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ABSTRACT: Developing precious-metal-free electrocatalysts for the
hydrogen evolution reaction (HER) is crucial to establishing H,
produced from renewable energy sources as an alternative energy carrier
to fossil fuels. Amorphous molybdenum sulfide-based materials are
promising candidates that provide highly active HER electrocatalysts by
introducing active sites at both the edge positions and the typically
inactive basal planes. Herein, we report an innovative bottom-up
synthesis of amorphous molybdenum sulfides using molecular complexes
with Mos;S, and Mo;S, cluster cores as building entities. The ability to
control the precursor of choice has made it viable to enhance the HER
activity of these materials. Furthermore, the tunability of the atomic
composition of the molecular cluster precursors allows the modification
of the derived materials with atomic-scale precision, enabling us to track
the synthesis mechanism and, in combination with Density Functional Theory (DFT) calculations, to decipher the nature of the
HER active sites.

B INTRODUCTION “hydrogen economy”.”® Thus, finding nonprecious HER

The global energy scenario urges the development of more electrcl)catalyzt's is of th; ?ﬁmostlillb;gortance.d. 16d S
sustainable energy production sources able to substitute for Barly studies on bulk molybdenum disulfide (MoS,)

finite fossil fuels and reduce global carbon dioxide (CO,) indicated ‘;};at this inorganic materia? displ:ftyed modesF activity
for HER.”® Nevertheless, since pioneering theoretical and

experimental investigations revealed that the edges of MoS,
can act as active sites for this electrocatalytic reaction,”'’
molybdenum sulfides have emerged as promising materials in
the quest of cost-effective and scalable HER electrocatalysts
under acidic conditions. With the aim of increasing the HER
performance of molybdenum sulfides, much effort has been
devoted on developing synthetic strategies in order to

emissions. In recent decades, technologies able to take profit
from renewable energy sources, such as solar and wind, are
showing a remarkable maturity. However, the intrinsic
intermittency of these renewable energies makes necessary
their conversion into energy carriers for long-term storage in
order to use them on-demand for off-grid applications. In this
context, water electrolysis has drawn enormous attention as a

convenient energy-harvesting technology because it allows the X _ ’
storage of renewable electricity in hydrogen (H,), which is maximally expose the active edge sites, for example, by

. e (s - o 10
considered the most promising alternative energy carrier for nanostructulr}ng these matelr;als (in the form of nanoparticles,
fossil fuels.? nanosheets, ~ or nanowires ~), by material exfoliation, thin film

The hydrogen evolution reaction (HER), in which protons deposition,'™'* or preparation of nanocomposites with
from water are reduced to H,, is thermodynamically feasible,
but the use of a highly efficient catalyst is required to drive the Received: May 23, 2023 Lo
HER at low overpotentials and high reaction rates. Platinum- Revised:  September 18, 2023 =
based materials are the most efficient HER electrocatalysts to Published: October 16, 2023
date; however, the scarcity and high cost of this metal greatly
hamper the large-scale application of this technology to realize

a sustainable energetic scheme based on the so-called
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conductive supports.”>~'” However, the HER activity of these
materials mainly originates from the edge sites, whereas basal
planes are catalytically inert. Therefore, considering the small
perimeter-to-basal plane area ratio, characteristic of this type of
material, most promising approaches to improve their intrinsic
activity must involve the activation of the basal planes by
disorder engineering, i.e., by introducing structural defects.'®
Among others, post-treatment of the basal surface by H,
annealinlc:»;,w_21 plasma bombardment,”**® irradiation treat-
ment,>** wet chemical etching,26’27 electrochemical activa-
tion,”*’ elemental doping,®”*" or phase transition engineer-
ing’>** are some of the strategies applied for this purpose. In
particular, the isolation of the 1T-MoS, phase displaying
metallic character is worth mentioning because of its excellent
catalytic activity, which is ascribed to the larger electron
mobility and the proliferated active sites in both the basal plane
and edges.”*™*® Unfortunately, the 1T phase is thermodynami-
cally unstable and gradually converts into the semiconducting
2H phase.”’

Furthermore, the preparation of amorphous molybdenum
sulfides is a convenient strategy to promote the HER activity of
these kinds of materials. Typical preparation methodologies of
amorphous molybdenum sulfides involve electrodeposi-
or wet chemical synthesis,"**
materials with high surface area, enhanced roughness, and a
number of defects at both the edge positions and basal planes.
However, reported studies on the identification of the nature
of the electrocatalytic active sites of these catalysts vary widely
and even conflict with each other, likely because of the atomic-
scale heterogeneity, which arises from the lack of control
during the synthetic process,”? 4047

It is generally accepted that the structure of amorphous
molybdenum sulfides is constituted by polymeric aggregations
of trimeric Mo' cluster units displaying different kinds of
sulfide ligands."'~* Interestingly, well-known molecular
complexes with cluster cores Mos(3-S)(u-Sy)s Mos(us-
S)(U-Sy-Seq)sy and Moy (p3-S) (-S11-Seq)3(S,);  (hereinafter
named Mo;S,, Mo,S;, and Mo,S,;, respectively) feature
similar topologies to those found in amorphous molybdenum
sulfide (Scheme 1).

