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ABSTRACT  

Identifying and understanding the active sites responsible for reaction turnover is critical to 

developing improved catalysts. For the hydrogen evolution reaction (HER), MoS2 has been identified as 

an active non-noble metal-based catalyst. However, only edge sites turnover the reaction whereas the 

basal planes are catalytically inert. In an effort to develop a scalable HER catalyst with an increased 

number of active sites, herein we report on a Mo-S catalyst – supported thiomolybdate [Mo3S13]2- 

nanoclusters – in which most sulfur atoms in the structure exhibit a structural motif similar to that 

observed at MoS2 edges. Supported sub-monolayers of [Mo3S13]2- nanoclusters exhibited excellent HER 

activity and stability in acid. Imaging at the atomic scale with scanning tunneling microscopy allowed 

for direct characterization of these supported catalysts. The [Mo3S13]2- nanoclusters reported herein 

demonstrated excellent turnover frequencies; higher than those observed for other non-precious 

catalysts synthesized by a scalable route. 
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MANUSCRIPT TEXT 

In modern industry, molecular hydrogen (H2) is a crucial chemical feedstock with a production rate at 

the global-scale of approximately 50 billion kg/yr, used primarily in petroleum refining and in the 

synthesis of NH3 for fertilizer.1 The demand for H2 is likely to continue to increase as petroleum 

feedstocks are getting heavier and as the global population continues to increase. Hydrogen has also 

been proposed as a major energy carrier for the future.2, 3 Today, however, hydrogen is mainly produced 

from steam reforming of natural gas and hence contributes to the global CO2 emission.1-3 It is widely 

believed that electrocatalysis can play a key role in next generation sustainable energy conversion 

technologies and as such significant attention has been devoted to clean hydrogen production through 

electrocatalytic processes such as photoelectrochemical (PEC) water splitting or electrolysis coupled to 

renewable energy sources.4-6  

The hydrogen evolution reaction (HER, 2H+ + 2e- → H2) constitutes half of the water splitting 

reaction; active catalysts are required to increase process efficiency by minimizing the overpotential 

needed to drive the HER. Platinum is currently the best known catalyst for the HER as it requires 

negligible overpotential even at high reaction rates, but the scarcity and high cost of Pt limits its 

widespread technological use. Non-noble metal alternatives include nickel and nickel alloy catalysts but 

their use is typically restricted to alkaline solutions due to corrosion issues in acidic solutions.7-9 

Recently, biomimetic electrocatalysts based on low-cost earth-abundant first-row transitions metals 

have been employed for various electrocatalytic reactions including HER. Hydrogenase and nitrogenase 

enzymes are nature's effective HER catalysts with active centers consisting of Fe, Ni and Mo. 

Hinnemann et al. reported that undercoordinated sulfur atoms at the edges of MoS2 have very similar 
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properties as the active enzymatic centers10 and indeed nanoparticles of MoS2 were shown to be 

excellent HER catalysts.11 However, only the edges of MoS2 nanoparticles are active, whereas the 

(0001) basal planes of MoS2 are catalytically inert, and high HER activity thus requires MoS2 

nanocatalysts with a high number of exposed edge sites. Several molybdenum sulfide systems have 

been synthesized including molecular12, nanoparticulate11, 13, 14, nanowires15, mesoporous16, and 

amorphous films17, 18. Molecular complexes have also been studied as an intriguing class of HER 

catalysts, including biomimetic nickel and cobalt complexes19-22 and polyoxometalates.23, 24 Many 

molecular electrocatalysts, however, have been found to be stable only in nonaqueous solvents or 

require very large overpotentials to achieve appreciable turnover frequencies.25  

 

