsorption mode of complex adsorbates (e.g., glycerol 48 ) and the atomic details (defects, co-adsorbates and coverage effects 14;30 ) can be included. Furthermore, the distribution of the electrons within the system is obtained as the result from the self-consistent field process. This means that in the standard constant charge computations the electrochemical potential and the charge transfer from/to adsorbates are a result of the computation. Since electrocatalysis is an inner sphere process, one can assume that the transition state is located at a point where the electrochemically active species is in close contact with the electrode. Therefore, most atomistic studies in heterogeneous electrocatalysis focus on the chemical reaction once the reactants are adsorbed and do not assess the energy required to transport the reactants from the bulk through the electrical double layer to the surface.

Atomistic Models for the Electrocatalytic Interface

From CHE to Transition States

The computational hydrogen electrode (CHE) model introduced by Norskov and co-workers 12 is, without doubt, the most popular approach in electrocatalysis. CHE adopts a constant charge framework, i.e., the workfunction is not controlled and might thus change along a reaction coordinate. Furthermore, CHE is mostly applied in the presence of an ice-layer to mimic the solvent or in complete absence of explicit solvent molecules. In its original formulation CHE only applies to thermodynamics, i.e. in the CHE framework the electrochemical potential only affects reaction steps where the stoichiometry of the computed system changes. In other words, the relative energies of adsorbed species only shift as a function of the electrochemical potential when an H atom ( 12 H 2 ⇌ H + + e -) is added or removed from the system. Since the stoichiometry cannot change at the transition state, CHE does not affect activation energies.

The determination of activation free energies at constant charge and stoichiometry can still be performed using standard algorithms for identifying the "static" (0 K) TS, to which thermal free energy corrections can be added via statistical mechanics. The free energy difference between the reactant and the transition state corresponds to the activation free energy. This approach for locating TS is well validated at the solid/gas interface, where close agreement with experimental measurements can be obtained. 49;50 Technically, transition states are usually located by a combination of the nudged elastic band (NEB) 51 and dimer method 52 or applying the climbing image variant of NEB 53 . These methods require about 10 3 energy evaluations in order to locate a TS. The various methods have been efficiently applied in heterogeneous electrocatalysis, such as in the conversion of CO 2 54 , water splitting 55 , the oxygen evolution reaction 56 and the hydrogen evolution reaction 57 .

In practice, the electroactive species (e.g., H 3 O + + e -) is placed close to the surface and the transfer of the proton to the surface (or adsorbate) is studied. While still being used in the community (e.g., ref 58 ), this approach comes with a major drawback: The effective potential felt by the adsorbates change significantly (up to 2 V) between initial (H 3 O + + e -+ Surf ) and final state (H@Surf + H 2 O) 59 . Hence, such an "initial" state is likely an "artificial" high-energy state compared to having the proton in solution and the electron in the electrode. On the one hand, the solvation of the proton requires a large number of water molecules to be well represented 60 , which is not compatible with practical unit-cells. On the other hand, the accompanying electron leads to a large surface charge density and thus to a very negative effective electrode potential 61 . To illustrate how such a model can skew results take, for instance, the case of the reduction of CO 2 to formic acid (see Figure 5.3): While the TS towards the carboxyl intermediate (a) might require the intervention of a H 3 O + + e -pair and thus all the issues just discussed, the TS leading to the formyl intermediate (b) does not involve such a "charge-separated", high-energy initial state. Hence, one can expect imbalanced accuracy between the two competing reaction paths. 

Cell/Charge Extrapolation Method

In order to overcome the abrupt change in potential during the reaction from the initial state to the TS and then the final state, the generalized CHE method by Norskov and co-workers 62 has been used to extrapolate the results from small and medium sized unit-cells to achieve a constant-potential description, corresponding to the hypothetical infinite size unit cell 63 .

In practice, the typical water/proton cluster mentioned in section 5.3.1 is replaced by an explicit layer of water molecules supplemented by a varying number of H atoms. This makes the method somewhat dependent on the specific structure of the water layer. Furthermore, consistently placing various reaction intermediates and transition states (including of flexible molecules) in an explicit layer of solvent is at best cumbersome, if not impossible, and the situation is even worse if non-aqueous electrolytes are investigated. Last but not least, the model and methodology is computationally very intensive, making it impractical for complex reaction mechanisms.

To address this challenge in a more computationally tractable way, Janik et al. developed a simple approach to evaluate potential-dependent activation barriers of elementary steps in a CHE-like spirit and applied it to the CO 2 electroreduction mechanism on Cu electrodes 64;65 .

The activation energy at 0 V vs RHE is determined at constant (zero) charge, but the barrier is then assumed to have a potential dependence that is proportional to the change in the surface dipole moment between the TS and the initial state (IS). This model is a first order approximation, assuming that the electrostatic interaction between the surface and the electric double layer dominates and that the IS and TS (and thus their dipole moments) do not change as a function of the electrochemical potential.

Atomistic Models for the Electrocatalytic Interface

Subsequently, Norskov et al. proposed a more rigorous, yet almost equally simple method that relies on the change in workfunction between the TS and the IS, combined with an estimate of the effective charge of the corresponding intermediates 66;67 . The results obtained by this charge extrapolation method for the proof of principle reaction (HER) were shown to agree well with the predictions of the cell extrapolation method. 67 However, the charge extrapolation method depends, by construction, on the scheme applied for determining atomic charges: given that the two popular choices (Bader and Hirshfeld charges) differ up to a factor ten 68 significant differences can be obtained. Nevertheless, well behaved trends have been extracted by this method for proton coupled electron transfer (PCET) reactions. 20 Note, that just like Janik's model, this charge-extrapolation method assumes that the TS structure does not significantly change as a function of the electrochemical potential.

Grand-Canonical DFT for Transition States

The charge or cell extrapolation methods described in section 5.3.2 compute the electrode workfunction but do not control it explicitly. Furthermore, they rely on a constant charge model when searching for transition states. After pioneering work by Liu and co-workers 69 and based on a series of developments of the grand-canonical (GC) DFT approach (see ref 70;71 for a review), Head-Gordon et al. proposed an elegant way to explicitly control the electrode potential in DFT 72 , allowing the search for transition states while maintaining a constant potential at each step along a path with minimal free energy. In this GC-DFT scheme the electrode potential is varied by changing the number of electrons, while the system is solvated and neutralized by the Poisson-Boltzmann equation. 73 The tremendous advantage of GC-DFT is that it also seamlessly assesses the impact of the electrode potential on formally "chemical" steps, i.e., where the electrochemical couple (typically H + + e -) is not involved. For example, the activation energies for the C-C bond formation of CO@Cu(100) show a significant potential dependence (see Figure 5.4). 72 Intriguingly, these computations predict an unusual behavior: even though the product gets stabilized when moving towards reducing potentials, the transition state gets destabilized. This can be rationalized by electrostatic repulsion between the partially negatively charged reacting CO adsorbates, leading to an "early" transition state. Nevertheless, shortcomings of the implicit solvation model for these charged species cannot be completely excluded at this stage. As a counter example of the potential dependence of this "chemical" step, barriers for some "proton transfer steps" resembling the one of Fig 5 .3b were found to only exhibit a small potential dependence 74 , demonstrating that the potential dependence of activation barriers has to be assessed for each type of reaction. The use of GC-DFT for electrocatalytic barriers is now well accepted as illustrated by applications to the HER mechanism on MoS 2 75 and the electrochemical promotion of catalysis for methane oxidation 76 . The main limitation of GC-DFT is that it introduces all the limitations of using a continuum model for the solvent and electrolyte distribution. 29;77 These limitations are, however, also intimately connected with the strength of GC-DFT: the use of implicit solvation models, in combination with the rigor of constant-potential computations, is the most practical approach to assess potential dependence of activation barriers for entire reaction networks.

Fully Explicit Electrocatalytic Interfaces

The previously discussed (also called "static") methods neglect the dynamics of the solvent involved in ion transfer reactions and do not take into account the entropic barriers encountered in electrochemical reactions. In order to identify transition states in the presence of explicit solvents, the "static" NEB/dimer algorithms are no longer applicable: the degrees of freedom of the liquid have to be sampled at the reaction temperature, not optimized at 0 K. Hence, constrained molecular dynamics (CMD), also called "accelerated" or "biased" MD, has to be applied. The most widely used CMDs are thermodynamic integration (TI) 78 , Umbrella sampling (US) 79 and metadynamics (MTD) 80 . In CMD the molecular dynamics simulation is performed in presence of either a constraint, strictly imposed via a Lagrange multiplier (TI), or a biasing (Gaussian (MTD) or harmonic (US)) potential. This constraint imposes the conversion of the system from the reactants to the products via the transition state. 81 CMD is computationally significantly more expensive than the "static" methods, as they require some 10 4 -10 5 of energy evaluations of the interface. The advantage of these dynamic methods is,
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however, that thermal effects (e.g., surface deformations) are more accurately captured than when optimizing transition states at 0 K. 82 US and TI directly yield a free energy profile, on which the activation energy can be read from the energy difference between the energy at the minimum and the saddle point. MTD generates a free energy surface in a 2 or higher dimensional space, just like model Hamiltonians. Identifying the transition sates on these surfaces is then achieved as mentioned in section 5.2. Goddard and co-workers have shown that entropic corrections can be derived from CMD and metadynamics for fully solvated electrochemical interfaces. 83 Their study featured for the first time a fully explicit electrochemical interface model for a complete electrochemical reaction path. This fully atomistic molecular dynamics description of the interface allowed to uncover the mechanism of CO 2 reduction to methane: the simulations predicted that the so far overlooked CHOH* intermediate is the branching point between methanol and methane. 83 With the ever increasing computational power, CMD has become increasingly popular to investigate the effect of explicit solvent models on electrocatalytic reactions. 84 For example, detailed studies have been performed for the oxygen evolution 56;78;85 and NH 3 electro-oxidation 86 reactions.

However, CMD simulations are generally performed in a constant-charge environment (see ref 87 for a noteworthy exception), which means that the barrier determined by this method is not at a fixed workfunction (electrochemical potential). Instead, the charge extrapolation scheme proposed by Nørskov et al. 67 can be applied to correct the potential dependence of the electrochemical barriers.

Overall, CMD is inefficient for simulating a full network of complex reactions. Nevertheless, fully explicit solvation models may be required to discriminate between reaction paths that are as radically different as hydrogenation from H@surf and the electro-hydrogenation via H + + e -, depicted in Figure 5.3.

Combining Model Hamiltonians with GC-DFT

As discussed in Section 5.2, model Hamiltonians have transparent interpretations for the described physical/chemical phenomena in the sense that the role of the solvent and adsorbate reorganization can be analyzed separately from the interaction with the electrode and the electron transfer. However, this insight comes at the cost of parameters that are difficult to obtain in a consistent manner. Hence, a sensitivity analysis of the chosen parameters might be required to ensure robust conclusions. In comparison to model Hamiltonians, current DFT methods provide a coherent treatment of the reaction and its environment, but are computationally too expensive. Moreover, dynamically adding/removing counterions to keep the potential constant during a (electro-)chemical transformation is currently unfeasible in
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DFT, limiting its grand-canonical formulation to implicit solvent/electrolyte descriptions.

Recently, Melander and co-workers have proposed to overcome these respective limitations by combining a general rate theory with a Schmickler-Newns-Anderson model Hamiltonian extended to the grand-canonical ensemble [88][89][90] .

The main strength of Melander's work is that the potential dependent activation energy is written in terms of a fixed potential reorganization energy, which is analogous to Marcus λ, and a potential-dependent reaction energy. This is achieved by extending Empirical Valence Bond (EVB) theory to grand-canonical ensembles, called GC-EVB. GC-EVB is illustrated by identifying the transition state geometries for the adiabatic Au-catalyzed acidic Volmer reaction using (constrained) GC-DFT 88 . While the application of this framework might be too cumbersome for routine work, it is sufficiently practical for gaining chemical and electrocatalytical insight for important reactions and rationalizing surprising experimental results. Hence, we foresee a bright future for this or similar approaches, like the independently developed method by Abild-Pedersen and co-workers that is equally EVB-based. 91 

Conclusion

The last decade has brought a wide-spread use of thermodynamic DFT descriptions of heterogeneous electrocatalysis. We are convinced that evaluating potential-dependent activation energies constitutes the next step in computational electrocatalyst rationalization and design. Herein, we have reviewed the available methods to evaluate activation energies in heterogeneous electrocatalysis, ranging from model Hamiltonians to standard DFT, GC-DFT and combinations thereof. From our perspective, GC-DFT is the most versatile approach to assess potential-dependent activation energies. However, practically and rigorously combining GC-DFT with explicit solvent/electrolyte simulations remains challenging due to the large number of atoms and extensive phase-space sampling associated with a representative description of solid/liquid interface. Therefore, the area of finding the best compromise between model complexity, predictive accuracy and gained insight will remain active in the foreseeable future.

Can we tune the electrocatalytic activity of sulfur vacancies of MoS 2 basal plane via electronic effects?

In this chapter, we present a detailed mechanistic study of HER at the sulfur vacancy V S using some approaches detailed in the previous chapter. We evaluate the Vomer, Tafel, and Heyrovsky transition states for the different possible reaction steps, determining the activation energy as a function of electrochemical potential via grand-canonical density functional theory. The results show that the Volmer and Heyrovsky steps depend on the electrochemical potential value and the activation energies decrease for more negative potential values, while this is not the case for the Tafel step, where the activation energy is essentially constant. From the activation energy values at -0.2 V vs SHE, it can be concluded that HER on V S , a first hydrogen atom is adsorbed as a spectator via a Volmer step. Then, the catalytic cycle consists of a Volmer and a Heyrovsky step, with the latter being rate determining. In addition, we investigate for the first time the effect of a conductive support on the HER activity of these sulfur vacancies. Our results show that copper, gold and graphite supports have little effects on the activation energies of all steps. Hence, we conclude that cheap, acid-stable, high-surface area carbon supports are well suited for MoS 2 -based HER catalysts.
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Introduction

Hydrogen is expected to be one of the future clean energy vectors. It is light, has a high energy density, is an Earth-abundant element and can be produced sustainably. The process by which hydrogen molecules are formed electrochemically, the hydrogen evolution reaction (HER), is therefore attracting a lot of attention. [1][2][3][4][5][6] It is a two-step reaction process, involving a combination of the following three elementary reactions [7][8][9] :

H + + e --→ H * (Volmer reaction) (6.1)

H * + H + + e --→ H 2 (Heyrovsky reaction) (6.
2)

H * + H * -→ H 2 (Tafel reaction) (6.3)
The first step of the HER process is the initial adsorption of protons from the acidic solution to form adsorbed H, denoted as H*. This step is the Volmer reaction. In the Heyrovsky reaction, a solvated proton reacts with H* to form H 2 (g). The reaction rates for Volmer and Heyrovsky reactions are potential dependent. The Tafel step is a formally chemical step without electron transfer to and from the electrode during the reaction. It corresponds to the connection between two adsorbed H * to form H 2 . The rate of the whole reaction depends mainly on the free energy of adsorption of the H intermediate (H * ) on the catalyst surface (∆ G H * ). According to the Sabatier principle (volcano diagram), ∆ G H * should be close to 0 eV. 10 Pt-based catalysts are by far the most active, stable, and efficient in acidic medium and are, therefore, used as a benchmark for HER. 11 However, since Pt is rare and expensive, many efforts have been made to search for low-cost alternatives. Recently, several transition metal dichalcogenides have been developed, [12][13][14][15][16][17][18] in particular MoS 2 , [19][20][21][22][23][24] which have been proposed as very effective catalysts for HER and are much cheaper than noble metals. The 2H-MoS 2 phase is thermodynamically the most stable structure corresponding to a trigonalprismatic coordination of Mo metal atoms. 25;26 . Several studies show that the basal plane and edges of this material have contrasting electrocatalytic properties. It is known that the perfect 2H-MoS 2 basal plane is catalytically inert 27;28 and the edges are highly active 29 .