which renders

Scheme 1. Molecular Complexes Displaying (a) MosS,, (b)
Mo;S,, and (c) Mo,S,; Cluster Cores and (d) Schematic
Representation of Amorphous Molybdenum Sulfide*' ~*
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These kind of trimeric cluster complexes are air-stable and
can be readily prepared by scaled methods, a fact that has
boosted their use to prepare HER catalysts for electro-
catalytic*®*™>* and light-driven™> ™ water splitting. In the
context of the electrocatalytic HER, Chorkendorff and co-
workers were pioneers in depositing an incomplete cubane-
type [Mo,S,]*" cluster on different graphite supports (high
surface carbon, Vulcan XC72, and highly oriented pyrolytic
graphite, HOPG) and applied them as novel prototype
catalysts in heterogeneous catalysis for this reaction.” In
2014, Besenbacher and co-workers reported more active and
stable catalysts prepared by depositing a thiomolybdate
[Mo,S,5]*" cluster on HPOG and graphite paper (GP) of
high surface area. The origin of the high activity was ascribed
to the different sulfur species, all of them inherently exposed
and thus considered as active edge sites.”*” Some years later,
the thiomolybdate [Mo,S,5]*~ cluster was anchored on highly
conductive reduced graphene oxide-carbon nanotubes (rGO/
CNTs) aerogels, a fact that resulted in the beneficial
suppressing of the aggregation of the cluster complex, exposin
more active sulfur sites, and enhancing electron diffusion.*”®
The thiomolybdate [Mo;S;3]*” cluster was also used to
prepare electrodeposited Mo;S,; films, which exhibited highly
efficient electrocatalytic activity for HER. The good con-
ductivity and the presence of a high degree of disulfide
bridging S,*>~ and apical S>~ (blue/red and yellow spheres in
Scheme 1c, respectively) species were progosed to be the
responsibility of the high HER activity.”” Yaghi’s group
synthesized dimers and chains comprising Mo;S; cluster
units connected with organic linkers, which resulted in more
efficient HER electrocatalysts than discrete [Mo;S,Brg]*~ and
[Mo,S,5]>~ complexes, shown in Scheme 1b,c, respectively.”’
Later, recent studies reported the preparation of a [M0,S,3]*"-
derived MoS, catalyst; however, its HER activity was lower
than that of a catalyst constituted by polymeric chains
compsrgising monomeric S*” instead of disulfide bridging S,*~
sites.”

In this work, amorphous molybdenum sulfides have been
engineered with high control at the atomic scale through an
innovative bottom-up synthetic strategy based on the use of
molecular complexes with Mo;S, and Mo,S, cluster cores as
building entities (Scheme 1a,b, respectively).”” This synthetic
strategy is particularly advantageous because it allows
introducing well-defined modifications into the final amor-
phous materials through exquisite control of the atomic
positions of the cluster entities. Derived from their extended-
molecular nature and their processability in the form of a
heterojunction with conductive carbon materials, highly active
HER electrocatalysts are obtained. The rational design of
amorphous materials with atomic-scale precision in combina-
tion with Density Functional Theory (DFT) calculations has
allowed us to decipher the nature of the active sites involved in
the HER.

B EXPERIMENTAL SECTION

Synthesis. Reagents were obtained from commercial sources and
used as received. In general, since selenium is toxic, special care was
taken when preparing molecular complexes containing this element.
The molecular cluster precursors [Mo,S,Cls](n-Bu,N),*" and
[Mo,S,Se;Cls](n-Bu,N),* were prepared according to literature
methods.

The complexes [Mo;Se,Brs](PPh,), and [Mo;SSeBrs](PPh,),
were prepared from the corresponding polymers {Mo;Se,Br,},*>*
and {Mo;SSeBr,},,” respectively, following a slightly modified

https://doi.org/10.1021/acs.chemmater.3c01260
Chem. Mater. 2023, 35, 8483—-8493


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01260?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01260?fig=sch1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

procedure with respect to the ones previously reported.**** Briefly,
the polymer (1 g) and PPh,Br (2 g) were melted in a vacuum-sealed
quartz ampule at 310 °C (rate S °C/min) for 3 h. Then, the ampule
was cooled down to room temperature and opened. The obtained
solid was washed with plenty ethanol, extracted with acetonitrile, and
filtered. Finally, the red colored solution was evaporated under
vacuum to obtain the desired complex.

The complex Mo;S,(PPh;);ClL,(MeOH), was prepared as
previously reported.”” The same strategy was applied to synthesize
the bromide analogue displaying Se at the axial positions “Mo;SSe;”.
Accordingly, [Mo;SSe(Brs] (PPh,), (1 g) was dissolved with methanol
(25 mL) under nitrogen in a S0 mL Schlenk flask containing a stirring
bar. Then, triphenylphosphine (13.4 equiv, 1.8 g) was added,
producing a color change from dark red to brown. The mixture was
stirred overnight at room temperature and filtered under vacuum, and
the recovered solid was washed using a mixture of cold n-
hexane:toluene (1:1) and then with hot n-hexane. The obtained
brown solid was allowed to dry under ambient conditions.

