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Abstract

As the global population continues to grow, energy demand is increasing rapidly. At
present, energy production is still largely associated with greenhouse gas emissions, which
contribute significantly to climate change. Therefore, the development of sustainable and
environmentally friendly energy technologies has become increasingly urgent. Hydrogen
is widely regarded as a promising energy carrier, as it enables the controlled storage and
transport of energy. However, its current production is itself often associated with
substantial greenhouse gas emissions and high energy consumption. Consequently, new
strategies for hydrogen production based on renewable energy sources and sustainable

materials are required.

In recent years, thiomolybdates have attracted considerable attention as catalysts for the
light-driven hydrogen evolution reaction (HER). This work focuses on the reactivity of

thiomolybdates and their reaction mechanism with an emphasis on the impact of light.

Prominent representatives of this compound class are the [Mo03S13]% ({Mos}) and the
[M02S12]% ({Mo2}) clusters. While the intrinsic reaction conditions of homogeneous light-
driven HER systems employing these clusters have already been extensively studied and
optimized in the literature, extrinsic parameters such as irradiation conditions have often
been neglected. In this work, the influence of dynamic irradiation on these systems was
investigated using a Design of Experiments (DoE) approach. Three parameters were
selected: frequency, duty cycle, and LED current, the latter determining the irradiation
power. The individual effects of these parameters, as well as their interactions, were
evaluated. Based on the resulting data analysis, optimized parameter settings for
maximizing the turnover number (TON) were identified. In addition, their influence on
photonic efficiency was assessed. Furthermore, degradation of both the photosensitizer
(PS) and the catalyst under optimized irradiation conditions was investigated in order to
rationalize the observed trends. Time-dependent density functional theory (TD-DFT)
calculations were used to interpret UV-Vis spectroscopic data obtained during the catalyst

degradation process.

Thio-oxo-molybdates have also been proposed in the literature as promising catalysts for

the light-driven HER, although this field has so far received comparatively little attention.



To address this knowledge gap, initial photocatalytic and mechanistic studies on the thio-
oxo-molybdate [M020,S¢]>~ as prototype were carried out in a homogeneous system.
Possible catalyst degradation via ligand exchange, as previously reported for
thiomolybdates, was investigated using Raman and UV-Vis spectroscopy. In addition, TD-
DFT calculations were performed to evaluate the catalytic activity of the different species

formed during this process, and a plausible reaction mechanism was proposed.

This work includes two peer-reviewed publications and one manuscript in preparation. In
all publications and manuscripts, the contribution of the author of this thesis includes:
Conceptualization, methodology, investigation, formal analysis, data processing, writing

original draft, visualization, discussion and revision.

For Information in more detail, see chapter 3.



Zusammenfassung

Da die Weltbevolkerung weiterhin wachst, steigt der Energiebedarf rapide an. Derzeit ist
die Energieerzeugung noch weitgehend mit Treibhausgasemissionen verbunden, die
erheblich zum Klimawandel beitragen. Daher wird die Entwicklung nachhaltiger und
umweltfreundlicher Energietechnologien immer dringlicher. Wasserstoff gilt weithin als
vielversprechender Energietrager, da er die kontrollierte Speicherung und den Transport
von Energie ermoglicht. Seine derzeitige Herstellung ist jedoch oft selbst mit erheblichen
Treibhausgasemissionen und hohem Energieverbrauch verbunden. Folglich sind neue
Strategien zur Wasserstoffproduktion auf der Grundlage erneuerbarer Energiequellen und

nachhaltiger Materialien erforderlich.

In den letzten Jahren haben Thiomolybdate als Katalysatoren fir die lichtgetriebene
Wasserstoffentwicklungsreaktion (HER) grofRe Aufmerksamkeit auf sich gezogen. Im
Mittelpunkt dieser Arbeit stehen die Reaktivitdt von Thiomolybdaten und deren

Reaktionsmechanismen, wobei der Schwerpunkt auf dem Einfluss von Licht liegt.

