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Abstract: The catalytic activity of MoS2 edges for the oxygen evolution reaction is stud-

ied by means of ab-initio molecular dynamics simulations in the presence of a hybrid ex-

plicit/implicit description of the embedding of aqueous medium. Restructuring the zigzag

(ZZ) edges with partial S-coverage is found to significantly reduce the reaction overpotential

with resepct to the basal surface and the fully S-covered edges. These reconstructions are

shown to be driven by the electrochemical adsorption of oxygen species and their strong

binding a�nity with the partially coordinated Mo atoms on the edge. Depending upon the

reaction site and the restructuring mechanism, di↵erent concerted catalytic pathways for

the thermal rearrangement of edge atoms and electrochemical charge transfer are observed,

with minimum overpotential values varying between 0.4 and 0.8 V vs SHE. By performing

a systematic exploration of the di↵erent configurations of the ZZ-edge, the catalytic activity

of the system as a function of the S-coverage of the edge is characterized. A non-monotonic

behavior is predicted with intermediate coverages (from 33% to 66%) showing the highest

concentration of active sites.
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Introduction

Influenced by the significant success of two-dimensional (2D) materials in heterogeneous

catalysis,1 the screening of e↵ective 2D electrocatalysts for water splitting have attracted

immense attention.2,3 While improving the rate of H2 formation at the cathode is of prime

importance for achieving better reaction e�ciency,4 the higher overpotential associated with

the O2 evolution reaction (OER) at the anode represents the main obstacle for the entire

process:5–7 sustainable technologies to produce fuel from water require a material capable of

reducing the kinetic and thermodynamic barrier of O2 oxidation. As a result of several e↵orts

made in the recent years to identify suitable electrocatalysts for OER, the 2H structure of

monolayer MoS2 is found to be one of the stable 2D materials with simple synthetic techniques

and proper alignment of the frontier energy bands with the water oxidation potential.2,8–10

However, due to its inert basal surface, this compound shows limited reactivity towards the

associated intermediates, resulting in an increased reaction overpotential.11–13

In order to enhance the catalytic activity of MoS2, several activation pathways have been

pursued. The most e↵ective results have been obtained by varying its structural morphology,

e.g. going from extended surfaces to nanostructured quantum dots,14–16 to enhance the ratio

of active edge sites. While this is a promising approach, the reactivity of electrocatalysts

could also be tuned by modulating the interaction of its active sites with solvent molecules.5–7

Recently, using continuum solvation models, we have shown that the catalytic performance

and electrochemical stability of 2D materials for the H2 evolution reaction (HER) could be

favorably enhanced by tuning the solvent and electrochemical environment e↵ects.17 The
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influence of solvent molecules enables an e↵ective control on the stability of the polar re-

action intermediates, thus allowing to improve the electrocatalytic performances of existing

materials.18,19

Inspired by the recent experimental reports of vertically aligned edges as superior electro-

catalysts for HER,12,20 here we analyze the e↵ect of surface morphology and explicit solvent

interactions on the reactivity of MoS2 edge sites for OER. Using unbiased first-principle

approaches and molecular dynamics simulations, the factors that control the stability and

reactivity of the MoS2 basal surface and edges have been systematically studied. This al-

lowed us to determine the origin of the overpotential for OER for the most relevant edge

morphologies. It is found that modulating the surface S-coverage of the edges opens the

possibility of a two-sites catalytic pathway, which results in overpotentials lower than those

observed in conventional transition metal catalysts.

Computational Details

First principles density functional theory (DFT) calculations are performed using the revised

VV10 density functional21–23 and exploiting the Quantum Espresso simulation package.24

Pseudo-potentials from the SSSP e�ciency library25,26 are used to model core electrons.