Herein, we report on the development of a new and interesting molecular HER catalyst, 

thiomolybdate [Mo3S13]2- nanoclusters that, upon supporting onto carbon electrode surfaces, bridges 

molecular and solid state electrocatalysis. The [Mo3S13]2- nanoclusters are prepared by straightforward 

wet chemical methods that can readily be scaled. The clusters contain 3 different types of sulfur ligands, 

all intrinsically located as edge sulfur atoms, see Figure 1a, and can be viewed as molybdenum sulfide 

with a significant fraction of active sites as nearly all the sulfur atoms have the appropriate atomic 

structure for effective catalysis. Indeed, compared to other molybdenum sulfide based HER catalysts – 

which are the best known non-precious metal HER catalysts in strong acids – our measurements show 

that the [Mo3S13]2- nanoclusters exhibit unprecedented turnover frequencies for the HER among non-

precious metal based catalysts synthesized by scalable routes. Moreover the thiomolybdate [Mo3S13]2- 

nanoclusters can be deposited onto a wide range of electrode surfaces by means of a facile drop-casting 

method using methanol as a solvent. The ability to deposit onto a wide range of supports in such a 

straightforward manner enables ready integration of these nanoclusters onto different device 

architectures and materials for electrochemical applications. 
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RESULTS AND DISCUSSION 

Synthesis. 

The thiomolybdate, (NH4)2Mo3S13·H2O, were prepared by reacting (NH4)6Mo7O24·4H2O with an 

ammonium polysulfide solution following the method outlined by Müller et al.26 (see below for details). 

The synthesis yields dark red crystals (Figure 1b) which we examined by powder X-ray diffraction 

(XRD). The XRD pattern (Figure 1c) was found to be in agreement with experimental and simulated 

powder XRD patterns of (NH4)2Mo3S13·H2O found in the literature and the corresponding crystal 

structure is shown in Figure 1d.27, 28 The (NH4)2Mo3S13·H2O was redispered in methanol (Ultraviolet-

visible transmission measurements shown in Supplementary Figure S1) which facilitates cluster 

deposition onto any support by a simple drop-casting procedure.  

To investigate the [Mo3S13]2- clusters and their activity for the HER we selected two different 

supports: highly orientated pyrolytic graphite (HOPG, Structure Probe, Inc., grade SPI-2), and high 

surface area graphite paper (GP, Toray TGP-60, Alfa Aesar GmbH & Co. KG). The latter was selected 

since the high surface area allows for higher loadings of [Mo3S13]2- clusters, and is a support commonly 

employed in commercial electrochemical devices such as water electrolyzers and fuel cells. However, 

the simple drop-casting deposition enables the use of a wide range of different supports materials (see 

Supplementary Figure S2, for examples of an oxide support and a metal support).  

Characterization.  

In both electrocatalysis and catalysis, it is generally difficult of estimate the number active sites.29-31 

First of all catalysis is an intrinsically local effect related to active sites on the catalyst surface. 

Moreover, the active sites often have special local structure and stoichiometry such as edges, corners or 

other defect sites, which can be extremely difficult to detect by means of most materials characterization 

techniques as information is often averaged over the sample surface or bulk. To investigate the intrinsic 
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structure and activity of individual [Mo3S13]2- clusters we turned to scanning tunneling microscopy 

(STM) which offers a means to image the clusters with atomic resolution and hence allow for direct 

counting of the number of active sites.31 HOPG was chosen as support material because it exhibits 

atomically flat terraces that typically extend over several hundred nanometers allowing for atom-

resolved imaging by STM. As carbon is electrochemically inert in the potential window under 

investigation, both the GP and the HOPG supports allow the activity of the [Mo3S13]2- clusters to be 

clearly distinguished from the substrate. However, in the case of HOPG the strong two-dimensional 

bonding within the graphite layers together with an inherently low density of surface defects result in 

weak bonding of adsorbates on the freshly cleaved, pristine HOPG surface. To increase the strength of 

adsorption we activated the freshly cleaved HOPG surface by electrochemical anodization which 

introduces functional groups such as –OH and –COOH, causing light pitting of the HOPG surface; these 

features serve as anchoring points for the [Mo3S13]2- clusters. The anodization was performed in a 

phosphate buffer (pH 7) at 1.65 V vs. Ag|AgCl for 2 min. Figure 2a shows an STM image of the 

anodized HOPG surface with increased surface roughness. A further zoom-in in Figure 2b shows the 

distorted atomic structure of the activated surface, which provides anchoring sites for the [Mo3S13]2- 

clusters. HOPG substrates were prepared by this anodization process, followed by a rinse with Millipore 

water (18.2 MΩ·cm) and drying in an N2 stream. Immediately after, a 5 μl solution of 50 μM [Mo3S13]2- 

in methanol was drop-cast onto the surface. Before drying out, the solution was rinsed off by 200 μl of 

methanol to prevent bulk deposition and ensure only a sub-monolayer coverage of [Mo3S13]2- clusters on 

the surface. 

