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Abstract

Transition metal dichalcogenides (TMDs), especially MoS,, have emerged as a
promising class of electrocatalysts for the production of Hy via the hydrogen evolu-
tion reaction (HER) in acidic conditions. The edges of MoS, are known for their HER
activity, but their precise atomistic nature and stability under HER conditions is not
yet known. In contrast to other typical uses of MoS, 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 HyS
release. At the 50%S Mo-edge, the adsorbed hydrogen opens the way for HyS 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 HyO and the in-situ formation of OH. For the 50%S Mo-edge, H,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,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.!™ Because of its natural occurrence, and

potential use in numerous applications (from catalysis to solid lubricants),% the most studied



material in the TMD series is molybdenum disulfide, MoS,.”® Since it is a 2D material,
MoS, 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, polymorph are the
catalytically active sites, while the defect-free basal plane is inert.”
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There are different types of edges in MoS, with various properties.
in Figure 1, two families of edges can be distinguished for 2H-MoS,: the armchair edges
(1210) and the zigzag edges, for which the Mo-edge (1010) and S-edge (1010) have distinct
chemical properties.'® Theoretical'* studies show that zigzag edges are much more stable
than armchairs, so that experimentally only the zigzag edges have been identified. %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 hydrodesulfur-
ization (HDS) reaction, for which MoS, is a typical catalyst.'”!® HDS removes sulfur from
natural gas and from petroleum to reduce polluting emissions upon combustion. Under HDS
conditions MoS, is exposed to a mixture of H, and H,S gases. Therefore, the relative stabil-
ity of edges with different sulfidation levels is governed by the relative abundance of H, and
H,S. The first density functional theory (DFT) based thermodynamic model was developed
by Raybaud et al.'® 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.?’ For the stoichio-
metric case, i.e., absence of excess S, the most stable distribution of S over the Mo and S
edge was predicted to be semi-saturated (50%S) on both edges. This also corresponds to
typical sulfur poor conditions. %!

Complementary to the computational work, various experimental studies have been car-

ried out to determine the structure, activity and stability of MoS, edges, mostly relying

on scanning tunneling microscopy (STM).2%22726 Despite a general agreement between the-
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Figure 1: (a) Classification of MoS, edges according to the way a single layer of 1H-MoS, 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,,
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.



ory and experiment, the prevalent structure of the active sites during hydrodesulfurization
catalysis on MoS, is still debated.?"

The interest in MoS, based electrocatalysts started in 2005, when Hinnemann et al.?®
demonstrated, through computational and experimental methods, that MoS, 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, gas-phase HDS. Inspired by this seminal work,?® several groups have explored
the electrocatalytic activity of molybdenum disulfide and how to improve it.?3? Jaramillo
et al.?! synthesized MoS, on Au(111) substrate and showed that the HER activity of MoS,
increases linearly with the total length of the exposed edges of MoS,. Tan et al.?? 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,, the HER active site is mainly located at the
zigzag edges and only a minority of active sites are located on the basal plane. 13336

For theoretical identification of active sites, the adsorption energy of hydrogen, AGy,
is typically used as a descriptor.?™3® A positive AGy 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, is energetically too costly.
The adsorption of hydrogen on the edge of 2H-MoS, strongly depends on the edge type
and the sulfidation level.?3343%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, catalysts
via wet-impregnation followed by sulfidation. For all hydrogen coverages between 65 = 0%

and 0y = 100%, the adsorption energy of hydrogen at 50%S Mo-edge is about 0 eV.%!



Therefore, this surface state was, for instance, used by Goddard and coworkers for a detailed
mechanistic study of HER.%? 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,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, edges towards H,O. However, only few, theoretical,
studies have been devoted to the interaction between water and the MoS, edges. Singh et
al.,* 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).'® 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?* that focused on HER over MoS,, explicitly
accounting for the electrochemical potential via grand-canonical DFT in combination with
the linearized Poisson-Boltzmann equation. % Contrary to current proposals, many of the
identified active sites involve adsorbed OH*. In other words, we have shown that although
H,0 and OH can adsorb on MoS,, HER can also occur on these ”"blocked” active sites by
reducing protons on surface OH*/H,O entities.

Here, we investigate the stability of the MoS, edges and the impact on HER of the changes
due to reactions with water. The adsorption of H, H,O and electrochemically generated OH*
is studied in detail on these edges. Then, we assess the possibility for H,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,O cycles.



