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Abstract:

Heterogeneous molybdenum sulfides are widely used noble metal-free hydrogen evolution reaction
(HER) catalysts. Thiomolybdates, their molecular analogues have been developed as viable minimal
models to study reactivity at the molecular level. Here, we explore the light-driven HER reactivity and
stability of the mixed thio-oxo-molybdate prototype [M0,0,S¢]> in homogeneous solution. In
combination with the photosensitizer [Ru(bpy)s]?*, [M0,0,S¢]> shows promising HER performance
(turnover number TON > 500), as well as strong reactivity dependence on the reaction conditions.
Mechanistic experimental studies combined with density functional theory computations reveal
complex speciation of the catalyst in solution, as well as light-induced and light-independent reaction
pathways for catalyst and photosensitizer which are in line with disulfide-for-solvent ligand exchange
reactions. These structure—reactivity insights outline design rules for more robust, solvent-tolerant
thiomolybdate HER catalysts.

Motivation & Introduction

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The development of sustainable catalysts for green hydrogen production is a major global research
goal. Molybdenum sulfides have emerged as promising candidates for the hydrogen evolution reaction
(HER), since they are earth-abundant and noble-metal-free.’> Molecular molybdenum sulfides, so-
called thiomolybdates are ideal models to rationalize HER reactivity and have been investigated as
homogeneous and heterogenized catalysts for photochemical and electrochemical HER.*'! The
prototype thiomolybdate cluster [Mo03S13]% (Figure 1) is the most studied system to-date. When
operated in homogeneous MeOH:H,0 solution in combination with [Ru(bpy)s]?* as photosensitizer (PS)
and ascorbic acid as electron/proton donor, TONs >20 000 have been achieved after 6 h of visible light-
irradiation.” Note that the catalytic performance depends strongly on the reaction conditions including
solvent, reagent concentrations and sample preparation. Concerning solvent dependent performance,
a mixture of methanol and water (10:1, v:v) was found to be optimal in terms of TON and TOF.”
Experimental and theoretical mechanistic studies revealed that under reaction conditions (in a
MeOH:H,0 mixture (1:1, v:v)), [Mo0sS13]*> undergoes substitution of terminal disulfide ligands for
solvent ligands L (L = MeOH, H,0) on a timescale of less than one hour.” These studies also showed
that partially ligand-exchanged species featured higher HER-catalytic activity than the native catalyst,
while full exchange of all three terminal disulfide ligands leads to a species with low HER-activity.” More
recent studies suggest that ligand exchange is accelerated upon irradiation with visible light.!> These
dynamic effects and complex (light-induced) speciation equilibria make mechanistic studies
challenging. Similar observations on solvent-dependent HER-activity were made for the thiomolybdate
[Mo0,S12]% (Figure 1): highest HER-activity was observed in pure methanol, and when combined with
the PS [Ru(bpy)s:]** and ascorbic acid as electron/proton donor, TONs >1500 were observed.® Here,
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Raman spectroscopy revealed that ligand exchange occurs on a much slower timesDcoal!%_%%%

compared with [M03S:3]% indicating that cluster structure significantly affects ligand-exchange and HER
reactivity.® Inspired by these studies, we hypothesized that structure modification on the Mo2-
framework could have significant impact on HER activity. To this end, this study reports the first
experimental and theoretical insights into the homogeneous, light-driven HER reactivity of thio-oxo-
molybdates. Thio-oxo-molybdates are structurally related to thiomolybdates and have so far received
little attention, despite their potential as noble metal-free HER catalysts where reactivity can be tuned
by modification of the oxo-to-(di)sulfide ligand environment.314 Keita et al. reported that a mixed thio-
oxo-molybdates based on [M0,0,S,]?* building blocks can be used as efficient electrocatalysts for the
HER.> In an exemplary study, Miras and co-workers showed that the thio-oxo-molybdate [M0,0,5¢]*
(Figure 1) features significant electrocatalytic HER activity.® Briefly, [M0,0,S¢]% is composed of two
Mo(V) centers are linked by two bridging sulfides (u-S*). Each metal center is additionally coordinated
by one terminal disulfide ligand (n2-S;*) and one terminal oxo ligand. In contrast, the pure
thiomolybdate [M0,S1,]* is based on two Mo(V) linked by two bridging disulfide ligands (u-S,*). Each
Mo also features two terminal disulfide ligands (Figure 1). To-date, there is virtually no information on
the behavior of thio-oxo-molybdates such as [M0,0,S¢]> under light-driven homogeneous HER

catalytic conditions.
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Figure 1: Ball-and-stick representations of the molecular structure of the thiomolybdates [Mo03S13]? (left), [M0,S12]% (centre)
and the thio-oxo-molybdate [M0,0,S6]%.

