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Abstract

Amorphous a—MoS; is an appealing low-cost catalyst for the hydrogen evolu-
tion reaction (HER), a promising process for electrocatalytic hydrogen generation.
In this study, we scrutinize the stability and HER catalytic activity of carbon sup-
ported MosSg_,-clusters under electrochemical conditions using Grand-Canonical Den-
sity Functional Theory (DFT) coupled with a cluster-continuum solvation strategy.
We show that some sulfur atoms of MosS, cluster can be removed as H,S under HER
conditions. This partial desulfurization leads to a stable working state Mo3Sg or Mo3S,
with HER catalytic activity at moderate thermodynamic overpotentials. The desulfu-
rization process simultaneously induces water adsorption on undercoordinated molyb-
denum sites. The so formed hydrated MosSg_ -clusters can exhibit two distinct active
sites. On Mo3Sg(H,0),, the top SH* species are active for HER, whereas OH* species

are involved in HER on Mo;S;(H50)5. By comparison with a previous study of the



HER catalyzed by 2H-MoS, edge sites, we demonstrate that S-defective a—MoS5 is
an efficient HER electrocatalyst. Moreover, in contrast to active sites on 2H-MoS,,
the HER mechanism on MosSg_ -clusters involves a protonation step, instead of the

common proton coupled electron transfer, an elementary reaction step that required

GC-DFT to be identified.
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1 Introduction

The development of environment-friendly, renewable, and affordable energy solutions that
can meet the global energy demand without carbon emissions is an acute and important issue
for our society. Solar, wind, hydraulic, and other renewable energy sources are promising
carbon-neutral alternatives to fossil fuels, but are often intermittent and require large-scale
storage to be suitable for grid integration.! Hydrogen (H,) is considered as an ideal energy
vector due to its high energy density and non-toxic combustion products. Furthermore,
H, has various applications in the production of basic chemicals such as ammonia, in the
transformation of organic molecules®? but also in fuel cells and hydrogen internal combustion
engine vehicles?. Currently, hydrogen is mostly produced through methane steam reforming
and coal gasification, which implies a high energy consumption and emits significant amounts
of carbon dioxide.?% One of the most environment-friendly alternatives for the production
of H, is the electrolysis of water, where the hydrogen evolution reaction (HER) occurs at the
cathode.”® Platinum is recognized as the most efficient HER electrocatalyst due to its high
chemical and corrosion resistance and low overpotential.? However, its scarcity and high cost
encourage research for identifying Earth-abundant electrocatalysts that could be produced
on a large scale.

Non-noble transition metal-based materials have emerged as promising catalysts for HER,
in particular as Mo/W-disulfides, Fe, Co, Ni sulfides, and metal carbides, phosphides, or se-
lenides.” MoS, has shown significant HER catalytic activity but the activity remains limited
to minimally exposed active edge sites as the basal plane is largely inactive towards HER. '
A variety of approaches have been implemented to achieve active site-rich MoS, by dop-
ing or the creation of defects.” Beyond crystalline MoS,, amorphous-MoS, with z ~ 3 has
also gained considerable attention in recent years.!* Furthermore, in a comparative study of
amorphous MoS3 and MoS,, MoSs was observed to exhibit higher HER activity and also in-
creased stability towards a wide range of pHs.!?!3 Several explanations have been proposed.

On the one hand, due to its lower crystallinity, MoS; might expose more accessible HER



active sites compared to MoS,, which then would explain the higher catalytic activity (when
normalized per Mo atom).® On the other hand, the nature of the active sites may differ in
amorphous MoS3 and MoS,.