To make 2H-MoS 2 catalytically more reactive, one can resort to methods of activating the reaction sites by phase modifications 30 or by doping [31][32][33][34][35] , and exposing edges 22;36-42 . Furthermore, several studies have shown that point defects also significantly affect the electrocatalytic properties of MoS 2 . 43 Wang et al. computationally evaluated the ability of 16 types of struc-

Introduction

tural defects, including point defects and grain boundaries, to activate the basal plane of an MoS 2 monolayer, and found that six of them greatly improved the HER performance of the in-plane domains of MoS 2 . 44 Four types of defects (S-vacancies, MoS 2 -point defects, Sbridges, and 4:8a grain boundaries) showed excellent activity in the various steps of the HER reaction. Similarly, Cao et al. 45 demonstrated that S-vacancies and edge sites can be used to improve the catalytic performance of MoS 2 , while most grain boundaries offer little advantage. Qiu et al. 46 and Yu et al. 47 confirmed, based on theoretical and experimental results, that vacancy engineering is one of the most effective strategies to control the electronic and catalytic performance of low-dimensional electrocatalysts. Experimentally, various techniques such as electrochemical desulfurization, chemical etching, oxygen/hydrogen plasma treatment, and high-temperature hydrogen annealing have been used to create a significant number of sulfur defects in 2H-MoS 2 25;48;49 . The presence of these vacancy defects in MoS 2 can effectively expose the undercoordinated Mo atoms that act as active sites for the hydrogen evolution reaction (HER) [49][50][51][52][53][54] . For this reason, many efforts have been made to generate and precisely control the formation of sulfur defects on MoS 2 to catalyze HER 26;42;52-54 . For example, Chhowalla et al. recently showed that the electrocatalytic HER activity of each sulfur vacancy is not constant but increases with its concentration 53 . Voiry and coworkers have reported that the HER activity of defective MoS 2 is increased at higher densities of vacancies by S-stripping. 52 In another recent work, Zhang and co-workers have shown that homogeneously distributed single S vacancies can effectively trigger hydrogen evolution 55 . Li et al. successfully demonstrated how the basal plane of the 2H phase MoS 2 can be activated by the synergistic effect of strain and S vacancies. 42 Straining the lattice of MoS 2 and then treating the material with Ar plasma was used to create S vacancies on the surface. DFT computations showed that the introduction of S vacancies on the surface resulted in more gap states near the Fermi level, which allowed H to adsorb easily on the exposed Mo sites.

Since MoS 2 is a semiconductor, the HER activity of the basal plane is also limited by the electron transfer from the electrode to the catalyst. 56 Therefore, depositing MoS 2 nanoflakes on a conductive support is an attractive strategy to improve the electron transfer kinetics and thus of the overall HER. Furthermore, the support imparts mechanical stability to the catalyst by reducing its mobility. The support can also affect the electronic structure and coordination environment of MoS 2 . Tsai et al. 57 used DFT to investigate the effects of MoS 2 and different catalyst supports on the hydrogen adsorption free energy at the MoS 2 Mo edge and S edge. For the Mo edge, they observed the general trend that strong adhesion of the MoS 2 catalyst to the support leads to weaker hydrogen bonding. For the S-edge, they found a competing effect in which strong support interactions simultaneously strengthen the edge reconstruction and weaken the S-H bond, resulting in relatively unchanged free energies for hydrogen adsorption. They also showed that strong support interactions, as in MoS 2 on Au (111), can potentially alter the stable S-edge configuration. Their results suggest that the choice of support is crucial for the HER activity of supported MoS 2 and that the catalytic Chapter 6. Can we tune the electrocatalytic activity of sulfur vacancies of MoS 2 basal plane via electronic effects?

activity at the Mo edge can be optimally tuned by the choice of support. In another work, Xu et al. 58 experimentally demonstrated that a graphite support increases the HER activity of the Mo and S edges but has no effect on the basal plane, which remains inactive. Bar et al. 59 confirmed that the Au support has no effect on the HER for the basal plane of 2H-MoS 2 , but it makes the S vacancies slightly more favorable for HER. The Au nanostars encapsulated in a MoS 2 shell showed the best electrochemical performance, presumably due to the high electrical conductivity of the support and the high density of active sites.

While the use of the hydrogen adsorption energy ∆G H as a first approximation to the HER activity of MoS 2 was successful [60][61][62][63] , it only captures information about the thermodynamics of the reaction and does not provide insight into the reaction kinetics or mechanisms involved. 64;65 Calculated kinetic barriers are required to quantitatively measure reaction rates, and providing mechanistic information is critical to rationally improve the design of a catalyst. However, the prediction of energy barriers is not straightforward, especially in the case of electrocatalytic systems. Currently, several methods are used to determine the transition states in electrocatalysis. 66 From our view, grand canonical density functional theory (GC-DFT) [67][68][69] is the most versatile approach to determine potential-dependent activation energies with explicit inclusion of the electrochemical potential effects.

Using simplified models that do not explicitly take the electrochemical potential into account, Tang et al. 1 reported a thermodynamic and kinetic study of the HER reaction mechanism at the basal plane of metallic 1T-MoS 2 (an unstable tetragonal phase of MoS 2 ). Similarly, Li et al. 70 recently investigated the energetics of the reaction HER with explicit consideration of the solvent effect. The results show that the solvent H 2 O can significantly affect the energetics of HER steps. They proposed that HER at the MoS 2 basal plane proceeds via the Volmer-Heyrovsky mechanism, and that the overall rate is determined by the Volmer step with an activation energy of 0.65 eV.

However, the exact HER reaction pathways at the defective basal plane of 2H-MoS 2 , the most abundant and thermodynamically stable phase of crystalline MoS 2 , have rarely been studied. DFT calculations were carried out by Kong el al. 71 to investigate the effects of sulfur vacancies distribution on the HER mechanism of S-depleted MoS 2 . Their computations show that the distribution of sulfur vacancies has a significant effect on the mechanism and activity of H 2 production. The release of H 2 follows the Volmer-Heyrovsky mechanism with the Heyrovsky reaction as a rate-determined step (RDS) with an energy barrier of 0.8 eV on isolated defects. When two sulfur vacancies are separated by an S atom, the evolution of H 2 at the sulfur vacancy remains the Heyrovsky step-determined Volmer-Heyrovsky mechanism and the RDS energy barrier increases to 0.87 eV. Removal of an adjacent S atom from the sulfur vacancy causes the Tafel-step-determined Volmer-Tafel mechanism for HER to come into play and the RDS barrier increases to 0.93 eV. Although the RDS barriers increase when the concentration of sulfur vacancies is increased by these two strategies, the Tafel step can occur at a lower
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potential, and more sulfur vacancies are exposed. Therefore, two adjacent or close sulfur vacancies can achieve better release performance for H 2 . Three sulfur vacancies adjacent to each other or separated by one sulfur vacancy may, however, be less favorable for HER.

The study by Huang et al. 72 is the only one to date that has explicitly considered the effects of electrochemical potential on the energy barriers of the various steps of the HER mechansim steps. Using Grand Canonical Potential Kinetics, they conclude that the rate-determining step in both acidic and basic environments is the Volmer reaction, in which the second hydrogen is adsorbed from solution. This second hydrogen at the sulfur vacancy site is most active for the hydrogen evolution reaction. In acidic media, H 2 is generated via the Heyrovsky step with a barrier of 0.38 eV at -0.5 V. For basic media, H 2 is produced via the Tafel mechanism with a barrier of 9.5 kcal/mol at -0.5 V.

In this work, we investigate the kinetics of the HER on sulfur vacancies on the basal plane of 2H-MoS 2 . Using GC-DFT we determine the activation energies governing the HER as a function of the electrochemical potential. In addition, we assess the effect of different support materials (MoS 2 , Au, Cu, and graphite) on these activation energies barriers.

Models computational methods

Computational details

The computations were carried out relying on density functional theory 73 with the Vienna ab initio simulation package (VASP) 3 . We adopted the PBE-dDsC 74;75 density functional, which belongs to the family of the Generalized Gradient Approximation (GGA) and is supplemented with a density-dependent dispersion correction. 76 The projector augmented wave method 77;78 is used to treat the ion-electron interaction. The electronic density was calculated with a 500 eV cutoff energy. Due to the size of the super cells, Γ point sampling of the Brillouin zone was found to be sufficient. The precision setting of VASP is set to "accurate". The convergence criterion for the self-consistency process is set to 10 -5 eV for the optimization of the wave function. The maximum forces are converged to 0.025 eV/Å during the geometry optimization.

For the HER mechanism calculations, the transition state (TS) was generated by the climbing image method 5 and the dimer method 79 . The TS consistencies were verified when the largest forces on atoms were lower than 0.025 eV/Å. Subsequently, a frequency analysis was performed to confirm the located TS and to verify the number of imaginary frequencies: one/two for as/symmetric slabs.
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Energy calculation

We are interested in evaluating the HER pathway and reaction kinetics of 2H-MoS 2 . Therefore, we compute the hydrogen adsorption energy and the activation energy to determine the barrier for each step of the HER reaction.

For H 2 we use the following approximation for its free energy:

G H 2 = E H 2 -T S (6.4)
where T is the room temperature (298.15 K) and S is the contribution of the rotational translational entropy at standard pressure. 80;81 To properly account for the electrochemical conditions at a given applied voltage, we use the grand canonical DFT approach. The number of electrons in the system is varied to probe the influence of the electrochemical potential. Counterions are included in the implicit solvation model via the linearized Poisson-Boltzmann equation to neutralize the system and provide a combined solvent-slab free energy. 82 This approach is implemented in VASPsol 83 , and we obtained a relationship between the grand canonical energy and the electrochemical potential fitted to an analytical formula that is a parabola for conductors. 84 An important parameter for the electrochemical computations is the iso-density value defining the solvent-solute interface. Following our previous studies 84 , we have chosen 0.00025 e -/Å -3 , which is one tenth of the default value and ensures the absence of implicit solvent between weakly bonded layers such as graphite and MoS 2 .

The activation energy is calculated as a function of electrochemical potential by:

∆E ac t (U ) = E I S (U ) -E T S (U ) (6.5) 
Where E I S (U) and E T S (U) are the potential-dependent energies of the initial state and the transition state of the various steps obtained from the grand canonical energy as a function of the electrochemical potential.

As shown in Fig. C.5, the potential of zero charge (corresponding to the neutral "conventional" surfaces) changes drmatically between the reactant (H 9 O + 4 + e -) and the transistion state, where the electron is no longer located on the surface, but is partially used to form the surface-H bond. Therefore, relying on the constant potential approach, i.e., GC-DFT, is key for these proton-electron transfer transition states. GC-DFT allows to determine the charge transfer 6.2 Models computational methods coefficient which determines the sensitivity of the activation energy on the applied potential, known from the empirical Buttler-Volmer equation. Indeed, in the GC-DFT framework, the charge transfer coefficient is simply obtained as the slope of the activation energy reported against the electrochemical potential. This allows an atomistic understanding of this otherwise empirical parameter.

Structure Model

The basal plane of MoS 2 consists of two hexagonal planes of sulfur (S) atoms and an intercalated hexagonal plane of molybdenum (Mo) atoms bonded to the S atoms. In the first part of our study, we work with the supercell of MoS 2 p(4 × 4) with three layers, where the bottom layer is fixed. A vacuum of about 30 Å is added in the z-direction (See Fig. 6.1a). A sulfur vacancy (V s ) is created by removing one sulfur atom. To model the proton/electron transfer reactions -Volmer and Heyrovsky reactions -we use a micro-solvated structure of hydronium (H 3 O + ) ion, where it is stabilized by three additional water molecules to form a H 9 O + 4 complex. This approach is inspired by the work of Skulasson, 85 but in our hands the original H 9 O + 4 structure underwent a stabilizing rearrangement, forming the four-membered ring shown in Fig. 6.1a. For the Tafel step, since there is no electron transfer, only a surface slab and adsorbed hydrogens need to be included in the atomic model.

For assessing the support effect, we prepare a Mo 12 S 24 triangular nanoflakes from MoS 2 with Mo-edge represented in Fig. 6.1b in order to avoid the strain of the support or MoS 2 . Gronborg et al. 86 determined with scanning tunneling microscopy (STM) that MoS 2 nanoclusters larger than 2 nm adopt a perfect triangular shape terminated by the Mo edges which is more stable than the S-edge under the sulfiding conditions of the synthesis. Then, we add the water model based on the optimized structures from the periodic MoS 2 surfaces. The nanoflake is positioned on different supports: Molybdenum disulfide (MoS 2 ) as a reference, gold (Au), copper (Cu) and graphite (C). (See Fig. 6.2) The gold support is chosen because of its use in previous expermintal studies, 87;88 copper as a cheaper metallic analogue and graphite is our model for conducting high-area carbon supports that are widely used in the fuel-cell literature. Different positions of the nanoflake on the support were tested using ChemCat 89 : Top, Bridge, Hollow, fcc and hcp. The relative energy values are shown in Table C.1. In all cases, the "top" position is the most stable.

To properly determine the workfunction of the various systems, we use symmetric slabs. Even though the use of asymmetric slabs has been proposed in the context of GC-DFT, 90 for the highly polar initial state and TS involving a proton, we have observed in Fig. C.1 artifacts for the asymmetric potential dependent models, presumably due to the implicit solvent that is present on both surface, in contrast to ref. 90 . For the systems with support and only in the case of the first Volmer step (V I ), we realize plane symmetrization with MoS 2 support and point 
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(a) MoS 2 @MoS 2 (b) MoS 2 @Cu (c) MoS 2 @C (d) MoS 2 @Au

Results and discussions

HER mechanism on V S

We start by the investigation of the mechanism of hydrogen production at the "isolated" sulfur vacancy (V S ). As shown in our previous study 84 , V S is an active site with hydrogen adsorption energy close to 0 eV (two hydrogen atoms can be adsorbed). Fig. 6.3 presents the different intermediates for the possible HER mechanisms. The results of hydrogen adsorption energies and activation energies at zero charge (i.e., without GC-DFT) are shown in Table C.2 and Table C.3, respectively.

By using GC-DFT, Fig. C.3 shows the evolution of the adsorption energies of the two hydrogen atoms on V S as a function of the electrochemical potential. We find that the production of H 2 is thermodynamically starting from -0.2 V vs SHE. To move from the initial state (IS) to the intermediate state (IM) or from IM to the final state (FS), we pass through the transition state (TS). Fig. 6.4 displays the optimized geometries of the different transition states for each step with the corresponding activation energies as a function of electrochemical potential. As Chapter 6. Can we tune the electrocatalytic activity of sulfur vacancies of MoS 2 basal plane via electronic effects?

hydrogen atom from H 3 O + to be adsorbed onto the sulfur vacancy with a barrier energy of 0.65 eV. Then, H * on V s can interact with the solution proton to produce H 2 via the Hey I I reaction with a barrier of 0.82 eV. These results indicate that the first adsorbed H is not easily desorbed to generate H 2 because the sulfur vacancy has a strong adsorption energy for H*. Therefore, before desorption of H 2 , another proton H + moves to the sulfur vacancy corresponding to V I I with an energy barrier of 0.59 eV. Subsequently, H 2 is produced by Hey I I , the reaction of H * with one electron and proton H + or Tafel (T), the combination with the second H * . The barriers for the Hey I I and T steps are 0.87 eV and 1.02 eV, respectively. The Tafel step has a higher energy barrier compared to Hey I I . Therefore, the HER occurs on the sulfur vacancy mainly via catalytic cycles between V I I and Hey I I . The Hey I I reaction is found to be the rate-determining step (RDS), as it has the highest barrier energy. Overall, these barriers are in good agreement with a reaction occurring at room temperature: According to the Eyring equation, it corresponds to a turn-over frequency of 0.2 per second.

The support effect

One of the strategies to improve the electrocatalytic water splitting activity of non-metallic catalysts such as MoS 2 is to enhance the charge transfer from the conductive support to the catalyst surfaces. 91 Here we investigate for the first time the effect of different supports on the activation energies of the elementary reactions for the release of H 2 on sulfur vacancies, including explicitly the electrochemical potential for one of the representative reactions. The corresponding structures used are depicted in Fig. 6.2.

Identifying the transition states on all the supports has been a very tedious task, and despite significant efforts we have not been able to identify the transition state of Hey I I for any of them, so we exclude it from the following discussion. Fig. 6.5 shows the activation energies of V I , V I I , Hey I and T without considering the electrochemical potential. We find that the activation energies for V I , V I I and Hey I barely depend on the supports, implying that the type of support has no effect on the activation energy. The only notable difference is the Tafel step, where the copper support increases the activation energy by 0.26 eV. As detailed in section C.4 of the Supporting Information, various tests were performed related to the cluster size, the deposition of a periodic surface of MoS 2 on the support instead of a cluster, and the defect density. The final result was always the same: the activation energies obtained are very close to those in Fig. 6.5. We conclude that there is a very small interaction between the MoS 2 cluster and the different supports and that neither the size of the cluster nor the number of (isolated) sulfur vacancies can contribute to the reduction of the barrier energies for the V I step. Therefore, we conclude that for the release of H 2 with MoS 2 electrocatalyst, MoS 2 support, gold or graphite give the same energy barrier. However, copper is to be avoided for this type of reaction. 

Results and discussions

Different steps of HER mechanism on Vs

MoS2@MoS2 MoS2@Cu MoS2@Au MoS2@C Given that the potentials of zero charge vary by up to 1 V between the intial and transition states (see Fig. C.5), we have also assessed the effect of the electrochemical potential on the activation energy for a typical electrochemical process. We have chosen V I as a representative transition state, which also was computationally well behaved. Hence, we have symmetrized the corresponding systems (see Methods section), except the graphite supported one which turned out to be computationally intractable. The GC-DFT results are depicted in Fig. 6.6, where the strong dependence of the activation energy on the electrochemical potential (and thus non-negligible, but support in-dependent) charge-transfer coefficient) is retrieved. We first note that the nanoflake model supported on MoS 2 and the periodic MoS 2 surface give similar results (within ∼0.1 eV) and the nanoflake supported on Au is right in the middle and hence close to the pure MoS 2 systems. For the Cu support, we find that the barrier energy increases for clusters or periodic surfaces of MoS 2 , confirming that this type of support should be discarded. Based on these results, we suggest that MoS 2 or a conductive (graphitic) carbon support (from the non-symmetric results) is more advantageous compared to expensive gold electrodes.