 

Figure 2c shows an STM image of [Mo3S13]2- clusters supported onto HOPG at sub-monolayer 

coverage; a number of uniform, nanometer-sized bright protrusions are clearly observed. Zooming in on 

one of the bright features reveals an ordered atomic-scale structure. The observed seven bright 
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protrusions arranged in a hexagonal pattern with one in the center represents the expected symmetry 

pertaining to the structure of a single [Mo3S13]2- cluster consisting of 3 terminal S2
2-, 3 bridging S2

2-, and 

1 central apical S, see Figure 2d. The bright spots arranged in a hexagonal pattern could represent either 

the interstitial spaces between the sulfur dimers or the sulfur dimers themselves, as sulfur atoms have 

been commonly imaged in previous STM studies of MoS2.32-34  Ultimately, STM images show that we 

have highly dispersed individually separated [Mo3S13]2- clusters on the surface. Overview images such 

as the one shown in Figure 2c offer a quantitative measure of the surface coverage, which was 

determined to be ~8 (±2) × 1012 [Mo3S13]2- clusters per cm2 HOPG. 

 The chemical nature of the sub-monolayer [Mo3S13]2-|HOPG sample was investigated by X-ray 

photoelectron spectroscopy (XPS) (Figure 3). Each element has characteristic binding energies 

associated with electronic transitions from each of its core atomic orbitals, which together with small 

shifts from the chemical environment gives rise to a characteristic set of peaks in XPS. Deconvolution 

of the Mo 3d region by peak fitting reveal a single Mo 3d doublet at a position indicative of Mo with a 

4+ oxidation state.  A broad S 2s feature was observed near the Mo 3d5/2 peak, indicating multiple 

chemical states of sulfur. For further analysis, we examined the S 2p region which was fitted with three 

distinct doublets (2p3/2 ,2p1/2): (a) one doublet at (162.3 eV, 163.5 eV) arising from the terminal S2
2- 

ligands, (b) one doublet at (163.6 eV, 164.8 eV) reflecting the bridging S2
2- ligands and the apical S2- 

ligand of the [Mo3S13]2- clusters, and (c) a doublet at even higher binding energies (164.3 eV, 165.5 eV) 

accounting for residual sulfur from the polysulfide solution. The highest binding energy doublet, 

however, decreases or completely disappears after HER studies (see Supplementary Figure S3) 

indicating a removal of residual polysulfides from the surface during catalyst testing. Regarding the 

XPS spectra pertaining to the thirteen S atoms in the [Mo3S13]2- cluster, the ratio of the higher binding 

energy doublet to the lower binding energy doublet is 7:6, as expected. These observations are in 
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agreement with previous XPS studies of [Mo3S13]2- and indicate that the chemical state of the cluster has 

not changed after deposition onto the electrode surface.35, 36  

Catalytic activity. 

The catalytic activity of the [Mo3S13]2- clusters was evaluated for the hydrogen evolution 

reaction (HER) using a three-electrode electrochemical cell. Figure 4a shows iR-corrected linear sweep 

voltammograms in the cathodic direction for the bare anodized HOPG surface compared to that with 

supported [Mo3S13]2- clusters, normalized to the projected geometric area of the electrode (conditions: 

N2-purged 0.5 M H2SO4 (aq), 23 °C, sweep rate 5 mV/s). The bare anodized HOPG surface shows no 

HER activity in the investigated potential window, only a reduction peak around -0.10 V vs RHE which 

we associate with the functionalized surface since this peak is absent in sweeps of freshly cleaved 

pristine HOPG surfaces (data not shown). The [Mo3S13]2-|HOPG sample on the other hand shows a 

sharp, exponential increase in the magnitude of the cathodic current density with increasing 

overpotential, indicative of HER activity. The reduction peak associated with the functionalized HOPG 

surface is only faintly present as many of these sites are covered with adsorbed [Mo3S13]2- clusters. 

