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Abstract

Molybdenum sulfides are very attractive noble-metal free electrocatalysts for the hydrogen
evolution reaction (HER) from water. Atomic structure and identity of the catalytically active sites
have been well established for crystalline molybdenum disulfide (¢-MoS5) but not for amorphous
molybdenum sulfide (&MoSy) which displays significantly higher HER activity compared to its
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crystalline counterpart. Here we show that HER—active &MoS,, prepared either as nanoparticles
or as films, is a molecular-based coordination polymer consisting of discrete [Mo3S;3]%~ building
blocks. Of the three terminal disulfide (S,%7) ligands within these clusters, two are shared to form
the polymer chain. The third one remains free and generates molybdenum hydride moieties as the
active site under H, evolution conditions. Such a molecular structure therefore provides a basis for
revisiting the mechanism of &MoS, catalytic activity, as well as explaining some of its special
properties such as reductive activation and corrosion. Our findings open up new avenues for the
rational optimisation of this HER electrocatalyst as an alternative to platinum.

Scalable renewable hydrogen production via solar-driven water splitting employing a viable
and cost-effective photoelectrochemical cell is a potential technology to address the global
demand for renewable energy.1 To this end, several key challenges have been identified,
including the search for efficient electrocatalysts based on earth’s abundant elements for the
oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER). During the
last decade, significant advances have been achieved to identify HER electrocatalysts
alternative to platinum and based on transition metals such as Fe,4 Ni,2-4 Co,4,5 Mo6-14 or
W15,16. In particular crystalline molybdenum disulfide (¢-MoS,),6-9 amorphous
molybdenum sulfide (a&MoSy),10,11,14 and molybdenum sulfido clusters such as
[Mo03S4]** (ref 12), [M03S13]2~ (ref 13) or [M0,S12]%~ (ref 17) have recently gained
attention thanks to their scalable preparation methods, attractive catalytic activities and
robustness, as well as their capability to be integrated in Hp-evolving photocathodes.18-22
In the case of ¢-MoS, (Fig. 1), edge-planes are responsible for HER activity while basal-
planes are inactive.6,23 Edge-planes display Mo sites stabilized by disulfide ligands,24 but
both the evolution of these motifs under turnover conditions and the catalytic HER
mechanism remain unclear.23,25 Even less is known regarding the structure and catalytic
mechanism of &MoSy despite its activity is higher than c-MoS,. Indeed, no comprehensive
structural insights are available for &MoSy, which stands as a critical obstacle for
understanding its catalytic functions. In this study, we combined spectroscopic and
electrochemical techniques with quantum chemistry to investigate the structure and
reactivity of &MoS;.