Wavefunction and charge density cuto↵s for the plane-wave basis sets of 40 and 400 Ry

are chosen, respectively. For the Molecular Dynamics (MD) simulations, calculations are

performed at the � point of the reciprocal Brillouin zone, whereas for the stability of the

edges and the reaction free energy values, we have used the �-centered Monkhorst-Pack grid

composed by 4 x 4 x 1 points. The electronic energy and force convergence thresholds are

set to 10�7 eV and 10�2 eV/�A respectively. Moreover, electrostatic interactions along non-

periodic directions are corrected using a parabolic correction scheme, as derived by Andreussi

and Marzari27 for simulations in vacuum or in continuum dielectric media.

Aqueous interactions are considered with a hybrid explicit/implicit solvation approach.
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In this model, the water solution is divided into two regions: a bulk region, treated as a

continuum dielectric environment and modelled using the Self-Consistent Continuum Solva-

tion (SCCS) method,28 and an interface region, modelled by a statistical ensemble of water

bilayer configurations determined using ab initio molecular dynamics (AIMD) simulations.29

Benchmark calculations for the interfacial free energy (�) of monolayer MoS2 using this

hybrid approach show the best agreement with the experiments,30–32 when compared to al-

ternative full implicit or hybrid solvation models, as shown in Table T1 of the Supplementary

Information (SI). Transition state energy values and the corresponding structures are deter-

mined using nudged elastic band (NEB) calculations,33,34 where the solvent interactions on

the transition state geometries are considered following the approach reported in Refs.35,36

AIMD simulations are performed at 350 K for 2-3 ps with canonical (NVT) ensemble

using the velocity rescaling method to control the temperature fluctuations. A timestep of

1.0 fs is used. A rigid confining potential of 0.15 eV is applied at a distance of 4 �A away

from the topmost water layer in order to restrict the movement of H2O molecules away from

the surface. The energies of the di↵erent systems are computed as the averages of single-

point DFT calculations over 50 random snapshots extracted from the AIMD trajectories.

Additional numerical details of the simulations are reported in SI.

The water oxidation mechanism and involved reaction free energies are determined using

the computational hydrogen electrode (CHE) method.7 While this approach represents an

upper-bound to the correct interface free energies, the one-dimensional nature of the sim-

ulated edges and their intrinsic asymmetry hinder the use of more refined grand-potential

schemes.37

Results and Discussion

Figure 1 shows the structural details of the di↵erent edges of MoS2 considered in this study.

Two types of edges are possible for MoS2, denoted as the zigzag (ZZ) and armchair (AC)
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Figure 1: Structural arrangement of the main possible edges of MoS2, with Mo atoms re-
ported in cyan and S atoms in yellow. Following the standard nomenclature for graphene
edges, both zigzag (ZZ) and armchair (AC) edges have been considered. The ZZ-S11/2 and
ZZ-S21/2 represents the S-terminated edges obtained from ZZ-Mo1 and ZZ-Mo2, respectively,
with a 50% edge coverage of sulphur atoms. ZZ-S1 and ZZ-S2 are the corresponding sulphur
terminated edges with 100% S-coverage.

edges.38,39 While a single configuration exists for the AC-MoS edge, the ZZ edges are fur-

ther classified into Mo-edges or S-edges depending upon the element with dangling valences

present at the edges. In a minimal unit cell, two possible Mo terminated structures, ZZ-Mo1

and ZZ-Mo2, can be considered, corresponding to a 0% S-coverage of the edge. Starting

from these edges, we can generate four di↵erent S edges: ZZ-S11/2 and ZZ-S21/2 with 50%

S-coverage respectively, and ZZ-S1 and ZZ-S2 edges with 100% S-coverage respectively. In-

termediate values of S-coverage can in principle be generated as a combination of these

minimal cell structures and have not been explicitly considered in this study.

The stability of the edges in vacuum and in solutions are obtained at varying S chemical

potentials using an approach similar to the one reported by Joo et al.,40 but including the

presence and statistical nature of explicit solvent molecules in the simulation (as detailed in

Supporting Information section S-II and S-III).

