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Abstract

MoS2 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-MoS2. 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 H2O. 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 H2O and OH block ”active” sites, HER can also occur on these ”blocked” sites,
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reducing protons on surface OH/H2O entities. As a consequence, our results revise the

active sites, highlighting the so far overlooked need to take the liquid component (H2O)

of the functional interface into account when considering the stability and activity of

the various active sites.

Keywords

MoS2, Hydrogen evolution reaction, grand-canonical DFT, water interface, edges, defects,

active sites

1 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 (H2, 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 H2.
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

H2 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
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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.12–14 MXenes

have been employed successfully in a large variety of electrochemical applications by rea-

son 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 MoS2 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 MoS2 as being inactive for HER, since their DFT computations predicted

that MoS2 would be a promising alternative to Pt for HER. Soon after, Chorkendorff and co-

authors19 experimentally confirmed that MoS2 shows promising HER characteristics. Since

then, the development of MoS2-based HER catalysts serves as an excellent example of theory-

guided 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 MoS2 interface.21,22 Depending on the coordination of Mo

atoms within a single layer and the stacking order of the layers, three polytypes of MoS2

are distinguished: 1T, 2H and 3R.23 2H-MoS2 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-MoS2/water interface herein.

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 MoS2 edges. One strategy focuses on improving the intrinsic activity of the edges by

maximally exposing edge sites using nanostructured MoS2 like nanowires,28 nanoparticles29
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or mesoporous films,30 sometimes in interaction with active supports such as CoS2.
31 Another

strategy strives to ameliorate the edge sites through chemical doping.32

Conductivity has also been pointed out as a key aspect of MoS2 electrocatalytic inter-

faces.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 MoS2.
34

Defects generally play an important role in the diversification of the properties of two-

dimensional materials and in particular for the activity of the MoS2 interface.6 A joint

experimental and theoretical study has shown that the dominant defects in experimentally

available MoS2 are the sulfur vacancies VS, di-vacancies VS2, the anti-site MoS with molyb-

denum replacing sulfur and MoS2 or MoS2∗ which are anti sites in combination with S

vacancy.35 Even though the formation energies of these defects is positive, the relative abun-

dance of Mo and S during the synthesis of MoS2 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 MoS

anti-site defects.35 Several groups have shown that the 2H-MoS2 basal plane is activated by

VS defects. It was further demonstrated that elastic strain can be used to tune ∆GH , so

that ∆GH = 0 in 2H-MoS2 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-MoS2 in order to enhance the

HER activity.38–41 Moreover, Zn doping not only reduces the Svacancy 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
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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., ∆GH ≈ 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 MoS2 interface immersed in the

electrolyte solution needs to be simulated. We herein apply the computationally efficient

grand-canonical DFT approach46–48 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 CoOOH54

or on iron doped graphenes55 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 MoS2

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 MoS2, nothing is known regarding the nature

of the active sites in the presence of water. Therefore, we not only probe the adsorption
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of H as a function of the electrochemical potential as is frequently done5 but also H2O

and electrochemically generated surface *OH. This analysis reveals that some of the active

sites discussed in the literature are blocked by H2O, while on others water is not strongly

adsorbed. More intriguingly, on a third category H2O water is strongly adsorbed, but might

be directly involved in HER, a possibility that has been overlooked so far.

2 Methods

2.1 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-dDsC59,60 density functional,

which belongs to the family of the Generalized Gradient Approximation (GGA) and is sup-

plemented 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/ during 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, ρc. The de-

fault value of ρc 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
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Figure 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 MoS2

sheets.

solvent, between the dispersion bound MoS2 layers as shown in Fig. 1. Therefore, we have

gradually reduced ρc 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 workfunction (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

symmetrization. The central layers are kept frozen in their bulk positions. Fig. 2 shows two

typical examples for the obtained unit cells.

2.2 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
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(a) (b)

Figure 2: The structure of H2O 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.