A coordination polymer based on [M03S;3]% clusters

Belanger and coll.26 and Hu and coll.14 demonstrated electrodeposition of &-MoS, as a thin
film on conducting electrodes employing a solution of tetrathiomolybdate ([M0S,4]2-). In pH
7 phosphate buffer solution, the electrochemical oxidation of [M0S4]?~ resulting in
deposition of &#MoSy has an onset potential of ~0.15 V vs. NHE (Methods section and
Supplementary Fig. S1). Thin films (~40 nm) with good conductivity are obtained.11,26
Figure 2a (red trace) shows the resonance Raman spectrum of an a-MoSy film deposited on
a fluorine-doped tin oxide (FTO) electrode at 0.2 V vs. NHE. Remarkably, the &MoSy
material has identical Raman signatures to those recently reported for isolated [M03S13]
(NHy), clusters (Fig. 1 and Supplementary Fig. S2).13 Vibration of bridging/shared
disulfide (v(S-S)pr/sn) and terminal disulfide (v(S-S);) were found at 555 and 525 cm™,
respectively. Molybdenum sulfide bonds were found at v(Mo-S) of 382-284 cm~1 while the
v(Mo3-pi3S) vibration was detected at 450 cm™1.
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Similar signatures were also obtained for &MoSy thin films and [Mo3S;3](NH4)» clusters
using X-ray photoelectron spectroscopy (XPS, Fig 2b and 2c and Supplementary
Information). Irrespective of the oxidation potential applied during electrodeposition, &
MoSy films have identical Raman and XPS signatures. This also applies to &MoSy
nanoparticles synthesized from aqueous [MoS4]%~ solution via chemical oxidation (Methods
section and Supplementary Figs. S3 and S4). We thus conclude that &MoSy nanoparticles
and thin films have identical molecular structures. Elemental analysis performed on the as-
prepared &MoS, nanoparticles indicated that the mass fractions within the material are 36
+ 5 % for Mo and 50 + 5 % for S. Similar Mo:S mass ratios have been obtained for &MoSy
films electrodeposited on FTO electrodes and further dissolved in concentrated HNO3 prior
to analysis. Such a compaosition does not reflect the previously proposed MoS3 composition
but rather a Mo:S ratio of 4 and the presence of other elements (mainly oxygen, see below)
accounting for 5-15 % of the mass. Interestingly, similar Mo:S mass ratios were found for &
MoS, particles synthesized according to the procedure described by Jaramillo et al.11 We
note that a MoS,X (with X accounting for 14% of the mass) average composition would be
in good agreement with the 22% Mo and 78% S molar composition11 determined from XPS
data for such as synthesized amorphous molybdenum sulfide particles. The above analysis
also shows that &MoS, is significantly distinct in composition from the recently reported &
MoS,Cly material.42

We employed the aberration-corrected scanning transmission electron microscopy (STEM)
using high-angle annular dark field (HAADF) detector to determine the atomic structure of
a-MoSy (Supplementary Information). Figure 3 shows HAADF-STEM images of sub-
monolayer of &MoS, on graphite flake, in which the brightness contrast provides evidence
for the position of Mo atoms of &MoS,. The low-magnification image (Fig. 3a) shows
crowded bright spots, indicating the presence of well-separated sub-nano and nano-sized
particles without any specific shape (Supplementary Fig. S5a) and composed of 6 to 60 Mo
atoms (mean value: 28 +14 atoms). The building units of these particles are identified to be
[Mos] clusters wherein the Mo-Mo distance is 2.1 + 0.7 A, (Supplementary Fig. S5b). This
distance is in agreement with that determined for Mo-Mo bonds (2.72 A) within [Mo3S13]%~
clusters.27 The [Mogs] clusters arrange in unfolded one-dimensional chains or two-
dimensional networks reticulated through clusters which do not have free terminal disulfide
group (Figs. 3b and 3c). To further support these observations, we successfully carried out
the extrusion and isolation of [M03S;3]? clusters from a&MoSy following the procedure
described by Muller et a/.28 (Methods section and Supplementary Information).