The calculated formation energies, as compared to the one of the MoS2 basal surface,
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Figure 2: Formation free energies (�Gform) for the di↵erent edges shown in Figure 1 as a
function of S chemical potential (µS). The values are reported with respect to the MoS2

basal surface for simulations in vacuum (A) and in the presence of an aqueous embedding
environment (B). The most probable arrangements of the edges in aqueous solvent are de-
termined by means of MD simulations at 350K for 4 ps time scale. µS = 0 denotes the
S-rich conditions, when the value is equivalent to the most stable sulphur allotrope. For
Mo-rich conditions, the corresponding µS values are determined from the µ

MoS2
bulk and the

most stable solid phase of molybdenum.
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are plotted in Figure 2 as a function of increasing S chemical potential. The change in

stability for the di↵erent edges is univocally determined by the ratio of Mo vs. S atoms in

the structure. In particular, a decrease/increase in stability is predicted for S-poor/S-rich

edges, while the AC edge, with an ideal 1:2 ratio, show no changes with S chemical potential.

In vacuum (Figure 2A), the most stable edges are the ZZ-S2 ones, with the 50% S-coverage

becoming the most stable at low S chemical potentials.

Although the trends in stability are not a↵ected by the presence of a solvation envi-

ronment, the relative stability of the di↵erent edges show significant variations, reflecting

di↵erences in the strength of the interaction with the solvent molecules (Figure 2B).

In particular, the oxygen atoms of water molecules appear to strongly interact with

uncoordinated Mo atoms, providing a larger stabilization to S-poor structures, such as the

Mo-terminated edges and the AC edge. Among the S-rich edges, structures with 50% S-

coverage are slightly stabilized by the presence of water molecules, while a negligible e↵ect

is seen on 100% S-coverage edges. The net result of these solvation e↵ects is that for low S

chemical potential, the AC structure shows the lowest formation energy, while the ZZ-S21/2

structure is stable for intermediate values of the S chemical potential, and the stability of the

ZZ-S21/2 edge is reduced to only S rich environments. Among the di↵erent edges, ZZ-Mo1 and

ZZ-S21/2 edges are found to show di↵erent structural variations in vacuum depending upon

the size of the simulation cell (Figure S3 and S4, SI). The most stable structural polymorphs

are chosen for both the edges to study the aqueous stability and catalytic performance. By

considering larger supercells, intermediate values for the S-coverage of the ZZ-S2 edge can

be considered, leading to a smoother transition in stability as a function of the S chemical

potential, possibly competing with the AC edge in Mo rich conditions.

Apart from a↵ecting the stability of the di↵erent edges, the interaction of uncoordinated

Mo atoms with the oxygen atom of the solvent molecules play a key role on the edge reactivity.

The decomposition free energy of H2O molecules into adsorbed H+ and OH– ions is computed

for the di↵erent edges. For this, we calculated the dissociative adsorption energy for a single
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water molecule on the edge surfaces from the explicit water layers. The formation of a

Mo-O bond is observed at the Mo rich edges (ZZ-Mo1 and ZZ-Mo2) with bond distances

within 2.08 to 2.30 �A. Mo sites show strong binding a�nity with OH– ions. The formation

of the decomposed products on Mo rich edges are seen to be highly exothermic in nature

(-1.2 and -0.9 eV respectively). On the contrary, the two S-terminated edges with 100%

S-coverage (ZZ-S1 and ZZ-S2) show no uncoordinated Mo sites and are found to have

endothermic energies for the decomposition of H2Omolecules. Structure with 50% S coverage

(ZZ-S11/2 and ZZ-S21/2), as well as the AC edge show intermediate results. Both the surface

S and Mo sites present on these edges show favorable interaction with the explicit solvent

molecules. Nonetheless, decomposition on S-atoms are found to be less preferable, while

water decomposition on Mo-sites is found to be almost reversible, with a decomposition free

energy close to zero.