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 cations49,68,69 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 MoS2, which can be a conductor or a semi-

conductor, depending on the surface (state). Note that we assume large MoS2 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 we show the relative grand-canonical energy with respect to the neutral slab for

two systems MoS2 and H@MoS2, as a function of the electrochemical potential. In H@MoS2

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. 3a). However, in the absence of adsorption, MoS2 is a semi-conductor,

just like bulk MoS2. This is clearly seen in Fig. 3b, where the energy is constant within
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(a) Conductor

(b) Semi-conductor

Figure 3: Variation of the total energy as a function of the electrochemical potential (a)
H@MoS2 and (b) MoS2 with respect to the energy of the neutral slab.
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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.

2.3 Adsorption energy

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

Gmol = Emol − TS (1)

where T is room temperature (298.15 K), and S is the contribution of rotational transla-

tional entropy at standard pressure. For water, this entropy contribution is divided by two

to account for its liquid state.71,72

The adsorption energy ∆Gads of the different species are calculated according to the

following formula:73

Gads(U) =
1

2
× (Etot(U)− Eslab(U)−R) (2)

Where Etot(U) and Eslab(U) are the potential dependent energies of the symmetric MoS2

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−) = 2µH(U) = GH2(g)
− 2eU (3)

With GH2
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 includes a pH dependence. However,

since we here assess HER in acidic conditions, we assume a pH of 0 for which Eq. 3 is directly
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applicable. For the adsorption of the water molecule, R = 2GH2O
. For OH adsorption under

the relevant reducing conditions we set R = 2GH2O
+2(H++e−)−2GH2

. In other words, *OH

is created by adsorption of H2O with a subsequent electroreduction (formally a Heyrovsky

step) that liberates H2. Accordingly, the adsorbed *OH and H2O species, can also lead to

the formation of H2 (see Figure 4). Note, that this surface OH* is not to be identified with

OH– adsorption: First, it originates from the dissociation of H2O and can, therefore, even

in acidic conditions be present at the interface. Second, its generation is linked to water

reduction (H2O + H+ + e– −−→ ·OH + H2, so that it formally should be considered as an

adsorbed hydroxyl ”radical” and not an adsorbed hydroxide ”ion”.

Figure 4: H2 evolution via H2O and OH. ∆G1 corresponds to a Volmer step (adsorption of
H+ + e−), while ∆G2 is a Heyrovsky step.

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.

For a successful HER catalyst, the ∆Gs must be as close to zero as possible. They are

calculated according to the following formulas:

∆G1 =
1

2
× (Etot(H2O)− Etot(OH)− 2× (H+ + e−)) (4)

∆G2 =
1

2
× (Etot(OH) + 2×GH2

− Etot(H2O)− 2× (H+ + e−)) (5)
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3 Results and discussion

3.1 Basal plane

Using a descriptor-based analysis with the hydrogen adsorption free energy, the perfect basal

plane was showed previously to be catalytically inert18,19 and our computations with an

applied electrochemical potential leeds to the same conclusion (see Fig. S1 in the supporting

information). Hence, we focus in this part of our work on the basal plane with the different

possible defects cited before.

3.1.1 Active sites for HER

In order to identify the active sites for HER, various defects at the 2H-MoS2 basal plane

interface are investigated. The hydrogen adsorption energy ∆GH was first computed in

vacuum for an extensive list of defects (see Fig. S2 in the supporting information). The most

promising ones are the commonly investigated sulfur (di-)vacancies (VS and VS2), the anti-site

(MoS) and the anti-site with sulfur vacancies (MoS2) that have not been considered in the

literature (see Fig. 5). For these sites, the potential dependent ∆GH(U) in strongly acidic

conditions (pH 0) are computed according to Eq. 2 and 3. In agreement with H adsorption

being the Volmer step, ∆GH(U) in eV decreases with a near unity slope when moving to

ever more reducing potentials in V (see Fig. S3). Compared to the ∆GH values obtained

for adsorption of the hydrogen onto the pristine 2H-MoS2 basal plane (∆G ≈ 1.67 eV at 0

V), the potential dependent computations confirm that these defects have a binding energy

for hydrogen that is compatible with HER. For VS and VS2 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. 5.