From these various computations and models, we can draw several conclusions: First, the increasing or decreasing of the defect density has little effect on the HER activity: Starting from a rather high (1 per p(3×3) unit cell (or 1.3×10 13 per cm 2 ) defect density down to 1 per p(6×6) unit cell (or 3.1×10 12 per cm 2 ) leads to equivalent activation energies. Second, only symmetric slabs ensure reliable conclusions on the impact of the support. This originates in the difference
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in workfunction between the "occupied" and "unoccupied" support surfaces. The most telling example is MoS 2 @Cu: For an asymmetric system, the surface bound electrons, that depend on the electrochemical potential, are shared among the "bare" and the "covered" surface. Hence, the overall workfunction is roughly the average, which impacts the energetics for reactions where the polarity changes dramatically, such as the Volmer step, where one moves from H 3 O + +e -to H* + H 2 O. Third, given the close relation between the electronic structure around the Fermi-level and adsorption energies as a function of the applied potential, the electronic structure of electrocatalytically active sites cannot be modulated by "weak" charge-transfer, as this is counter-balanced by the electrode potential. This is best seen for the "size" effect (small nano-flake vs. monolayer) where the change in electronic structure is small enough to be largely counteracted by the electrode potential. However, "stronger" modifications, such as doping and defect engineering has, of course, a role to play even in electrocatalysis.

Conclusion

We have investigated the kinetics of HER over sulfur vacancies on the MoS 2 basal plane. We have identified the activation energies of the five plausible elementary steps (two consecutive Volmer steps, one Tafel step and two Heyrovsky steps) as a function of the electrochemical potential. In agreement with expectations based on the change of polarity between the reactant and the transition state, the Tafel step is a "purely" chemical step at the potentials of interest and does, therefore, not depend significantly on the electrochemical potential. The Volmer and Heyrovsky barriers, are, in contrast, dependent on the electrochemical potential, with a slope of about 0.34 eV/V. We then investigated means to tune the HER kinetics over these defects via support effects, size effects (nano-flake vs. periodic surface) and defect density. While in the absence of the electrochemical potential such a tuning seems possible, taking the electrochemical potential explicitly into account "washes out" these effects. In other words, the "intrinsic" activity of the sulfur vacancy is retrieved essentially independently on the size of the flakes, the defect density and the support. Hence, small nano-flakes on a high surface area carbon support are likely to be an optimal choice, as it simply increases the number of active sites on a geometrical area basis and should, therefore, lead to a high geometrical current density.

How to Dope the Basal Plane of 2H-MoS 2 to Boost the Hydrogen Evolution Reaction?

Molybdenum disulfide (MoS 2 ) is considered one of the most likely materials that could be turned into low-cost hydrogen evolution reaction (HER) catalysts to replace noble metals in acidic solutions. However, several challenges prevent MoS 2 from being truly applicable, including limited number of active sites (typically only the edges are active) and poor conductivity. In this work, we perform an extensive density functional theory (DFT) screening of substitutional doping as a possibility to activate the otherwise inert basal surface. We assess 17 Earth abundant elements for molybdenum doping and 5 elements for sulfur substitution. Systematically determining the preference of the metallic dopants to be located on the edges rather than in the basal plane, we reveal that most dopants are much more likely to be incorporated at the edges, suggesting that advanced synthesis methods are required to obtain basal-plane doped catalysts. The latter may, however, feature many more active sites per MoS 2 formula unit, motivating our study on the properties of such substitutionally doped surfaces.

For the first time for such a screening study, we explore not only the formation of H*, but also of OH* and H 2 O* to explore the reactivity of the solvent. Two additional phenomena that could hinder the hydrogen production at these sites are investigated, namely H 2 S release and the (local) segregation/dispersion tendency of the dopants in the basal surface. Moreover, to assess the electrocatalytic activity, we take the electrochemical potential explicitly into account via grand canonical DFT. Compared with pristine MoS 2 nanosheets, our results show that most doping elements significantly enhanced the electrocatalytic activity. Considering all assessed factors, we identify the most promising systems: Dimers of Ti, Zr and Hf and the substitution of S by P are predicted to lead to stable active sites on the basal plane with overpotentials of about 0.2 V.
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the MoS 2 basal plane [29][30][31] . However, this does not completely avoid the use of noble metal precursors and is, therefore, not considered here. Experiments by Dai et al. reported that Co-doping of MoS 2 significantly improves the HER activity 32 . The origin of the improvement was not unambiguously identified, but improved electrical conductivity and increased defect densities were put forward as a possible explanation. A theoretical study suggested that Fe, Co, Ni and Cu dopants might increase the HER activity of either the basal plane, the edges or both. 33 . Subsequent, more detailed computations confirmed that these elements have advantages for the basal plane activity, but pointed out that the edges, which are much more easily doped than the basal plane, do not benefit from the doping. 34 Experimentally, however, doping by Fe, Co and Ni was reported not to have significant effects on HER, while Cu doping was found to lead to improved performances, although outperformed by Zn. 35 Zn doping was not only found to reduce the overpotential by 0.1 V, but also to decrease the Tafel slope from 101 mV dec -1 to 51 mV dec -1 . This significant enhancement was attributed to synergistic electronic and morphological effects, i.e., better conductivity and high number of active sites. Very recently, based on DFT computations, Ti doping was also suggested to be promising for increasing the HER activity. 36 The substitutional doping of sulfur, rather than Mo, has also been tested. For example, Ye et al. showed the improvement of the catalytic activity of MoS 2 by preparing MoS 2 -xP x solid solutions 37 . Similarly, N was theoretically and experimentally found to tune the HER activity of MoS 2 both by generating additional active sites and by increasing the conductivity 38;39 . It is to be noted that phosphorus doping might also "accidentally" originate from phosphate additives during the synthesis process of MoS 2 . 40 Isoelectronic dopants (such as Se and W) have also been tested. They are easier to incorporate but do not significantly change the electronic structure, so that only morphology related properties of MoS 2 are tuned, typically by increasing the number of active edge or basal plane defect sites. 41;42 All these reports are stimulating further engineering of MoS 2 via dopants to achieve high HER performance. However, synthetic issues (e.g., non-scalable synthesis, unwanted phases...) and lacking long-term stability have, so far, prevented the development of an MoS 2 -based HER catalyst to be applicable on large scale 43 Therefore, identifying and understanding the impact of various dopants on the HER activity on MoS 2 remains an active topic.

In this work, we explore the influence on the HER activity of the basal plane of 2H-MoS 2 of substitutional metal-doping (17 non-noble metals) and/or non-metal doping (N, O, P, Se, Te) via an in silico screening. The primary criterion to classify them is the hydrogen adsorption energy ∆G H , which should be close to 0 eV 44 . If ∆G H is very negative, H will be strongly adsorbed and poison the catalyst surface, and if it is very positive, the Volmer step (adsorption of H + + e -) might never occur. We consistently assess the tendency of the dopants to cluster together or to form single sites and determine the influence of this tendency on the catalytic properties. After an initial screening, we explicitly consider the electrochemical potential to study the reaction mechanism on promising sites, including the reactivity with water. This assessment, together with the determination of the stability of the doped basal planes with respect to H 2 S-loss, and the impact of the dopants on the conductivity, provide a comprehensive overview on the prospects to induce catalytic activity on the defect free MoS 2 basal plane via substitutional doping.

Computational Details

Density functional theory (DFT) computations were performed within the Vienna ab initio simulation package (VASP) 45 . Electron-ion interactions were modeled by projector augmented wave potentials. 46;47 The generalized gradient approximation in the flavor of the dispersion corrected Perdew-Burke-Ernzerhof functional (PBE-dDsC) was applied to approximate exchange and correlation effects. [48][49][50] For the plane-wave basis set expansion, the cut-off energy was set to 500 eV. The precision setting of VASP is set to "accurate". The Brillouin zone is integrated by a Monkhorst k-points mesh. For the description of the (doped) p(4 × 4) cell of the (0001) facet only the Γ-point was considered. For the edges, we adopted a 3 × 3 × 1 k-point mesh. The convergence criterion for the self-consistency process is set to 10 -5 eV for the optimization of the wave function. The maximum forces are converged to 0.025 eV during geometry optimization. Approximately 15 Å of vacuum is added both above and below the slabs in the z-direction 50 .

For studying substitutional doping, we have assessed the energy difference between locating the dopant on the Mo-or S-edge compared to placing it in the basal plane. This is carried out with a fully relaxed symmetric six-layer p(1×2) edge model (see Figure 7.1).

Our first stage in the screening of substitutional doping of the basal plane consisted either the replacement of one sulfur atom by Y= N, O, P, Se, and Te or by replacing a triangle of molybdenum atoms by X= Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Ga, Zr, Nb, Sn, Sb, Hf, Ta, W and Bi. For X=[Cr, Mn, Fe, Co, Ni] we have considered spin polarization and tested various initial spins to identify the most stable magnetic state. For certain X and Y, we have also investigated a mixed doping denoted by X/Y (see Figure 7.2 for a schematic summary). For this first stage of the screening, the model system consists of 3 MoS 2 layers, with the lowest layer fixed in its bulk position and the dopants located in the top layer. We tried three doping densities (θ) defined as follows: for 1X/S, 2X/S, and 3X/S, while only 0.69 % is tested for Mo/Y.

An important parameter is the tendency of dopants to either be dispersed in MoS 2 or to cluster together. To quantify this tendency, we determine the energy to break up dimers and trimers, ∆G D and ∆G T , respectively. Taking the fully dispersed model as a reference, we define:

∆G D = 1 2 × (2 × E Mo 47 X 1 S 96 -E Mo 48 S 96 -E Mo 46 X 2 S 96 ) (7.2) 
and

∆G T = 1 3 × (3 × E Mo 47 X 1 S 96 -2 × E Mo 48 S 96 -E Mo 45 X 3 S 96 ) (7.3)
where X is the doping element.

The catalytic activity of all the mentioned structures is assessed by the hydrogen adsorption energy. For the basal planes, hydrogen is adsorbed on the "bent" position in agreement with previous studies 20 . The hydrogen adsorption energy (∆G H ) is computed using the following equation:

∆G H = E H -E sl ab - 1 2 ×G H 2 (g ) (7.4) 
where E H and E sl ab are the total energies of the system with and without hydrogen adsorbed on the active site, respectively, and G H 2 is the total energy of the hydrogen molecule: G H 2 (g ) = E(H 2 ) -TS where T is the room temperature (298.15 K) and S is the rotational and translational entropy at standard pressure. On selected systems, we have assessed the error of Eq. 7.4 compared to the "full" free energy treatment, where zero-point energy, thermal vibrational effects and heat-capacity changes are fully accounted for (see Table D.3). From this comparison, we conclude that the error incurred by the simplistic approximation is below 0.1 eV, similar to the uncertainty obtained by explicit DFT based molecular dynamics estimates. 51 . This accuracy is also well below our "uncertainty" threshold of about 0.5 eV for the identification of promising systems.

Considering ∆G H and the relative stability of the dimers and trimers, we selected the promising structures to perform grand-canonical DFT computations. For these computations we rely on symmetric five layer structures (Mo 80 S 160 ), where the central layer is frozen in its bulk geometry. For these systems, the doping densities are equal to 0.83 %, 1.67 % and 2.5 % for Mo and 0.83 % for S doping. These symmetric systems have been utilized to determine the potential dependent adsorption energy of H, OH and H 2 O. For these grand-canonical DFT computations, the linearized Poisson-Boltzmann model as implemented in VASPsol is 7.2 Computational Details applied 52 . In VASPsol, the interface is defined as a function of the electron density, which is compared to a "critical" density, ρ c . In line with our previous work 20 we set the iso-density value to to 0.00025 e -/Å -1 . This is the same value as previously also used in the context of solvated alkali-metal ions 53;54 . The Debye screening length is set to 3 Å, corresponding to a 1 M electrolyte. The potential dependence is studied by adapting the surface charge. Practically, the charge of the system is varied from -1 to +1 in steps of 0.2 e -. The acquired connection between the grand-canonical energy and the electrochemical potential is then fitted to an analytical formula, which is a parabola for conductors and adapted to semi-conductors by accounting for the band-gap. 20;55;56 For the grand-canonical DFT results, the adsorption energy ∆G ad s of the different species are calculated according to:

∆G ad s (U ) = 1 2 × (E t ot (U ) -E sl ab (U ) -R) (7.5)
where E t ot (U ) and E sl ab (U ) are the potential-dependent energies of the symmetric MoS 2 surface with and without adsorbates, respectively. If the adsorbate is hydrogen (i.e., one hydrogen atom per surface), the reactant (R) is defined as:

R = 2 × (H + + e -) = 2µ H (U ) = G H 2 (g ) -2eU (7.6)
where G H 2 (g ) is the free energy of the hydrogen molecule, e is the elementary charge, and U is the applied potential with respect to the standard hydrogen electrode. This approach relies on the seminal paper introducing the computational hydrogen electrode, where Norskov and coworkers pointed out that the chemical potential of protons and electrons can be conveniently replaced by the one of a hydrogen molecule and a simple energy correction to account for the electrode potential. 57 as its formation is exothermic and the corresponding reaction energies

∆G 1 = 1 2 × (E t ot (H 2 O) -E t ot (OH) -2 × (H + + e -)) (7.7 
)

∆G 2 = 1 2 × (E t ot (OH) + 2 ×G H 2 -E t ot (H 2 O) -2 × (H + + e -)) (7.8) 
are close to zero.

We also compute the electrical conductivity (σ) of the most promising doped systems using BoltzTraP2 59 , which solves the semiclassical Boltzmann transport equation under the constant relaxation time approximation. We obtain the electrical conductivity at 300 K around the Fermi energy level. This allows us to obtain a numerical estimate of the changes in conductivity upon doping.

Results and Discussion

The adsorption of H on the pristine basal plane of MoS 2 is unstable with a positive ∆G H of up to 1.67 eV, while an ideal ∆G H should be close to zero. We have explored two strategies to activate the inert basal plane: Curvature of MoS 2 , modelled by nanotubes, and substitutional doping. However, since the activity of MoS 2 nanotubes is predicted to be disappointing, these results are only discussed in the SI (see section D.1).

Relative Stability of Dopants at the Edge vs. the Basal Plane

Before turning to the basal plane, we first investigate the relative energy of placing dopants on the MoS 2 edge with respect to their location on the basal plane. In practice, we test five different positions, as shown Figure 7.1. The circles are the S and Mo edges, respectively, the provides a summary of the main findings. All dopants have an energetic preference for being located at the edges. However, the extent of this preference strongly depends on the particular metal. Most elements are stably located on the 50%S S-edge and only Nb, Zr, Hf and Ta are better stabilized on the 50%S Mo-edge. Nevertheless, experimentally it is well documented that many elements can be doped into the basal plane thanks to experimental techniques such as one-step sintering 39 and single-step hydrothermal reactions 60 leading to a good control of the amount and the position of the doped atoms. Hence, we have chosen a "critical" energy difference of 2 eV with respect to the most stable configuration: below this energy we expect that the substitutional doping should be feasible, while above the basal-plane doping seems largely compromised. We observe that only V, Nb, Ta, Cr and W are able to dope the MoS 2 basal plane with ∆E lower than 2 eV. Ti, Zr and Hf are also located close to this threshold and could, therefore, probably be doped in the basal plane as well. All other elements are strongly stabilized at the edges compared to the basal plane.

In view of the experimental reports of basal-plane doped MoS 2 35;37;38;61 and the observation that the intrinsic activity of the edges is hard to improve 34 (i.e., edge-engineering mainly increases the number of active sites, not their thermodynamic overpotential), we investigate
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dopants we perform the grand-canonical DFT computations for H, OH and H 2 O adsorption. The influence of the number of substituted Mo was investigated by a systematic series of systems consisting in single-atom doping, dimer doping and a triangular trimer doping. The CHE results led to the exclusion of Cr and W, since ∆G H was found to be very positive at all doping densities tested (the lowest ∆G H value for Cr and W is 1.11 eV and 1.91 eV, respectively).

For the other elements, the HER activity is significantly improved compared to the pristine basal plane. We distinguish three families depending on their interaction with H. The first features ∆G H closest to 0 eV when θ= 2% (3Mn/S, 3Ni/S, 3V/S, 3Nb/S, 3Sn/S and 3Ta/S), the second when θ=1.39% (2Ti/S, 2Zr/S, 2Hf/S, 2Sb/S and 2Bi/S) and the third is when θ= 0.69% (1Co/S, 1Fe/S, 1Zn/S and 1Ga/S) (see Table D.4). We also add to the list 3Ti/S, 3Zr/S and 3Hf/S as ∆G H is very close to 0 eV for these systems (-0.12 eV, 0.17 eV and 0.2 eV respectively).