Due to its amorphous nature and the inherent complexity of obtaining an atomic scale
description of electrocatalytic interfaces, the nature of the active sites of a-MoS; in HER
is widely debated.!® ! By X-ray photoelectron spectroscopy (XPS) and density functional
theory (DFT) calculations, it was proposed that MoS,-edge-like sites exposing S~ monomers
would be responsible for the HER activity of a-MoS,, ' while top S~ species are also observed
to be good proton acceptor sites by X-ray adsorption spectroscopy.!” Other XPS observations
suggested that both bridging S5~ and top S?~ are the primary sources of HER activity
in in amorphous MoSs.?’ The importance of bridging S5~ species as active sites has also
been supported by operando Raman spectroscopic measurements and DFT calculations. '®
By contrast, undercoordinated Mo-centers might also give rise to Mo-hydride intermediates
involved in HER.® Moreover, all these active sites might interconvert as suggested by in situ
Raman measurements: bridging S5~ species may convert into top S5~ species and can then
create unsaturated Mo-sites.'® DFT simulations of S-S vibrational frequencies for various
neutral a-MoS; polymorphs?! suggest that some of these interpretations might be considered
with care, as they rely on a possibly misleading assignment of the top and bridging S5~ species
in a-MoS; through infrared (IR) or Raman spectroscopies. Indeed, the complex structure of
a-MoS3 phase has been debated for many years.??72> The DFT study by Sahu et al. revealed
that large sizes of neutral a-MoS; polymers favor distorted Mo chain-like structures, while
smaller entities with Mo triangular moieties are more stable.?! Such structural features are
crucial for the identification of the nature of HER active sites.

A number of studies have been undertaken on well-defined thiomolybdate nanoclusters
such as [Mo3S;5]*~ and [Mo3S;,]*~ which are often invoked "model” building blocks of a-

15,26-32

MoS; or MoS, nanoclusters. For instance, a DFT study revealed that the catalytic

activity of bridging-S3~ in a-MoS; is higher than hollow S, which was confirmed by Raman



spectroscopy of [Mo3S;3]?~ clusters.?! However, the reversed conclusion had been reached by
an earlier study, leaving the question unsettled.?? Along the same line, several experimental
studies suggested that partially oxidized (a-MoOS,) species could be even better for HER
catalytic activity.'>333% In the same spirit, Lopez et al. have shown that, depending on pH
conditions, the unsaturated S, top S5~ species, and to some extent, sulfur deficient, oxygen
containing Mo sites could be active sites for HER in a-MoS;.!?

Abidi et al. examined the stability of MoS,-edges under electrochemical potential and
evidenced possible HER mechanisms including edge reconstructions due to H,S-release and
involving OH-based HER active sites.3> Moreover, in the context of the hydrodesulfurization
catalyst preparation, small amorphous MoS; clusters are known to be intermediate species
connecting the Mo oxide precursor to MoS, under sulfo-reduction conditions.?%3” However,
kinetic limitations could prevent the full sulfidation of such small Mo-clusters, so that some
residual oxygen atoms may remain bonded to the Mo-sites.?® Hence, in an aqueous environ-
ment, it may be critical to study the stability of Mo-sites in MoS; clusters with respect to
H,S-release and the impact of coordinating oxygen rather than sulfur atoms.

Considering this previous knowledge, we will investigate the HER mechanisms of a rel-
evant MoS; model and its stability with respect to the release of H,S. Since we aim at
studying MoS; entities maximizing the number of potential active sites, we will consider a
triangular Mo,S, . cluster model as determined in our previous work.?! A conductive support
such as glassy carbon, carbon nanotubes or carbon black is experimentally used to enhance

R. 38 Hence, we will use a model graphite support with

the electron transfer required for HE
a Stone-Wales defect as an anchoring point defect. Furthermore, to the best of our knowl-
edge, our study is the first one going beyond pure in vacuo simulation of MoS;. Here, we
take into account the three following crucial parameters: (i) solvation via an implicit solvent,
(ii) explicit H,O/H,S exchanges, (iii) explicit modelling of the impact of the electrochemical
potential via grand-canonical DFT. As it will be shown, GC-DFT suggests that, depending

on the coordination environment, these small molecular catalysts feature both coupled and



uncoupled proton-electron transfers which behave differently than MoS2 catalysts.

2 Methods

2.1 Computational details

The computations were performed by the Vienna ab initio simulation package (VASP).3?
We used the dispersion corrected Generalized Gradient Approximation density functional
PBE-dDsC.%%4 The Projector Augmented Waves method*?%® was used with the standard
pseudopotentials. The electronic density was calculated with a cutoff energy of 500 eV at
the I' point. The precision setting of VASP is set to ”"accurate”, which increases the density
of the numerical grids, and therefore the numerical precision, with respect to the default
settings. A Fermi smearing corresponding to room temperature (0.025 eV) was used for all
computations. 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 0.025 eV/A
during the geometry optimization.