[Mo;SSe;S;Bry](n-Bu,N), was prepared through a two-steps
synthesis. In the first one, the molecular complex “Mo;SSe;”
experiences sulfurization and coordination by disphosphate ligands
(EtO),PS,~ (dtp), as previously reported for structure related
clusters.®® For that, a freshly prepared solution of P,S;, (5.881 g)
in ethanol (28 mL) was added to a suspension of “Mo;SSe;” (1 g) in
ethanol (150 mL) under nitrogen, and the mixture was stirred for 24
h. After this time, the mixture was filtered under a vacuum, and the
recovered solid was washed with acetonitrile, ethanol, and diethyl
ether. Finally, the orange solid, mainly composed of the complex
[Mo,Se,S;((EtO),PS,),]Br (Figure SI1), was allowed to dry under
ambient conditions. In a second step, the obtained molecular complex
was refluxed overnight in a mixture of acetonitrile (270 mL) and
aqueous HBr (48%, S5 mL). Formation of a copious white solid was
formed, which was separated from the orange solution by filtration.
Next, the filtrate was taken to dryness under a vacuum and redissolved
with the minimum amount of hot aqueous HBr (48%). After cooling
down to room temperature, (n-Bu,N)Br was added until complete
precipitation of an orange-brown solid. Finally, the solid was
recovered by filtration under vacuum and washed with water, ethanol,
and diethyl ether.

General Procedure for the Synthesis of Nanomaterials
{Mo;Q,_,}, (Q = S, Se). The molecular complexes (0.1563 mmol;
189.1 mg of [Mo;S,Cls](n-Bu,N),, 210.9 mg of [Mo;S,Se;Clg](n-
BuyN),, 305.1 mg of [Mo;SSe¢Brg](PPh,),, 252.7 mg of
[Mo,SSe;S;Bry](n-BuyN),, 312.4 mg of [Mo;Se,Brs](PPh,),, 215.8
mg of Mo;S,(PPh,);ClL,(MeOH),, 265.6 mg of “Mo;SSe;”) and
carbon powder (VULCAN XC72R, 150 mg (30 wt % Mo, see
Supporting Information for further details, Figure SI2)) were
dispersed in distilled water (S0 mL) into a 100 mL flask containing
a stirring bar. While the dispersion was stirred at room temperature,
hydrazine monohydrate (64—65%, 10 mL) was slowly added. After 3
h, the mixture was filtered under a vacuum, and the recovered solid
was washed with water, ethanol, acetone, and diethyl ether. Finally,
the obtained black powder was allowed to dry under ambient
conditions and stored under a nitrogen atmosphere.

The series of nanomaterials {Mo,S,_,},,, with several cluster molar
compositions (0, 25, 50, 75, 100%), were prepared according to the
above procedure by combining different amounts of the molecular
complexes Mo,S,(PPh;);Cl,(MeOH), (215.8, 161.9, 107.9, 54.0, 0.0
mg, respectively) and [Mo;S,Cls](n-Bu,N), (0.0, 47.3, 94.6, 141.8,
189.1 mg, respectively), which were ground together in a previous
step.

It should be noted that all nanomaterials {Mo;Q,_,}, (Q =S, Se)
were prepared in the absence of a carbon support for characterization
experiments.

Characterization. XRD analyses were carried out with a
PANalytical CubixPro diffractometer equipped with an X'Celerator
detector and automatic divergence and reception slits using Cu Ka
radiation (0.154056 nm).

X-ray photoelectron spectra were acquired with a monochromatic
Al Ka X-ray source (1486.6 €V) using a pass energy of 20 eV and a
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photoelectron take off angle of 90° with respect to the sample plane
on a Kratos AXIS Ultra DLD spectrometer. The C 1s peak at 285.0
eV was used to provide a precise energy calibration. Spectra treatment
was performed using the CASA software.

The Raman spectra were obtained from solid samples by using an
excitation wavelength of 514 nm in a Renishaw Raman spectrometer
equipped with an Olympus microscope and a CCD detector. The
laser power on the sample was ~1.25 mW and a total of 1S
acquisitions were taken for each spectra.

The molybdenum content in the catalysts was determined by
inductively coupled plasma with an optical emission spectrometer
(ICP-OES) in a Varian 700-ES Series, after complete dissolution of
the solids (ca. 20 mg) in a HNO,;/HF/HCI solution (1/1/3 volume
ratio). The sulfur content in catalyst was determined by elemental
analysis using a Carlo Erba 1106 analyzer.

Samples for TEM were ultrasonically dispersed in CH,Cl, and
transferred into carbon-coated copper grids. TEM micrographs were
recorded by using a JEOL JEM2100F microscope operating at 200 kV
in a transmission (TEM) mode.