The presence of defect MoV=0 sites in various protonation states within grown a-MoSy
material is evidenced by spectroscopic analyses. XPS Mo 3dsy, analysis shows minor
species having binding energy of 230.76 eV (Fig. 2¢) being assignable to Mo=0 defect
centers by comparison with energies reported for molybdenum oxysulfides (MoO4Sy) (Mo
3dsgyp: 231.10 eV, ref 29). The presence of MoOg3, characterised by high binding energy (Mo
3dg/» ~232.50 eV), is excluded.30,31 Resonance Raman analysis (Fig. 2a, insert) shows
vibration bands in the 800-950 cm™1 region characteristic of Mo=0 motifs.32—34 Electron
paramagnetic resonance (EPR) analysis, performed on as prepared &MoSy suspended in
frozen pH 7 phosphate buffer, shows a complex spectrum (Fig. 2d, red trace). It can be
analysed as a combination of two broad signals (gL = 1.92 and g?; = 1.86; g°; = 2.05, g%
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= 2.01 and g°3 = 1.97) involving MoV species plus a thin signal at g = 2.003 corresponding
to a non-metallic radical species. The broad signal with quasi—axial symmetry (g% L = 1.92
and g2, = 1.86) is well documented in MoS, materials and corresponds to MoV=0 species
(ref 35 and refs 8, 13, 15 19 therein). The rhombic signal (g°; = 2.05, g°, = 2.01 and gP3 =
1.97) also corresponds to MoV species, but coordinated to sulfur-based ligands (likely S,2-,
although S2~ and HS™ cannot be excluded) as previously established for c-MoS, materials.35
To understand the origin of the remaining signal, DFT calculations were performed on
truncated models (Supplementary Fig. S9) of the [Mog3] clusters reproducing the various
coordination spheres of Mo shown in Fig. 1. The charge of the models was set as formally
containing two Mo'Y and one MoV centers (this corresponding to [Mos] clusters with S =
1/2). Mono-protonated models were also considered. For each model, geometry optimization
was first conducted followed by broken symmetry single point calculation to determine the
electronic and magnetic properties. We found only one model (A cluster) with magnetic
properties resembling the one of an organic radical with g values close to 2.003. The
structure of A cluster derives from the above mentioned MoV=0 species through protonation
on a shared disulfide ligand. Such a protonation results in complete spin redistribution
within the A cluster as shown in Supplementary Fig. S9 and Tables S1 and S2.

All above results are consistent with &MoSy being a coordination polymer based on
[Mo3S13]2 clusters as building blocks sharing two of their three terminal disulfide groups

(Fig. 1).

Electrochemical properties of a-MoS, catalyst: catalytic pre-peaks

Potential polarization curves recorded employing an &MoSy electrode in different pH
electrolyte solutions are shown in Fig. 4a. In pH 7 phosphate solution, two pre-catalytic
reduction events at peak potentials Epeaky = -0.44 V and Epeakp = -0.54 V vs. NHE were
observed prior to the catalytic hydrogen evolution wave (Fig. 4a, inserd. Similar features
were observed in more basic electrolyte solutions while in more acidic solutions the two pre-
catalytic reduction events merged into one single pre-peak. At pH 0, this pre-catalytic peak
was no longer observed. Such pre-peaks were only observed during the first cathodic
polarization of freshly prepared &MoSy electrodes. Subsequent polarizations showed only
the catalytic H, evolution wave (Supplementary Fig. S10). This indicates that the first
cathodic polarization irreversibly transforms the &-MoSy film into a novel material which is
the actual HER catalyst. Plotting pre-catalytic peak potentials versus pH, we found that the
first reduction event Epeakg Was pH independent while the second event Epeako had a
dependence of 55 mV per pH unit (Fig. 4b). Thus, no proton is involved in the first reduction
process while equal numbers of protons and electrons are involved during the second
reduction event.

Analysis carried out on a-MoSy, films after being equilibrated at each pre-wave potential for
1h (Methods section) shows no derivation on Raman vibration signatures (Fig. 2a). This
indicates that the disulfide ligands are not displaced at these potentials. Similar observation
has been reported for the [M03S;3]2~ molecular catalyst13 and &MoS,.25 In other words,
the pre-catalytic events are not relevant to the redox chemistry of the disulfide ligands. We
thus hypothesize that the pre-waves correspond to the reduction of structural defects such as
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the oxidized [Mo3] clusters evidenced by EPR spectroscopy. Based on this information, we
tentatively assign the two pre-catalytic reduction processes to the reduction of MoV(S,) and
{MoV=0/H*}17 (A cluster) centers (equations 1 and 2 respectively) present within the as-
prepared &MoSy material. The last reduction (equation 2) generates unsaturated
catalytically-ready Mo'V centers (resting state) for H, evolution (see below).