We have simulated MosS,_, nanoclusters as a representative active site structure for small
nanoparticles of MoS; (see Fig. la) as proposed in our previous study on a-MoS;.%! The
Mo,S, . nanoclusters are positioned on graphite support model at the location of a Stone-
Wales defect, which has been introduced to mimic an anchoring point. Orientations of
the nano-cluster were explored using DockOnSurf, specifying the Stone-Wales defect as the
adsorption site and various sulfur atoms as anchoring points.** The most stable orientation
of the nanocluster is presented in Fig. 1b.

We evaluate the electrocatalytic activity by explicitly considering the electrochemical
potential via Grand Canonical DFT (GC-DFT) in combination with the linearized Poisson-
Boltzmann equation as implemented in VASPsol.#> The ”critical” density p,., defining the
interface, is set to 0.00025 e~ /A~! as in our previous studies*®*” to prevent the implicit

solvent from getting between the weakly bound carbon layers. To mimic the experimental



conditions of 0.5 M aqueous H,SO, solutions, the Debey screening length is set to 3 A,
corresponding to a 1 M electrolyte. To properly define the work function (electrochemical
potential) of the interface, we perform a symmetrization with respect to a plane for all struc-
tures, ensuring a zero net dipole moment of the slab. Given that VASPsol only implements
3D boundary conditions, both sides of the slab are solvated. For asymmetric, nominally
charged systems, this can lead to artifacts, as demonstrated in ref.#® Only the central layer
is fixed in its bulk position and a vacuum of 20 A is added at the top and bottom of the slab
to ensure minimal interactions across unit-cells (See Fig. 1c). The large out-of-plane size
of the unit cell ensures that the counter-charge added by the linearized Poisson-Boltzmann
Equation drops to zero in the "bulk” solvent region.’ The potential dependence is studied
by varying the number of electrons and retrieving the corresponding potential (or, equiv-
alently, workfunction). In practice, the system charge is varied from -1 to 41 in steps of
0.2 e~. The system’s electronic charge is neutralized via the Poisson-Boltzmann equation,
similar to other Grand Canonical DFT schemes in the literature.?* > We then compute the

grand potential via

GU) = E(q) —1(q) - q (1)

Where E(q) refers to the electronic energy of the system with charge ¢ (q=0 corresponds
to the neural system) as provided by the electronic structure code (with electrons coming
from/going to their reference state in vacuum) and p(q) being the corresponding workfunc-
tion. This formulation of the grand-potential goes back to the Legendre transform introduced
by Nalewajski.

The obtained relation between the grand-potential and the electrochemical potential is
then fitted to an analytical formula, which is a parabola for conductors (see Fig. S1). To
convert the absolute potentials obtained from DFT to the SHE scale, we use the recom-
mended value of 4.44 V.%" This approach has been used to elucidate reaction mechanisms

58,59

at electrified interfaces including the oxygen evolution reaction®"%! and to fathom the



origin of electrochemical promotion of catalysis. %3

2.2 Reaction energies

The adsorption energy AG,q4, of different species are calculated according to the following

formula:

AGads(U) - X (Gproduct(U) - Greactant(U) - GRmol(U)) (2)

N | —

Here Gproquct(U) and Gieqetant(U) are the potential-dependent energies of surfaces with
and without an additional adsorbate, respectively. These two terms are calculated according
to the GC-DFT method defined in the previous subsection (eq. 1). An example of the
evolution of Gyegetant(U) is furnished in Fig. S1. Gprpua(U) is the energy of the adsorbing
species. In the simplest case, the adsorbate is a water molecule, so that Ggy,q(U) simply
becomes 2 times Gp,0, where the factor of two accounts for the symmetric nature of our
systems.

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

Gmol - Emol -TS (3)

where T' is room temperature (298.15 K), and S is the contribution of rotational and
translational entropy at standard pressure. For water, this entropy contribution is divided
by two to account for its liquid state.®*% How to combine entropy, implicit solvent and
dispersion corrections for water remains an actively debated subject.®® In the present case,
adsorption energies of water would be less exergonic by ~0.3 eV if we would use the gas-
phase entropy at 1 bar. Note that we have neglected vibrational contributions (thermal
contributions and zero-point energy corrections) due to the large number of intermediates
involved. This approximation was found to result in only small changes in our previous

investigations. 67
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Figure 1: (a) MoyS, nanocluster with the labels of the atoms, (b) the top-most layer of
graphite support with a Stone-Wales defect and MosS, adsorbed and (c¢) symmetric Mo,S,
supported on graphite. The adsorption configuration shown is the most stable one. The
color code for atoms is white for H; red for O; silver for C; yellow for S and greenish for Mo.