Reaction Conditions. Electrochemical Characterization. The
electrocatalytic properties were studied through a three-electrode
setup, using a glassy carbon (5 mm diameter) rotating disk electrode
(RDE, Autolab), glassy carbon rod, and Ag/AgCl electrodes as a
working, counter, and reference electrodes, respectively, connected to
an AUTM204.S AutoLab potentiostat. The Ag/AgCl electrode was
calibrated by using a reversible hydrogen RE (HydroFlex, from
Gaskatel, Germany). The potentials were corrected for the iR drop by
measuring the electrolyte resistance through high-frequency AC
impedance.

A conductive ink was prepared by sonicating the electrocatalyst (12
mg) in 1.9 mL of tetrahydrofuran for 30 min. A total of 100 yuL of
Nafion solution (5 wt %) was added, and the suspension was
sonicated during 5 min. A total of 10 yL of the ink was loaded on the
RDE previously polished and left to dry, and this process was repeated
until the desired catalyst loading. The film was dried for 30 min and
then hydrated with one drop of the electrolyte during S min before
the experiments. All the measurements were performed in 0.5 M
H,SO, electrolyte saturated in N, at a 10 mV s™' scan rate and a
rotation rate of 1600 rpm. Stability tests were performed in the same
configuration by cycling between —0.1 and —0.25 V vs RHE at a scan
rate of 50 mV s™".

TOF calculation was performed following the methodology
described by Jaramillo and co-workers through the calculation of
the capacitance of the materials in the non-Faradaic region.**

The electrochemical properties were assessed in a 0.1 M
[Bu,N]PF, solution in acetonitrile under N, atmosphere and in
static conditions. The three electrode configuration consisted of a
glassy carbon (S mm diameter), Pt wire, and Ag/Ag* (CHI, electrode
filled with the same electrolyte solution with 0.01 M of AgNO;) as the
working, counter, and reference electrodes, respectively. A total of 10
uL of the ink (10 mg of {Mo;S,}, or {MoS,},, without carbon
support, in 2 mL of THF, sonicated for 30 min) were deposited on
the glassy carbon electrode and left to dry, to study the
electrochemical properties of the materials. The potentials were
referenced against ferrocene oxidation/reduction waves.

Computational Details. All calculations are based on density
functional theory (DFT) and were performed with the Gaussian09
software®” using the hybrid B3LYP functional,’**’ the standard 6-
311g(d,p) basis set’””! for S, Se, O, and H atoms and the effective
core potential LANL2DZ basis set for Mo atoms.”>”> In all cases, the
positions of all atoms in the system were fully optimized without any
restriction. All stationary points were characterized by means of
harmonic frequency calculations, which also provided thermal
corrections to calculate Gibbs free energies under standard state
conditions. Atomic charges were calculated using the natural bond
order (NBO) approach.”
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Figure 1. (a) Synthesis of {Mo,S,}, and (b) {Mo;S,}, from molecular cluster complexes. (c) CVs in acidic HER conditions of the nanomaterials
prepared with several Mo,S,—MosS, ratios. (d) Potential required to reach 10 mA cm™ versus S/Mo molar ratio of each nanomaterial. (e) Tafel

slopes of the nanomaterials. Catalyst loading: 0.31 mg cm™

B RESULTS AND DISCUSSION

Recently, we previously described the preparation of a sulfur
deficient MoS,-type nanomaterial, named {Mo;S,},, which was
engineered from a Mo;S, cluster complex (Figure 1a). In this
synthesis, the molecular cluster, composed by three metal
atoms defining an equilateral triangle, an apical sulfur atom
(Mos-5-S), and three bridging sulfur ligands (Mo,-u-S), is
reduced with hydrazine hydrate, thereby enabling the
intercluster self-assembly by nucleophilic attack from the
bridginé% sulfur ligands to the outer coordination sites of Mo
atoms.” Remarkably, the peculiar structure configuration of
these subunits enabled an advanced heterogeneous hydro-
genation and dehydrogenation catalyst to be obtained®””” that
displays proliferated structural defects on both the naturally
occurring edge positions and along the typically inactive basal
planes.