MoV (S5) +1le” — Mo' (S3)  (equation 1)

/ V: + er N * : v - i
{Mo O/H }(Aclustel)Jrle +1H" — Mo +H20 (equation 2)

Insights into the catalytic H, evolution cycle

Figure 4c shows that an increase of pH by one unit requires ~55 mV to be added to the
applied potential Eqppy. to sustain the catalytic current at a constant value. The catalytic
current is thus under the control of an electrochemical process (concerted or not) involving
le~and 1H™. In order to gain more insights into the catalytic H, evolution mechanism, we
also measured the resonance Raman spectrum of &MoS films being electrochemically
equilibrated under turn-over conditions for H, evolution (Fig. 2a, b/ack trace). The electrode
was held at a constant potential of —0.71 V vs. NHE (corresponding to 300 mV overpotential
for HER) for 1h in a pH 7 phosphate buffer solution (Methods section). During such a
process, each Mo site turns over 1000 times on average. Four major changes are observed in
the activated material as compared to the as-prepared material (Fig. 2a, red trace): (i) the
signal assigned to bridging and shared disulfide significantly decreased,; (ii) the signal
attributed to terminal disulfide ligands completely disappeared, (iii) the signal assigned to
sulfide ligand is modified and (iv) signals in the 800-950 cm™1 region corresponding to
Mo=0 vibrations considerably increased.

Build-up of the catalytically-ready species and electrochemical corrosion of a-MoSy under
reductive conditions

Observations (i) and (ii) clearly indicate that all disulfide ligands are reduced and/or
eliminated under turn-over conditions. Removal of terminal disulfide ligands can change the
geometry of the [Mos] cluster that causes a shift of the Mos—i3S vibration (observation
(iii)). We note that these observations may seem in contrast with previous observations made
by Kibsgaard et al. on drop-casted salts of isolated [M03S;3]%™ clusters after the recording of
ten cyclic voltammograms.13 We nevertheless think that the longer equilibration conditions
used in this study provide a better picture of the transformation processes at play during
turn-over. Reductive activation of a-MoSy thus results in a net loss of sulfur to form a
material which is better described as MoS,., in agreement with the stoichiometry
previously reported for active &-MoSy obtained via cathodic electrolysis or dynamic
potential cycling from [MoS4]2™. 10
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The two equations proposed below could account for the transformations involving shared
and bridging disulfides:

Mo (1 — S2) Mo+2e™ — Mo(p — S),Mo  (equation 3)

Mo (11 — S2) Mo+2e ™ +xH" — Mo(=S),_(SH) +Mo—  (equation 4)

Equation 3 is a chemically reversible process that can simply be reverted following air
equilibration. It can nevertheless explain the modification of the Raman spectrum in the
sulfide ligand region observed under turnover conditions. By contrast, the 2e-, 2H*
reduction process (equation 4) shortens the polymeric chain while creating unsaturated Mo!V
centers and Mo'V(=S),.,(SH)y centers, as recently proposed by Lassale-Kaiser et al.25 This
process is thus likely the cause of the electrochemical corrosion of &MoS, electrode under
reductive potentials reported by Hu and coll.36 However, side-products resulting from this
corrosion are incomplete [Mog] clusters rather than [MoS4]%~ generated from equation 5 as
proposed by Hu and coll.36 To support this hypothesis, chemical corrosion of &MoSy
nanoparticles with 0.1 M sodium dithionite solution was monitored using UV-visible
spectroscopy. The solution turned rapidly green with visible absorption at Apax = 600 nm,
assigned to soluble [Mo03S4]** or [M03S7]** cores,37,38 but lacking the characteristic
[Mo0S,]?~ absorptions at Anay = 465 and 325 nm (Supplementary Fig. S11).