Previous investigations have used DFT calculations to study the HER energetics for [M03S13]%, [M0,S15]*
and [Mo0,0,56]%.71¢17 These studies suggested a Volmer—Heyrovsky-type mechanism as energetically
most favourable for all three catalysts. In the case of [M03S13]% and [M0,S1,]%, calculations have shown
the sulfur-centered mechanism, involving one of the bridging disulfide ligands as active site to be
energetically favoured.”” However, in [M0,0,S¢]%, where no bridging disulfide is present, the active
site is assumed to be a terminal disulfide ligand which presumably undergoes a proton-coupled
reductive (reversible) cleavage of the S-S bond, resulting in the formation of a protonated sulfide as
reactive intermediate.!® In sum, research on thio(oxo)molybdate has demonstrated that changes to
the ligand environment of these species have major effects on stability and HER-reactivity.

The present study takes inspiration from these studies and aims to address knowledge gaps regarding
the light-driven homogeneous HER activity of the thio-oxo-molybdate [M0,0,S¢]%. Based on catalytic
studies, in-situ Raman spectroscopy and quantum chemical calculations at the density functional level
of theory (DFT), we provide understanding into HER activity, plausible reaction pathways and the
impact of ligand exchange on this cluster prototype, thereby guiding future catalyst development
efforts.

Results and discussion

Initially, we explored the homogeneous HER activity of [M0,0,S¢]> when used with [Ru(bpy)s]?* as
photosensitizer (PS) and ascorbic acid/ascorbate as sacrificial electron donor (SED) in homogeneous
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MeOH:H,0 mixtures, inspired by earlier studies on thiomolybdates.®’ Briefly, the thio—oxDoo-mgllxygg‘gggé‘;O%g‘lﬂs
(NMey)2[M0,0,S6] was synthesized based on a reported method, for details see SI.%8

The standard reaction setup contained (NMe4),[M0,0,S¢] (0.5 uM), the PS, i.e., [Ru(bpy)s](PFs)>
(20 uM) and the sacrificial electron donor ascorbic acid / sodium ascorbate (buffered, aqueous
solution, total concentration 10 mM, pH 4) First, we determined the solvent conditions under which
[M0,0,S6]% exhibits optimum light-driven HER performance. To this end, four different solvent ratios
were tested: pure methanol, pure water and two MeOH:H,0 mixtures (9:1 and 1:1, v:v). These
conditions are similar to those used in experiments performed for thiomolybdates.®” All samples were
irradiated for 300 min in a custom-built modular photoreactor®® using LED irradiation (Amax = 465 nm,
P =13 mW cm? g = 51 nmol cm? s1). Hydrogen evolution was determined by using gas
chromatography. Each experiment was carried out in triplicate, and the average turnover number and
standard deviation were determined (see Figure 2). Blank reference experiments performed in the
absence of the catalyst showed only low levels of hydrogen evolution (see ESI, Table S2).

600 1
500 1

400 -

- ' .
0l ___N
1:.0 9:1 1:1 0:1

MeOH:H;0, (v:v)
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Figure 2: TON of the [M0,0,5¢]% system in MeOH:H,0 solvent mixtures. Catalytic conditions: ¢([M020,S¢]?") = 0.5 uM, c(PS)
=20 pM, ¢(SED) = 10 mM, pH 4.