When investigating the desorption of H,S, we determine the reverse of Eq. 2, with
Rmol = 2 H,S. Gh,s is the free energy of the H,S molecule at 1 bar. During HER the
partial pressure of H,S is very small (we could assume Py g= 1077 bar®), so even reactions
that are endergonic (up to about 0.3 V) at standard conditions have a reasonable probability
of occurring under HER conditions.

When considering proton/electron transfers, the relevant adsorbate is related to H, via
the computational hydrogen electrode approach.% Under standard conditions (pH = 0, T=
298 K, p = 1 bar) there is an equilibrium (AG = 0) between hydrogen molecules in the gas

phase and solvated protons and electrons at 0 V vs SHE:

Hy,) <+ 2% (H +¢") (4)

Hence, the free energy of the H, molecule in the gas phase is used to determine the

combined energy of (H' +e7):

2 X (pp+ + pre-) = G, (5)

When changing the potential away from 0 V versus SHE, a term eU has to be added to
te— where e is the elementary charge and U the potential, all in suitable units.
Thus, when considering the symmetric adsorption of H" + e, i.e., the Volmer reaction,

GRrmo(U) is defined as :

Grma(U) = Ga,(g) — 2eU (6)

Note that following the generally applied convention, we will use H" 4+-e~ when referring to
a proton/electron pair. In the context of GC-DFT the electron transfer is not strictly coupled
to the proton transfer and the electron transfer is often only ”partial” on heterogeneous
electrocatalysts (in contrast to molecular catalysts). Nevertheless, in all diagrams we will

use the notation of H* + e, independent on the exact number of electrons (somewhere in
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the range between 0 and 2, as shown later).
For the Tafel reaction, the situation is similar to the release of H,S: ads is H, and we
evaluate —AG 4.

The Heyrovsky reaction is a mixed case, formally equivalent to —AG,4s with Rmol =

Hy,— H" e, ie.

% (Cours(U) = CuurgitU) = 2o (U) + 2Gi)  (7)

N | =

AGHeyrovsky (U) =

where Gy pp is the energy of the system with one more adsorbed hydrogen compared to
surf.

Similarly, when determining the formal adsorption of OH*, the energy of the adsorbing
species under the relevant reducing conditions is G rme(U) = 2Gu,0 + 2(H" +e7) — 2Gy,.
In other words: OH* is formed by adsorption of H,O followed by electroreduction (formally
a Heyrovsky step), which releases H,.

When a second adsorbate is adsorbed, the adsorption energy is calculated exactly as
for the first adsorption, except that the initial surface (Greqctant(U)) already contains an
adsorbate. Thus, the second adsorption energy is the differential adsorption energy.

Our previous studies3>*7 have shown that adsorbed OH* and H,O species can partici-
pate in HER: OH* can be converted into H,O via a Volmer-type reaction and H, can be
released by a Heyrovsky-type reaction, i.e., a coupling of H from H,O and H" + e from

the solution/electrode.

2.3 Identification of active sites

To identify the active sites for HER, we started from the MosS, cluster without support (see
section S2.1) and with the graphite supported (see section S2.2). The adsorption energies
of H, OH, and H,O were first computed in vacuum. All possible sites and the various

phenomena such as the release of H, and H,S were investigated. In the following sections,
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we mainly discuss the most stable structures identified and the most promising sites, all
revisited at the GC-DFT level. Furthermore, we have taken a ”generative” approach, i.e.,
we have started from Mo,S,, have adsorbed species (H, H,O) until reaching the most stable
structure, determined the energetics for H,S release and moved to the thereby generated
Mo,Sg structure, for which we repeat the procedure to arrive at Mo,S-, which was found to
be stable with respect to loss of H,S. As a corollary of this overall approach, the determined
coverages are most relevant around 0 V vs SHE, i.e., the equilibrium potential for HER.
Significant changes in coverages (H, OH or H,0) could occur at potentials far away from
this reference potential. However, these coverages are irrelevant to the current study, which

aims at investigating the active sites at low overpotentials, i.e., potentials close to 0 V.