MoS3+1/8 Sg+2e~ — [MoSa]*™  (equation 5)

Catalytic Hy, evolution cycle

The increase of signals in the 800-950 cm~1 region in the Raman spectrum of samples
equilibrated under turn-over conditions for H, evolution (Fig. 2a, black trace) links the
formation of Mo=0 centers to catalytic H, evolution. The latter conclusion was also
confirmed by EPR measurements. The spectrum of a frozen &MoS, suspension in pH 7
phosphate buffer was recorded under turn-over conditions induced by the addition of 0.14 M
sodium dithionite. By comparison to the spectrum of the as-prepared state, two very intense
signals (corresponding spectrum is shown in Fig. 2d, black trace, after ten-fold downscaling)
are observed. The first one corresponds to MoY=0 centers massively produced under turn-
over conditions, an observation consistent with resonance Raman studies. A second very
broad transition is observed at g = 2.08, the intensity of which strongly increases when the
temperature decreases from 77 K to 10 K (Supplementary Fig. S12). We relate this signal to
a catalytic MoV intermediate which accumulates in solution under turn-over conditions.

We propose in Fig. 5 a catalytic cycle for Hy evolution, consistent with all the above
observations. The catalytically-ready species are unsaturated Mo'V sites as evidenced by the
disappearance of disulfide v(S-S) signals in resonance Raman spectra. Such unsaturated
MoV sites are formed during the pre-catalytic peaks corresponding to the activation of
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defect [Mogs] clusters (equation 2) which is fully achieved at the potential of the catalytic
process. Reduction of bridging disulfide ligands (equation 4) and elimination of terminal
disulfide ligands, either as stepwise or concerted processes (equation 6), also partake in the
formation of unsaturated Mo'V sites.

Mo (S2) +2¢”+2H" — Mo — +HS™  (equation 6)

From unsaturated Mo'V sites, proton-coupled reduction of this species then generates the
active species. This is in line with the pH dependence of the catalytic current (Fig 4c).
Generation of unsaturated MoV sites from equation 6, at potentials close to that of the
catalytic H, evolution process and with the same dependence on pH, can also act as the rate-
determining step during the initial electrochemical equilibration of the material.

From the active species, H» is evolved either in a homolytic way or upon protonation
(heterolytic route), generating unsaturated MoV in the latter case. Hydration of such species
would yield MoV=0 centers, thus providing an explanation for accumulation of such species
in the medium. We note that such a process is chemically reversible and controlled by the
pH of the solution.

The above mentioned mechanism is quite similar to the one already proposed to occur at the
edge-plane of ¢-M0S,23,25 in terms of alternate electron and proton transfer steps. However
our data definitively show that terminal disulfide ligands are fully displaced under catalytic
turnovers which forced us to reinvestigate the structure of the active species. Using the same
methodology as mentioned above, we calculated the structural, electronic and magnetic
properties of possible catalytic models (B and C clusters) shown in Fig. 6 resulting from the
addition of 1e~ and 1H* to the unsaturated Mo'V resting state. It followed that a MoV-
hydride species is stabilized by 18 kcal.mol~! compared to its isomer in which H atom
addition takes place at a bridging disulfide ligand. The computed magnetic properties
(Supplementary Tables S1 and S2) of such a metal-centered paramagnetic species are in
agreement with the broad signal at g = 2.07 observed under turnover conditions for &MoS,,,
while the sulfur-based radical species C should exhibit EPR parameters close to the Landé
factor (g = 2.0023). Not surprisingly, protonation of both species and generation of H, at pH
7 was found to be energetically favourable by 67 and 100 kJ.mol~1, respectively
(Supplementary Table S3). Using the methodology developed by Ngrskov,23 we calculated
the H atom adsorption free energies (AG%4) corresponding to generation of the MoV-hydride
species B (0. 108 eV) and to the sulfur-based radical C (0.44 eV) from the Mo'V resting
state (Supplementary Table S4). It is well known that AG®,, values close to zero characterize
efficient catalytic HER material, which further favors the mechanistic route through the
MoV-hydride intermediate. The quite high AG% value obtained for intermediate C is in full
agreement with the value determined for a similar {Mo3S4} cluster with H atom addition on
a sulfur center.21 By contrast, the low AG® value calculated for the process involving the
MoV-hydride B in &MoS, is comparable to the reported AG? value (0.08 eV) for c-MoS,,
thus in full agreement with the good HER activities of both amorphous and crystalline
materials.23 We finally note that, in the course of the revision process of this manuscript,
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DFT studies concluded to the involvement of a Mo-bound hydride species as the active
species in H, evolution catalysed by Mo0S,.39,40