Since the hydrogen adsorption energy strongly depends on the doping density, we determine the energy required to break up dimers and trimers (see Eq. 7.2 and 7.3, respectively) for all fourteen relevant dopants. Figure 7.6 depicts these reaction energies, with the single-atom dopant as the reference (∆G M = 0, M: monoatomic). Lines connecting the energies have no physical meaning, but are added as a guide to the eye to facilitate the interpretation, i.e., whether or not a given dopant will tend to form "clusters" or is more stable as dispersed single-atoms in the basal plane.

When ∆G is negative, the dopant is found as a single atom in the basal plane, while a positive reaction indicates that cluster formation is thermodynamically likely. Three dopants show a uniform negative slope, indicating that single-atom doped MoS 2 is thermodynamically favored for V, Nb and Ta. Titanium, hafnium and zirconium show a weak preference for dimer formation. All the other dopants show a more (Ni) or less (Mn) pronounced tendency to cluster into trimers. This segregation tendency could indicate that metal-segregated hybrid structures would be obtained experimentally with most synthesis techniques. Thus, some of the structures mentioned above to be promising for HER according to ∆G H are not favorable to be formed based on the results showed in Figure 7.6, in particular 3V/S, 3Nb/S, 3Ta/S, 2Sb/S, 2Bi/S, 1Co/S, 1Fe/S, 1Zn/S and 1Ga/S. In view of this additional "constraint" we have revised the list of systems that warrant a more detailed (grand-canonical DFT) investigation.

In particular, we have added 3Zn/S, 3Bi/S, 2Sb/S, 2Ga/S, 1Nb/S and 1V/S.

The second type of doping is to substitute the sulfur atom. The tested elements are N, O, P, Se, and Te (see Table D.5). For O, Se and Te, the adsorption energies of hydrogen are 1.1 eV, 2.0 eV and 1.9 eV, respectively. Hence, they clearly do not activate the basal plane. nitrogen and phosphorous, however, gave promising results with ∆G H below 0 eV (-1.5 eV and -0.7 eV, respectively). As ∆G H is very negative, we determined the adsorption energy for a second hydrogen atom. However, this second hydrogen atom is not bound (adsorption energies of 2.5 eV and 1.5 eV for Mo/N and Mo/P, respectively), in line with expected valencies of these group 15 elements. Despite the strong H adsorption, we will assess the interaction of these sites with water to determine if this might lead to HER active sites in analogy to some anti-site defects
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studied before. 20 Finally, the mixed substitutional doping has been extensively explored. However, only few combinations turned out to be more interesting than the (conceptually simpler) single doped systems (see Table D.6). In particular, 3Bi/P, 3Nb/P, 2Nb/P and 1Nb/P have been identified as sufficiently promising to be included in the more detailed grand-canonical DFT study below.

The possible mechanisms to produce H 2 at the promising active sites are Volmer-Heyrovsky if ∆G H is close to 0 eV or Volmer-Tafel if ∆G H is negative and a second hydrogen can be adsorbed.

This second scenario is encountered for (3Zn, 3Sb, 3Bi, 3Ga, and 2Bi). However, upon the (exothermic) adsorption of the second hydrogen atom, all these cases lead to the release of H 2 S. As a consequence an S-defect is created. While such defects might be catalytically active, they are beyond the scope of the present investigation that focuses on activating the basal plane in the absence of defects.

Given that HER is performed in aqueous electrolytes, we also assess the interaction of the potential active sites with H 2 O an electrochemically formed OH. These species can either only weakly interact and thus be of no consequence for HER or they can "block" HER, typically forming stable surface OH* species or participate in HER, if oxygen is part of the active site and O-H bonds are easily broken and formed.

The influence of the electrochemical potential on the HER activity of the selected systems

Having identified the promising structures, we proceed to evaluate their HER activity by considering the influence of the electrochemical potential and the presence of other species, OH* and H 2 O, since the presence of water at the electrochemical interface can have profound effects on the activity beyond the macroscopic effects captured by the Poisson-Boltzmann equation. 20 In the supporting information (see section D.3) we display and discuss typical adsorption energy behaviors of H, OH and H 2 O as a function of the electrochemical potential.

Figure 7.7 reports the relevant adsorption energies at the thermodynamic equilibrium potential for HER, i.e., 0 V vs SHE. Note, that these energies differ from the values for neutral surfaces used for the prescreening, since we are applying the grand-canonical DFT framework. The explicit inclusion of the electrochemical potential leads to an adjustment of the CHE results discussed above. Thus, we arrive at a new classification based on this more reliable level of theory. First, several systems (1V/S, 3Mn/S, 3Nb/S, 1Nb/S, 1Bi/S and 3Ta/S) feature ∆G H (U ) equal to or greater than 0.5 eV and are, thus no longer relevant for the typical HER mechanism (Fig. 7.7a). Since these sites seem unreactive with respect to H*, we did not consider OH* which tends to be less strongly adsorbed. Second, for 3Zn/S, 3Sb/S, 3Bi/S and 3Ga/S ∆G H (U) is very negative (≤ -0. with respect to H 2 S release. The last group of substitutional Mo doping is when ∆G H (U) is close to 0 eV (Fig. 7.7c). This promising class of doped systems includes 3Ti/S, 2Ti/S, 3Ni/S, 1Co/S, 1Fe/S, 3V/S, 1Zn/S, 3Zr/S, 2Zr/S, 3Sn/S, 3Hf/S, 2Hf/S, 2Sb/S, 2Bi/S, and 1Ga/S. For these active sites the Volmer step is likely to occur at moderate over-potentials and, since the bonding is not strong, H 2 can be subsequently produced via a Heyrovsky step. However, these active sites might be blocked by OH*. As shown in Figure 7.7, we find that ∆G OH (U) is positive for these active sites. Hence, OH* is not expected to block them. Furthermore, H 2 O only interacts weakly with these surfaces, confirming the absence of strong interference of the solvent with HER, except for 3Ga/S where ∆G H 2 O (U) is -0.55 eV. In this particular case, the deformation of the surface exposes one of the Ga dopants, so that it can interact directly with the oxygen of the water molecule. We conclude that for these systems (except 3Ga/S) the promising sites are not blocked and the Volmer-Heyrovsky mechanism is possible at moderate overpotentials.

We now turn to the second type of doping, in which the sulfur atom is substituted, including mixed doping. We adsorb H, OH and H 2 O. Figure 7.7d, shows that water adsorption remains thermoneutral. Hydrogen adsorption, however, is strongly exothermic for most cases. Niobium co-doped with phosphorus (1Nb/P, 2Nb/P and 3Nb/P) stabilizes a second adsorbed hydrogen, although not strongly enough to be relevant for HER. ∆G H (0 V) is very close to 0 eV for 3Bi/P. Thus, the Volmer-Heyrovsky mechanism could occur on this particular active site. Similar to hydrogen adsorption, ∆G OH (0 V) is negative for all systems except Mo/N. Consequently, OH* might block most of these sites, except when Volmer-Heyrovsky-type reaction mechanism involving OH* and H 2 O (see Figure 7.3) are favorable, which we explore in more detail in the next subsection. 
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Production of H 2 from adsorbed OH and H 2 O

To assess the occurrence of H 2 O/ OH cycles to generate H 2 , we calculate ∆G 1 and ∆G 2 according to Eq. 7.7 and Eq. 7.8 as a function of the electrochemical potential. Only for three systems out of all the doped structures the formation of OH* is feasible and ∆G 1 and ∆G 2 are close to or smaller than 0 eV at overpotentials ≤ 0.5 V, namely Mo/P, 3Bi/S, and 3Bi/P with thermodynamic overpotentials η T D equal to 0.2 V, 0.3 V and 0.5 V, respectively. Figure 7.8 illustrates the active site with the lowest thermodynamic overpotential in the series (0.2 V), namely Mo/P. Incidentally, this system is the one that is most likely to be achievable experimentally among the promising S-substituted systems. 37;62

Conductivity and identification of most promising systems

Grand-canonical DFT reveals the electronic structure of the various systems as either effectively metallic (e.g., H@2Zr/S following a parabola fit) or as semi-conducting (e.g., H@Mo/P which shows a piece-wise parabola on the reductive and oxidative side of the fundamental gap) as shown in In these systems that are promising for HER, the DOS around the Fermi-level is dominated by Mo atoms, suggesting that the dopant has not only a local effect on the electronic structure. This might explain why even one or two dopants are enough to activate the basal plane S atoms that are located above a site made up of three metallic atoms. In order to quantitatively estimate the conductivity of the promising doped systems, we resorted to the semi-classical transport equations as implemented in BoltzTraP2. The obtained electrical conductivities are summarized in the last column of Figure D.8. Most of these doped systems are conductive, the exceptions being Mo/P and 3Ni/S. Hence, according to our computations, doping of the basal plane not only leads to novel active sites, but also lifts one of the major limitations of MoS 2 electrocatalysts, namely their low electrical conductivity.

Figure D.8 summarizes the information from the various tests performed, including relative energies of placing dopants in the basal plane or at the edges and the tendency (or not) of dopants to cluster together. The release of H 2 S and the geometrical distortion, especially upon H adsorption, are also summarized. Furthermore, all the relevant thermodynamic overpotentials, including at the OH* site, are reported. Based on these various criteria, we arrive at our final ranking: First of all, the considered site needs to produce H 2 at potentials ≥ -0.2 V vs SHE. Second, the corresponding mono-/dimer-/trimer doped system should be stable with respect to clustering/dispersion. Finally, doping of the basal plane compared to doping of the edge site should be relatively easy. As mentioned above, Mo/P releases H 2 via the OH/H 2 O cycle at an overpotential as low as 0.2 V and is, thus, the most promising S-substituted electrocatalyst.

From all the Mo substitutionally doped systems tested, only 2Ti/S, 2Zr/S and 2Hf/S are found to be truly promising, i.e., satisfying all three criteria. These sites generate H 2 via the Volmer-Heyrovsky mechanism. In order to further investigate the stability of these promising systems we have calculated the formation energy ∆E f of Ti, Zr and Hf dimers. For all these systems, ∆E f is negative (-0.70, -1.15 eV and -1.25 eV, respectively, see Table D.7. Hence, to a first approximation one can expect that these dimers can be formed experimentally. We have also assessed the "dynamical" stability of these systems by ab initio molecular dynamics at 500 K, a temperature that is roughly representative for synthesis conditions. As shown in Fig. D.9, the systems are stable over 30 ps. Given that ZrS 2 and HfS 2 have been reported as reasonable HER catalysts 63 and experiments indicate that doping with titanium and zirconium is possible in MoS 2 , 64;65 we expect that our predictions will spur corresponding experiments. Similarly, substitutional P doping of MoS 2 seems experimentally feasible 62 and our computations suggest that OH* species might not only be responsible for the experimentally observed increase in interlayer spacing, but also for the HER activity.

Conclusion

Conclusion

We have extensively (17 metals, 5 non-metals) studied substitutional doping of Mo and S in view of three complementary criteria: activity, feasibility and stability. The activity is assessed via hydrogen adsorption energies, with the promising systems being re-visited relying on grand-canonical DFT in order to account for the electrochemical potential. Furthermore, we have also quantified the improvement of the electrical conductivity of MoS 2 due to substitutional doping. The feasibility is addressed via two aspects: (a) relative stability of doping the edges vs. the basal plane and (b) the tendency of dopants to segregate (i.e. cluster). Finally, the stability of the proposed active sites is estimated by analyzing (a) the deformation induced by adsorbates, (b) release of H 2 S under HER conditions and (c) "blocking" of active sites by OH* adsorption. OH* adsorption can, however, be seen as a modification of the active site that might still lead to HER, a possibility we have also assessed. Our computations identify 2Ti/S, 2Zr/S and 2Hf/S as the most promising subsitutional dopants in order to activate HER on the 2H basal plane of MoS 2 at overpotentials of about 0.2 V. For Mo/P, i.e. doping by phosphorus, the active site consists of OH*, but features a similarly low overpotential. Given our comprehensive analysis of substitutional doping and the few truly promising systems for activating the 2H basal plane of MoS 2 we expect to motivate experimental investigations to test these predictions.

An approximate QM-MM scheme for Electrified Interfaces

Atomistic modelling of electrified interfaces remains a major issue for detailed insights in electrocatalysis, batteries and related devices such as pseudocapacitors. In these domains, the use of grand-canonical density functional theory (GC-DFT) in combination with implicit solvation models has become popular. GC-DFT can be conveniently applied not only to metallic surfaces, but also to semi-conducting oxides and sulfides and is, furthermore, sufficiently robust to achieve a consistent description of reaction pathways relying on only few adjustable parameters. However, the accuracy of implicit solvation models for solvation effects at interfaces is in general unknown. One promising way to assess the reliability of implicit solvents and achieve a systematically improvable solvation model is going towards hybrid quantum mechanical/molecular mechanics models. For electrified interfaces, the key quantity is the capacitance, i.e., the relation between the surface charge and the electrochemical potential. In order to retrieve the electrochemical potential from a QM/MM hybrid scheme, an electrostatic embedding is required. Furthermore, the charge of the surface and of the solvent regions have to be strictly opposite in order to consistently simulate charge-neutral unit cells. In this final chapter, we present the implementation of electrostatic embedding for VASP and its use in combination with GC-DFT in the context of electrocatalysis. We investigate the effect of electrostatic embedding compared to the implicit solvent model for two contrasting potential active sites on MoS 2 : the sulfur vacancy defect (which is rather apolar) and a Mo anti-site defect, where the active site is a surface bound highly polar OH group. Our results demonstrate that electrostatic embedding leads to almost indistinguishable results compared to the implicit solvent for apolar systems, but has a significant effect on polar sites. This demonstrates the reliability of the hybrid electrostatically embedded solvation model for electrified interfaces.

Introduction

Modelling electrified interfaces is one of the central aspects to reach a detailed understanding of energy storage (batteries, pseudo-/super-capacitors) and conversion (electrolysers and fuel cells) devices. 1 In the presence of a liquid electrolyte a "double layer" forms at these electrified interfaces: The surface charge is compensated by a distribution of the electrolyte in solution. The models for the electrochemical double layer have a long history and continue to be refined, 2;3 given that experimentally probing the nature of the double layer remains very challenging. 4 From an atomistic modelling point of view, the ideal would be to model the entire system with explicit atoms and electrons, such that the most realistic and accurate description is reached. However, this is first limited by the available computing power (solid/liquid interfaces need ∼ 500 ps equilibration times for thousands of atoms) and second accounting for the electrochemical potential is not trivial, as the surface charge needs to be modulated and the effective potential measured. 5;6 When investigating elementary pathways of electrocatalytic reactions, the best compromise between model accuracy and computational cost is reached by grand-canonical DFT in combination with an implicit solvent and an electrolyte distribution that is obtained by the solution of the (modified) Poisson-Boltzmann equation. [7][8][9] Compared to simulations with explicit solvent and electrolyte molecules, the implicit solvent-electrolyte ensures a black-box, consistent treatment of the solvent-solute interactions, which is crucial for reaction pathways with intermediates of different sizes and polarities. Models that combine implicit solvent models for the bulk solvation effects with micro-solvation for more specific solvent effects have been successfully applied, but come with their own problems of achieving a consistent treatment along reaction pathways and as a function of the electrochemical potential. 10 Many flavors of implicit solvent/electrolyte have been 7;8;11 and still are [12][13][14] developed and applied over the years, but they all require some fitting to experimental solvation energies. Experimental solvation energies are largely limited to small molecules, with only a handfull of numbers being available at the solid/liquid interface. Furthermore, implicit solvent models have intrinsic limitations for capturing near-chemisorption of the solvent at the interface, as this interaction is strongly material dependent, in contrast with the more "universal" electrostatic and van der Waals-type of interactions encountered for molecular solutes. Instead of system-specific tuning of parameters 15 , several research groups have pushed for hybrid solvation schemes, where the (surface) reactions are described at the density functional theory (DFT) level and the solvent effects are captured by molecular mechanics (MM). [16][17][18] MM is many orders of magnitudes less expensive than DFT and, therefore, extensive phase-space sampling of the liquid is easily in reach. Furthermore, compared to implicit solvents, it is clearer how to improve the quality of the description of the interface energetics: Force fields
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can be tested against DFT and system-specifically improved. When compared to machinelearned force fields, 19 the major advantage of MM for determining solvation energies is its transferability through combination rules, so that only certain parameters can be tuned in a system-specific manner when necessary. As an example, it has been shown that a purposebuilt force field for the interaction of water with the Pt(111) surface leads to a semi-quantitative agreement with experiment for the adsorption of phenol and benzene on Pt (111), while the standard implicit solvent yields qualitatively wrong results when comparing the adsorption in the gas-phase with adsorption form the liquid. Similarly, good agreement between DFT an MM solvation energies have been achieved at the alumina/water interface. 20 Concurrently, MM is inherently able to capture entropic solvation effects, a topic that remains challenging for implicit solvent models even for small molecules. 21 When moving from neutral surfaces to electrified (and thus charged) surfaces, the simple mechanical coupling between DFT and MM is no longer applicable: The electrostatic energy of a periodic charged system diverges and, hence, only energies of neutral unit cells can be computed. Hence, the solvation energy of the charged DFT system cannot be computed at the MM level. Therefore, an electrostatic embedding is necessary: The DFT computations have to be performed in presence of a counter-charge that is derived from the MM phase-space sampling, in analogy to the coupling between molecular and electronic DFT. 22 Electrostatic embedding for determining solvation energies has been mostly explored for neutral molecular systems. [23][24][25] Only very recently (and independently from us), such an approach has been applied to electrified interfaces. 26 Electrostatic embedding is available in most molecular DFT codes, but only rarely in plane-waves codes, 27 even though charged interfaces are common, not only for electrified systems, but are also typical for oxide surfaces as a function of pH.