3 Results and discussion

3.1 Instability of Mos;Sy in HER conditions

An important factor is the stability of the catalyst under HER conditions (here assumed
to be strongly acidic, pH=0). As a first step we compute the hydrogen adsorption energies
(AGp) at the different possible active sites of Mo,S, and the decomposition energy, i.e., the
release of H,S, which leads to possible reconstructions of the nanocluster (see section S3.1
in SI). As shown in the energy profile of Fig. S11, four hydrogen atoms could be adsorbed
before the H,S release takes place.

Since we are working in an aqueous medium, studying only hydrogen adsorption is not
sufficient to assess the electrocatalytic activity of Mo;Sy. Therefore, we also consider the
adsorption of OH and H,0O. We have first computed the adsorption energies of H,O and
OH at the different possible sites without considering the electrochemical potential (see Fig.
S4). The main conclusion is that OH* does not form, while one H,O molecule adsorbs on
each of the two unsaturated-Mo sites.

Based on these results, we proceeded to the grand-canonical DFT computations. Fig. 2

12



shows the corresponding energy profile starting with water adsorption, followed by hydrogen
adsorption in the presence of the explicit water molecules. The first and second H,O are
adsorbed on the unsaturated-Mo sites with AGy,o equal to -0.16 eV and -0.14 eV, respec-
tively. Then, the hydrogen adsorption follows the same path as in the absence of water
molecules (Fig. S11). The first two H atoms are adsorbed on the two top S monomers. The
third and fourth H atoms are located on one sulfur atom of the bridge S species leading to
the formation of H,S molecule. The last step consists of the release of H,S. The adsorption
of the first, second and fourth hydrogen atoms are strongly exergonic with the differential
AGy equal to -0.62 eV, -0.60 eV and -0.45 eV, respectively. For the third hydrogen, the
adsorption strength is only +0.28 eV. At this stage (Mo;S,-2H,0_3H), the system can either
perform HER (with an overpotential of about 0.2 eV) via a Heyrovsky mechanism, or an
additional Volmer step (-0.45 eV) occurs. Once four hydrogens are adsorbed, the release
of H,S is exergonic (-0.16 eV). This value is calculated considering Py,s= 1 bar. Under
HER conditions, we could assume a low partial pressure Pq,s= 107° bar. At this pressure,
the energy of H,S release is -0.45 eV. As a result, the transformation of MosS, into the
Mo,S¢2H,0_2H species is very likely under HER conditions. As a consequence, the HER

activity of MoySg_2H,O_2H is analyzed in the following.

3.2 HER catalyzed by sulfur species on Mo3;Sg in presence of water

As in the previous subsection, we have first evaluated the energy profile at 0 V without the
presence of water (see Fig. S12 in SI). Since the results of AGy,0 showed that adsorption
of two water molecules is favored on MosSg (see Fig. S7 in SI), we focus here on the energy
profile starting with Mo,Sg_2H,O_2H, i.e., the product obtained in the previous subsection.
Like for Mo,S,, the hydrogen positions of Fig. 3 are not influenced by the presence of H,O
(compare to Fig. S12). The first adsorbed hydrogen is on one of the sulfur of the top S,
dimer. Then, the second hydrogen adsorption occurs on the second sulfur of the top So which

induces the S-S bond breaking, leading to Mo;S¢_2H,0_4H containing 4 SH species in top

13
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Figure 2: GC-DFT reaction energy profile on MosSy at 0 V vs SHE. The first two steps
correspond to water adsorptions. Then, the next four steps are hydrogen adsorptions and
the last step is the release of H,S. The color code for atoms is white for H; red for O; yellow
for S and greenish for Mo. Note that here and in all following graphs we use the notation
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positions. From this lowest energy state (at 0 V vs SHE) of Fig. 3, the Tafel step corresponds
to the transition from Mo;Ss_2H,0_4H "back” to Mo;Ss_2H,0_2H with production of H, and
is endorgenic with an energy of +0.24 eV. Alternatively, the adsorption of another hydrogen
to form H,S is endergonic by only 0.13 eV.