Conclusion

Methods

In this report, we have revealed the polymeric structure and molecular nature of amorphous
molybdenum sulfide which can now be formulated as a coordination polymer based on
[Mo3S13]%" clusters sharing disulfide ligands. This specific structure has many implications
on the reactivity of the material as compared to its crystalline analogues. A first one is the
possibility for cathodic corrosion leading to a shortening of the polymeric chains under
electrochemical activation. In addition, under turnover H, generation conditions, elimination
of terminal disulfide ligands generates the actual catalytic centers for proton reduction,
which hydrates and generates molybdenum oxysulfide sites. Such findings may also be
relevant for the understanding of the chemical reactivity of similar transition metal
dichalcogenide materials41 used as catalysts42—44 or in electrochemical storage devices.45
More broadly, this study provides another example of the duality between crystalline and
amorphous materials regarding catalytic properties. Previous examples including
manganese46,47 and cobalt oxide-based48-50 catalysts for water oxidation have shown that
amorphous materials’ superior activities go beyond an increased surface area, but are
intimately linked to distinct structure and nature of catalytically active sites, as shown here
for the first time for a Hy-evolving material. Based on such structural and mechanistic
understanding, proton—electron transport and transfer studies in a-MoSy electrocatalytic
films are now conceivable. Solutions to avoid or control reductive corrosion of &MoSy
materials can also be developed, together with rational optimization of their catalytic
performances, through synthetic modifications of the cluster units and/or the connecting
ligands.

Ammonium tetrathiomolybdate [MoS4](NHy4), and other chemicals were purchased from
Sigma Aldrich and used as-received without any further purification. Fluorine-doped tin
oxide (FTO) coated glass slides with 14 Q/sq resistivity and a thickness of 400 nm were
purchased from NSG group. FTO electrode was cleaned by subsequent sonication in
acetone, isopropanol and ethanol and then dried by a nitrogen gas flux before used.

Electrochemical experiments were performed on an Autolab PGSTAT-30 potentiostat
employing a conventional three electrodes configuration. Customized two compartment
electrochemical cell was used. The working electrode was the synthesized catalyst film on 1
cm? FTO or 0.071 cm? carbon glassy electrode. Reference electrode was an Ag/AgCl 3M
KCI while counter electrode was a Pt wire. Reference electrode was calibrated daily by
employing a solution of [Fe(CN)g]3/[Fe(CN)g]*~ in pH 7 potassium phosphate buffer.

Potentials are quoted against the Normal Hydrogen Electrode (NHE), by using the following
equation:

E E +0.21V

vs. NHE — “us. Ag/AgCl
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Electrolytes employed were 0.5 M H,SO,4 (pH 0), 0.5 M buffered citrate solution (pH 2 — 4),
0.5 M buffered phosphate solution (pH 6 — 8); and 0.5 M buffered borate solution (pH 9 —
11). Prior to use, electrolyte solution was saturated with N, gas.

Raman analysis was conducted on a NRS-7100 Laser Raman Spectrometer (JASCO, Japan)
using a 532 nm green line laser. Prior to measurement, wavelength calibration was done
using the bulk Si peak at 520 cm™1 as standard reference. / situ &MoS, to c-MoS,
crystallization readily occurred when high laser power (1.2 mW) was used. To avoid the
crystallization of (M03S11), polymer induced by the laser source, very low power of 0.1 mW
was employed. Exposed time was 480 seconds and a 100X objective lens was used.