Here we report the implementation of electrostatic embedding in VASP by relying on a VASPsol 13 -based interface. The electrostatic embedding is completely general, i.e., it can handle any distribution of charges from 1 to millions and neutral or charged systems. This allows us to apply GC-DFT at an approximate QM/MM level and to demonstrate the difference between the implicit solvent and the electrostatic embedding. Our tests show that for apolar surfaces the two schemes yield comparable results, but that the electrostatic embedding stabilizes polar adsorbates significantly compared to the implicit solvent.

Theoretical Background and Methods

Grand-canonical DFT

Grand-canonical DFT has become the state-of-the-art framework to determine reaction and activation energies under electrocatalytic conditions. In short, the electrochemical potential is directly related to the workfunction of the system and tuned by the number of electrons.

Chapter 8. An approximate QM-MM scheme for Electrified Interfaces

The grand-canonical energy G(U ) as a function of the potential is then obtained as:

G(U ) = E (q) -µ • q (8.1)
where U is the electrochemical potential vs SHE, i.e., µ-4.44 eV, µ the workfuntion of the given system at the given charge q and E (q) the energy as obtained by the electronic structure code, here VASP, corrected for the change in reference for electrons (average electrostatic potential in VASP; electrostatic potential "far away" from the surface for the the workfunction). 13 In practice, about 5 points are usually enough to obtain a good representation of G(U ), which then can be fitted to a suitable analytic function. For metal surfaces, a parabola is usually most suitable, but higher-order polynomial can be beneficial if positive and negatively charged surfaces have different capacities. For semi-conductors a piece-wise function is most appropriate, as we have demonstrated earlier. 28;29 The main challenge for GC-DFT is how to introduce a realistic distribution of the countercharge, as the periodic unit-cells have to be neutral, but the number of electrons is varied. In the seminal work of Filhol and Neurock, the counter-charge was chosen to be homogeneous across the entire cell. 30 Alternatively, the (modified) Poisson-Boltzmann equation can be used to determine a more realistic description of the diffuse double-layer. 7;8;11;13;14 However, these approaches are mostly limited to a continuum description of the solvent and electrolyte, which generally suffer approximations concerning the finite-size effects of solvent molecules and relative sizes of anions and cations, even though important advances have been made in the recent years. 12;31 Using such implicit solvent models it has been suggested that the actual distribution of the countercharge does not significantly influence the chemical conclusions. 10;32 These studies neglected, however, the specific interactions of the solvent with the surfaces and of the solvation shell of ions, which might also lead to a different structuring of the solvent compared to the continuum model. More importantly, implicit solvents do not allow to appropriately capture the competitive adsorption energy of the solvent (typically water) and the adsorbates, 33 although system-specific tuning of parameters can act as proxy to obtain the expected results 15 at the expense of loss of generality.

Simplified QM/MM solvation energies: from MMsolv to EEsolv

An alternative to implicit solvation at the solid/liquid interface has been introduced by several groups in the form of (approximate) QM/MM schemes. [16][17][18] The solvation energy ∆G sol v as obtained by approximate QM/MM methods is most usefully decomposed into two components: where G el is the electrostatic interaction between the solvent and the solute and G non-el covers the remaining, non-electrostatic, interaction free energies, most notably the Lennard-Jones interactions in the case of "standard" force fields, but also near-chemisorption terms as described by the GAL family of force fields. 34;35 In the most straight forward (and most approximate) QM/MM scheme, ∆G sol v is determined exclusively at the MM level of theory via free energy perturbation (FEP) 36 or thermodynamic integration (TI). 33

∆G sol v = G el +G non-el (8.2)
∆G M M sol v sol v = G M M el +G M M non-el (8.3)
This approach, as implemented in SolvHybrid, has been shown to accurately capture the competition between adsorption of aromatic molecules and water on Pt(111) when compared to experiment. 33 Under periodic boundary conditions the unit cells have to be neutral. Hence, computing the electrostatic solvation energy component of charged systems becomes somewhat ill defined, i.e., it becomes dependent on the size of the unit cell and various (approximate) corrections are required. 37 Establishing these corrections consistently for arbitrary QM and the MM subsystems is cumbersome. As an alternative, we here adopt an alternative, where G el is evaluated at the QM level through the embedding of the QM subsystem in the charge-Chapter 8. An approximate QM-MM scheme for Electrified Interfaces distribution of the MM subsystem (see Fig. 8.1). The G non-el interaction is, however, still determined by alchemical transformations, leading to what we call EEsolv:

∆G E E sol v sol v = G QM el +G M M non-el (8.4)

Electrostatic Embedding and its Implementation in VASPsol

In order to assess the electrostatic interaction energy between the solvent and the solute, the charges as obtained by the sampling at the MM level need to be included at the DFT level. Including point charges that interact with the DFT system is commonly possible in molecular codes such as Gaussian, but is less common for plane-wave based codes, where point charges lead to numerical issues. In plane-wave codes even the atomic nuclei are replaced by pseudo-potentials instead of using point-charges to avoid very peaked electron density distributions that would require excessively large plane-wave basis sets. Therefore, replacing point-charges by (sharp) Gaussian charges is a practical approximation in the context of electrostatic embedding for solutes in PW codes. Since the solvent molecules undergo thermal fluctuations anyway, the technical reason for the Gaussian blur is, furthermore, physically justified in the context of solvent effects.

As a consequence, we adopt the same strategy as Andreussi 38 , but also as the treatment of atomic cores in VASPsol, 39 which is that point charges are replaced by Gaussian charges represented on a regular numerical grid. This means that the charge distribution N PC due to the point charges is evaluated as:

N PC (⃗ r ) ≈ i q i (2πσ) 2/3 exp - (⃗ r -⃗ R i ) 2 2σ 2 (8.5)
where the width of the Gaussian charge q i is σ and ⃗ R i is its position. In agreement with the default settings in VASPsol and the numerical tests performed in ref 39 , σ is set to 1.6 times the grid-spacing. This is a good compromise between the compactness of the charge distribution and the accurate representation and integration of the Gaussian charge on the Fast Fourrier Transform (FFT) numerical grid. Note, that this "trick" of applying a Gaussian blurring to point charges has been discussed in the QM/MM community for twenty years. 40 In principle, one might be tempted to increase the spread further, arguing that this should smoothen the electrostatic potential and result in noise reduction. While this is true in principle, we refrain from such an "isotropic" spread, as it also implies that MM charges can artificially penetrate the QM region. Instead, we advocate thermal averaging and controlled "binning" 25 , i.e., the representation of the average electrostatic potential on a grid.

In practice, the implementation of the interaction between Gaussian-charges and the DFT electronic structure is obtained via established routines from VASPsol. Only the position of

Computational Details

the charges and their (fractional) value needs to be passed to VASP. In our implementation, this is achieved via a special file (called PCCAR), where the positions are given in Cartesian coordinates, just as obtained from the MM trajectory. The internal routines of VASP then map these Cartesian coordinates into the periodic unit-cell. As a corollary of this choice, if the MM cell is a n × n ′ super-cell of the DFT cell, the MM-distribution seen by the DFT cell is an average of the n × n ′ MM-distributions, enhancing the sampling. Note that the use of such super-cells has two advantages at the MM level: First, it is often required for compatibility reasons with the real-space component of the non-bonded interactions which is evaluated up to ∼8-10 Å. Hence, the unit cells need to have dimensions of about twice this lenght. Second, this allows a better sampling of phase-space at a given length of the trajectory because the "same" adsorbate encounters various environments in its super-cell replicates.

Following the approach adopted in VASPsol, the impact of the point (or rather Gaussian) charge distribution obtained from Eq. 8.5 on the DFT electronic structure is obtained by solving Poisson's equation twice: Once with the QM system only (just like the regular VASP routines) and once in combination with the charge distributions obtained from the MM charges. By computing the difference between the two solutions of the Poisson equation, one obtains the necessary correction to the effective potential, which then is exploited to compute the energy and force corrections. Hence, compared to VASPsol, only the generation of the "corrected" electrostatic environment is changed: instead of solving the linearized Poisson-Boltzmann equation, the MM-derived charge distribution is used.

Computational Details

All DFT computations have been performed with VASP, 41;42 linked to a (modified) version of VASPsol to enable the use of point-charges, tentatively called VASPEE. The core-electron interaction are described by the PAW formalism 43;44 using the standard pseudopotentials. The functional was chosen to be the dispersion corrected generalized gradient approximation, PBE-dDsC. 45;46 If not specified otherwise, the plane-wave cutoff was set to 500 eV, and the settings for the numerical grids were "accurate". The wavefunctions have been converged to an energy threshold below 10 -5 eV.

All molecular dynamics simulations have been carried out by AMBER 47 and are driven by a modified version of the SolvHybrid package. 33 The geometries of the DFT subsystems are frozen during the MD runs. The water model was chosen to be TIP3P 48 and the parameters for singly-charged ions (Na + , Cl -) were chosen accordingly from the amber force field. If not stated otherwise, the interaction between the DFT subsystem and the MM solvent are described by CM5 point-charges 49 combined with Lennard-Jones parameters obtained by the default combination rules as implemented in tleap, where the parameters for the DFT subsystem are taken from UFF. 50;51 Water molecules were kept in their fixed geometry relying on the SHAKE algorithm. 52;53 In a typical setup, the geometry is optimized at the DFT level using VASPsol (NC_K =0.00025 e -/Å -3 ), up to forces below 0.05 eV/Å. The Debye screening length has been set to 3 Å, representative of a 1 M ionic strength. The atomic charges are then extracted and the system prepared via SolvHybrid for an MD run in AMBER. We generally used 2×2 supercells compared to the DFT unit cell in order to fit twice the cutoff radius (8 Å) plus the boundary layer (2 Å) inside the MM unit cell. The system is optimized for 100 steps, heated to 300 K during 200 ps, equilibrated in the NpT ensemble using the Berendsen barostat 54 for 300 ps and then a production run of 6 ns in the NVT ensemble using a Langevin thermostat is performed. For the equilibration and production runs a finer FFT (roughly two points per Å) and a larger real space cutoff (10 Å) has been used to ensure a good description of the charged interface. The charge of the surfaces was neutralized via a ∼ 1 M solution of NaCl. Snapshots are saved every 1 ps to obtain the charge distribution that is used to construct the point-charge distribution for VASPEE.

Results and Discussion

Validation

As a first step, we have ensured that the implementation of the interaction between the pointcharges and DFT is working correctly. To do so, we have compared the results obtained with our implementation to "benchmarks" obtained in Gaussian 16, using the PBE functional and the large def2-QZVPP basis set, which we have shown to lead to converged results in Gaussian 16 (see Fig. 8.2).

In Figure 8.3 we show the perfect agreement of the interaction between the point-charges and the DFT subsystem for two examples as a function of the distance: a neutral molecule (H 2 O) and a cation (Ag + ). For anions the "raw" agreement has not been satisfactory when using a single positive point charge. Despite various tests, we have not been able to distinguish between the two likely reasons for this disagreement (see Table E.2): The use of a pseudopotential instead of an all-electron computation and the use of a plane-wave (PW) basis set. The latter is more likely to cause issues: in contrast to the Gaussian computations where there are no basis-functions on the positive point-charge, the use of a plane-wave basis set means that the electrons are equally well described at the location of the point-charge as they are in the vicinity of the "atomic cores". Furthermore, the plane-waves are not well adapted to describe the rapidly varying electron density around a point-charge. Indeed, a system like OH -plus a point charge just looks like a stretched water molecule, with one proton described by a pseudo-potential and the other one by a point charge. Reassuringly, however, when we replace the single positive point-charge by a distribution of five charges of 0.2, we retrieve Δ q (H) Δ q (H) Δ q (O) Δ q (H) Δ q (H) Δ q (O) the excellent agreement between Gaussian and VASPEE (see Table E.2), attesting that there is no technical problem with our implementation. A similar observation is reached when comparing a weakly (HF) and a strongly (H 2 S) polarizable molecule as a function of the size of a neighboring dipole: For small dipoles (charge ≤ ±0.4e -) the agreement between VASP and Gaussian is excellent. This continues to be the case for the less polarizable system up to a charge of ±1e -. However, for H 2 S VASP yields systematically larger polarization energies, most likely because of the the more flexible plane-wave basis set compared to the (although large def2-QZVPP) Gaussian-type basis set.

Results and Discussion

In summary, we are confident that the implementation of the interaction between pointcharges and the DFT subsystem is working as expected, as long as the positive point-charges are not too large in magnitude to lead to a localization of electrons onto them.

Solvation Energies from Electrostatic Embedding

As a first "real" example for the use of VASPEE we have computed the electrostatic components of the solvation energy of various systems, see Fig. 8.5. Starting with the water molecule, we observe that the adopted iso-density value (chosen to inhibit implicit solvent going between layers of MoS 2 29 ) leads to an under-solvation of water. This is expected, given that the implicit solvent has been "pushed away" from the solute by these settings. For the rather non-polar systems, exemplified by the H-covered sulfur vacancy defects (V s ), the agreement between VASPEE and VASPsol is good, suggesting that in these systems the water solvent does not play a major role. This situation changes, however, for closely related anti-site defects in MoS 2 , which we have shown to be covered by OH* or H 2 O*. 29 Indeed, for these quite polar systems the differences between VASPsol and VASPEE are significant, especially for H 2 O*. Apparently, the chemisorbed water molecule benefits much more strongly from the solvation at the solid/water interface than the OH* adsorbate. 

Grand-canonical DFT with Electrostatic Embedding

We now turn to the actual target application: The description of charged surfaces. To start with, we analyze the charge distribution on the positively charged MoS 2 OH* covered anti-site defect (see Fig. 8.6). It turns out the countercharge contribution is only responsible for about 1% of the total polarization density. This might explain why previous reports have suggested that achieving realistic counter-charge distributions does not merit significant efforts. 10;32 However, as can be seen from the top figure, the total charge distribution changes significantly when moving from the implicit to the explicit solvent: Not only does an MM-derived charge distribution show more fine-structure, but also the intensity of the polarization is very different. The identification of the origin of this difference in structuring is beyond the scope of the present study, but could be due to the competition between the electrostatic and the nonelectrostatic interactions. If so, we would expect the difference to be even higher on metallic surfaces, where the near-chemisorption of water leads to a more structured interface. 34 Then we compute the grand-canonical energy as a function of the electrochemical potential.

Still using the same model system to exemplify the effect of EEsolv, Figure 8.7 shows the significantly different behavior when using the implicit and the explicit solvent. The first observation is that EEsolv leads to a reasonably parabolic behavior, with the maximum being at the potential of zero charge as required for such a capacitor (see also ref 55 and discussion therein). This gives us further confidence that the scheme is working consistently across the range of charges investigated. The second observation is that towards the negative potentials (which are the ones of interest for HER) the curvature (capacitance) is very similar for VASPEE and VASPsol. In other words, the stabilization of the negative surface charge is quite well captured by the linearized Poisson-Boltzmann equation, even though the solvent is quite "far away" from the surface. However, the potential of zero charge and the capacitance for the positively charged surface differ: Indeed, the asymmetry between the "positive" and "negative" regions are significantly more pronounced at the EEsolv level of theory, presumably because cations (Na + ) and anions (Cl -) have different sizes and solvation shells. Now that we have gained confidence in the viability of EEsolv, we turn to the actual application to the hydrogen evolution reaction. Figure 8.8 shows the adsorption energy of H + + e -as a function of the electrochemical potential on two potential active sites on the basal-plane of MoS 2 29 : the sulfur vacancy and the OH* covered anti-site defect. One recognizes that for the apolar active site the two approaches coincide. In other words, the explicit solvation does not have significantly different solvating power of these geometries compared to the implicit solvent. This is in good agreement with the weak interaction of water molecules with these defects determined at the DFT level, 29 but also with the rather weakly interacting Lennard-Jones potentials. 51 This situation changes dramatically when moving to OH* on the anti-site defect. As already seen in 8.5, the chemisorbed water molecule is significantly more solvated at the interface compared to OH*. This increases the strength of the adsorption energy of the proton/electron pair on the active site, so that a higher thermodynamic overpotential would be required to drive HER according to EEsolv, compared to the implicit solvent (0.2 V vs 0 V).