From the produced Mo,Ss_2H,O_5H, three reactions must be analyzed: (i) the conversion
of MosSg to MosS; upon H,S release, (ii) the release of H, via a Heyrovsky mechanism,
which corresponds to the transition of Mo;Sg_2H,O_5H "back” to Mos;Sg_2H,0_4H or (iii) a
Tafel mechanism which is the transition from Mo;Sg_2H,O0_5H to Mo4S¢_2H,O0_3H. The H,S
release is endergonic by 0.43 eV at Py,s= 1 bar and 0.12 eV at Py,5 ~ 1072 bar (close to
HER conditions). While still endergonic, this process cannot be excluded, especially under
long-term operating conditions with low H,S partial pressures. The second scenario is the
Heyrovsky mechanism which occurs with an energy equal to -0.13 eV. The configurations
Mo,;S¢-2H,0_5H and Mo,;Sg_2H,0_4H involve Heyrovsky/Volmer steps with energies that
are much closer to 0 eV than any configuration considered on the Mo;S, clusters and are,
therefore, good candidates for HER active sites. The last scenario, the Tafel step, occurs
with a reaction energy of +0.23 eV.

In summary, during hydrogen adsorption on Mo;Sg in presence of water, different sce-
narios are possible. Energetically, the most favorable is the Heyrovsky step, then Tafel and
the least probable is H,S desorption. Hence, Mo4Sg is predicted to be HER active, with an
overpotential close to 0 V (despite a slightly endergonic Volmer step, see Fig. 5) and slowly
transforming into Mo, S-.

Regarding the nature of the active S-species involved in these Heyrovsky/Volmer steps,
we find that the SH group located on top of the Mo atom that is formed after hydrogena-
tion/dissociation of the top Se dimer has a central role. From this finding, we might infer
that top So dimer once hydrogenated could be key for HER activity. This differs from some
interpretations earlier proposed in literature based on experimental considerations, and si-

multaneously agrees with others since an open debate is still present in the literature. 619
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Our result apparently does not support neither the proposal of MoS,-edge-like sites with

S2- monomers'®

nor the one of bridging S5~ species to be active in HER.'®2° By contrast,
it seems consistent with the interpretation of Lassalle et al.!” that top S, dimers lead to
sulfhydryl as active species. However, since we also observed that MosSg_2H,0_5H could

release H,S, this Mo,Sg based species may evolve to Mo;S,;_2H,0_3H which is further inves-

tigated in the following subsection.
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Figure 3: GC-DFT reaction energy profile on Mo;Sg at 0 V vs SHE. The first three steps
correspond to hydrogen adsorption steps and the last step is the release of H,S. The color
code for atoms is white for H; red for O; yellow for S and greenish for Mo.

-0.30}

3.3 HER catalyzed by OH species on Mo3S- in presence of water

In the present section, we investigate the reactivity of Mo,S, 2H,0_3H (see Fig. 4). The
desorption of H,S from Mo;Sg generates an additional coordination unsaturated Mo site
on Mo;S; 2H,0_3H. Our computations show that the adsorption of water or OH are more
favorable than hydrogen at this site (see Fig. S9). The fact that OH is the most favorable

species for this adsorption site will have a specific impact on the HER mechanism (vide
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infra). Having identified the possible adsorbates at the sulfur and molybdenum sites, we now
study HER. The hydrogen atoms located on the top S atoms of Mo,S, are all very strongly
adsorbed (= -1 eV). Therefore, their desorption through Heyrosvky or Tafel mechanisms is
highly unlikely.

In our previous studies on MoS, edges, we have shown that water could be involved in
hydrogen production.*” The same concept was investigated here for Mo,S,. We found that
only one H,O of the three adsorbed water molecules could cycle with OH. As shown in Fig.
4, OH* formation is endergonic by 0.42 eV at 0 V, suggesting that it might be obtained
under HER conditions via a Heyrovsky step, generating H,. This was not possible with
Mo,S, and Mo,Sg as OH* is too unstable. The adsorbed OH* can then be reduced back to
H,O via an exergonic Volmer step with a reaction energy of -0.42 eV.