The polarization curves in HER for {Mo;S,}, revealed
discrete activity, with a potential of —0.3 V vs RHE being
necessary to reach a current density of 10 mA/cm?” (Figure 1c).
Previous works dealing with amorphous molybdenum sulfide
have proposed the sulfur species as the active sites where
protons (H*) from the solution are captured and reduced to
H, by electrons.*”*****3*%*7 Based on this consideration, we
envisioned that the use of molecular cluster entities with a
higher population of bridging sulfur ligands could generate
amorphous molybdenum sulfide nanomaterials with enhanced
HER activity. To check this hypothesis, we tuned our
previously reported synthetic methodology by combining
molecular complexes with Mo;S, and Mo;S,; cluster cores
with the aim to precisely modulate the population of the active
sites in the prepared nanomaterials. Both molecular cluster
entities display a similar structural arrangement, the only
difference between them being the nature of the bridging sulfur
ligands, which are monatomic in Mo;S, but diatomic in MosS,
(Scheme 1). The presence of the S—S bridge in the molecular
MosS, cluster is reflected in the corresponding Raman
spectrum with a band centered at 560 cm™ (Figure SI3).
However, this Raman vibration band is absent in the spectra of
the nanomaterials prepared from the Mo;S; molecular
complex. This suggests that upon addition of hydrazine
hydrate in the nanomaterial preparation, the starting saturated
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S—S bridges are reduced and evolve to coordinatively
unsaturated sulfur species (Mo,--S), similar to those present
in the Mo;S, precursor. The nucleophilic attack of this
unsaturated sulfur species to the outer coordination sites of Mo
atoms promotes cluster self-assembly and, hence, the
formation of {Mo5S,_,}, nanomaterials (Figure 1b). Addition-
ally, all nanomaterials exhibit the Raman vibration bands
characteristic of the trimetallic sulfide units, including those
from metallic bonds (v(Mo—Mo)) at 125-230 cm™},
molybdenum sulfide bonds (v(Mo—S)) at 240—384 cm,
bridging sulfur ligands (v(u-S—Mo)) at 430 cm™’, and the
apical sulfur atom (v(u3-S—Mo)) at 448 cm™' (Figure
S13).442

The X-ray diffraction (XRD) patterns of {Mo;S,_;},
nanomaterials show broad diffraction peaks like those
previously found in the {Mo,S,}, counterpart, resembling
the XRD pattern of the poor crystalline hexagonal structure of
MoS, (Figure SI4).”° The amorphous nature of these
nanomaterials is also supported by the lack of lattice or
Moiré fringes in the bright field transmission electron
microscopy (TEM) images (Figure SIS). High-resolution S
2p core-level spectra obtained by X-ray photoelectron
spectroscopy (XPS) of the series of {Mo;S,_,}, nanomaterials
could be fitted into two sets of doublets, characteristic of the
spin—orbit splitting of S 2p;/, and S 2p; , orbitals (Figure SI6).
The double peak associated with the unsaturated bridging
sulfur ligands (Mo,-y-S; blue and red in Figure 1) is located at
binding energies (BEs) of 161.9/163.0 eV, whereas the one
centered at 162.5/163.7 eV corresponds to the apical sulfur
ligands (Mos-4;-S) and to the saturated sulfurs linking
different cluster units (Mo,-4-S-Mo; vellow and black color
in Figure 1, respectively). The high-resolution Mo 3d XPS
core-level spectra showed, after deconvolution and fitting, two
sets of doublets, each of them characteristic of the spin—orbit
splitting of the Mo 3ds,, and Mo 3d;,, orbitals. One of these
doubles is characteristic of Mo'" species and the other one is
ascribed to the presence of molybdenum oxysulfides
(MoVOxSy).“’éWS

A further evidence of the similar composition, ie., the
presence of the same type of species, in the series of
nanomaterials {Mo;S,_,}, was obtained by comparing their

https://doi.org/10.1021/acs.chemmater.3c01260
Chem. Mater. 2023, 35, 8483—-8493


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01260/suppl_file/cm3c01260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01260/suppl_file/cm3c01260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01260/suppl_file/cm3c01260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01260/suppl_file/cm3c01260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01260/suppl_file/cm3c01260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01260/suppl_file/cm3c01260_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01260?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01260?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01260?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01260?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

a) 0 = b) 0
——03Tmgem®
/ / 0.92 mg cm™
-104 / / ——153mg em® -10
3 [/ —214mgem’ 3
¥ s f 2.76 mg cm” R
g ‘ O mA g
<< -20 / ‘Q_o 18 . < -201 ——{Mo,8}, fresh
\E, [fe™ \E/ ——{Mo_S } after 500 scans
- 1] £-020 -
-30 & -30
|| 022
i i 2
40 I, Cat Ieading (mg cm?) 40 1 .
-0.3 -0.2 -0.1 0.0 -0.3 -0.2 -0.1 0.0
E (V vs. RHE) E(V vs. RHE)
c d
) ) Mo},
El Fl
s s
o 2
‘@ ‘B
& (Mo, }, - 500 cycles |{MoS,},- 500 cycles

166 164 162 160 236 232 228 224
Binding energy (eV) Binding energy (eV)

Bridging S (Mo,-u-S) 2p,,,2p,, $2p,,2p,, Mo"3d_,3d,,

Apical S (Mo -1 -S and Mo_-u-S-Mo) 2p_,.2p,, Mo"=0 3d_,, 3d,,

Figure 2. (a) CVs of {Mo;S,}, with several loadings. Inset shows the potential required to reach 10 mA cm™ current of each catalyst loading. (b)
CVs of {Mo,S,}, (loading 2.14 mg cm™) in 0.5 M H,SO,, black line pristine material and red line after 500 scans. S 2p (c) and Mo 3d (d) XPS
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electrochemical behavior. Cyclic voltammetry (CV) experi-
ments reveal that the molecular Mo;S, and Mo;S, complexes
exhibit different redox chemistry (Figure SI7a). However, the
CVs of the respective materials show similar profiles with a
quasi-reversible reduction wave centered at —0.01 V vs Fc*/Fc
and an irreversible one at —1.25 vs Fc*/Fc (Figure SI7b). This
suggests that, despite the difference in the cluster composition
used for their preparation, the redox processes occurring in the
nanomaterials are of the same nature.