By combining the above results on stability and reactivity of the di↵erent edges in the

presence of solvent molecule, it is possible to identify the most probable catalytic sites

for OER. As shown above, the lower aqueous stability of ZZ-S1, ZZ-S11/2, and Mo rich

edges would not allow their e↵ective use as catalysts. Moreover, the easy oxidation of Mo-

terminated edges would hinder the further reactivity of these structures with the required

catalytic intermediates. The Mo site on the AC edge would also be prone to oxidation due to

the fact that it is easily accessible to solvent molecules. Thus, in the following we focus our

analysis on the S site of ZZ-S2, the S and Mo sites of ZZ-S21/2, and the S site of AC-MoS.

The reaction free energies are determined in acidic condition, where the reaction initiates

by the adsorption of H2O on the catalytic sites. In the CHE approach, the process is followed

by four proton coupled electron transfer (PCET) intermediate steps as shown in Eqs. 1-4.41

⇤+H2O ! OH⇤ +H+ + e� , �G1 = �GOH⇤ (1)

OH⇤ ! O⇤ +H+ + e� , �G2 = �GO⇤ ��GOH⇤ (2)
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O⇤ +H2O ! OOH⇤ +H+ + e� , �G3 = �GOOH⇤ ��GO⇤ (3)

OOH⇤ ! O2 + ⇤+H+ + e� , �G4 = �GO2
��GOOH⇤ (4)

The free energies associated with the four steps at zero applied potential vs. SHE are

denoted as �G1 to �G4. The first two steps involve the formation of adsorbed OH* and

O* intermediates from H2O on the catalyst surfaces (�G1 and �G2), by releasing H+ ions

and electrons. In the third step, a OOH* intermediate forms from the interaction of the

adsorbed O* with another water molecule (�G3), followed by the evolution of O2 in the last

step (�G4). These free energy values are obtained from the formation free energies of the

di↵erent intermediates (�GOH⇤ , �GO⇤ and �GOOH⇤) expressed in terms of the following

electro-catalytic reactions, eqs. S4 - S6 in SI.

The reaction free energies, �G1 to �G4, along with the corresponding overpotential

values (⌘) are reported in the Table 1. Table T2 (SI) shows the formation free energies

�GOH⇤ , �GO⇤ and �GOOH⇤ at the most stable adsorption sites on the basal surface and

edges. In the CHE approach, the ideal catalyst is the one for which each electro-chemical

step has a reaction free energy equal to the experimental redox potential of water, i.e.

�G1 = �G2 = �G3 = �G4 = 1.23 eV. This corresponds to energy values for �GOH⇤ ,

�GO⇤ and �GOOH⇤ equal to 1.23, 2.46, and 3.69 eV respectively.5,7,42

Compared to the ideal catalyst, the basal plane of MoS2 shows larger oxidation po-

tentials for OH* and OOH*, whereas �GO⇤ is reduced. The increased stability of the O*

intermediate leads to a spontaneous second catalytic step (�G2 = �0.43 eV). Moreover,

the enhancement in binding strength for O* reduces the interaction of the intermediate with

nearby H2O molecules and contributes to increasing the thermodynamic barrier for OOH*

formation. Due to the poor binding a�nity of OOH*, the O* intermediate structure becomes

a thermodynamic sink for the OER and �G3 corresponds to the rate determining step, with

an overall reaction overpotential (⌘) of 2.13 V.

The symmetry and structure of the ideal basal plane of MoS2 limit the number and variety
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Table 1: OER reaction free energies (�G, in eV) and catalytic overpotential (⌘, in V vs
SHE) of the MoS2 basal surface and the most relevant site of the three most stable edges in
aqueous environments. The �G and ⌘ values are calculated using a computational hydrogen
electrode (CHE) approach in presence of solvent molecules and with no external potential.

site name
�G

⌘sol

�G1 �G2 �G3/30 �G4

MoS2(basal) 1.92 -0.43 3.36 0.08 2.13
AC-MoS(S) 0.68 0.68 3.08 0.48 1.85
ZZ-S21/2(S) 1.21 0.69 2.89 0.12 1.66
ZZ-S21/2(Mo) 1.47 0.23 2.97 0.24 1.74

ZZ-S2 1.44 0.71 3.35 -0.58 2.12

of possible pathways accessible for OER, with the main one featuring all the electrochemical

steps on a single S adsorption site. Considering two independent electrochemical reductions

of water to O* in nearby S atoms would involve a thermodynamic recombination step that

is hindered by the high stability of the O* intermediate. However, when considering the

material’s edges, the presence of di↵erent reactive sites and/or sites with partial coordination

may provide additional flexibility to the catalytic process to occur at a reduced overpotential.