We can conclude that the best HER active sites on the basal plane of 2H-MoS2 are

obtained when the molybdenum atom is exposed at the catalyst/solution interface. This
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(a) 0.11 eV (b) -0.34 eV (c) -0.06 eV (d) -0.21 eV

Figure 5: Adsorption of hydrogen at 0 V vs SHE on: (a) VS, (b) VS2, (c) MoS, (d) MoS2
The color code for atoms is white for H; yellow for S and greenish for Mo.

can be achieved via sulfur vacancies5 but also by substituting S by Mo in anti-site defects

as demonstrated herein.

3.1.2 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 equa-

tion. Therefore, we adsorb water molecules on the different defects at the MoS2 interface

(see Figure 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 H2O de-

pends much less on the electrochemical potential. Nevertheless, the surface dipole moment

of H2O@MoS2 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 MoS and MoS2∗S sites and increasing for VS and VS2 with the increase of the electrochem-

ical potential (see Fig. S4). Sulfur vacancies and anti-sites behave, however, very differently:

VS and VS2 feature nearly thermoneutral ∆GH2O
(0.05 eV and 0.04 eV respectively), while

H2O binds very strongly on MoS and Mo′S2 (-0.92 eV and -0.80 eV respectively), where

the ′ indicates that the adsorbate is located on the anti-site Mo atom. Hence, H2O at the

electrochemical interface might block HER active sites for MoS and Mo′S2, while water is

more weakly interacting with the vacancies.
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(a) 0.05 eV (b) 0.04 eV (c) -0.92 eV (d) -0.80 eV

Figure 6: Adsorption of water at 0 V vs SHE on: (a) VS, (b) VS2, (c) MoS, (d) Mo′S2 The
color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

3.1.3 Production of H2 from adsorbed OH and H2O

Given the propensity of water adsorption on active sites, we assess the possibility of HER to

occur via a H2O/OH cycle (see Fig. 4). As shown in the SI, *OH formation is exothermic at

the relevant potentials (see Fig. S5), suggesting that it can be obtained under HER conditions

via a Heyrovsky step, generating H2, which is denoted as ∆G2 (Eq. 5). The surface OH can

then be reduced back to H2O via a Volmer step with a reaction energy ∆G1 (Eq. 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 H2O −−→ ·OH + e– + H+, which contrasts

with our case defined in section 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 thermody-

namic overpotential ηTD.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 ηTD in Table 1, together with ∆G1 and

∆G2. Furthermore, we illustrate the catalytic cycle for the most promising site, MoS, in
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Figure 7: Different steps of the first cycle to produce H2 from H2O and OH on MoS site The
color code for atoms is white for H; red for O; yellow for S and greenish for Mo.

Fig. 7. Indeed, MoS remains an active site even though H2O is strongly adsorbed: both of

the ∆Gs are very close to 0 eV at zero potential. Similarly, on Mo′S2 the Heyrovsky step

(∆G2) to produce H2 only requires an over-potential of 0.3 V, so that this site is also active

for HER at the aqueous interface.

Table 1: Thermodynamic overpotentials ηTD and corresponding reaction energies for HER
via OH/H2O cycling.

Type of defect ∆G1 (eV) ∆G2 (eV) ηTD (V)
MoS -0.01 0.01 0.0
Mo′S2 0.01 -0.61 0.3
VS 0.03 -0.83 0.4
VS2 0.05 -1.65 0.8

For the vacancies, water is weakly adsorbed and from Table 1 the overpotential for HER

is high (0.4 V VS and 0.8 V for VS2) due to ∆G1, i.e., the Volmer step. In other words, H2O

is not stable enough with respect to OH on the surface. However, since H2O is not strongly

bound, the vacancies could remain ”empty” and evolve H2 without the direct participation

of water.
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To summarize, all the defects presented are active sites for HER without H2O. If H2O is

adsorbed on Mo′S2 or MoS the sites remain thermodynamically very effective via a Volmer-

Heyrovsky mechanism involving *OH. Note that these sites have a significant abundance

in MoS2 produced by physical vapor deposition.35 In contrast, water covered VS and VS2

sites are inactive for HER. However, since H2O 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.