Figure 2 illustrates the TONs obtained after 300 min irradiation. The data show that highest HER
performance is observed in pure methanol (TON ca. 530). For comparison: reference experiments
using [Mo03S;3]% as catalyst under similar conditions gave a TON of 670.12 Increasing the water content
leads to a continuous TON decrease, with the lowest activity observed in pure water (TON = 33). This
behavior is similar to the solvent-dependent HER performance of [M0,S12]%.6 One hypothesis to explain
this behavior is the rapid degradation of the photosensitizer in aqueous solutions. In the 1:1 mixture
and pure water, discoloration of the solution was observed upon irradiation, which might also be a
reason for the lower catalytic activity of the system. The formation of [Ru(bpy).(H.0);]?* in aqueous
solutions has been previously reported in the literature.?® PS degradation was further studied by
monitoring changes of the characteristic PS MLCT absorption band (452 nm) using time-lapse UV-Vis
spectroscopy. Here, we studied the impact of different solvent mixtures as well as presence/absence
of catalyst on PS degradation (ESI, s. Fig S8). Analysis of these data shows that PS degradation kinetics
are not affected by the catalyst, and the rate of PS bleaching is dominantly controlled by the solvent
composition. Higher water concentrations significantly increase PS degradation.
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To determine whether ligand exchange processes occur for [Mo0,0,56]%, time—res%lgle%1!5?{‘9[7%@?“60”“”e
' d

spectroscopy was performed. Raman spectroscopy offers high molecular selectivity and can be applie
in situ under catalytic conditions; however, the intrinsically low Raman scattering cross-section
necessitates comparatively high analyte concentrations for sufficient signal-to-noise ratios.
Accordingly, due to the low catalyst concentrations used in the light-driven HER experiments, Raman
measurements were performed at elevated catalyst concentrations (2.5 mM). The Raman spectrum of
[Mo0,0,S6]* exhibits two characteristic vibrational bands, which were identified using DFT frequency
calculations (see ESI). The band at 530 cm™ corresponds to vibrations of the bridging sulfide ligands,
while the band at 560 cm™ is assigned to the terminal disulfide ligands. Raman experiments were
conducted in pure methanol, pure water and MeOH:H,0 (1:1, v:v). Representative Raman spectra
recorded for the catalyst in pure methanol are shown in Figure 3. The Raman data for the other solvent
conditions are shown in the SI.

Monitoring the two characteristic Raman signals of [M0,0,S¢]% over a period of five hours revealed
that the intensity of the 530 cm™ band remains relatively stable, whereas the 560 cm™ band shows a
steady decrease in intensity. This trend indicates that under the given reaction conditions, the terminal
disulfide ligands undergo exchange for solvent molecules. Also, comparison of the different solvent
conditions revealed that the decay rates are of the same order of magnitude (= 102 min), suggesting
that ligand exchange is not strongly solvent-dependent and occurs at similar rates in methanol and
water. It cannot be excluded that under catalytic conditions at lower optical densities and with active
photosensitizer present, photochemical processes may contribute differently.

To further corroborate these findings, and to study the impact of irradiation on the proposed MeOH
for disulfide ligand exchange, we performed time-lapse UV-Vis-spectroscopy. Here, we studied
solutions of the catalyst in pure MeOH or MeOH:H,0 (1:1, v:v) for periods of 300 min under continuous
LED irradiation at 465 nm. For both solvent conditions, we observe nearly identical spectral changes
of the characteristic catalyst signals under irradiation, while the non-irradiated samples show no
significant spectral changes (Figure 3b, and ESI, Figures S9-S11). In detail, for the measurements in
methanol (Figure 3b), we observe the loss of several characteristic peaks (270 nm, 375 nm, 470 nm),
while two new signals (385 nm, 440 nm) emerge after 30 min of irradiation. Upon prolonged
irradiation, these two signals continuously decrease and disappear after 300 min irradiation. This
observation is in line with a two step-process, where first, the native catalyst is converted into an
intermediate species which then undergoes a second conversion step. Note that for MeOH:H,0 (1:1,
v:v) mixtures, we observe virtually identical UV-Vis signal changes, indicating a similar mechanism (ESI,
Figure S9). In sum, Raman spectroscopy and UV-Vis-spectroscopy both indicate significant structural
changes of [M0,0,S¢]* in solution. While Raman data indicate the replacement of terminal disulfide
ligands on a 0 — 60 min timescale, UV-Vis spectroscopy indicates two processes on a 0 — 180 min
timescale, resulting in changes of the electronic structure of the catalyst. This complex behaviour is in
line with previous reports on thiomolybdate ligand exchange under irradiation. 712