Figure S4 shows a large scale STM image of [Mo3S13]2- clusters after electrochemical HER testingand 

the uniform, nanometer-sized bright protrusions are still clearly observed, indicating that the [Mo3S13]2- 

clusters have not sintered nor have they condensed into larger islands, e.g. of MoS2. 

The HER activity of [Mo3S13]2- was further evaluated by depositing the clusters onto graphite 

paper (GP) disks at higher loadings for a more direct comparison to literature data on other molybdenum 

sulfide HER catalysts. Samples of 10, 20, 50, and 100 μg [Mo3S13]2- per cm2 were deposited by drop-

casting a solution of 1 mM [Mo3S13]2- in methanol (close to saturation, higher concentrations can be 

achieved by using other solvents, e.g. DMSO). The graphite paper disks were inserted into the 

electrolyte by means of an insulated wire connected to the potentiostat. The HER activity of these 

samples is shown in Figure 4b as iR-corrected cyclic voltammograms.  All four samples exhibit 
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excellent catalytic activity for the HER, as evidenced by a very early onset for the reaction at 

overpotentials of only 0.10 V – 0.12 V, and by reaching a current density of 10 mA/cm2 at low 

overpotentials, between 0.18 V – 0.22 V. As expected, we see that higher loadings result in a higher 

current density at a given potential. The very low degree of hysteresis between the cathodic and anodic 

sweeps also indicates that the influence of mass transport limitations was small for this particular 

electrode architecture.16  

Tafel plots of the polarization curves are shown in Figure 4c. In Tafel plots, the logarithm of the 

current density is plotted against the overpotential. Analyzing the Tafel slope of an electrochemical 

reaction, typically reported with the unit of mV per decade of current density, can help provide insight 

into mechanistic pathways.37  All Tafel slopes pertaining to the [Mo3S13]2-|GP samples are found to be 

38-40 mV per decade; values similar to those found for previously studied amorphous MoSx
13 and for 

MoS2 on reduced graphene oxide17 and may suggest a Volmer-Heyrovsky HER mechanism (see 

Supplementary information).13, 17 Interestingly, we find that the Tafel slope of the sub-monolayer 

[Mo3S13]2-|HOPG sample is approximately 57 mV per decade, slightly higher than that observed for the 

[Mo3S13]2-|GP sample. This Tafel slope is similar to values observed on UHV prepared MoS2 

nanoparticles11 as well as other nanostructured forms of MoS2.15, 16  A Tafel slope of 60 mV per decade 

as observed in the case of sub-monolayer coverage has been suggested to reflect a chemical 

rearrangement step as the rate determining step (see Supplementary information for details).38 On the 

graphite paper support, the lower Tafel slope (ca. 40 mV per decade) could result in a change in 

mechanism due to the considerably higher loading of [Mo3S13]2- clusters, where the closer proximity of 

active sites could affect the bonding of intermediates and the reaction mechanism, e.g. the 

electrochemical desorption (Heyrovsky) could become rate determining. To examine whether or not the 

[Mo3S13]2- clusters could condense into different phase at higher coverage, e.g. MoS2, which could 

impact the Tafel slope, we performed Raman spectroscopy before and after HER testing (see 



 9

Supplementary Figure S7). Raman spectroscopy probes the vibrational modes of chemical bonds and 

therefore provides a fingerprint spectrum that can be used to identify chemical compounds.  We 

observed no change in the characteristic [Mo3S13]2- Raman spectrum upon HER cycling and we 

therefore conclude that the [Mo3S13]2- clusters do not change structure or composition during the HER. 

Turnover frequency. 