X-ray photoelectron spectroscopy (XPS) measurements were carried using a Thermo
Scientific Theta Probe system (VG ESCALAB 220i—XL instrument) equipped with a
monochromatic Al k,(1486.6 eV) X ray source. The photoelectrons signals were collected
in the constant pass energy mode using a concentric hemispherical energy analyser that was
calibrated with pure gold, silver, and copper standard samples by setting the Au 4f7/», Ag
3ds/p, and Cu 2p3j; peaks at binding energies of 83.96 + 0.02 eV, 368.21 + 0.02 eV, and
932.62 £ 0.02 eV, respectively. Charge referencing was corrected using the adventitious
hydrocarbon at binding energy of 284.6 eV. Quantitative analysis of the XPS spectra was
carried out using a Shirley background subtraction before performing a least-square-error fit
with a mixture of Gaussian and Lorentzian line shapes. The spin-orbit split peaks for S 2p is
constrained using a separation of 1.18 eV with a ratio of ~0.5 while that of the Mo 3d was
constrained using a separation of 3.13 eV with a ratio of 0.67. All the corresponding spin-
orbit split peaks were set to have the same FWHM and similar line shapes.

X-band EPR spectra were obtained using a Bruker EMX spectrometer equipped with an
Oxford ESR 910 cryostat for low temperature studies. The microwave frequency was
calibrated with a frequency counter and the magnetic field with an NMR gaussmeter.

Elemental analysis were performed using ICP-AES at the Laboratory of Chemistry and
Biology of Metals (Grenoble) and at the Institut des Sciences Analytiques (CNRS,
Villeurbanne, France).

1. Preparation of a-MoSy thin film

aMoSy thin films were grown by holding FTO (14 Q/sq resistivity) or glassy carbon disk
electrode at an anodic potential of 0.2 or 0.5 V vs. NHE in a deposition bath consisting of
1.0 mM [MoS4](NHy,)» in degassed pH 7 phosphate buffer. During deposition, the solution
was stirred with aid of a magnetic stirrer. Total density of charges of 12 mC.cm=2 was passed
through working electrode resulting in the deposition of 6.2 x 10~8 mol Mo catalyst. When
the resulting film was formed, it was intensively washed with degassed water and ethanol,
followed by drying under a stream of argon. The films were kept in a gas-tight closed glass
tube filled with argon gas.

In a separate experiment, 0.2 mM MnCl, was added to the deposition bath together with 1.0
MM [Mo0S4](NH,),. At 0.2 V vs. NHE, the film obtained from this deposition showed
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identical XPS signatures to those recorded for films grown without MnCl, added. XPS
analysis did not reveal incorporation of Mn2* or CI~ within the deposited film.

2. Preparation of a-MoSy nanoparticles via chemical oxidation of [MoS4](NH4)»

3. Extrusion

Sodium persulfate (2 mmol, 480 mg) was added to a deep-red solution of [MoS4](NH,), (1
mmol, 260 mg) in water (50mL) well gased with Ar. The solution rapidly turned to dark
brown suspension which was continuously stirred under Ar for 2 h. When the reaction was
over, dark brown powder was collected by centrifugation, intensively washed with water,
ethanol, CS, and diethyl ether. This product was dried under an Ar stream and kept under Ar
atmosphere.

of [M03S13](EtsN)2 from a-MoSy

aMoSy nanoparticles (325 mg, 0.51 mmol (Mo3S11) monomer) were loaded into a 5%
KOH solution (5 mL) well-degased with Ar. The resulting orange suspension was
continuously stirred overnight under Ar. It was then centrifuged, giving a red solution and
orange precipitates. These precipitates were washed with water (2 x 2.5 mL) giving an
orange washing solution, which was then combined together with the above red solution. To
this final solution was added excess Et4NBr (~0.5 g) resulting in rapid precipitation of a red
powder which was then collected by centrifugation, washed intensively with water until
obtaining colourless washing solution. Finally, the obtained red powder was washed with 2 x
5 mL ethanol, 2 x 5 mL diethyl ether and dried under vacuum overnight giving [M03S13]
(Et4N), as a red product (65 mg, 0.067 mmol, yield ~13%). This material was soluble in
DMF or DMSO solvents.