Methods

Computational details

The first-principles calculations are performed using the periodic DFT code ” Vienna ab initio
simulation package”, VASP.4” We have adopted the generalized gradient approximation
density functional PBE-dDsC,%%49 which is augmented with a density-dependent dispersion
correction.® The nuclei and core electrons are described by the projector augmented wave
function approach (PAW).5152 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 x 3 x 1 k-point mesh for all the studied surfaces p(2 x 1), p(3 x 1) and p(4 x 1). The
convergence criterion for the self-consistency process is set to 107° eV for the optimization
of the wave function. The maximum forces are converged to below 0.025 eV/A during the
geometry optimization. All edges are five layers thick, leading to well converged adsorption
energies. Above and below the slabs, approximately 15 A of vacuum is added in the z-
direction.®® 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.#> As in our previous study,** the ”critical”
density, p. which defines the interface is set to 0.00025 e~/ A~', which is equivalent to one-
tenth of the default value in order to prohibit the implicit solvent from entering between the
MoS, layers. This makes the DF'T 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.?% The Debey screening length is set to 3 A, which corresponds to a 1 M
electrolyte. This is representative for 0.5 M aqueous H,SO, 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.?*% In
practice, the charge of the system is varied from -1 to 41 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.?” 4
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

65,66

as the oxygen evolution reaction and for elucidating the origin of the electrochemical

promotion of catalysis. %667

Reaction energies

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

Gmol == Emol -TS8 (1)

where 7" 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. 869

If not stated otherwise, the adsorption energy, AG .4, of the different species are calcu-
lated in the framework of the computational hydrogen electrode (CHE)™ at 0 V and pH 0,
representative for acidic HER:

1
Gads = 5 X (Etot - Eslab - R) (2)

Where E,, and Ey,p, are the energies of the symmetric MoS, 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, (), where Gy, () is the free energy



of the hydrogen molecule. For the adsorption of the water molecule, R = 2Gy,0. For OH
adsorption under the relevant reducing conditions, we set R = Gy, — 2Gn,0. In other
words, OH* is formed by adsorption of H,O with a subsequent electroreduction (formally a
Heyrovsky step) that releases H,. 4

Similarly, we assess the stability of the edges with respect to the release of H,S:

AGreleasq - X (Edecomp + 2CTYHZS - Etot) (3)

DO | —

Where Ey and Egecomp are the energies of the symmetric MoS, surface with H,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,S, respectively. Gy,s is the free energy of the HyS molecule. If Gyejease, 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,S is essentially very small (a
low range of 1075 to 107%),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,S.
An alternative of this "decomposition” reaction is the "substitution” reaction: H,S can

be released in combination with water adsorption. The formula of the release energy is:

AG(releaseg - X (Esubst + QGHQS - Etot - 2GH2O) (4>

DO | —

Where Ey,; and Fg,ps are the energies of the (initial) symmetric MoS, surface with hydrogen
bonding to sulfur and the (substituted) edges with hydrogen bonded to oxygen, respectively.
Gn,s and Gg,o are the free energies of the H,S and H,O molecules. The criterion for

determining the thermodynamic nature of the process is the same as for Eq.3.



Hydrogen production by H,O, OH and O cycling

Our earlier study showed that adsorbed OH* and H,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 2. Adsorbate A;, which is also a reaction intermediate, can be O or OH, while
the corresponding intermediate A, is OH or H,O, respectively. In these catalytic cycles,
the reactions connecting the intermediates are the addition of a H" 4 e pair, with AG,
resembling a Volmer and AG, 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

4465 The acquired connection between the grand-canonical energy and

our previous works.
the electrochemical potential is then fitted to an analytical formula, which is a parabola for

conductors.

A @slab
H, (H*+e)
AG, AG,
(H*+e")
A, @slab

Figure 2: H, evolution via cycling between OH and H,O or O and OH. AG; corresponds to
a Volmer step (adsorption of H™ + e—), while AG, is a Heyrovsky step.

Hydrogen production by these cycles can only occur when the AGs are less than or near

zero. They are calculated as a function of the electrochemical potential according to the
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following formulas:

AG\(U) = % X (Eot(A2)(U) = Eror(A1)(U) = 2 x (H' +¢7)) (5)
AGy(U) = % X (Byor(A1)(U) +2 x G, — Byt (A2)(U) — 2 x (H +¢7)) (6)

Where Eipt(A1)(U) and Eipi(As)(U) are the potential dependent energies of the symmet-
ric MoS, edges with O or OH for A; and with OH or H,O for A;. Gy, 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. ™ Therefore, 2 x (Ht +e7) = 2up(U) = Gy, (g —2¢U

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 atoms in the form of H,S is irreversible for HER. Therefore, the most stable,
reconstructed, 50%S S-edge in combination with 50%S Mo-edge (see Figure S1 and Figure
3), which is the most stable stoichiometric edge, is the common starting point for HER
investigations.*? 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 S2). AGy is very close

to 0 eV in all cases. The most stable adsorption site is on the ”side” of the 50%S S-
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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, 50 %S edges. Assessing various combinations, we identified the most stable step-wise
H adsorption sequence: hydrogen 1 to 6 as shown in Figure 3. With increasing 0y, the
AGy becomes weaker which is in complete agreement with the previously reported results
of MoS,™ and with other transition metal dichalcogenides and phosphides in general. 7
AGy 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, release via the Volmer-Tafel mechanism under the condition

that the activation energy for the (chemical) Tafel step is not too high.