Conclusion

We have implemented an electrostatic embedding for the widly used electronic structure code VASP. The implementation of VASPEE has been validated against the reference implementation of Gaussian for molecular structures. It can handle any number of point charges. Then, the usefulness of the electrostatic embedding in VASP has been illustrated by the computation of hybrid quantum-mechanical/molecular mechanics solvation energies of solid/liquid interfaces, where the accuracy of implicit solvents is questionable. Furthermore, we have demonstrated the robustness of VASPEE and the associated sampling at the molecular mechanics level to obtain a representative solvent/electrolyte distribution at the example of two active sites of MoS 2 for the hydrogen evolution reaction. Indeed, VASPEE in combination with an Amber-based phase-space sampling allows to reach a grand-canonical DFT description of electrified interfaces with a more realistic solid/liquid interface compared to implicit solvents. In these cases, the DFT surface bears a net charge, which is exactly cancelled by the distribution of the counter-charges within the MM solvent. Analyzing the polarization density from VAPSsol and VASPEE, we highlight that the major difference between the two approaches is less the electrolyte (countercharge) distribution, than the polarization of the solvent.

Conclusions and Outlook

In the present Ph.D. thesis, we have studied in detail the hydrogen evolution reaction (HER) on molybdenum disulfide (MoS 2 ). Using grand canonical density functional theory (GC-DFT), we have explicitly included the effect of the electrochemical potential.

First, we revisited the HER active sites of 2H-MoS 2 . In addition to the known catalytically active edge sites, various types of point defects on the otherwise inert basal plane have also been investigated. Given that HER occurs in water, we have evaluated the reactivity of these active sites with H 2 O. Thermodynamics of proton reduction as a function of electrochemical potential shows that four edge sites and three basal plane defects exhibit thermodynamic overpotentials below 0.2 V. The literature hypothesis that sulfur vacancies (V S , V S2 ) are active sites for HER was confirmed. In addition, we showed that the anti-site defects Mo S and Mo S2 are also promising for HER. In contrast to current proposals, many of these active sites are associated with adsorbed OH*. Our results show that although H 2 O and OH* are strongly adsorbed on these active sites, HER can also occur at these "blocked" sites, reducing protons at the surface OH*/H 2 O entities. As a result, our results revise the active sites and highlight the previously overlooked need to consider the liquid component (H 2 O) of the functional interface when considering the stability and activity of the various active sites.

Next, the activity and stability of the 50% S-edge and the 50%S Mo-edge HER have been investigated. Our calculations revealed that the Mo edge is most likely reconstructed in the presence of water. In particular, the formation of H 2 S is only weakly endothermic (0.4 eV) under standard conditions. Therefore, under the conditions of HER, where there is no sulfur reservoir, sulfur is gradually replaced by oxygen. Fortunately, the 0%S Mo-edge covered by OH* is active for HER, as shown in Chapter 3. For the 50% S-edge, the termination is more stable in terms of H 2 S release (2.5 eV) and OH* is stably adsorbed on the Mo-Mo sites. Our grand canonical DFT calculations suggest that this edge is active for HER. The release of H 2 S at this edge is less likely compared to the generation of H 2 , but still possible because it is endothermic by only 0.21 eV when coupled with the adsorption of OH*. Once these OH/SH Chapter 9. Conclusions and Outlook substitutions occur, it leads to a 0%S S-edge predicted to be inactive for HER.

For the basal plane, the thermodynamics of proton reduction as a function of electrochemical potential shows that the single sulfur vacancy (V S ) for HER is active. Furthermore, experimentally V S is the most abundant defect. Therefore, we have presented a detailed mechanistic study of HER on this defect and have evaluated the Volmer, Tafel, and Heyrovsky transition states for the different possible reaction steps. We have determined the activation energies as a function of electrochemical potential. These activation energies of the electrochemical steps are essential for accurate prediction of catalytic activity, but require very tedious calculations.

We have found that the HER mechanism pathway with the lowest activation energies consists of two Volmer steps followed by a Heyrovsky step. The latter is the rate-determining step. We also studied the effect of different support materials: gold, copper, and graphite. Our results suggest that none of these support materials improve the MoS 2 activity. However, a high specific surface area support similar to graphite can be recommended as it is, in contrast with MoS 2 , conductive and does not adversely impact the intrinsic activity of the electrocatalyst.

We have also investigated an attractive strategy for increasing the number of active sites on the basal-plane of MoS 2 : substitutional doping. Our extensive in silico screening (17 Earth abundant metals for Mo substitution and 5 elements for S substitution) addresses the activity of the doped systems for HER as well as the competition between adsorption of water, OH * and (H + + e -), but also the feasibility of these active sites and their stability. Thus, our study covers all important aspects of substitutional doping for activation of the MoS 2 basal plane. First, the HER activity of 70 potential active sites has been screened using the computational hydrogen electrode approach. Then, the activity of more than 30 promising active sites was evaluated using the GC-DFT. Moreover, the stability of these active sites (in terms of geometrical deformations, release of H 2 S, and blocking by OH * adsorption) was systematically assessed. Finally, the feasibility of the proposed active sites has been estimated based on the one hand, on the segregation tendency of the dopants in the MoS 2 basal plane and, on the other hand, on the energetic preference of the dopants to be located at the edges rather than in the basal plane. The feasibility and stability criteria are found to exclude all but four elements (Ti, Zr, Hf, and P) for successful basal plane activation by substitutional doping at overpotentials around 0.2 V, which is valuable information for directing experiments.

The last work is the implementation of an electrostatic embedding for the widely used electronic structure code VASP. The implementation of VASPEE has been validated against the implementation in Gaussian for molecules and atomic ions. We then illustrated the usefulness of electrostatic embedding in VASP by calculating hybrid quantum mechanical/molecular mechanics solvation energies of solid-liquid interfaces, where the accuracy of implicit solvents is questionable. Moreover, we have demonstrated the robustness of VASPEE and the associated sampling at the molecular mechanics level to obtain a representative solvent/electrolyte distribution using two HER active sites of MoS 2 in combination with GC-DFT. Comparing the polarization densities of VAPSsol (the standard implicit solvent) and VASPEE, it becomes clear that the main difference between the two methods is less in the distribution of the electrolyte and more in the polarization of the solvent.

In summary, this work highlights all aspects related to MoS 2 as a catalyst for hydrogen production: Basal plane and edge activity, stability under HER conditions, generation of defects, support effect, doping and the kinetics of HER. These insights should help IFP Énergies Nouvelles to develop, valorize and industrialize an MoS 2 -type HER catalyst by directing their optimization efforts concerning the catalyst fabrication conditions to maximize the number of active sites on conductive supports.

In terms of methodology, overall this work helped us to better understand the electrochemical reactions at the solute/solvent interface. We explored the advantages of grand canonical DFT compared to the constant charge approach, such as the computational hydrogen electrode. We determined the effects of the explicit electrochemical potential and the explicitly considered water molecules on the hydrogen adsorption energy. We highlighted the role of cycling between H 2 O and OH* to release H 2 . However, we assume that a better description of the different parts of the electrochemical reaction is possible and that the GC-DFT in combination with an implicit solvent model has some limitations that should be overcome in the future.

In particular, the description of the countercharges and the solvation of the electrochemical interface should be improved and the search for the transition states at applied electrochemical potentials remains very tedious.

Despite many advances, several challenges still remain to be addressed. In particular, open questions can be formulated that are directly linked to the work presented in this thesis.

In view of the long-term stability of the active sites located at the edges of MoS 2 , we performed a thermodynamic study of the possible reconstructions due to the presence of water and the release of H 2 S. This assessment should be complemented by investigating the kinetic stability of the MoS 2 edges. One could, for instance, perform metadynamic simulations at the DFT level. 1 These simulations should be able to identify the activation energies for the exchange of SH* by OH* and the loss of some sulfur in the form of H 2 S under HER conditions.

For the support effect, another type of support could be evaluated, namely graphene oxide. It is expected that this type of support has a stronger interaction with molybdenum, leading to a chemisorption of MoS 2 nanoflakes through inclomplete sulfurization. 2 This could simultaneously lead to an improvement in MoS 2 conductivity and a detectable effect on the activation energy of the HER steps on the sulfur vacancy.

Our results have showed that there is a difference between hybrid QM/MM solvation energy and the implicit solvent model, especially for polar systems such as OH* and H 2 O as a function of the potential. To validate this scheme, these computational estimates should be compared with experimental results. For example, potential dependent adsorption modes are experimentally known for pyridine on Au (111) and could serve as such a benchmark systems. 3 We also believe that, depending on the system, the force field used should be improved. This approach could then be generalized to different electrochemical reactions on different electrocatalysts, such as the electroreduction of CO 2 on copper or even MoS 2 .

The same approach as applied in this thesis will also be used to evaluate the HER activity of another transition metal dichalcogenide, namely vanadium disulfide (VS 2 ). This project is being carried out in collaboration with Chaolun WANG of the East China Normal University, Shanghai, who investigates this materials with in-situ transmission electron microscopy (TEM).

During the internship of Zeineb NEFZI that I supervised, we obtained preliminary results that suggest that the perfect basal plane of VS 2 is HER active, but that the sulfur vacancies are blocked by OH*, which contrasts nicely with the situation for MoS 2 . These preliminary results should be confirmed by GC-DFT and confronted with experimental evidence.

In addition to crystalline MoS 2 , amorphous MoS x with 3 ≤ x < 2 has also attracted considerable attention in recent years because of its HER activity. Sahu et al. 4 have found that for small clusters the triangular Mo 3 S 9 is more stable than the chain-like models. The HER catalytic activity of these nanostructures could be studied based on our approach used for MoS 2 . The most important aspects are the stability compared to the release of H 2 S and the effect of H 2 O and OH* on the hydrogen release process. This work is currently carried out in collaboration with Amit SAHU and Pascal RAYBAUD. The preliminary results show that Mo 3 S 9 is not stable under HER conditions and that two sulfur atoms are released as H 2 S to reach the stable structure Mo 3 S 7 . The latter is active for HER by alternating between OH* and H 2 O adsorbed on molybdenum at only -0.2 V vs SHE. Future work will lead to a better understanding of the details of the HER mechanism and to a comparison between the electrocatalytic activity of the amorphous and the crystalline structure of molybdenum disulfide. Morphological changes, such as convex or concave surfaces, might lead to a higher intrinsic activity. As a convenient proxy for such curved surfaces, we herein study MoS 2 nanotubes. The structural, elastic and electronic properties of these nanotubes are well documented in the literature [1][2][3] . In addition, they have been explored as a medium for gas storage 4 . However, their potential as HER catalysts has not been assessed so far.

A.3.2 Water molecule adsorption on Mo-edges and S-edges

Nanotubes are structures that are conceptually obtained when a ribbon of a two-dimensional material such as graphene or MoS 2 is rolled up into a cylinder. In the case of hexagonal 2D materials such as graphene it is customary to define two integers m and n to describe the direction of the vector along which the nanotube coils, or n. -→ e 1 +m. -→ e 2 . As a consequence of this definition, when m = 0, the nanotube has a "zigzag" like structure, in the sense that the "edges" (or limits of the unit cell) of the nanotube resemble the zigzag edge of the corresponding nanoribbon. When m = n, the nanotube has an "armchair" type structure, following the same analogy with graphene edges. For other combinations of m and n the nanotube is chiral. These edge configurations determine many of the material properties, especially electrical conductivity. The same concept is also applied in the case of molybdenum disulphide and we obtain MoS The values reported are at U(0V). For the first column, the systems in red are the active for HER and the systems with + are more promising than the others. 

D.6 Formation energy of Ti, Zr and Hf dimers
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 11 Figure 1.1: Current density as a function of hydrogen adsorption free energy for various HER catalyst materials.19 
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 1 Fig. 1.1 is an example of such a diagram, showing the logarithm of the current density of hydrogen evolution as a function of the strength of the M-H bonds on different metals. Metals with intermediate bond energies are most active for HER. For the metals on the left, the adsorption energy is too low, while the metals on the right have kinetically slow hydrogen
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 21 Figure 2.1: (a) Scaling relationship for OH* and OOH* over various oxides, superposed on a heat map of activity as a function of these two variables. Note that the optimum (brightest color) is does not lie on the scaling line. Examples of how to overcome the scaling relation by introducing adsorbate specific stabilizations. (b) Bifunctionality, (c) on alloys or mixed metal/oxide/sulfide catalysts, promoters in terms of specifically adsorbed ions, (d) ligands or (e) electrolyte molecules can stabilize various adsorbates specifically. Three-dimensional active sites such as (f) interfaces between two materials or (g) confinement can also provide opportunities to break scaling relationships. Differently colored circles indicate distinct elements. Reproduced from Reference 54. Copyright Nature Publishing Group
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 222 Figure 2.2: Schematic plot of the overpotential (η) versus the logarithm of the current density (pink). The Tafel slope and the exchange current density i 0 as determined by the linear fit (Tafel approximation) are indicated (blue)
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 23 Figure 2.3: Representation of the key contributions introducing various descriptions of the electrocatalytic interface. The superscript refers to the reference to the corresponding article, while the year is given below the lead author name. The gray scale highlights the chronological ordering. Note, that other groups have applied these techniques in various contexts and some of the methods have been developed several times independently with slight variations, but we have tried to highlight the earliest contributions. The horizontal axis is indicative of the treatment of the solvent, with the black line symbolizing the electrostatic potential. (a) corresponds to vacuum, (b) the combination of a small number of solvent molecules at the vacuum interface, (c) the use of an implicit solvent, (d) the combination of implicit solvent (light blue) and explicit solvent molecules, and (e) the use of a fully explicit description of the liquid phase. The computational hydrogen electrode (CHE) cornerstone is highlighted in bold. The vertical axis represents the description of the electrochemical potential. Constant charge approaches typically work with neutral surfaces. Constant electric fields can be used as a proxy for the electrochemical potential under certain assumptions (typically the thickness of the double layer). Truly constant potential approaches are typically relying on grand-canonical density functional theory (GC-DFT).
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 24 Figure 2.4: Comparison of computational hydrogen electrode (CHE) (horizontal lines and solid points) and grand-canonical density functional theory (GC-DFT) (empty crosses and thick lines) results for the energy difference of two intermediates during the oxygen evolution reaction (OER) over CoOOH (a semiconductor) in basic conditions. The intermediate in pink (crosses) has O 2 bound to the catalyst, while O 2 is desorbed in the intermediate in blue (plus signs). The desorbing O 2 molecule is highlighted in pale red in the structural representation, which also exemplifies the use of symmetric unit cells to avoid surface dipole moments and obtain unambiguous workfunctions. The data is taken from Reference 64.
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 272 Figure 2.7: Reconciling theory with experiment results for hydrogen evolution reaction (HER) electrocatalysts. (a) (top) Experimental i0 plotted against theoretically calculated ∆G H for various transition metal surfaces, compared against the proposed kinetic model (below). Open circles represent single crystal data. Reproduced from Reference 46 . Copyright IOP science. (b) Experimental HER data of Pt (black), BiPt alloy precursor (P t -Bi i r , red dash), and the synthesized BiPt alloy (blue dots). Modified from Reference 47 . Copyright Nature Publishing Group. (c) Color contour plot of stability (measured by surface energy per unit cell γ) with varying levels of strain and S vacancies. Black line illustrates combinations of strain and S vacancies for ∆G H = 0. (d) HER data of Au substrate, Pt control, and 2H-MoS 2 (pristine and with various treatments). (c) and (d) reproduced from Reference 228. Copyright Nature Publishing Group. (e) (left) Theoretical volcano plot of MXenes (T i 2 C and Mo 2 C marked out with red stars) and (right) HER activity of T i 2 C T x and Mo 2 C T x . Modified from Reference 236 . Copyright American Chemical Society. (f) Comparison of theoretical and experimental overpotential at -10 mA cm -2 for various MXenes after considering -F coverage on basal planes. Dashed line indicates complete agreement. Reproduced from Reference 237. Copyright American Chemical Society
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 3 Revisiting the Active Sites at the MoS 2 /H 2 O Interface via Grand-Canonical DFT: The Role of Water Dissociation
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 31 Figure 3.1: Evolution of the polarization density as a function of the distance between the different layers in the studied system.The inset shows zoom on the region between the MoS 2 sheets.
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 32 Figure 3.2: The structure of H 2 O adsorption on polytype 2H after symmetrization (a) on the edge, (b) on the basal plane.The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.
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 333 Figure 3.3: Variation of the total energy as a function of the electrochemical potential (a) H@Mo S2 and (b) Mo S2 with respect to the energy of the neutral slab.
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 34 Figure 3.4: H 2 evolution via H 2 O and OH. ∆G 1 corresponds to a Volmer step (adsorption of H + +e-), while ∆G 2 is a Heyrovsky step.
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 35 Figure 3.5: Adsorption of hydrogen at 0 V vs SHE on: (a) V S , (b) V S2 , (c) Mo S , (d) Mo S2 The color code for atoms is white for H; yellow for S and greenish for Mo.