In catalysis, the best figure of merit to use in comparing activities among different catalyst 

materials is by means of their turnover frequency (TOF).29 For MoS2 it is well established that only edge 

sites are catalytically active. For TOF normalization, we calculate the TOF per surface exposed Mo site 

in order to avoid difficulties in distinguishing the activity of different sulfur edge sites present in the 

[Mo3S13]2- clusters as well as those within other molybdenum sulfide HER catalysts.  A direct 

calculation of the TOF of the [Mo3S13]2- clusters per Mo atom was determined by normalizing the HER 

current density from the polarization curves to 3 times the surface density of [Mo3S13]2- clusters as 

calculated by mass loading or by direct measurements using STM images in the case of the [Mo3S13]2-

|HOPG sample. For the purpose of direct comparison, Figure 4d displays the TOFs of the [Mo3S13]2- 

clusters from the two types of samples described in this work, the [Mo3S13]2-|HOPG sample and the four 

different samples of [Mo3S13]2-|GP (with loadings of 10, 20, 50, and 100 μg/cm2), along with seven 

state-of-the-art molybdenum sulfides published in the recent literature. These include: MoO3-MoS2 

core-shell nanowires,15 a mesoporous MoS2 with a double-gyroid morphology,16 MoS2 nanoparticles 

supported onto reduced graphene oxide (RGO),13 electrodeposited amorphous MoS3,17 a wet-chemically 

prepared amorphous MoSx,18 [Mo3S4]4+ cubanes supported onto HOPG,39 and ultra-high vacuum (UHV) 

deposited MoS2 nanoparticles supported onto Au(111).11 Figure 4d plots TOFs in the potential range 

where the current densities fall within the Tafel region and hence the reaction is expected to be 

controlled by electrode kinetics and not by other limitations, e.g. mass transport. The Supplementary 

Information contains further details on TOF calculations. 
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All forms of nanostructured molybdenum sulfides plotted in Figure 4d exhibit high catalytic 

activity for the HER, though some forms are more active than others. On a TOF basis, the most active 

molybdenum sulfide HER catalyst ever demonstrated consists of UHV-deposited MoS2 nanoparticles on 

Au(111).11 The edge sites of these UHV MoS2 nanoparticles exhibit TOFs (per edge site) of 1 s-1 and 10 

s-1 at overpotentials of approximately 0.10 V and 0.16 V, respectively. This sets the benchmark for HER 

catalysis on MoS2. In comparison, the sub-monolayer [Mo3S13]2-|HOPG sample also exhibits extremely 

high catalytic activity, as evidenced by a TOF (per Mo atom) of 3 s-1 at an overpotential of 0.20 V. 

While not quite as active as the UHV-prepared MoS2 nanoparticles, the [Mo3S13]2-|HOPG sample has 

advantages in that the synthesis route is more scalable (liquid drop-casting vs. UHV deposition) and the 

clusters are anchored much more strongly to the support.  Figure 4d also reveals that apart from the 

UHV-prepared MoS2 nanoparticles, the [Mo3S13]2-|HOPG TOF is much higher than all the other 

molybdenum sulfide catalysts by roughly an order of magnitude. These measurements on the sub-

monolayer [Mo3S13]2-|HOPG sample likely sets the upper limit for the TOF of [Mo3S13]2- clusters as the 

majority of active sites are likely accessible due to the exposure of every cluster to the electrolyte. 

Accordingly, we observe that the TOFs (per Mo atom) of the higher loading [Mo3S13]2-|GP samples are 

a factor of 5 lower than the sub-monolayer [Mo3S13]2-|HOPG sample. We attribute the lower TOF to 

aggregation of the clusters which prevents some clusters from participating in the reaction. It is 

important to note that for the [Mo3S13]2- samples as well as for the MoS2|RGO sample, we assume that 

all Mo atoms loaded onto the electrode are 'surface atoms' for the sake of TOF normalization. For the 

other molybdenum sulfides catalysts plotted in Figure 4d, we explicitly calculate the fraction of Mo 

atoms that should be taken into account as 'surface atoms' for the TOF calculations. The TOF of those 

catalysts would consequently diminish if all Mo atoms were taken into account, e.g. TOF calculations 

for the MoO3-MoS2 core-shell nanowires assume that only 1 out of 5 Mo atoms are located at the 

surface, based on TEM imaging.15 In any event, the [Mo3S13]2-|GP samples outperform most of these 
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nanostructured molybdenum sulfide HER catalysts.  We suggest that the origin of the extremely high 

TOF is related to the fact that most sulfur sites on the cluster exhibit similarities to the MoS2 edge 

structure that is known to be catalytically active.  