Our interpretation of the reactivity of MosS, induced by OH groups can be fruitfully

1.' revealing that top S5~ species

compared with some experimental results by Tran et a
are eliminated and replaced by reactive oxygenated atoms. Also, other experimental studies
invoked that the partial oxidation of the MoS; phase could be at the origin of the HER

activity 3334

3.4 Potential dependence of Volmer and Heyrovsky steps and

comparison of MoS; with MoS, catalysts

The literature suggests that MoS,; may evolve towards the MoS,, stoichiometry during HER 7
and that some active sites could be similar to MoS,-edge sites.'® Therefore, in the following
we compare key computational results recently obtained®> on MoS, with the same GC-DFT
methodology as applied herein to the case of MoS;. In this previous DFT study focusing on
the MoS, electrocatalyst, MoS, edges were shown to be HER active despite possible edge
reconstructions occurring under HER conditions. *® For this comparison, we choose the Mo,Sq
cluster because it represents a relevant working state for the amorphous MoS; phase, with

the active sites involving sulfur atoms, in close analogy to the S-edge of MoS,. Conversely,
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Figure 4: GC-DFT reaction energy profile on Mo;S; at 0 V vs SHE. The first step corresponds
to water adsorption, followed by a Heyrovsky step, and the last step is a Volmer step. The
color code for atoms is white for H; red for O; yellow for S and greenish for Mo.
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the MosS; clusters are predicted to work via OH* groups, which resembles the case on the
reconstructed Mo-edge of MoS,,.

Fig. 5a shows the variation of the Gibbs free energy for the Volmer and Heyrovsky steps
occurring on MoS, S-edge and Mo,;Sg as a function of the electrochemical potential, both
invloving S atoms as active sites. As shown in Fig. 5b and Fig. 5c¢, the hydrogen adsorption
via the Volmer reaction is potential-independent for Mo;Sg, while it depends on the potential
for MoS, S-edge case. In other words, it corresponds to a protonation, rather than a coupled
proton electron transfer, which is an intriguing observation of a decoupled mechanism. This
interpretation is verified by the analysis of the electron transfer as a function of the potential,
which is close to 0 for a protonation step and close to 1 for a proton-coupled electron transfer,
see Fig. S13. This difference between the two catalysts might be due to the different nature
of S sites involved in H adsorption: top SH for Mo;Sg versus bridging S for MoS, S-edge.
Alternatively, the difference of behavior could be related to the more localized (molecule-
like) electronic structure of Mo,Sg featuring a ”lone-pair”, compared to the more delocalized
electronic structure of MoS,. The hydrogen production occurs via a Heyrovsky step involving
a SH (sulfhydryl) group for MoS, and on a SH, (adsorbed H,S) species for MoS;. The release
of H, is more strongly potential dependent for both catalysts compared to the Volmer step
and involves about 1.8 and 1.1 electrons on MoS; and MoS,, respectively. At 0 V vs SHE, we
observe that Mo;Sg is more promising than the MoS, S-edge with AG; and AG;, closer to 0
eV. However, the (slightly) endergonic protonation step required for Mo4Sg suggests that this
catalyst will be more sensitive to changes in local pH than to changes in the electrochemical
potential. Only for a more negative potential &~ -0.3 V (where the Volmer step becomes
exergonic), MoS, S-edge becomes active for HER.

According to our simulations on MoS;, we cannot exclude that the S-active species may
be lost through H,S desorption. In this case, the active sites involve OH* entities, similar to
the situation on the Mo-edge of MoS,. Hence, we compare MoS, Mo-edge and MosS, in Fig.

6. Fig. 6a shows the effects of the electrochemical potential on the Volmer and Heyrovsky
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mechanisms for MoS, Mo-edge and Mo;S;, both involving OH* entities as the active sites,
whereas water molecules or hydroxyls have only been spectators when the active sites where
sulfur atoms. A more reducing electrochemical potential strongly favours the Heyrovsky
step with the release of H, particularly for Mo,S,, i.e., the formation of OH* is very close
to 0 eV at -0.2 V vs SHE. We find again that the ”Volmer” step on MosS, is potential
independent and remains close to -0.4 eV, and is thus best understood as a protonation
step, as confirmed by the analysis of the charge, see Fig. S14. The main difference with
the active sites on MosSg is that the oxygen atom of the top OH species is more basic
than the sulfur atom of the top SH* group and, therefore, the protonation is exergonic for
Mo,;S.. This protonation step is also in line with the strong slope of nearly 2 eV/V of
the Heyrovsky step as a function of the electrochemical potential. This observation of a
decoupled electron and proton transfer is rare in electrocatalysis. We conclude that water
and the explicit incorporation of the electrochemical potential play an important role in the
hydrogen evolution reaction on MosS;. In contrast to the previous case, the MoS, Mo-edge
is more promising than Mo;S, with a thermodynamic overpotential close to 0 V.