  A.4). Sulfur vacancies and anti-sites behave, however, very differently: V S and V S2 feature nearly thermoneutral ∆G H 2 O (0.05 eV and 0.04 eV respectively), while H 2 O binds very strongly on Mo S and Mo ′ S2 (-0.92 eV and -0.80 eV respectively), where the ′ indicates that the adsorbate is
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 36 Figure 3.6: Adsorption of water at 0 V vs SHE on: (a) V S , (b) V S2 , (c) Mo S , (d) Mo ′ S2 The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

  3.4). As shown in the SI, *OH formation is exothermic at the relevant potentials (see Fig. A.5

Figure 3 . 7 :

 37 Figure 3.7: Different steps of the first cycle to produce H 2 from H 2 O and OH on Mo S site The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

Figure 3 . 8 :

 38 Figure 3.8: The adsorption energies of water on Mo and S edges with the the optimized geometry of each site. The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

  A.8). However, just like the S-vacancies, the S-edge interacts only weakly with water. Assessing the formation of *OH on the edge sites (see Fig. A.10), demonstrates that for the Mo edge *OH outcompetes hydrogen, while the S-edge binds OH only very weakly.
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Figure 4 . 1 :Chapter 4 .

 414 Figure 4.1: (a) Classification of MoS 2 edges according to the way a single layer of 1H-MoS 2 is truncated. The crystallographic indices and common names of these edges are given. Two types of edges are shown: Zigzag and armchair edges. Because of the symmetry of MoS 2 , there are two types of zigzag edges: Mo-edge and S-edge, (b) Top and (c) Side views of 50%S S-edge and 50%S Mo-edge. The color code for atoms is yellow for S and greenish for Mo.
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 4 How Stable Are 2H-MoS 2 Edges under Hydrogen Evolution Reaction Conditions? The Hydrogen adsorption energies as a function of the Hydrogen coverage. Visualization of the MoS 2 edges with the different hydrogen adsorbed.

Figure 4 . 3 :

 43 Figure 4.3: Hydrogen adsorption on 50%S S-edge and 50%S Mo-edge .The color code for atoms is white for H; yellow for S and greenish for Mo.

Figure 4 . 4 : 97 Chapter 4 .Figure 4 . 5 :

 4497445 Figure 4.4: The adsorption energies of OH and H 2 O on MoS 2 edges with visualisation of the structures. The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

  H in the presence of OH and H 2 O. The different combinations tested are reported on Figure B.3, while Figure 4.5 summarizes ∆G H for the various cases. Note that our tests show that the adsorption energy of one species is not affected by the presence of another molecule at the "other" edge, i.e., the Mo-edge and S-edge can be considered "decoupled" (see Figure B.4).

Figure 4 . 6 :

 46 Figure 4.6: H 2 S release on 50% S Mo-edge and 50% S S-edge after H adsorption. The color code for atoms is white for H; yellow for S and greenish for Mo.

Figure 4 .Figure 4 . 7 :

 447 Figure 4.7: H 2 S release on 50%S Mo-edge and 50%S S-edge after OH adsorption. The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

Figure 4 . 8 :Chapter 4 .

 484 Figure 4.8: (a) Production of H 2 on the water covered S-edge, involving H 2 O, OH and H*. The thermodynamic over-potential η T D is determined to be 0 V. The possible steps are designed by the blue color whereas the green color is for the blocking steps. (b) The first cycle with ∆G 1 = 0.225 eV and ∆G 2 = -0.225 eV. (c) The second cycle with ∆G 1 = 0.394 eV and ∆G 2 = -0.394 eV. (d) The third cycle with ∆G 1 = 0.014 eV and ∆G 2 = -0.014 eV. The color code for atoms is white for H; red for O; yellow for S and greenish for Mo. The circle blue indicates the site where the different steps occur.
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 1 Laursen, A. B.; Kegnaes, S.; Dahl, S.; Chorkendorff, I. Molybdenum sulfides-efficient and viable materials for electro-and photoelectrocatalytic hydrogen evolution. Energy 5 How are Transition States Modelled in Heterogeneous Electrocatalysis? This Chapter is based on the following article: N. Abidi and S. N. Steinmann Curr. Opin. Electrochem. 2022, 100940.

Figure 5 . 1 :

 51 Figure 5.1: Schematic illustration of the mechanism of electrode reactions: (a) In an outer-sphere redox process, the reactant and product molecule (M) with its functional groups (pink) do not interact strongly with the electrode surface. (b)In an inner-sphere (catalytic) redox process, reactants, intermediates, and/or products interact strongly with the electrode surface (specific adsorption) and the electrode catalyzes the bond rearrangements for the functional group in contact with the catalyst (yellow).

Figure 5 . 2 :

 52 Figure 5.2: Schematic illustration of the mechanism of electrode reactions:Potential energy surface for a reaction of electron transfer and bond-breaking. The upper part shows the potential energy as a function of the solvent coordinate q and the deviation r from the equilibrium bond distance of the molecule. In the lower part, the color code shows the occupation of the adsorbate atomic orbitals, while the contour lines (and numbers) show the potential energy. Reprinted from Reference 39 Copyright (2021), with permission from Elsevier.

Figure 5 . 3 :

 53 Figure 5.3: Schematic of (a) an electro-reduction (H + + e -) and (b) a surface mediated "chemical" reduction leading to two different reaction intermediates (COOH and HCOO, respectively) during CO 2 reduction. While reaction (b) shares common features with heterogeneous catalysis, reaction (a) is typical for electrocatalysis.

Figure 5 . 4 :

 54 Figure 5.4: Relative free energy at different potential values of the initial configuration, transition state, and final configuration for formation of CO dimer. Reprinted with permission from 72 . Copyright (2021) American Chemical Society.
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 661 Figure 6.1: (a) The structure of non-symmetric MoS 2 basal plane with the water model and the sulfur vacancy. (b) MoS 2 nanocluster with triangular shape terminated by Mo edges. The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

Figure 6 . 2 : 3 × 3 Chapter 6 .Figure 6 . 3 :

 6233663 Figure 6.2: 3 × 3 MoS 2 cluster supported on molybdenum disulphide, copper, graphite and gold. The structures presented correspond to the transition state of V I I . The color code for atoms is white for H; red for O; yellow for S, greenish for Mo, orange for Cu, grey for C and brown for Au.
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 6566 Figure 6.5: Comparison between the activation energies of HER mechanism steps on MoS 2 with the different type of supports.
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1 )Figure 7 . 1 :

 171 Figure 7.1: The different positions in the 50%S Mo-edge and the 50%S S-edge for the doping elements. The circles are the edges with blue (1) for the S edge and yellow (4) for the Mo edge, the squares orange (2) and green (5) are one layer after, and the triangles red (3) represent MoS 2 basal plane. The color code for atoms is yellow for S and greenish for Mo.

Figure 7 . 2 :

 72 Figure 7.2: The different types of doping tested: S doping, Mo doping (monomer, dimer and trimer substitutions) and mixed doping (Mo+S).
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 74 Figure 7.4: Stability of the dopants at the edges vs. the basal plane.

Figure 7 . 7 :

 77 Figure 7.7: Comparison between the different ∆G values of H, OH and H 2 O for each system and at 0 V vs SHE. (a), (b) and (c) are the molybdenum substitution and (d) is the sulfur substitution and mixed doping.
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 78 Figure 7.8: Different steps of the first cycle to produce H 2 from H 2 O and OH* on Mo/P structure . The color code for atoms is white for H; red for O; orange for P; yellow for S and greenish for Mo.
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 47 However, this indirect probe of the electronic structure remains very qualitative. For selected systems we have computed the density of states (DOS). We observe How to Dope the Basal Plane of 2H-MoS 2 to Boost the Hydrogen Evolution Reaction? that the gap of MoS 2 is significantly reduced in the presence of dopants. 2Zr/S, 2Ti/S and 2Hf/S feature a very similar DOS around the Fermi level (see Figure D.7).

Figure 8 . 1 :

 81 Figure 8.1: Schematic of our approximate QM/MM schemes. In MMsolv the QM/MM energy is a simple addition of the QM energy plus a MM-derived solvation free energy. With the electrostatic embedding (EEsolv) the charge distribution of the MM level is utilized to determine a corrected QM energy accounting for the electrostatic interaction between the two subsystems. In principle the scheme can be made self-consistent by cycling between QM and MM.
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 8283 Figure 8.2: (a) Comparison between the difference of energy between the water molecule without and with charges obtained via our implementation method VASPEE and the different Gaussian basis sets. (b) Comparison between the difference of charge between the different atoms of the water molecule (the oxygen O and the two Hydrogen atoms) without and with charges obtained via our implementation method VASPEE and the different Gaussian basis sets.
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 8586 Figure 8.5: Electrostatic solvation energies obtained with VASPsol and EEsolv for water, two non-polar adsorbates on the sulfur vacancy on the MoS 2 basal plane and two polar adsorbates on the corresponding anti-site defect.

Figure 8 . 7 :

 87 Figure 8.7: Grand-canonical free energy (see Eq. 8.1) for OH* adsorbed on the anti-site defect. The 2×2 super-cell compared to DFT has been charged with +1 and +2 electron/Na + pairs for the negative potentials and with -1 and -2 electron/Cl - pairs for the positive potentials. The energy of the neutral, VASPsol-solvated surface is taken as the reference.
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 888 Figure 8.8: Adsorption energy of H + + e -as a function of the electrochemical potential on the sulfur vacancy (a) and the OH* covered anti-site defect (b).

Figure A. 7 : 2 OFigure B. 3 :

 723 Figure A.7: Variation of the adsorption energy of the water molecule on the different edge sites as a function of the electrochemical potential.
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 4218561171 Figure B.4: Adsorption energies of Hydrogen and OH. The red color indicates the structures with adsorbates on both edges and the blue color is for the structures with adsorbates on one edge

Figure D. 3 :

 3 Figure D.3: (a) Visualization of the different elements doping the the 50%S Mo-edge and the 50%S S-edge and the energy of the structure for each position starting from 1 to 5. 1 and 2 are located at the S-edge, 4 and 5 are located at the Mo-edge and 3 refers to the basal plane. The purple line limits the range of the acceptable values for doping the basal plane. Under this value, the element can dope the basal plane of MoS 2 . (b) The different positions in the 50%S Mo-edge and the 50%S S-edge for the doping elements. The circles are the edges where blue is the S edge and yellow is the Mo edge, the orange and green squares represent the second layer, and the red triangles the MoS 2 basal plane. The color code for atoms is yellow for S and greenish for Mo.

Figure D. 8 :

 8 Figure D.8: Summary of the results of the various tests carried out for each doped system. The cell colors are defined below the table.The values reported are at U(0V). For the first column, the systems in red are the active for HER and the systems with + are more promising than the others.

  

  

  

  

  

  

  

220 Chapter 2. Atomistic modelling of electrocatalysis: Are we there yet?

  

		0.5 0.6							PBE PBE-dDsC
		0.4						
	MAD/eV	0.2 0.3						
		0.1						
		0	E ads Pt Small E ads Pt Org.	ISOL22	DARC	AL2X	ISO34	S22	BSR36
	Figure 2.6: Mean average deviations (MADs) for eight diverse test sets. The performance for PBE (blue) and the dispersion
	corrected PBE-dDsC (pink) are shown. The data for surface adsorption is taken from Reference 211. The
	E ads Pt Small refers to H, O, and CO adsorption on Pt(111) E ads Pt Org contains methane, ethane, ethylidyne,
	cyclohexene, benzene, and naphtalene on Pt			

  3.3 is directly applicable. For the adsorption of the water molecule, R = 2G H 2 O . For OH adsorption under the relevant reducing conditions we set R = 2G H 2 O + 2(H + + e -) -2G H 2 . In other words, *OH is created by adsorption of H 2 O with a subsequent electroreduction (formally a Heyrovsky step) that liberates H 2 . Accordingly, the adsorbed *OH and H 2 O species, can also lead to the formation of H 2 (see Figure

Table 3 .

 3 

	Mo S	-0.01	0.01	0.0
	Mo ′ S2	0.01	-0.61	0.3
	V S	0.03	-0.83	0.4
	V S2	0.05	-1.65	0.8

1: Thermodynamic overpotentials η T D and corresponding reaction energies for HER via OH/H 2 O cycling.

Type of defect ∆G 1 (eV) ∆G 2 (eV) η T D (V)

Table 3 .

 3 2: The over-potential applied to produce H 2Having established that the Mo-edge is likely covered with H 2 O and OH under realistic conditions, we now return to the question of HER on these active sites. Figure3.9 shows an energy profile at 0.2 V, which is lower than the 0.5 V given in Table3.2 for η T D . At this potential, the Heyrovsky step, producing H 2 and adsorbed OH is exothermic. At this point, HER can further proceed either via a Volmer step, regenerating the water molecule or, via a second Heyrovsky step, leading to two OHs on the edge. The former reaction step is endothermic at this potential, while the latter is athermic. Hence, the system is more likely to move to 2 OH on the edge. Once this intermediate reached, even at only 0.2 V, the Volmer step is exothermic, so that HER is successfully achieved by cycling between OH and H 2 O with a co-adsorbed OH.

	Type of site	∆G 1 (eV) ∆G 2 (eV) η T D (V)
	Top S2	-1.84	0.04	1.3
	Top Mo* flat 0.02	-1.02	0.5

To conclude, the Mo-edge forms strong bonds with water. HER can, nevertheless, take place with a thermodynamic overpotential of only 0.2 V involving OH/H 2 O cycling at the aqueous MoS 2 interface.

4 How Stable Are 2H-MoS 2 Edges under Hydrogen Evolution Reaction Condi- tions?

  

This Chapter is based on the following article: N. Abidi, A. Bonduelle-Skrzypczak, and S. N. Steinmann J. Phys. Chem. C 2021, 125, 17058-17067.
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  Figure 4.2: H 2 evolution via cycling between OH and H 2 O or O and OH. ∆G 1 corresponds to a Volmer step (adsorption of H + + e-), while ∆G 2 is a Heyrovsky step.

4.3 Results and discussions 4H 2 O 4H 2 O 3H 2 O+OH 3H 2 O+O 2H 2 O+2OH 3H 2 O+OH 2H 2 O+OH+O 2H 2 O+2OH+H* 2H 2 O+2OH
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			(H + +e -)
			(H + +e -)
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  Eq. 7.6 requires, in general, a pH dependence. Since we here study HER in acidic conditions, we assume a pH of 0 for which Eq. 7.6 is valid. For the adsorption of the water molecule, R = 2G H 2 O where G H 2 O is calculated similarly to G H 2 (g ) . The only difference is that the entropy contribution is divided by 2 to account the liquid state of H 2 O.58 For OH adsorption under the relevant reducing conditions, we setR = 2G H 2 O + 2(H + + e -) -2G H 2In other words, OH* is created by the adsorption of H 2 O with a subsequent electro-reduction (formally a Heyrovsky step) that liberates H 2 (H 2 O + H + + e ---→ OH • + H 2 ), so that it formally should be considered as an adsorbed hydroxyl "radical" and not to be confused with adsorbed hydroxide "ion" OH -. The adsorbed *OH can be an intermediate in HER (see Fig.7.3), as long Figure 7.3: H 2 evolution via cycling between OH* and H 2 O*. ∆G 1 corresponds to a Volmer step (adsorption of H + + e-→ H * ), while ∆G 2 is a Heyrovsky step.
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  5 eV; seeFig 7.7b). However, these systems still suffer from the instability
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  Energy of (a) HF and (b) H 2 S in presence of a dipole moment (in the geometry of a dimer with HF and HCl, respectively). The charge separation in the dipole moment is varied, with 0.1 e -used as the reference.

				q (e)						q (e)		
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	Figure 8.4:												

Table D .

 D 3: The adsorption energies of hydrogen on 2Ti/S, 2Zr/S and 2Hf/S, without any correction (∆G E ), with correction of H 2 energy which is our approximation (∆G H ), with adding zero-point energy (∆G Z ) and with the free energies of the different surfaces (∆G F ).

	D.3			
	2Ti/S -0.27	-0.07	0.00	-0.16
	2Zr/S -0.11	0.09	0.17	-0.01
	2Hf/S -0.12	0.08	0.16	-0.02

∆G E (eV) ∆G H (eV) ∆G Z (eV) ∆G F (eV)

Adsorption energy of H, OH and H 2 O as a function of the potential

  Evolution of ∆G H (U), ∆G OH (U), and ∆G H 2 O (U) as a function of the electrochemical potential for two doped systems 3Ni/S and 3Sb/S.
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	Dispersion	Cluster	Volmer (eV)	OH (eV)	Heyrovsky	Tafel	H2S release	Cycle OH/H2O (V)Not just edge Deformation Conductivity /tau0[1/(ohm×m×s)]/10^16
	3Ti/S +		-0.02	0.70				25.76
	2Ti/S ++		0.08	0.87				22.72
	3Ni/S +		-0.17	0.74				0.00
	1Co/S		-0.29	0.61			0.4	12.29
	3Mn/S							
	1Fe/S		0.28	1.24				1.20
	3V/S +		0.15	0.85				147.77
	1V/S							
	3Zn/S		-0.87	0.49			
	1Zn/S		-0.02	0.82				34.43
	3Nb/S							
	1Nb/S							
	3Zr/S +		0.29	1.28				37.56
	2Zr/S ++		0.23	1.16				46.40
	3Sn/S +		0.04	1.32				2.19
	3Hf/S +		0.31	1.26				43.38
	2Hf/S ++		0.26	1.17				62.80
	3Sb/S		-0.50	0.77			
	2Sb/S		0.23	1.54				0.15
	3Bi/S +		-1.25	0.06			0.3	57.42
	2Bi/S		-0.34	1.02			
	1Bi/S							
	1Ga/S		-0.16	0.81				26.75
	3Ga/S		-0.73	0.68			
	3Ta/S							
	Mo/P		-0.33	-0.45			0.2	0.00
	Mo/N		-1.20	0.99			
	3Bi/P +		0.17	-0.29			0.5	2.15
	3Nb/P		-0.97	-0.97	0.34		
	2Nb/P		-0.79	-0.82	0.50		
	1Nb/P		-0.68	-0.76	0.59		0.6

Doping atoms are dispersed Doping atoms are clusterized Volmer Step is possible OH is not adsorbed Heyrovsky step is possible Tafel Step is possible H2S release is possible Cycle OH/H2O is possible Basal doping is possible Doped surface is deformed Conductivity of the promising systems

  

Table D .