3.2 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 MoS2, 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 MoS2 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. S6), 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 H2O as a function of the electrochemical potential.

Here, we show only the most stable configurations (see Fig. 8), while in the SI we also report

other arrangements tested. According to the Fig S7, 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, wa-

ter adsorption becomes, however, more exothermic when going to more reducing potentials.
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Note that we here consider the Mo-edge of the stoichiometric MoS2 slabs. The exposure of

Mo atoms, rather than partially sulfided edges, might be relevant for HER conditions, where

the production of H2 can also lead to the irreversible desorption of H2S, 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 compo-

sition 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 H2S under

HER conditions is beyond the scope of this study. Since the first H2O 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.

S8). However, just like the S-vacancies, the S-edge interacts only weakly with water. As-

sessing the formation of *OH on the edge sites (see Fig. S10), demonstrates that for the Mo

edge *OH outcompetes hydrogen, while the S-edge binds OH only very weakly. As a conse-

quence, it does not come as a surprise that HER involving OH/H2O on the S-edge features

high thermodynamic overpotentials (see Table 2). However, the S-edge might remain barely

affected by water, i.e., remain active for HER, but without the direct implication of water.

Having established that the Mo-edge is likely covered with H2O and OH under realistic

conditions, we now return to the question of HER on these active sites. Figure 9 shows

an energy profile at 0.2 V, which is lower than the 0.5 V given in Table 2 for ηTD. At

this potential, the Heyrovsky step, producing H2 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
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(a) Variation of the adsorption energy of the water molecule on the different edge sites as a function of
the electrochemical potential.

(b) Top S H2O (c) Top S1 2H2O (d) Top Mo*flat H2O (e) Top Mo*flat 2H2O

Figure 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.
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H2O with a co-adsorbed OH.

Table 2: The over-potential applied to produce H2

Type of site ∆G1 (eV) ∆G2 (eV) ηTD (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/H2O cycling at the

aqueous MoS2 interface.

Our results, demonstrating possible activity for OH* covered MoS2 active sites, might

also be in line with the relative stable (tens to hundreds of hours) performances of MoS2

type catalysts in strongly alkaline media,34,76,77 where OH* formation is expected to be

(kinetically) even more pronounced.

4 Conclusion

We have investigated the thermodynamics of the hydrogen evolution reaction at the interface

of 2H-MoS2 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 H2O molecules and their

dissociation into adsorbed OH, a competition that has been overlooked so far. H2O 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 H2O. Intriguingly,

this does, however, not completely deactivate this sites, as a Volmer-Heyrovsky mechanism

involving cycling between adsorbed OH and H2O still allows for HER with very low (< 0.2 V)

thermodynamic overpotentials. This computational prediction could eventually be probed
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(a) Reaction energy profile at 0.2 V

(b) Catalytic cycle

Figure 9: Production of H2 on the OH covered Mo-edge, involving OH and H2O. The ther-
modynamic overpotential ηTD 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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experimentally, as the presence of chemisorbed oxygen species on the MoS2 could be identified

and quantified, for instance via operando-XPS or NMR studies. Furthermore, defective

MoS2 with anti-sites or partially oxidized edges would, according to our findings, still show

a significant HER activity. In summary, our findings highlight the necessity to include all

major consituents of the solid/liquid interface in order achieve an atomistic understanding

of the reactivity.
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Pack Ambition Recherche 2018 MoSHi. We are very grateful to IFP Energies nouvelles for

supporting the MoSHy project (No 1801167601) and to the IFP Energies nouvelles team,

Mona Marie Obadia and Quentin Cacciuttolo, for discussing the MoS2 solids that should

meet the predictions of molecular modeling in the case of hydrogen production by water

electrolysis. The authors thank the SYSPROD project and AXELERA Pôle de Compétitivité
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