Prominente Vertreter dieser Verbindungsklasse sind die [M03S13]% ({Mos}) und [M02512]*
({Moz}) Cluster. Wahrend die intrinsischen Reaktionsbedingungen homogener,
lichtgetriebener HER-Systeme, die diese Cluster nutzen, in der Literatur bereits umfassend
untersucht und optimiert wurden, wurden extrinsische Parameter wie die
Bestrahlungsbedingungen oft vernachlassigt. In dieser Arbeit wurde der Einfluss
dynamischer Bestrahlung auf diese Systeme unter Verwendung eines Design-of-
Experiments-Ansatzes (DoE) untersucht. Es wurden drei Parameter ausgewahlt: Frequenz,
An/Aus-Verhaltnis und LED-Strom, wobei letzterer die Bestrahlungsleistung bestimmt. Auf
der Grundlage der daraus resultierenden Datenanalyse wurden optimierte
Parametereinstellungen zur Maximierung der Umsatzzahl (TON) ermittelt. Zudem wurde
deren Einfluss auf die photonische Effizienz bewertet. Dariliber hinaus wurde der Abbau
sowohl des Photosensibilisators (PS) als auch der Katalysatoren unter optimierten
Bestrahlungsbedingungen untersucht, um die beobachteten Trends zu erkldren. Zur
Interpretation der wahrend des Katalysatorabbaus gewonnenen  UV-Vis-
spektroskopischen Daten wurden Berechnungen nach der zeitabhdngigen

Dichtefunktionaltheorie (TD-DFT) unterstiitzend herangezogen.



Thio-Oxo-Molybdate wurden in der Literatur ebenfalls als vielversprechende
Katalysatoren fir die lichtgetriebene HER vorgeschlagen, obwohl diesem Bereich bislang
vergleichsweise wenig Aufmerksamkeit geschenkt wurde. Um diese Wissensliicke zu
schlieflen, wurden erste photokatalytische und mechanistische Untersuchungen am Thio-
Oxo-Molybdat [M020,S6)%™ als Prototyp in einem homogenen System durchgefihrt. Ein
moglicher Katalysatorabbau durch Ligandenaustausch, wie er zuvor fiir Thiomolybdate
beschrieben wurde, wurde mittels Raman- und UV-Vis-Spektroskopie untersucht. Dartber
hinaus wurden TD-DFT-Berechnungen durchgefiihrt, um die katalytische Aktivitat der
verschiedenen wahrend dieses Prozesses gebildeten Spezies zu bewerten, und ein

plausibler Reaktionsmechanismus wurde vorgeschlagen.

Diese Arbeit umfasst zwei begutachtete Veroffentlichungen und ein Manuskript in
Begutachtung. Bei allen Veroffentlichungen und Manuskripten umfasst der eigene Beitrag
der Autorin dieser Dissertation: Konzeption, Methodik, Untersuchung, formale Analyse,
Datenverarbeitung, Verfassen des ersten Entwurfs, Visualisierung, Diskussion und

Uberarbeitung.

Nahere Informationen finden Sie im Kapitel 3.
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1 Intro and overview

For understanding the motivational and scientific background of this work an introduction
into global warming and climate change, photosynthesis, hydrogen evolving systems in
nature, hydrogen evolution reaction, performance, reactivity and stability in
photocatalysis, thiomolybdates and thio-oxo-molybdates as well as Design of Experiments

is necessary and summarized in the following chapters.

1.1 Global warming and Climate change

It has been known for decades that our planet is undergoing anthropogenic climate
change as a consequence of elevated greenhouse gas emissions.[!l The Industrial
Revolution, which began in 1750, marked the onset of large-scale human-caused
greenhouse gas emissions and is widely regarded as the starting point of the present
climate crisis.2l Ongoing population growth is associated with an increasing energy
demand, which in turn contributes to rising greenhouse gas emissions.l? The most
important greenhouse gases driving climate change are carbon dioxide (CO;) and methane
(CH4).[%2) These gases are released as by-products in a wide range of industrial and
agricultural sectors. The combustion of fossil fuels for the generation of heat and
electricity is among the largest sources of CO; emissions.[*>! In addition, livestock farming
contributes substantially to methane emissions, particularly through enteric fermentation

in cattle.[®

Greenhouse gases exert their warming effect by trapping heat in the atmosphere.”! Solar
radiation reaches the Earth and warms its surface, which subsequently emits energy back
toward space in the form of infrared radiation. Greenhouse gases interfere with this
radiation because their IR-active vibrational modes absorb part of the outgoing infrared
radiation and re-emit it in all directions, thereby retaining heat within the atmosphere. (8
Under natural conditions, this establishes an energy balance that stabilizes the global
temperature. Increased greenhouse gas levels in the atmosphere however intensify this
effect and disrupt the natural radiative equilibrium.?! The consequence is a rise in global

mean temperature, which has already been observed since the late 19t century.!!
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This increase in global temperature has far-reaching consequences for ecological and
climatic systems. Climate zones are shifting, winters in many regions are becoming milder,
and ocean warming affects marine ecosystems, including algal growth.l>121 At the same
time, melting ice caps contribute to rising sea levels, which increases the flood risk for
coastal regions.['% |n addition, climate change is associated with an increase in the
frequency and intensity of extreme weather events such as storms and droughts.[13-16]

These developments highlight the urgent need to reduce greenhouse gas emissions in

order to mitigate further disruption of the Earth’s climate system.

eﬂecﬂon \
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Figure 1: Schematic illustration of the greenhouse gas effect on Earth.