 D 7: The formation energy ∆E f of Ti, Zr and Hf dimers. Element Mo x S 2x (eV) z Y (eV) Y z Mo x-z S 2x (eV) z Mo ∆E f (eV)

	Ti	-1071.81	-16.08	-1066.07	-22.53	-0.7
	Zr	-1071.81	-17.52	-1067.95	-22.53	-1.15
	Hf	-1071.81	-20.57	-1071.10	-22.53	-1.25

(a) (b)

(a) 0.11 eV (b) -0.34 eV (c) -0.06 eV (d) -0.21 eV

(a) Reaction energy profile at 0.2 V (b) Catalytic cycle Figure 3.9: Production of H 2 on the OH covered Mo-edge, involving OH and H 2 O. The thermodynamic overpotential η T D is determined to be 0.2 V. In the reaction energy profile (a) the thermodynamically feasible pathway starting with adsorbed water molecules is highlighted in yellow. The first step is initiating the thermodynamic cycle, which is then depicted in (b). The color code for atoms is white for H; red for O; yellow for S and greenish for Mo.
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Results and discussions

shown, V I , V I I , Hey I and Hey I I depend strongly (0.34 eV/V) on the electrochemical potential, which is not the case for the formally chemical Tafel (T) step. This is in complete agreement with previous studies suggesting that Volmer and Heyrovsky are electrochemical steps while T is a chemical reaction. 72 As can be seen in Fig. 6.4, the hydrogen atom is adsorbed from the solution with a barrier of 0.54 eV at -0.5 V. This value can be compared to the corresponding activation energy of Huang et al. 72 which is much smaller (0.07 eV). Compared to our model, they used a smaller p(3 × 3) MoS 2 surface (instead of p(4 × 4) herein) and H 3 O + as the proton source (instead of H 9 O + 4 ). Fig. C. 4 shows the variation of the activation energy of V I as a function of electrochemical potential for p(4 × 4), our surface, and p(3 × 3) used by Huang. We find that at a given electrochemical potential, the activation energy is lower with p(4 × 4) than with p(3 × 3). Hence, this is not the origin of the difference between our barrier and the previous report. However, due to insufficiencies of the implicit solvent model, the proton is much less stabilised in H 3 O + compared with H 9 O + 4 . This greater stability of the initial species explains the increase in the barrier and is in line with a previous study comparing H 3 O + and H 5 O + 2 as proton sources. 70 To define the pathway for the production of H 2 , we compare the barrier energies of the different steps at -0.2 V, which is close to the onset potential. The first step is V I , the detachment of the 

Introduction

Hydrogen production by water electrolysis is an intensely studied process for the mediumterm storage of intermittent, decarbonized electricity such as solar, wind and tidal energy 1;2 . Furthermore, "clean" hydrogen could also become a widely used energy vector for heavy transportation, replacing fossil fuels. However, the high cost of platinum electrodes represents one of the barriers towards the large-scale implementation of electrolytic generation of H 2 with the Proton Exchange Membrane (PEM) technology 3;4 .

In recent years, transition metal dichalcogenides (TMDs) with their intriguing structural and electronic properties have attracted increasing interest [5][6][7] . Their large-scale synthesis, based on the processes of liquid exfoliation, chemical vapor deposition and especially impregnation followed by sulfidation, 8 facilitates their use in various fields 9;10 . The most important TMD is MoS 2 , which has attracted great interest as a low-cost and environmentally friendly electrocatalyst for HER mechanism [11][12][13] . Furthermore, MoS 2 catalysts are already produced on large scales for hydro-treatment and hydro-cracking reactions for oil refining.

In general, the activity of the catalyst depends mainly on the total number of active sites and on their intrinsic activity. For pristine MoS 2 , both theoretical calculations and subsequent experimental results have shown that promising sites are generally confined to the small region of exposed edges 14 . The predominantly exposed basal plane of the semi-conducting 2H-MoS 2 phase is, however, catalytically inactive in the absence of defects 13;15 . Thus, the search for a method to activate the basal plane to exploit its large accessible surface area had led to extensive research. One of the many attempts focuses on the phase transformation of 2H to 1T polytype, which has promising sites on its basal plane but is metastable [16][17][18] . It was also reported that the 2H basal plane could be activated by the introduction of various types of defects and in particular sulfur vacancies 19;20 . The conductivity of MoS 2 can also be improved by adding conductive supports such as metals and carbon materials 21;22 . Substitutional doping, which is the main topic of our study, consists in replacing a small amounts of the original atoms (Mo/S) by other cations or anions, respectively. Some dopants mainly change the nature of the MoS 2 edges (e.g., Co and Ni) 23 , but are unlikely to change the HER mechanism and do not increase the number of sites 24 . The substitutional doping of MoS 2 can also improve the conductivity and create HER active sites on the basal plane by favoring vacancy and other defects formation [25][26][27] . Substitutional doping has already been explored to some extent in the experimental and theoretical literature for activating MoS 2 for HER: For instance, in a combined theoretical and experimental study Deng et al. have demonstrated that the HER activity of MoS 2 can be enhanced via single-atom Pt doping 28 . Similarly, DFT computations suggest that doping with other noble metals such as Ir, Pd, Rh, Au and Ag induce significant HER activities on the large panel of non-noble metal dopants for activating the basal plane in the next section.

MoS 2 Basal Plane Doping

The geometry optimization of doped MoS 2 leads in most cases to a visible deformation. The most common deformation observed is a slight deviation from planarity as exemplified in Figure 7.5 a. In some cases, especially for large dopants (Bi, P, Sb) one of the sulfur atoms finds itself practically expelled from the surface (Fig. 7.5 b, c), while in the case of 3Ni/S a S-S dimer is formed (Fig. 

A Appendix to Chapter 3 A.1 Stability of the different MoS 2 polytypes

As mentioned in the literature 1 , among the 3 polytypes, only 2H and 3R are stable. The physical and chemical properties of polytype 3R are almost identical to those of polytype 2H. These two stable polytypes of MoS 2 are found in nature and are mainly obtained by mining. The majority (80%) of natural molybdenite has a 2H stack, and only 3% of the ore is purely of the 3R type 2 . The rest exists as a mixture. On the other hand, 1T is metastable and is found in synthetic MoS 2 3 . The DFT computations suggest the appearance of two different types of superstructures following the distortion of octahedra in 1T phase. These new structures are 1T' and 1T" with different elementary cells. In these distorted structures, Mo-Mo associations take place. The dimerization of Mo atoms gives the structure 1T' and the trimerization of Mo atoms gives 1T" and the new systems obtained are semi-conducting 4 . This is not the case for 1T which is metallic 5 . Therefore, the distorted phases loose the interest of high electronic mobility of the 1T-phase in the context of electrocatalysis. In agreement with the general observations for Peierls distortions, they decrease the total energy of the structures compared to the primitive structure 1T. 1T' turns out to be the most stable phase 6 .

A.2 Defect formation

Vacancies V S and V S2 have the lowest formation energy respectively, and the 2H structure retains its trigonal prismatic coordination (see Table A .1). This confirms the stability of this polytype unlike the different polymorphs of 1T, which become more and more unstable in the presence of the defects, i.e., undergoes significant distortions, leading to further gap-openings and formation energies that are heavily influenced by the surface reconstruction energy. Even for 1T', which has the most stable bulk, there is a strong deformation of the surface upon defect introduction. At first sight, we note that only certain sites on the 2H-MoS 2 edges are responsible for the electrocatalytic activity of the 2H-MoS 2 . However, considering higher hydrogen coverages change the picture. Indeed, all the sites become promising from the catalytic point of view with adsorption energies very close to 0 eV, especially Top Mo, Bridge and Top S1 (-0.1 eV, -0.09 eV and -0.06 eV respectively). Top S2 and Top S3 are less likely to generate H 2 with adsorption energies a little further from 0 eV (-0.18 eV and 0.25 eV).

A.3 Additional Figures and Tables

As a conclusion, our results are well in line with previous studies in which 2H-MoS 2 edges have been deemed as catalytically active. To conclude, for Top Mo and Bridge sites, the adsorption of OH is very competitive with that of the hydrogen. Whereas, for the different top S sites, mostly very weak adsorption is observed mainly with adding the second OH.

A.3 Additional Figures and Tables

A.3.3.2 OH/H 2 O cycling without co-adsorbates: First cycle

The first possibility for HER involving adsorbed OH and water is assessed in the absence of co-adsorbates. The results for the corresponding ∆G 1 , ∆G 2 and thermodynamic overpotential η T D are summarized in Table A.2. For Top Mo*, the over-potential required is a little strong (0.5 V) but remains in the range of acceptable values.

The rest of the sites are inactive because the values of the electrochemical potential to produce H 2 are high (from 0.6 V to 1.1 V). Indeed, Top Mo, Top Mo flat and Bridge are blocked by OH. For all these sites, ∆G 2 is much less than 0 eV (from -0.98 eV to -2.18 eV). For the Top S, ∆G 1 is equal to -1.38 eV which indicates the stability of H 2 O and therefore the cycle stops at this stage and there is no production of H 2 .

To conclude, most of the sites on the edges form strong bonds with either OH or H 2 O and the first cycle which takes advantage of the presence of these two species and uses them to produce H 2 can only perform in the case of Top Mo* flat and Top Mo*.

A.3.3.3 OH/H 2 O cycling with OH co-adsorption: Second cycle

We move to the reactivity of the second cycle on the surface of our catalyst, which involves the co-adsorption of OH. We calculate the corresponding ∆G 1 and ∆G 2 for all the tested sites except Top S1 and Top S2 where the adsorption of the second OH to start the catalytic cycle is too unfavorable and report the obtained values in Table A.3). We observe that for all the sites on molybdenum and for the Bridge, the over-potential to be applied is close to 0 (0.2 V) so the cycle can occur except for Top Mo and Top Mo flat. The Top Mo requires an over-potential of 0.5 V, higher than the others but remains in the accepted range which is not the case for the Top Mo flat with an over-potential equal to 0.6 V. 

A.3 Additional Figures and

B Appendix to Chapter 4 B.1 Reconstruction of the 50%S S-edge, 50%S Mo-edge

The (100) surface of the hexagonal polytype of MoS 2 is well-accepted as the catalytically active surface representing the zigzag edges. Our previous study considered only the idealized 0%S Mo-edge and 100%S S-edge (X) as cut from the bulk. Here, we calculate the relative energies of different 50%S S-edges and 50%S Mo-edges (Y). Different surface sizes p(2 × 1), p(3 × 1) and p(4 × 1) are tested. To decide which structure is the most stable, we calculate ∆E according to the following equation:

Where E X and E Y are the energies of the symmetric 0%S Mo-edge; 100%S S-edge, and the 50%S S-edge; 50%S Mo-edge, respectively. n is the number of Mo atoms at the edge, so that ∆E r el corresponds to a relative stability per Mo-edge atoms. The most negative ∆E corresponds to the most stable edge structure.

DFT calculations were used to simulate various edge structures to identify the most stable one. Figure B.1 shows the different edges 2×1, 3×1 and 4×1. We observe that the combination of 50%S Mo-edge with the 50%S S-edge are always more stable than the bulk-cleaved 100%S S-edge, 0%S Mo-edge combination. As suggested in the literature 1 , many reconstructions can occur on the 50%S edges with unequal Mo-Mo and S-S distances. These re-constructed surfaces are stabilized by up to 0.2 eV per surface Mo compared to the undistorted 50%S edges. We find that the 50%S S-edge with a wave-like S-S configuration and with alternating short/long Mo-distances at the 50%S Mo-edge (number 3 in Fig. B.1) is the most stable configuration for all cell sizes. This is in agreement with many previous studies [1][2][3][4] . Therefore, we adopted the most stable p(2×2) unit cell as our reference surface to investigate its stability under HER conditions. 

Methods

In the present study, we are interested in evaluating the HER pathway and reaction kinetics of 2H-MoS 2 . Therefore, we compute the hydrogen adsorption energy and the activation energy to determine the barrier for each step of the HER reaction. We calculate the hydrogen adsorption energy using the following formula:

Where E H @s y st and E s y st are the electronic energies of the system with and without adsorbed hydrogen, respectively.

The adsorption energy of hydrogen as function of the electrochemical potential is calculated using the following Eq.C.1 but according to the formula below: 1

Where E t ot (U ) and E sl ab (U ) are the potential-dependent energies of the symmetric MoS 2 surface with and without adsorbates, respectively. R is one hydrogen atom per surface defined as below:

Where G H 2 is the free energy of the hydrogen molecule, e is the charge of electrons, and U is the applied potential with respect to the standard hydrogen electrode. As pointed out by Norskov and coworkers, the chemical potential of protons and electrons can be conveniently replaced by that of hydrogen molecules and the energy correction for the electron due to the electrode potential. 2 In the general case, Eq.C.3 contains a pH dependence. However, since we are studying HER under acidic conditions here, we assume a pH of 0, for which Eq. C.3 is directly applicable. 

C.3 Additional figures and tables
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Table C.2: The hydrogen adsorption energies of the first and the second hydrogen on the sulfur vacancy V S ∆G H (eV)

First hydrogen -0.18 Second hydrogen 0.25 We first tested whether changing the cluster size improves the interaction with the support or not. We will focus only on V I . We changed the size of the MoS 2 clusters as shown in Fig. C.7.

We found the same values for all clusters, and they are close to the barrier energy determined for the MoS 2 clusters deposited on the different supports. Thus, we conclude that a larger cluster size does not improve the interaction between the MoS 2 cluster and the different supports and that the energy values given with the cluster on the support are indeed the barrier energies of hydrogen production on the finitely sized MoS 2 cluster.

Another test is done to compare between the finite cluster and the periodic MoS 2 surface, which have different electronic structures, we also determined only the V I transition state for a minimally strained MoS 2 @Cu(111) surface with three and five Cu layers, as shown in For the nanotubes, various positions were tested, for example Top S, Top Mo, Bridge, Hollow, Bent and "inside".

To evaluate the effect of curvature on the HER activity over MoS 2 , we investigate two families of nanotubes as a function of their size. The atomic structure of the nanotubes, including cell constants, have been fully relaxed prior to H adsorption. Table 3.1 provides a summary of the main features (size, band-gap, relative energies) of the nanotubes, including a comparison with infinite 2D MoS 2 monolayers.

As could be expected considering the mechanical strain, the nanotubes are energetically less stable than the 1H monolayer. However, as the size increases, they become competitive with the reconstructed 1T monolayers, indicating that the (large) structures in themselves are energetically relevant. At similar diameters, the zigzag NTs are slightly (∼0.1 eV per formula unit) less stable than the armchair ones, in line with previous reports. 6 Similarly, the fundamental gap of the zigzag NTs is also a bit smaller compared to the armchair. The various 1T phases have a smaller fundamental gap than even the smallest armchair NT. In other words, while the curvature reduces the band-gap significantly with respect to the 1H monolayer, crystal-phase engineering to reach 1T-like phases seems overall more promising to significantly decrease the band-gap.

Various positions for H adsorption have been tested both inside and outside of the NTs. The most stable adsorption mode is always located on the outside (see Table D.2). Note that for Compared to the perfectly planar 1H monolayer, where ∆G H ≈ 1.7 eV, the largest (and thus most stable) NTs only afford a slight activation (0.2-0.4 eV). Even for the smaller, but still stable, NTs ∆G H drops only to about 1 eV, very far from the target range of about 0 eV. Hence, introducing curvature in MoS 2 in the absence of other activating effects is not a promising avenue towards an increase of intrinsically better active sites. Nevertheless, the curvature might be an efficient means to introduce a higher number of sulfur defects, tune the conductivity of the catalytic layer and/or exposing highly active edge sites. Indeed, experimentally much larger curved shapes have been synthesized and found to be highly active for hydrogenation reactions. 7 However, the atomic scale origin of this increased activity has not been unraveld so far and our results demonstrate that the active sites are not the perfect basal plane of such curved morphologies. Δ q (O1) Δ q (H1) Δ q (H2) Δ q (O2) Δ q (H3) Δ q (H4)

Δ q (e)

Aug-cc-pV5Z Aug-cc-pVQZ Def2-QZVPP Def2-TZVPP Aug-cc-pVDZ Aug-cc-pVTZ Def2-SVPP VASPEE 

E.1 Additional figures and tables