Focusing of single site processes, it is evident from the results summarized in Table 1 that

the qualitative behavior described for the basal plane also controls the catalytic activity of

the edge sites. In particular, the formation of the O* intermediate is more favorable than

in the ideal catalyst, while the rate limiting step is still represented by formation of OOH*.

The �GOH⇤ values are almost similar to the ideal catalyst except for AC-MoS edge, where

the adsorbed hydroxyl group is more stable than the other edge sites. While the qualitative

picture is similar in all the considered sites, the details of the free energies of the fours steps

lead to significant di↵erences in the overall overpotentials, which range from the highest

value of 2.12 V at the ZZ-S2 edge, to the lowest value of 1.66 V for the S site of the ZZ-S21/2

edge.

The above results show the possibility for a reduction of the overpotential on the edges,

with respect to the basal surface. Moreover, the results suggest that the morphology of
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the edge and, more importantly, the elemental composition can play an important role. In

particular, S atoms linked to under-coordinated Mo atoms on the edge show higher catalytic

activity. In recent experiments, the MoS2 surface has been found to be activated for OER

by nano-structuring the morphology or formation of quantum dots. While these results

seem in line with simulations, the computed ⌘ values are still not fully compatible with

the reported experimental activities. Electro-catalytic pathways that involve more than one

reaction site, structural deformation, or the rearrangement of the catalytic site may provide

viable alternatives to the simplest scheme described above. Indeed, recent literature on

transition metal oxide catalysts has shown that structural deformations and presence of

lattice O vacancies can significantly enhance the catalytic e�ciency for OER.43

As a matter of fact, the presence of unsatisfied valences at the MoS2 edges might allow

dramatic rearrangement of the surface atoms, thus strongly a↵ecting the thermodynamics

of the catalytic steps. While the 100% S-coverage on the most stable edge (ZZ-S2) has no

accessible possibilities for surface reconstruction, several rearrangements of surface S-atoms

can be characterized for the edges with reduced S concentration. In fact, each Mo atom at

the edge can be associated with up to 6 S atoms, either in an individual fashion or by sharing

them with the neighboring Mo atoms. A systematic screening of edge reconstructions for

intermediate S-coverages and in the absence of adsorbed species shows that the most stable

configuration is usually well separated in energy from alternative structures. For example,

the most stable arrangement with 50% coverage (ZZ-S21/2 edge) corresponds to a regular

structure featuring individual S atoms bridging the edge Mo-atoms as shown in Figure 1(f).

Other configurations of the surface S atoms, e.g. as reported in Figure S3 (SI), result in a

significant increase in the edge formation energies in vacuum and thus would not be relevant

alternatives for the initial step of the catalytic process.

However, the strong binding a�nity of the Mo atoms on the edge for oxygen species results

in a change in stability of the reconstructed configurations in the presence of adsorbed OH*,

O* and OOH* intermediates. In particular, with the 50% S-coverage, one of the reconstructed
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configurations denoted as 3x1(c) in Figure S3 (SI), becomes more favorable in the presence of

adsorbed OH*, O* and OOH* intermediates. In this reconstruction, the intermediates replace

a singly bridged S atom in between two Mo-atoms, with the displaced S atom moving onto

an adjacent edge position. While such a restructuring of the edge may occur at any step

during the catalytic process, the significant thermodynamic barrier for the formation of the

OOH* intermediate would suggest that the process is more probable to happen during the

first two catalytic steps, i.e. following the formation of the OH* or O*. Moreover, while

the kinetic barrier for the proton transfer from the OH surface to a H2O molecule in the

aqueous layer are usually assumed to be negligible in electrochemical processes,44 the edge

reconstruction is associated with a finite kinetic energy barrier. Therefore, restructuring of

the edge would be more favorable following the formation of O* intermediate.