The use of renewable energy sources is an important strategy for reducing greenhouse gas
emissions. A major limitation of many renewable energy technologies, however, is their
dependence on external conditions such as weather and time of day.['7.28 For example,
solar energy can be harvested using photovoltaic systems. However, its availability is
limited to periods of sufficient solar irradiation and therefore varies both geographically
and temporally.[1719201 |n contrast, energy demand often remains high during periods of
low or no solar input, particularly at night.[?] This mismatch between energy production

and energy demand creates the need for efficient energy storage technologies.[2%:2?]

Various approaches for energy storage have already been developed and are applied in

practice, including pumped hydro storage,[2324 batteries,!?>2% and chemical fuels.27.28l
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Another promising option is the storage of energy in the form of hydrogen.?*-31 Owing to
its low molecular weight and high molar enthalpy of combustion, hydrogen exhibits an
exceptional gravimetric energy density of 120-142 MJ kg1.132331 On Earth, however,
hydrogen does not occur naturally in substantial amounts in its elemental form (H3), but
is predominantly bound in hydrogen-containing compounds. Therefore, hydrogen must be
produced from suitable feedstocks such as water, alcohols (e.g., methanol or ethanol), or

biomass-derived compounds. 343

At present, industrial hydrogen production is still associated with substantial greenhouse
gas emissions. Large-scale hydrogen demand is driven, among other factors, by ammonia
synthesis via the Haber—Bosch process, which is essential for fertilizer production.®
Conventional hydrogen production methods, such as steam reforming and hydrocarbon
pyrolysis, require significant energy input and are often based on fossil resources, resulting
in considerable CO2 emissions.l3”! It is therefore essential to develop sustainable and low-
emission routes for hydrogen production. One of the best-known natural examples of

light-driven proton-coupled reduction based on renewable resources is photosynthesis.

1.2 Photosynthesis

Photosynthesis is the most prominent natural example of photocatalysis. It is carried out
by plants, algae, and cyanobacteria,?83% the latter of which played a crucial role in the
oxygenation of the Earth’s early atmosphere.[*%4l Photosynthesis is therefore
fundamental to most life on Earth. Although molecular oxygen is generated during this
process, it is primarily a by-product of water oxidation and does not represent the main
energetic benefit for the photosynthetic organism.3°! The primary purpose of
photosynthesis is the conversion of solar energy into chemical energy, which is initially
stored in the form of nicotinamide adenine dinucleotide phosphate (NADPH) and
adenosine triphosphate (ATP), and is subsequently used for the synthesis of
carbohydrates.[*%42] These carbohydrates serve as energy-rich compounds and contribute

to biomass formation.[43!

In plants and cyanobacteria, the light-driven processes of photosynthesis take place in
thylakoid membranes.i3® These membranes separate the thylakoid lumen from the

surrounding stroma and provide the structural environment for the photosynthetic
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electron transport chain. In plant cells, thylakoids are located within chloroplasts, whereas

in cyanobacteria they form internal membrane systems within the cell.3%!

cromase Ttoce
Thylakoid membrane:
Carbo- H*
Stroma b CO, hydrates ADP+P, ATP
> P Calvin
- Chla e Cycle
e VitK, | [} & s
Pheo ]} ¢ | CrB NPT T 1 [
PQ T & |11 em 3
hv LCyt bef E
~ PC
OEC
Tyr
Lumen
2H,0 O,+4H" H* H
Oxidation Center Photosystem Il Photosystem [ Reductive Center ATPase

Figure 2: Z-scheme of natural photosynthesis in the thylakoid membrane showing the correlations
of the individual components for the most important electron transfer steps and essential
reactions. Note that the positions of the components imply the divergent relative energy values
rather than absolute energy values or energetic distances. The following abbreviations for the
compounds involved were used: OEC: oxygen-evolving complex; Tyr: tyrosine; P680: photoactive
special pair of Photosystem II; Pheo: pheophytin; PQ: plastoquinone; Cyt bef: cytochrome bef; PC:
plastocyanin; P700: photoactive special pair of Photosystem I; Chl a: chlorophyll a; Vit Ki: vitamin
Ki; Fe/S: iron-sulfur-based clusters; Ferr: ferredoxin; FNR: ferredoxin-NADP reductase; NADP:
nicotinamide adenine dinucleotide phosphate; ADP: adenosine diphosphate; Pi: inorganic

phosphate; ATP: adenosine triphosphate./*#4]