Gratifyingly, the polarization curves in acidic HER
conditions of the nanomaterials {Mo;S,_,}, prepared from
several ratios of both molecular clusters show how the higher
the Mo,S, content the higher the HER activity (Figure 1c). A
direct correlation is observed between the electrocatalytic
activity and the sulfur/molybdenum (S/Mo) ratio (Figure 1d),
fully suggesting that the HER active sites increase with the
sulfur content of nanomaterials {Mo3S,_,},. {MoS,}, shows a
Tafel slope of 41 mV dec™, comparable with other
molybdenum sulfides.'¥****’” The increase of the amount of
MosS, in the synthesis increases the Tafel slope with a
maximum value of 53 mV dec™" for {Mo,S,}, (Figure le),
which is consistent with slower kinetics. The HER mechanism
in acidic media consists of three possible steps. With a first
proton discharge (Volmer step) followed by an electro-
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chemical desog;tion (Heyrovsky step) or a recombination
(Tafel step):">

H'+e - H, Volmer step (120 mV dec™)

H, + H" + e — H, Heyrovskystep (40 mV dec™")

H, + Hy — H, Tafel step (30 mV dec™")

Although the correlation between the Tafel slope and HER
mechanism was developed for metal surfaces, Tafel analysis
can give information about the rate-limiting steps during this
reaction.”””” Pt-based materials show a Tafel slope of 30 mV
dec™ indicating that the reaction goes through a Volmer—
Tafel mechanism, where the rate-limiting step is the H.,q,
recombination (Tafel step), which is typical of materials with
high H,4 coverage. In general, lower coverage values promote
the HER going through a Volmer-Heyrovsky mechanism with
the H,4, and H* recombination as a rate-limiting step. This is
the case of the {Mo;S,}, nanomaterial with a Tafel slope of 41
mV dec™."> The same rate-limiting step may dominate in the
materials prepared with MosS,, but the increase in the Tafel
slope when the amount of this cluster is increased indicates
slower kinetics and hence a decrease in the HER activity.

Further comparison between the {Mo;S,}, and {Mo;S,},
nanomaterials was investigated by electrochemical impedance
spectroscopy (Figure SI8). The fluent charge transport shows
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that {Mo;S;}, has lower charge transfer resistance (~115 Q)
compared to {Mo;S,}, (~2000 Q), which indicates faster
electron-transfer kinetics at the electrode/electrolyte interface
in {Mo;S;},, thus allowing better electron percolation and,
hence, higher HER activity.

Additionally, the intrinsic per-site activity is also a good
metric to compare the efficiency of catalysts. The electro-
chemical capacitance surface area measurements were used to
estimate the number of active sites and the average activity of
each site, as per-site turnover frequency (TOF)** (Figure SI9).
The increase of the {Mo;S,}, loading (0.31—2.14 mg cm™>) on
the electrode increases the density of electrochemically
accessible sites (~1.4 X 10% to ~2.3 X 10 sites cm™2)
giving TOF values for each active site between 1.00 and 0.42
s~! at an overpotential of 0.2 V, which are in the same range as
other amorphous molybdenum sulfides.** However, the
{Mo,S,}, nanomaterial shows lower electrocatalytic accessible
sites (~5.8 X 10" to ~4.6 X 10" sites cm™?) yielding TOF
between 0.31 and 0.05 s™".

The electrocatalytic HER activity of {Mo,S,}, increases by
depositing a higher amount of this nanomaterial on the
electrode (Figure 2a). Interestingly, with a 2.14 mg cm™
catalyst loading resulting in a film thickness of around 0.35 pm
on the glassy carbon RDE (see Figure SI10), a potential of
—0.17V v RHE was required to reach a current density of 10
mA cm™2, which is comg)arable with the state-of-the-art cluster-
derived (Table S11)*7°**% and amorphous molybdenum
sulfide HER electrocatalysts (Table S12).31,38-4446,47,59,78=84
However, a further increase in the catalyst loading does not
enhance the catalytic performance.