In Figure 3, two possible catalytic pathways, corresponding to the electrochemical step

occurring on a partially or fully restructured O* intermediate, are reported for the ZZ-S21/2

edge. The dashed arrows denote the steps involving thermal restructuring (O* ! OOH*),

whereas the solid arrows denote the purely electrochemical steps. Figure 3(b) shows the

mechanistic details of these restructuring mechanisms for the two pathways. It is impor-

tant to point out that a rigid distinction between the thermal and electrochemical parts

of these catalytic steps represent an approximation to a more concerted process, involving

both atomic reorganization of the O* intermediate (dotted arrows in Figure 3(b)) and charge

transfers during OOH* formation (solid arrows in Figure 3(b)). However, the distinction can

significantly a↵ect the way the overpotential is computed, as in a CHE approach only the re-

action steps that involve the exchange of a proton and electron pair are a↵ected by an applied

potential. In the following, a maximum and minimum overpotential values will be reported

to account for the possibility that the restructuring and the subsequent electro-catalytic step

occurs in a concerted manner.

In both paths, the restructuring of the edge atoms would proceed via an intermediate

state O*

S–Mo, where O* remains bonded to both S and Mo atoms as shown in Figure 3(b).
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Figure 3: Details of the OER pathways for the ZZ-S21/2 edge and involving the displacement

of the adsorbed O* intermediate. The reaction energy values for each step is shown in eV.
(a) The two alternative reconstruction pathways, denoted as path 1 and path 2, di↵er in the
OOH* formation step (�G3). The steps involving both thermal rearrangement of edge atoms
and electrochemical mechanisms are represented by dashed arrows, whereas the solid arrows
represent the purely electrochemical steps. The restructured sites are denoted with the
subscript R1 and R2, whereas the subscript S corresponds to the S site of un-reconstructed ZZ-
S21/2 edge. (b) Intermediate structures involved in the rate determining step of the pathways
shown in (a). The dotted arrows represent the thermal rearrangement step, whereas the
solid arrows denote the electrochemical reactions and also involve the addition or removal of
neutral or charged species (water molecules, hydrogen atoms, electrons, etc.) that are not
reported for sake of clarity. All energies are obtained from ensemble averages of ab initio
molecular dynamics simulations in the presence of an explicit layer of solvent molecules
embedded in a continuum environment.
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The �G for O*

S ! O*

S–Mo is exothermic by 0.20 eV with a kinetic energy barrier of 0.30 eV.

In the first path, the O*

S–Mo intermediate state would react with a water molecule, resulting

in the OOH*

R1 intermediate. In the second path, the O*

S–Mo intermediate state would undergo

another thermal rearrangement and form the more stable O*

R2 structure, before reacting with

a H2O molecule to form the OOH*

R2 intermediate. The kinetic energy barrier associated with

the rearrangement of S-atoms in this step is found to be 0.63 eV, slightly higher than the

first transition barrier. Assuming that the edge reorganization and the electrochemical step

happen in a fully concerted fashion, the minimum overall reaction overpotentials associated

with path 1 and 2 would be 0.60 and 0.38 V, respectively. In a non-concerted mechanism,

instead, in which the exothermicity of the restructuring is uncoupled from the electrochemical

reaction, these values would increase to 0.83 and 1.96 V.