Photosynthesis can be divided into three major stages:

e Photosystem II: light absorption and water oxidation
e Photosystem I: light absorption and NADP* reduction

e Carbon fixation: CO; reduction in the Calvin cycle
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Each of these stages plays a crucial role in converting electromagnetic energy in the form
of light into chemical energy and involves a sequence of coupled reaction steps. The
process begins with the absorption of light by the light-harvesting pigments associated
with Photosystem I1.3% The photochemically active reaction center is referred to as P680,
named after its absorption maximum at 680 nm. Excitation energy is transferred between
the antenna pigments (chlorophyll and B-carotene) and the reaction center by Forster
resonance energy transfer (FRET) until charge separation occurs.*¢471 This leads to
electron transfer from the excited reaction center to a nearby pheophytin molecule.’]
From pheophytin, the electron is transferred further to plastoquinone, which
subsequently delivers electrons via the cytochrome bef complex to plastocyanin.[47:48l
Plastocyanin then serves as the mobile electron carrier connecting the two

photosystems. 48]

The oxidized reaction center P680* is regenerated by electron transfer from the oxygen-
evolving complex, where water is oxidized to molecular oxygen, protons, and electrons.[*!
This process occurs on the lumenal side of the thylakoid membrane and contributes to
proton accumulation in the thylakoid lumen, thereby supporting the formation of a proton
gradient across the membrane.l*%51 This proton gradient is later used by ATP synthase for

ATP production.?

The process continues in Photosystem I. In this photosystem, light is absorbed by the
antenna pigments and transferred to the reaction center of P700, which is named after its
absorption maximum at approximately 700 nm.3>4 Following excitation, charge
separation occurs and an electron is transferred from the excited reaction center to a
series of electron acceptors.®3° As in Photosystem II, excitation energy is transferred
through the pigment network by FRET before photochemical charge separation takes

place.l®3

The electron is transferred from P700* via chlorophyll a and phylloquinone (vitamin K3) to
a series of iron-sulfur clusters and finally to ferredoxin.®*?! Ferredoxin then serves as the
electron donor for ferredoxin—NADP* reductase, which catalyzes the reduction of NADP+
to NADPH.B% This NADPH is subsequently used in carbon fixation reactions as electron
and proton donor.*3! The oxidized reaction center P700* is regenerated by electron
transfer from plastocyanin, which delivers electrons Photosystem II.3°]
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During the photosynthetic electron transport cascade, protons are translocated from the
stroma into the thylakoid lumen, resulting in the formation of a proton gradient across the
thylakoid membrane.[?%>2 This electrochemical gradient provides the driving force for ATP
synthesis by ATP synthase.’? The enzyme catalyzes the conversion of adenosine
diphosphate (ADP) and inorganic phosphate (P;) into ATP on the stromal side of the
membrane.l®?! Although no additional photon absorption is required directly for ATP
formation itself, this process is still functionally part of the light-dependent reactions

because it relies on the proton gradient generated by light-driven electron transfer.[>%>1]

ATP is the universal cellular energy carrier and powers numerous biological processes.[>
Together with NADPH, which is also generated during the light-dependent reactions, ATP
provides the chemical energy required for subsequent carbon fixation and carbohydrate
synthesis.[*?l In this way, photosynthesis converts light energy into chemically stored

energy that sustains the metabolism and growth of the organism.

In the subsequent light-independent reactions, the ATP and NADPH generated during the
light-dependent stage are consumed in the Calvin cycle to drive the reduction and
assimilation of C0O2.[*3 The Calvin cycle comprises a series of enzyme-catalyzed reactions
through which inorganic carbon is incorporated into organic molecules.*3! In this way,
carbohydrates are synthesized from CO; using the chemical energy and reducing

equivalents provided by ATP and NADPH. 13!

In both photosystems, energy-transfer and electron-transfer processes are involved in
directing the absorbed photon energy to the reactive sites, as outlined above. The relevant
energy-transfer mechanism is FRET. In this process, dipole-dipole interactions (Ap)
between an excited donor (D*) and an acceptor (Ac) enable non-radiative energy transfer
(Figure 3a).58! As a result, the donor returns to its ground state (D), while the acceptor is

promoted to its excited state (Ac*).15¢!