Stability. 

Stability is an important concern for all catalysts. To assess the HER stability of the [Mo3S13]2- 

clusters we measured 1,000 continuous cyclic voltammograms for a [Mo3S13]2-|GP sample with a 

loading of 50 μg [Mo3S13]2- per cm2 between -0.3 and 0.2 V vs RHE (not iR-corrected) at 100 mV/s. 

This replicates the diurnal cycling experienced by a HER catalyst for solar water splitting. The lower 

limit was selected according to previous accelerated HER testing15, 40 and corresponds roughly to a 

current density of ~20 mA/cm2  for a non iR-corrected device which is equivalent to ~25% efficient 

solar-to-hydrogen conversion efficiency in a solar water splitting device.4 Figure 4e shows the iR-

corrected cathodic-going sweep for the three particular cycles: the initial cycle (0) and after 100 and 

1,000 stability cycles. We observe a slight decrease of the cathodic current density with increased 

potential cycling, however the sample remains highly catalytically active. The Tafel slope remains 

constant around ~40 mV per decade which suggests that the HER mechanism is not changed by 

potential cycling. Electrochemical impedance spectroscopy (EIS) measurements, however, show that 

the diameter of low frequency semi-circle increases with increased potential cycling (details on EIS in 

Supplementary information). We attribute this change to the desorption of [Mo3S13]2- clusters during the 

accelerated durability test due to rigorous H2 bubble formation at the electrode surface, ultimately 

resulting in fewer sites for catalysis. However, the activity loss appears much less significant than what 

was observed for carbon supported [Mo3S4]4+ cubanes at similar current densities.39  

Conclusion. 

Herein we report on thiomolybdate [Mo3S13]2- nanoclusters as a scalable, earth-abundant HER catalyst 

with extremely high activity and excellent stability. The catalyst is prepared by straightforward wet-
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chemical methods and can be supported on a variety of substrates by simple drop-casting. We studied 

this catalyst supported on both high surface area graphite paper and on highly orientated pyrolytic 

graphite, finding that this catalyst exhibits the highest HER turnover frequency of any molybdenum 

sulfide catalyst ever synthesized by scalable wet-chemical methods. We attribute this high activity to the 

fact that these small [Mo3S13]2- nanoclusters inherently expose a significant number of active edge sites. 

The addition of promoter atoms could lead to further enhancement in the catalytic activity for the 

HER41-44 and potentially enable Mo3S13-based catalyst to be able to compete against the best precious 

metal catalysts, e.g. Pt, available today.  
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Methods  

Synthesis of [Mo3S13]2- nanoclusters:  

The thiomolybdate, (NH4)2Mo3S13·H2O, was prepared by the method outlined by Müller et al.26 In 

short 4.0 g of (NH4)6Mo7O24·4H2O (Sigma-Aldrich) was dissolved in 20 ml of water in an Erlenmeyer 

flask. 120 ml of an ammonium polysulfide solution (< 25 w%, Acros Organics) was added and the flask 

was covered with a watch glass. The solution was then kept on an oil bath (96˚C) for 5 days without 

stirring. Dark red crystals of (NH4)2Mo3S13·H2O precipitated and were removed by filtering, followed 

by washing successively with water and ethanol. To remove excess sulfur, the (NH4)2Mo3S13·H2O 

crystals were heated in hot toluene (~80 ˚C) for 2-4 hr. Finally the crystals were dried in air. The heating 

in toluene removes most of the residual sulfur but small a quantity is still observed in XPS (see Figure 

3b). If all sulfur residues are to be removed carbon disulfide can be used. 26, 35 

Physical Characterization:  

XRD was performed using a Bruker D8 Discover diffractometer using Cu Kα radiation. XPS was 

performed using a Kratos Axis Ultra DLD with binding energies referenced to HOPG at 284.5. 