While path 1 shows a significant reduction in the overall ⌘ value for the ZZ-S21/2 edge, in

the worst case scenario, the formation of the stable bridge O*

R2 intermediate cannot directly

improve the catalytic activity of the system. Nonetheless, such a restructuring of the edge

atoms may indirectly enhance the edge’s activity by providing alternative reactive sites for

OER. In Figure 4, two additional reactive S-sites denoted as 1 and 2 are shown for the

partially oxidized ZZ-S21/2 edge. Reaction free energy values at these catalytic sites can

still be modeled using a 3x1 supercell, either starting from a partially oxidized ZZ-S2 edge

with 33% S-coverage (shown in the blue boxes in Figure 4) or a 67% S-covered ZZ-S2 edge

(as in the yellow boxes in Figure 4). Similarly to the other structures characterized so far,

on both these sites the rate determining step corresponds to the formation of the OOH*

intermediates. When compared to the O*

R2 intermediate in site 0, for both these alternative

structures the reactive O* site is bonded to Mo atoms that have a higher coordination

with electron-withdrawing atoms. This results in a weakening of the Mo-O-Mo bonds and

increases the reactivity of intermediate structure. Thus, the corresponding �G values for

the electrochemical OOH* formation step are significantly reduced for both catalytic sites.

As a result, the maximum (minimum) ⌘ values are found to be 1.02 (0.77) and 0.99 (0.72)
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V vs SHE for site 1 and site 2, respectively.

Figure 4: Catalytic active sites and OOH* formation free energies for the restructured ZZ-
S21/2 edge in the presence of an adsorbed O* intermediate. In addition to the oxygen atom
(labeled as site 0), nearby sulphur sites (labelled as site 1 and 2) can provide accessible
catalytic pathways for the OER. The green, blue and yellow rectangular boxes represent the
3x1 simulation cells, with 50%, 33% and 66% S-coverage respectively, used to model the
three reactive sites.

The above results suggest that edges with intermediate S-coverages di↵erent from 50%

may also show good catalytic activity. However, it is important to note that the results

obtained for the 3x1 supercells should not be considered as representative of the most stable

structures of the edges, due to the constrained periodicity. In fact, the substantial stability

of the symmetric bridge configuration of S atoms in the 50% system would still dominate

the ZZ-S2 edges at most intermediate S coverages.

In order to further assess the catalytic activity of this edge as a function of S concentra-
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tions, the O* ! OOH* reaction on the fully oxidized ZZ-Mo2 edge has been characterized .

Although in this system the Mo-O bond is weaker than in the presence of a partial S cov-

erage, the overall edge has a more rigid structure, which hinders the deformation required

to produce the OOH* intermediate (Figure S6, SI). Thus, Mo atoms with no nearby S edge

atoms are found to not be good catalytic sites, similarly to Mo atoms fully coordinated by

S edge atoms (as reported in Table 1). This suggests that a non monotonic trend in the

catalytic activity of the edge vs. S concentration should be observed, with maximal activity

for half coverage.

Conclusions

In conclusion, the aqueous stability and catalytic activity of MoS2 and its edges were charac-

terized using first-principles based simulations in the presence of the solvation environment.

Solvent e↵ects appear to be significant, due to the strong a�nity of the Mo atoms for oxygen.

The strength of the Mo-O bond hinders the formation of the O-O bond needed to generate

molecular oxygen, with the formation of the OOH* intermediate as the rate determining step.

Nonetheless, for intermediate values of the sulphur chemical potential, simulations predict

the half saturated ZZ-S21/2 edge to be the most stable. The under coordination of the atoms

at this edge of the material and the fact that di↵erent configurations are accessible to the

edge S atoms introduce a flexibility that appear to be necessary to enhance the catalytic

activity of the material. Following the first catalytic steps, the partially S-covered edges

are seen to undergo a structural reorganization, where oxygen species bind to the edge Mo

atoms. This process leads to the decrease of the OOH* formation free energy, both for the

reconstructed site and for the nearby edge sites. Overall, catalytic overpotentials compa-

rable with experimental results are obtained for the most active structures considered. A

non-monotonic behavior of the catalytic activity is predicted as a function of the sulphur

coverage of the edge. These results ideally lend itself to experimental verification and can
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be used to guide the design of catalytically active MoS2-based catalytic devices.
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