The stability of {Mo;S;}, was assessed by cycling the
material between 0.1 and —0.25 V vs RHE. After 500 cycles in
H,SO, 0.5 M aqueous solution, the overpotential required to
reach 10 mA cm™ current density increases by only 15 mV,
thus indicating a slight loss in HER activity (Figure 2b).
Comparison of the high-resolution S 2p XPS core-level spectra
of the pristine and the cycled catalyst (Figure 2c) revealed a
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decrease from 1.7 to 1.2, respectively, in the ratio of
unsaturated bridging sulfur ligands (Mo,-u-S) to apical
(Mos-u5-S) and saturated sulfurs linking different cluster
units (Mo,-4#—S-Mo). Moreover, the presence of a new band
corresponding to physically adsorbed elemental S appeared in
the XPS spectrum of the cycled catalyst. These results suggest
that the unsaturated bridging sulfur ligands (Mo,-4-S) leach
during the electrocatalytic performance and are deposited in
form of inactive elemental S. Additionally, a discrete partial
oxidation of the parent Mo' species to molybdenum
oxysulfides (Mo'O,S ) was also detected in the high-resolution
Mo 3d core-level spectrum of the cycled catalyst (Figure 2d).*!
Although {Mo,S,}, experiences a slight deactivation, the
overpotential required to reach a 10 mA cm ™ current density
remains low.

Besides allowing access to amorphous molybdenum sulfides
with activated basal planes, the use of molecular complexes as
building entities provides an attractive strategy to freely
engineer materials with atomic scale precision, investigate the
self-assembly mechanism, and elucidate the nature of the active
sites. Taking advantage of the isostructural character of the
molybdenum chalcogenides complexes, the preparation of a
broad diversity of nanomaterials based on {Mo;Q,}, (Q =S,
Se; x = 4—7) extended structures was accomplished through
the same bottom-up synthetic strategy as before, by using
molecular complexes with Mos (43-S)(4-S,-Seq)s, Moy (s-
S)(ﬂ Se 'Seq)SJ Moy (43-S) (4-Sey Seeq)S) M03(ﬂ3 Se) (p-Sey

)3, and Mo;(u;5-S)(u-Se,y)s cluster cores (Figure 3a).

In particular, an accurate analysis of the sulfur and selenium
2p regions of the XPS spectra of the nanomaterials
{Mo;S,Se;}, and {Mo;SSe;S;},, which are respectively
obtained from the molecular sulfide clusters having selenium
at the equatorial and axial positions, provides key insights to
discern the ligands through which the self-assembly process
takes place. This XPS region is dominated by two broad signals
that were deconvoluted and fitted into several sets of doublets,
characteristic of the spin—orbit splitting of the S and Se 2p;/,
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and 2p,, orbitals (Figure 3b,c, respectively). The assignment
of the binding energies (BEs) was done according to the values
previously set for the series of nanomaterials {Mo;S,_;}, and
for the molecular cluster complexes containing the same type
of Se species (Figures SI6, SI11, and SI12, Tables SI3 and SI4).
Thus, two doublets located at BEs of 161.9/163.0 and 161.2/
166.7 eV were assigned to unsaturated bridging S and Se
ligands (Mo,-4-Q), respectively. The other two doublets
centered at 162.6/163.8 eV for sulfur and 162.1/167.8 eV for
selenium correspond to apical ligands (Mo;-¢#5-Q) and to the
saturated ones linking different cluster units (Mos-#-Q-Mo). A
detailed analysis of the relative areas of these doublets revealed
that the self-assembly process takes place in a similar degree
(around 25%) in both nanomaterials ({Mo;S,Se;}, and
{Mo;SSe;S;},) with a preferential involvement (around 20%)
of the species that originally were occupying the equatorial
position in the molecular cluster precursors.

Next, the electrocatalytic HER properties of the obtained
nanomaterials were investigated and further compared (Figure
3d). In general, the introduction of selenium species in the
nanomaterial had a detrimental result. Therefore, {Mo,S-},
remained as the most active HER catalyst. A slight decrease in
the activity, but still comparable, was observed by using the
catalyst {Mo;S,Se;},, which was obtained from the molecular
cluster having Se at the equatorial positions. Notably, a more
drastic decrease in the HER activity was sensed when the
nanomaterials were derived from clusters in which the axial
positions are occupied by Se, i.e, in the catalysts
{Mo,SSe;S,},, {Mo;SSes},, and {Mo;Se,},. However,
{Mo;SSes}, and {Mo;Se;}, showed almost equal activity. All
of these results suggest that the HER activity of these
nanomaterials mainly originates from the unsaturated bridging
chalcogenide ligands (Mo,-4#-Q), which are generated upon
the cluster self-assembly process and that originally occupied
the axial positions, and to a lesser extent the equatorial ones, at
the molecular cluster precursors. Moreover, saturated inter-
cluster bridging chalcogenides (Mo,-4-Q-Mo), which mainly
derive from equatorial cluster positions, are also active to some
extent. On the contrary, the apical chalcogenides (Moj-#,-Q)
scarcely influence the electrocatalytic performances. Inciden-
tally, catalysts {Mo,S,}, and {Mo;SSe,}, showed the lowest
activity, which can be ascribed to the lower density of
unsaturated bridging chalcogenide ligands (Mo,-x-Q) in
comparison with the nanomaterials {Mo;Q,}, (Q = S, Se).