In summary, all reported MoS, and MoS; structures are catalytically active for HER.
However, their optimal working regimes depend on the active sites involved. Note that
modelling the solvent effects more explicitly (e.g., via QM/MM™ or DFT-based molecu-

™1.72) would provide an even more comprehensive understanding, especially if

lar dynamics
coupled to the computationally expensive determination of transition states.®>™ ™ When
hydrogen release involves SH site on MosSg cluster, MoS; is more promising. By contrast,
MoS, is more promising when water is involved and hydrogen release occurs via OH sites
located on the Mo-edge. This trend might provide some explanations on experimental obser-
vations reporting that MoS, (either amorphous or crystalline) might be formed from MoS,
during HER and provide the HER activity.!6!” According to our analysis, this can only
be due to the formation of active Mo-edge involving top OH* species. This interpretation

16,17

slightly differs from the ones proposed in where only pure sulfided species are invoked
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to be active.
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Figure 5: (a) Variation of AGy, the Volmer step and AGsy, the Heyrovsky step as a function
of the electrochemical potential for MoS, S-edge and Mo,Sg, (b) the cycle between SH and
S to release Hy on MoS, S-edge at 0 V and (c) the cycle between SHy and SH to release H,
on MosSg at 0 V. The color code for atoms is white for H; red for O; silver for C; yellow for
S and greenish for Mo. See Fig. S13 for the quantification of the number of electrons that
are transferred together with the protons.

4 Conclusion

We have performed state-of-the-art grand-canonical DFT computations relying on a cluster-
continuum solvation strategy and applied them to MosSy . cluster models of the MoS; elec-
trocatalytically active phase supported on carbon. We determined systematically the ther-
modynamic profiles of hydrogen adsorption and H, production by taking into account the
stability of the catalyst with respect to H,O adsorption and H,S desorption. The chemically
adsorbed water molecules are treated explicitly, while the bulk effect of the solvent and the
electrolyte are described via the linearized Poisson-Boltzmann equation.

Our approach enabled to identify that the starting MosS, cluster is not stable in HER
conditions and may evolve to a Mo;Sg or even Mo,sS, based clusters after H,S releases. Both
clusters also contain adsorbed water molecules and OH species adsorbed on the unsaturated
Mo sites that cauterize the Mo coordination sphere. The MosSg cluster containing two water

molecules is found to be active in HER through Heyrovsky-Volmer mechanisms involving
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Figure 6: (a) Variation of AG1, the Volmer step and AGsy, the Heyrovsky step as a function
of the electrochemical potential for MoS, Mo-edge and Mo,S-, (b) the cycle between H,O
and OH to release H, on MoS, Mo-edge at 0 V and (c) the cycle between H,O and OH to
release H, on Mo;S; at 0 V. The color code for atoms is white for H; red for O; silver for
C; yellow for S and greenish for Mo. See Fig. S14 for the quantification of the number of
electrons that are transferred together with the protons.

top SH* species resulting from the hydrogenation of a top S5~ dimer. They are predicted
to be catalytically more active than the bridging SH* sites located on the S-edge of a MoS,
electrocatalyst. The Mo,S, clusters containing two water molecules and one OH* group is
also active in HER even if less than the Mo;Sg cluster and than the Mo-edge of a MoS,
electrocatalyst. The Herovsky/Volmer mechanisms involves the OH* species and leads to a
thermodynamic overpotential of about 0.2 V.

Moreover, we found that the HER mechanism on Mo;Sg and MosS; clusters involves a
potential independent protonation step, which does not follow the common coupled proton
electron transfer.

In summary, our DF'T study highlights the versatile working state and reactivity of carbon
supported MosS, . clusters in HER conditions. Depending on the impact of water and sulfur
resilience, the HER activity may originate either from SH* or OH* groups which may help
to rationalize the open debate reported in the experimental literature regarding the nature
of HER active sites. This study also provides a consistent comparison of the HER reactivity

of MoS; and MoS, electrocatalysts.
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