4. Conditioning a-MoSy catalyst under pre-waves or H, evolution conditions

&MoSy electrodes deposited on FTO substrate (loading of 6.2 x 108 mol cm~2) were
equilibrated in a thoroughly degased pH 7 phosphate buffer solution for 1h at pre-wave
potentials (-0.45 or —0.55 V vs. NHE) or at catalytic Hp-evolving potential (-0.71 V vs.
NHE). After equilibration, the samples were carefully rinsed with O,-free deionized water,
dried under Ar and quickly transferred to Raman and XPS spectrometers. The samples were
kept under Ar during the transfer and loading time.

In an Ar-filled glove box, a suspension of &MoSy nanoparticles in pH7 phosphate buffer
solution (2 mg. mL™1) was prepared. To this suspension, 0.14M sodium dithionite was
added. After short equilibration time at room temperature, the sample was frozen and
transferred to EPR spectrometer for measurement. In a separated experiment employing
identical conditions, H, evolution was probed employing a miniaturized Clark electrode
(Unisense Hy sensor in guide and monometer).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of molybdenum sulfide materials.

[Mo3S13]% cluster; c-MoS, wherein Mo edge plan contains Mo(S,) catalytic active sites;
Actual &MoS, coordination polymer with [Mo3S;3]%~ building block units sharing two of
their three terminal disulfide bond to form polymeric chain. Some defect MoV=0 sites are
present within the polymer; The same a&MoS, catalyst under catalytic H, evolution turnover
conditions. Within &MoS,, four different ligands are thus identified: apical sulfide p-S2-,
bridging disulfides (S-S)2 7, shared (S-S)?~g, and terminal disulfides (S-S)2.
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Figure 2. Spectroscopic characterization of a-M oSy catalyst.
a, Resonance Raman spectra (532 nm green laser excitation with low power 0.1 mW); red

trace: freshly electrodeposited a-MoSy thin film (red trace insert: zoom up Mo=0 vibration
bands by multiplying intensity by factor 5); the same material after equilibration in pH 7
phosphate solution at constant potential of -0.45 V (green trace), -0.55 V (blue trace) and
-0.71 V vs. NHE (black trace). b and c, XPS core-level spectra and deconvolutions into S 2p
and Mo 3d contributions for a freshly electrodeposited &-MoSy thin film. d, EPR spectrum
measured on as-prepared &-MoSy nanoparticles in frozen pH 7 phosphate buffer suspension
(2 mg. mL™1) at 77 K (red trace) and after treated with 0.14 M sodium dithionite (black
trace, intensity is devised by 10).
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Figure3. HAADF-STEM analysis.

a, low resolution shows well-isolated sub-nano and nanoparticles. b and c, arrangement of
[Mog3] cluster units in an one-dimensional unfolding chain and two-dimensional branched
structure.
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Figure 4. Electrochemical properties of a-M oS, electrode.
a, the first potential polarization curves recorded in different pH electrolyte solutions (insert:

the curve obtained in pH 7 solution) on an &#MoSy electrode (catalyst loading of 6.2 x 10-8
mole.cm~2), freshly grown by electrodeposition at 0.2 V vs. NHE; Potential scan rate was 2
mV.s~L; b, dependence of peak potential of the pre-catalytic reduction events on the pH of
the electrolyte solution; c, pH titration employing an &-MoSy electrode grown on glassy
carbon disk to sustain a catalytic current of 0.4mA.cm~2. Carbon disk was rotated at 1000
rpm.
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Figure 5. Proposed catalytic pathway for Ho evolution
(equations 4 and 6 are not included in this scheme but contribute to the formation of the

unsaturated Mo'V sites)
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Figure®6.
Truncated models (starting state for DFT calculations) of two isomeric B (left) and C (right)

clusters corresponding to the catalytically active state and their spin distributions. Positive
and negative populations are depicted in red and blue, respectively (See Supplementary
Tables S1 and 2).
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