Density functional theory (DFT) calculations were
performed to further investigate the origin of the HER activity
of the catalysts {Mo;Q,_4}, (Q = S, Se). The hydrogen
adsorption free energy (AGy) has been widely accepted as a
good descriptor of HER activity for various electrocatalysts, the
best performance being expected for systems with close to zero
AGy values.'”®> At this point and following the Sabatier
principle, hydrogen binds neither too strongly nor too weakly,
resulting in the optimal HER electrocatalyst. Two trimer
compositions were used to simulate the different config-
urations that the chalcogenide and molybdenum atoms can
adopt into the prepared amorphous nanomaterials {Mo;Q,_,},
(Q =S, Se). In a first approximation, the trimer composition
MoyS;,0(OH),,, with one terminal Mo=O group and ten
hydroxyl groups compensating the positive charges (Figure
4a), was used to model the nanomaterial {Mo;S,},. Apical
(Moj-5-S), unsaturated (Mo,-u-S), and saturated (Mo,-y-S-
Mo) sulfur atoms can be found in this structural model. The
calculated AGy values (Table SIS and Figure SI13), between
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Figure 4. (a) MoyS;,0(0OH),,, (b) MoyS,;(OH)s and (c)
MoySe,;(OH)¢ trimers employed in DFT calculations. (d)
Correlation between hydrogen adsorption free energy values AGy
in kcal/mol and net atomic charge on the S atoms in MooS,;(OH)s
trimers classified by type of S site.

26 and 35 kcal/mol for apical (Mo;-p3-S) and lower than S
kcal/mol for some unsaturated (Mo,-¢-S) and saturated (Mo,-
u-S-Mo) sulfur atoms, postulate these latter ones and rule out
the apical ones as HER active sites. Additionally, coordinatively
unsaturated molybdenum atoms, which were generated by
removal of one hydroxyl group, were also considered. The low
AGy values obtained (ranging between —2.4 and 5.3 kcal/
mol) suggest, in accordance with previously reported studies,”’
that coordination vacant sites around molybdenum atoms
could also be feasible active sites for H, generation. To model
the nanomaterial {Mo,S,},, we used a trimer of composition
Mo,S,,(OH),, in which, in order to preserve the charge
neutrality, only one disulfide bond of each cluster unit was
broken to form unsaturated (Mo,-y-S) and saturated (Mo,-u-
S-Mo) sulfur atoms (Figure 4b). Again, H adsorption on apical
(Moj-u;-S) sulfurs is the least favored, and for both
unsaturated (Mo,-¢-S) and saturated (Mo,-u—S-Mo) sulfur
atoms, AGy; values close to 3 kcal/mol were found (Table SIS
and Figure SI14). Likewise, the Mo—H binding had a favorable
result.

Further insights into the different activities of the sulfur
species depending on their structural configuration (apical,
unsaturated bridging, and saturated bridging) were obtained by
inspection of their net atomic charge. As shown in Figure 4,
the apical (Mos-¢5-S) sulfurs, which display a higher positive
charge, are less prone to stabilize hydrogen. The most
favorable sulfur sites for the HER reaction (those with
calculated AGy close to zero) are the coordinatively
unsaturated (Mo,-u-S) and saturated (Mo,-u-S-Mo) sulfur
atoms. Importantly, slightly larger and therefore less favorable
AGy values were found when both models were built from
molecular clusters containing Se atoms (Table SIS and Figure
SI15). The lower electronegativity of Se compared to S may
lead to positions with higher positive charge, thus explaining
the decrease in activity when Se is introduced in the different
atomic positions.
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B CONCLUSION

In conclusion, we have developed a cluster-based synthetic
methodology to engineer amorphous molybdenum sulfide
starting from Mo;S, and Mo;S,; molecular cluster complexes,
which allowed the introduction of active sites both at the
naturally occurring edge positions and along the typically
inactive basal planes. Derived from the extended-molecular
nature of the obtained nanomaterials {Mo;S, -}, and their
processability in the form of heterojunction with conductive
carbon supports, highly active HER electrocatalysts have been
obtained. Fine chemical tuning in several atomic cluster
positions was accomplished, allowing the generation of
amorphous molybdenum sulfides with well-defined modifica-
tions with atomic-scale precision. This enabled us to track the
synthesis mechanism, in which the cluster units preferentially
condense through the sulfur atoms originally located at the
equatorial positions of the molecular cluster complexes.
Additionally, the combination of these experiments with
DFT calculations shows that the active sites in these
nanomaterials are the unsaturated intracluster (Mo,--S) and
saturated intercluster (Mo,-4-S-Mo) bridging sulfur atoms,
whereas the influence of the sulfurs in the apical position
(Moj-i5-S) has been demonstrated to be negligible. Moreover,
according to DFT calculations, unsaturated molybdenum
atoms could also be active sites for the HER reaction.
Nevertheless, the improvement in HER activity that occurred
by increasing the sulfur/molybdenum ratio, in combination
with the activity variation observed with the sulfur/selenium
substitution experiments, fully suggests that the HER activity
of these materials mainly arises from sulfur-derived species.
This work shows how starting from well-defined cluster entities
makes it possible to engineer highly active HER electro-
catalysts and allows one to decipher the nature of the active
sites, thus paving the way for the design or more efficient
electrocatalytic materials.
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