To further study the electrochemical behaviour of [M0,0,56]%, we used cyclic voltammetry analyses.
Measurements were performed in acetonitrile containing molar ratios of [M0,0,56]% : MeOH ranging
from 0 to 20 (ESI, Section 2.9). As a general trend, we observe that increasing MeOH concentrations
lead to changes of the CV signals of the catalyst: for the one-electron reduction process at -1.1 V, we
observe a minor cathodic shift (< 50 mV) upon methanol addition, which might be indicative of
structural changes of the catalyst, or changes induced by the changing solvent compositions. Note that
this reduction potential indicates that both oxidative quenching (E = -1.23 V) as well as reductive
quenching (E = -1.72 V) of the catalyst by the photosensitizer is in principle feasible.?! Also, we note
the observation of an irreversible oxidation peak at approximately +1.1 V, which is assigned to
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oxidation of the cluster-bound disulfide ligands,?? indicating that oxidative decompoggll%lggj\g@ggoeoo(ﬂs
cluster occurs under these conditions.
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Figure 3: a) Time-dependent Raman spectra of [M0,0,5¢]% in MeOH (c = 2.5 mM). b) Time-dependent UV-Vis spectra of
[M0,0,56]% (c = 50 LM) in MeOH.

Next, we analyzed the time-dependent turnover frequency (TOF) of HER catalysis to gain further
understanding of the proposed structural changes and ligand exchange proposed for [M0,0,56]?.
Specifically, we studied the standard reaction systems using MeOH or MeOH:H20 (1:1) as solvents and
monitored the hydrogen evolution over five hours using the standard catalytic system described in
Figure 2. The resulting TOF profiles are shown Figure 4. The TOF data reveal two major trends. First,
the overall catalytic activity is higher in pure methanol, consistent with the solvent-dependence
observed for the TON (Figure 2). Second, the TOF time-dependency differs between the two solvent
systems: in the MeOH:H,0 mixture, the TOF shows a modest increase during the initial phase of the
reaction, followed by a steady decrease at longer reaction times. This behavior is consistent with the
stepwise formation of a catalytically more active species, followed by a second, subsequent
deactivation. This is also in line with similar stepwise deactivation processes reported previously for
[M03S13]%.7 In contrast, in pure methanol, the maximum TOF is already reached at the earliest recorded
data point (30 minutes), followed by continuous decrease of TOF. Note that due to experimental
procedures, there is a delay of approximately 60 min between catalyst dissolution and the start of
irradiation. This period provides sufficient time for initial ligand exchange before catalysis is initiated.
Consequently, it cannot be excluded that a ligand-exchanged species, rather than the pristine
[M0,0,S6]? cluster, represents the catalytically active form present at the first data points under the
given conditions. Also note that catalytic and Raman data can only qualitatively be compared since the
systems were operated at different catalyst concentrations as described in the Raman section above.
Also, differences in the observed kinetic behavior between pure methanol and the MeOH:H,0 mixture
may also reflect differences in the equilibration dynamics of ligand exchange: in mixed solvents, the
presence of multiple equilibria could lead to slower establishment of a catalytically relevant species.
Furthermore, the dynamics of other mechanistic steps which may be solvent-dependent such as PS
guenching by the electron donor, need to be taken into account, as these steps are also affected by
the reaction conditions.?3?* Nevertheless, overall, the kinetic observations support the notion that
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However, the data also show that in future work, more detailed, time-resolved operando studies are
required to gain further molecular-level insights into this complex reaction system.

. —$— MeOH
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Figure 4: TOF for the light-driven hydrogen evolution by [M0,0,Se]?- during 300 min irradiation in pure methanol as well as
in MeOH:H,0 1:1, v:v.