Ultraviolet-visible transmission spectroscopy was performed using a Shimadzu UV-1800 

spectrophotometer. Scanning tunneling microscopy was performed using an Agilent 5500 system with a 

dedicated high-resolution STM scanner and mechanically cut Pt-Ir (80/20) tips. Raman spectroscopy 

was performed using a NT-MDT NTEGRA Spectra system with a 473 nm excitation laser. 

Electrochemical Characterization:  

The electrochemical measurements were carried out in a standard three-electrode electrochemical setup 

using a µAutolab Type III/FRA2 potentiostat. The [Mo3S13]2-|HOPG or [Mo3S13]2-|GP samples served 

as the working electrode with a graphite rod as counter electrode and a Ag|AgCl reference electrode (3 

M KCl, Metrohm). All cyclic voltammograms of the HER activity were conducted using a 0.5 M H2SO4 
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electrolyte under continuous sparging with N2. The reference electrode was calibrated to the reversible 

hydrogen potential using platinum mesh for both the working and counter electrodes in the same 0.5 M 

H2SO4 electrolyte sparged with H2. This calibration resulted in a shift of -0.24 V versus the RHE.  
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Figure 1. Structure of [Mo3S13]2-. (a) Model of a single [Mo3S13]2- cluster, top and side view. (b) 

Optical photograph of the synthesized (NH4)2Mo3S13·H2O crystals recorded with an Olympus BX51 

microscope (brightfield). (c) Powder XRD pattern of (NH4)2Mo3S13·H2O. A simulated reference 

spectrum of the (NH4)2Mo3S13·H2O crystal structure is displayed at the bottom (Joint Commission for 

Powder Diffraction Standards (JCPDS): #76-2038) with the corresponding (NH4)2Mo3S13·H2O crystal 

structure shown in (d). Mo atoms: blue, S atoms: yellow, N atoms: green and H2O molecules: white.  
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Figure 2. Atom-resolved scanning tunneling microscopy (STM). (a) Overview STM image of a bare 

anodized HOPG surface. (b) Atom-resolved STM image of the distorted lattice of the bare anodized 

HOPG surface. (c) STM image of the anodized HOPG surface after drop-casting [Mo3S13]2- clusters 

showing uniform, nanometer-sized bright protrusions. (d) Atom-resolved STM image of a single 

[Mo3S13]2- cluster revealing an ordered atomic-scale structure. 

 

  



 20

 
 
Figure 3. XPS spectra and fitted peaks of sub-monolayer [Mo3S13]2- clusters on HOPG. (a) 

Deconvolution of the Mo 3d region indicate Mo with a 4+ oxidation state. (b) The sulfur 2p region can 

be fitted with three district doublets (2p3/2 ,2p1/2): one doublet (in yellow) arising from the terminal S2
2- 

ligands, one doublet (in red) reflecting the bridging S2
2- ligands and the apical S2- ligand of the 

[Mo3S13]2- clusters, and a doublet (in blue) at even higher binding energies accounting for residual sulfur 

from the polysulfide solution. 
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Figure 4. HER activity of [Mo3S13]2- clusters. (a) Polarization curve of sub-monolayer coverage of 

[Mo3S13]2- clusters on HOPG. (b). Cyclic voltammograms of [Mo3S13]2- clusters on Toray graphite 

paper (GP) with loadings of 10, 20, 50, and 100 μg per cm2, respectively. (c) Tafel plots of the cathodic 

sweeps of the polarization curves in (a) and (b). See (a) and (b) for color labeling. (d) Plot displaying the 

turnover frequency of [Mo3S13]2- clusters together with several other molybdenum sulfide based HER 

catalysts. The [Mo3S13]2- clusters exhibit the highest HER turnover frequency of any molybdenum 

sulfide catalyst synthesized by scalable route.  (e) Accelerated stability test. Initial and post potential 

cycling cyclic voltammograms of [Mo3S13]2- clusters on Toray graphite paper with a loading of 50 μg 

per cm2. The inset shows the Nyquist plots of the post potential cycling impedance data. The [Mo3S13]2- 

clusters remain highly active and only a slight decrease in current density is observed upon increased 

potential cycling.  

 