H,0O/OH adsorption and H co-adsorption

We now move to the adsorption of the solvent (H,O) and OH which can be generated under
HER conditions on the MoS, edges.**

As illustrated in Figure 4, H,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,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,
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 A) than those of a free H,O molecule (0.958 A), indicating that the
OH bond is slightly weakened when the molecule is in contact with the MoS, edge.

In contrast to H,O, OH is only adsorbed at the 50%S S-edge, especially when there is

12
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(a) The Hydrogen adsorption energies as a function of the Hydrogen coverage.

Mo_edge S_edge
(b) Visualization of the MoS, edges with the
different hydrogen adsorbed.

Figure 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.
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(a) adsorption energies of OH and H,O on the different edge sites.
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Figure 4: The adsorption energies of OH and H,O on MoS, 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.
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one 6oy = 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,O seems to be rather labile over both edges.

1.00

m AGH (eV)
m AGH (eV) with H20*
m AGH (eV) with OH*

0.80 +

0.60 4

Delta E (eV)

-0.40 {

-0.60 1

-0.80

Edge structures

Figure 5: Comparison of the different AGy values without and with the presence of OH and
H,0. The numbering of the H atoms is the same as in Fig. 3

In view of the competition of H and OH and knowing that H,O will be present anyway, we
assess AGy in the presence of OH and H,O. The different combinations tested are reported
on Figure S3, while Figure 5 summarizes AGpy 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 S4).

For the 50%S Mo-edge, we observe that the presence of H,O does not qualitatively change
the conclusion: The first hydrogen atom (number 1 in Fig. 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,O, i.e., green and blue bars are close to each

other. This is not the case for hydrogen 3, for which AG g reaches 0.49 eV in presence of H,O,
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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 AGy = 0.8
eV.

In summary, water modulates the hydrogen adsorption energy, but, in agreement with
the 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), reduces the H coverage on the

S-edge significantly.

Edge Stability

% & HZSD@ @CHZS @ @

Mo_edge S_edge

Figure 6: H,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.

An important aspect of MoS, 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,S release (see Figure
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

16



50%S Mo-edge is significantly less stable and H,S desorption is endergonic by only 0.41 eV.
Note that this reaction energy assumes standard conditions (1 bar of H,S). Hence, under
HER conditions (no partial pressure of H,S), the loss of H,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,** 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.
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Figure 7: H,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.

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,0 — E—OH + H,S, where "E” symbolizes the remaining atoms of the edge. Figure
7 shows that for the Mo-edge it is possible to release H,S with nearly the same exchange
reaction energy for the first OH as for the second OH (0.4-0.5 eV). Furthermore, this energy

is very similar to the loss of H,S of Fig. 6. For the S-edge, the exchange reaction energy is
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significantly more energy consuming for the first OH (0.8 eV) than for the Mo-edge, although
still much lower than the H,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,S desorption, potentially assisted by H,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, electrocatalyst. It must be noted that the 0%S Mo-edge
is likely to remain active for HER.* This is, however, not the case for the 0%S S-edge:
According to our computations (see Fig. S5), 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, 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). To assess the possibility of hydrogen production, we assessed different
catalytic cycles. For the S-edge, Figure 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, 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 OH, or a Volmer step on an S site. Our grand-canonical DFT computations demonstrate
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Figure 8: (a) Production of H, on the water covered S-edge, involving H,O, OH and H*. The
thermodynamic over-potential nrp is determined to be 0 V. The possible steps are designed
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that only the latter is energetically feasible, leading to S-H. Several reactions could proceed
with this S-H (see Fig. S6): (i) in combination with an additional proton reduction H,S
could be released, (ii) an SH*/OH* exchange reaction or (iii) H, 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. 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, 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,S formation
is only mildly endothermic (~0.4 ¢V), 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,S release (AG = 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,. Third,

our grand-canonical DF'T computations suggest that before the loss of surface sulfur, the

20



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, 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.
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