To provide further evidence for the underlying causes of structural changes to the catalytic system, we
performed reference experiments which were kept under light or dark conditions: we studied three
catalytic systems: (1), a freshly prepared catalyst stock solution ([M0,0,S6]% (c = 0.5 mM) in MeOH)
which was used immediately; (ll) the same catalyst stock solution which was stored under inert
conditions for 90 min under dark conditions: (Ill) the same catalyst stock solution which was stored
under inert conditions while being irradiated with a 465 nm LED for 90 min. As shown in Figure 5, we
observe that for the irradiated solution, we observe significantly higher TONs compared to the two
reference systems. These data further support our hypothesis that light-irradiation initiates structural
changes to the catalyst which result in the (initial) formation of a more active HER catalyst species.?®
The findings are also in line with previous studies which reported similar activation/deactivation
cascades for thiomolybdate HER catalysts.”/16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6se00061d

Page 7 of 12 Sustainable Energy & Fuels

View Article Online

800 - DOI: 10.1039/D6SE00061D
—$— 0 min
$— 90 min non-irradiated o
6001 —F— 90 min irradiated y
O 400 -
l_
200 -
50 100 150 200 250 300
Time / min
b
) 4 —4— 0 min
$— 90 min non-irradiated
~ 3 —$— 90 min irradiated
£ =3
e
~
w 21
(@]
'_
1,

50 100 150 200 250 300
Time / min

Figure 5: a) Time-dependent TON and b) TOF for the photocatalytic system (c([M020S6]%) = 0.5 uM, c¢(PS) = 20 uM, ¢(SED) =
10 mM, pH 4 in MeOH) for three different catalyst stock solutions: blue = freshly dissolved stock solution, orange = stock
solution was left under non-irradiated conditions for 90 min, green = stock solution was irradiated for 90 min (A = 465 nm).

Quantum chemical analysis of catalytic activity

To rationalize the experimental observations and the apparent role of ligand substitution in catalytic
activation, computational analysis of the catalytic activity was performed. Similar to investigations
concerning [Mo03S:3]>, DFT calculations (details see ESI, Section 2.7) aimed to assess the
thermodynamics of the various intermediates on the HER activity of [M0,0,S¢]%.” Based on prior
studies, the HER active sites are assumed to be the terminal disulfide ligands in [M0,0,S¢]%.>®
Although a variety of different processes appear feasible during HER catalysis, the following key
mechanisms involving the terminal disulfide ligands are primarily considered in the present study:
proton-coupled electron transfer (PCET), electron transfer/reduction (ET), proton transfer (PT), and
finally hydrogen release. Hydrogen release is evaluated based on the difference in Gibbs free energy
between two adsorbed hydrogen atoms (H°) and a hydrogen molecule (H,). In line with Sabatier’s
principle, the most plausible reaction pathways are expected to involve predominantly exergonic
steps, moderate energy differences, and PCET steps with AG values near 0 kcal/mol (see Figure 6).%
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Based on the data presented in Figure 6a, thermodynamically plausible reaction pathways can be
identified under the previously outlined assumptions. The sequence is expected to begin with a slightly
endergonic PCET step (AG = +2.0 kcal/mol), forming H:[M0,0,S6]%. In contrast, the competing one-
electron reduction pathway was calculated to be significantly more endergonic (AG = +26.1 kcal/mol)
and is therefore thermodynamically disfavored under the applied conditions. The intermediate,
H1[Mo0,0,S¢)%, is then reduced via an exergonic electron transfer (AG = -7.6 kcal/mol) followed by a
strongly exergonic PT (AG = -26.2 kcal/mol). The resulting species, H2[M0,0,S¢]>, subsequently
undergoes endergonic hydrogen release (AG = +3.6 kcal/mol). This proposed mechanism, which
includes a PCET step, is in reasonable agreement with recent findings in literature.'® However, it is
important to emphasize that the pathway involves a slightly endergonic PCET step, substantial energy
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HER processes. Notably, the performed quantum chemical calculations merely account for implicit
solvent-solvate interactions. Thus, energy of the final product [Mo0,0,S¢]> species is likely
overestimated.
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Figure 6: Calculated Gibbs free energies (G) for structures involved in the HER process in methanol: a) [M020,S¢]% ,
b) [M020,S4(MeOH),1°, ¢) [M020254(H20)2]°. Solid lines represent the favoured pathways, while dashed lines represent
alternative, less favoured pathways. All calculations were performed under consideration of the underlying catalytic system
(see ESI).

Two ligand exchange products which were considered in this study involve aquo or methanol ligands
replacing one of the original terminal disulfide ligands, see Figure 6b and c. The products of two ligand
exchange processes with either solvent are considered to possess no HER active sites. Based on the
criteria for identifying favorable reaction pathways, both ligand exchange products show similar
sequences. In contrast to the parent catalyst (Figure 6a), both reaction pathways are expected to begin
with an exergonic electron transfer (b: AG = -11.1 kcal/mol; c: AG = -5.9 kcal/mol), as the rivaling
reaction pathway is an endergonic PCET (b: AG = +5.2 kcal/mol; c: AG = +5.0 kcal/mol. This reduction
is then followed by an exergonic PCET step (b: AG = -4.4 kcal/mol; c: AG = -9.9 kcal/mol), and an
exergonic PT (b: AG = -14.3 kcal/mol; c: AG = -12.8 kcal/mol). In both cases, the final step is a slightly
endergonic hydrogen release (b: AG = +1.6 kcal/mol; c: AG = +0.4 kcal/mol). However, the product
species is likely stabilized by explicit solvent effects, i.e., hydrogen bonds, which were not accounted
for by the current computational approach.

A direct comparison with the unmodified catalyst, [M0,0,S¢]%, reveals notable differences. First, the
pathways for the ligand-exchanged species (Figures 6b, c) follow a different overall mechanism than
that of the parent compound (Figure 6a), and they exhibit smaller energy differences between steps.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6se00061d

Page 9 of 12 Sustainable Energy & Fuels

Additionally, the HER pathways of [M0,0,S4(MeQOH),] and [Mo0,0,S4(H>0),] involve onl}soolin1 1%'!%@?%%%2‘1“5
endergonic step, being hydrogen release, whereas the pathway for [Mo0,0,S¢]* includes two
endergonic steps, with the hydrogen release posing a significantly higher energy barrier. In this
context, the ligand-exchanged species is proposed to undergo an initial reduction step prior to PCET,
whereas the unmodified [M0,0,S¢]* catalyst is expected to initiate the process via PCET. This behavior
is consistent with their respective charge states as the neutral ligand-exchanged species is more prone
to reduction than the doubly negatively charged parent complex. Although the precise contribution of
each individual step as well as their exact influence on overall hydrogen evolution remains difficult to
quantify, these findings suggest improved catalytic properties upon ligand exchange with methanol or
water. Moreover, these findings highlight the dynamic structural and electronic transformations
occurring under catalytic conditions in both solvents. Notably, this trend parallels previously reported
observations for [M03S13]%.

Conclusion

Raman spectroscopy, quantum chemical simulations, UV-Vis spectroscopy and gas chromatography
were combined to elucidate key processes occurring during catalytic hydrogen evolution using
[Mo0,0,S6]%. In particular, light-induced ligand exchange processes were proposed to play a crucial role
in the activation of the catalytic cycle. The collected data allowed the development of a proposed
overall mechanistic pathway and the connection to HER activity, as illustrated in Figure 7.

« Hydrogen
@ oxygen

o Carbon

Mo,0,S,(MeOH),]**
[Mo,0,S8,(MeOH),]° [M0,0,5,(MeOH),]
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Figure 7: Schematic illustration of the proposed ligand exchange processes of [M0,0,56]> and the respective influences on
the catalyst’s HER activity in a) methanol and b) 1:1 methanol-water (v:v), involving the influence of the irradiation via LED.

Based on the findings of the catalytic activity measurements, it is evident that HER catalysis is
significantly more efficient in pure methanol compared to aqueous environments.

Raman spectroscopic monitoring of the catalyst solutions suggests that for [M0,0,S¢]%, an initial ligand
exchange, where one disulfide ligand is replaced by two methanol or water ligands, occurs rapidly. UV-
Vis spectroscopic investigation shows that this ligand-exchange is however mainly light-induced. Both
computational and experimental findings indicate that the resulting partially substituted species is
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more catalytically active than the original complex. This finding supports the proposg&%_%@;fggg&%l;

mechanistic pathways for catalysis in methanol (Figure 7a) and in aqueous solution (Figure 7b).
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