In contrast, oxidative electron transfer involves the transfer of an electron from an excited
donor (D*) to an acceptor (Ac), resulting in the formation of a reduced acceptor (Ac”) and
an oxidized donor (D*), see Figure 3b.P”] Whether this process is thermodynamically
feasible is primarily determined by the redox potentials of the species involved.>7:>8]

Similarly, electron transfer can also occur from a donor in a reduced state to an acceptor.
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In such cases, the transferred electron originates from the highest-energy occupied orbital

of the donor species.P®!

a) b)

ET ET ET ET
—+ — — —
— — S —
— T — —
+H +— ++ +H

D" Ac D Ac” D* Ac D* Ac

Figure 3: Simplified scheme of a) the Férster resonance energy transfer (FRET) which is based on
dipole-dipole interactions Ay and b) oxidative electron transfer.

The Z-scheme shown in Figure 2 illustrates that photosynthesis is a complex multistep
process involving tightly coordinated light-induced energy- and electron-transfer
reactions. Despite this complexity, natural photosynthesis operates as a robust and
efficient system for the conversion of solar energy into chemical energy while
simultaneously enabling CO; fixation. This demonstrates that biological systems can serve
as valuable models for the development of artificial and biomimetic approaches aimed at

sustainable energy conversion and storage.

1.3 Hydrogen evolving systems in nature

In nature, two classes of enzymes are known to catalyze hydrogen evolution: nitrogenases
and hydrogenases.5?% These enzymes occur in various anaerobic microorganisms, as
well as in some aerobic bacteria and green algae.®® Nitrogenases produce H>
irreversibly as a by-product during nitrogen fixation under anaerobic and nitrogen-limited
conditions.’®! In contrast, hydrogenases catalyze the reversible formation and oxidation of
H, under mild conditions, typically at neutral pH and ambient temperature./® Many
hydrogenases operate in agueous media and are characterized by low activation barriers
as well as high turnover numbers and turnover frequencies (TONs and TOFs; see chapter
1.5).1601 |n green algae, the light-dependent reactions of photosynthesis proceed as
described in chapter 1.2.611 Under suitable conditions, electrons generated in

Photosystem I are transferred via ferredoxin to hydrogenase, which catalyzes proton
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reduction to molecular hydrogen.[® In this way, biological light harvesting can be directly

coupled to enzymatic hydrogen evolution.

Hydrogenases are generally classified into three major groups: [FeFe]-, [NiFe]-, and [Fe]-
hydrogenases.[®% These classes differ with respect to the metal composition of their active
sites, molecular weight, electron-carrier specificity, cellular localization, and their
tolerance toward heat and oxygen.[®062] Despite these differences, all hydrogenases

catalyze reactions involving molecular hydrogen under mild conditions.

A common structural feature of these enzymes is the presence of transition-metal-
containing active sites embedded in a sulfur-rich protein environment.[®% |n [FeFe]- and
[NiFe]-hydrogenases in particular, the active sites contain iron coordinated by sulfur
ligands, including acid-labile sulfur atoms in associated iron-sulfur clusters, which are

essential for electron transfer and catalytic activity.®3!

[FeFe]-hydrogenases are the most catalytically active members of the hydrogenase family
and are found in bacteria and lower eukaryotes. Their active site, the so-called H-cluster,
consists of a [FesSa] cubane cluster that is covalently linked via a cysteine thiolate ligand

to a dinuclear [Fe3] subsite.[®¥ The latter serves as the catalytic center.

Within this [Fe;] subsite, the two iron atoms fulfill distinct functions during catalysis. The
distal iron center (Fed) is considered the primary site for substrate binding and catalysis,
as it provides an open coordination site that can accommodate hydrogenic intermediates
such as hydrides.[®®] In contrast, the proximal iron center (FeP) is more tightly coordinated
and mainly contributes to the structural and electronic stabilization of the active site.[®%
In addition, the amine functionality of the bridging azadithiolate ligand is thought to act
as a proton relay, thereby facilitating proton transfer between the H-cluster and the

surrounding protein environment.[%4

The active sites of the other hydrogenase classes are structurally distinct. [NiFe]-
hydrogenases contain a redox-active Ni(S-Cys)a center, in which two cysteine thiolate
ligands bridge to a Fe?(CN),(CO) fragment that is generally considered redox-inactive
under catalytic conditions.!®® In contrast, [Fe]-hydrogenases possess a mononuclear iron

center.[67]
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A major structural difference between [Fe]-hydrogenases and the other two classes is the
absence of additional iron-sulfur clusters, which is associated with a lower oxygen
sensitivity compared with [FeFe]- and [NiFe]-hydrogenases.[®267] Nevertheless, cysteine-
derived sulfur ligands are also present in [Fe]-hydrogenases, underlining the general
importance of sulfur coordination and transition-metal centers in biological hydrogen

conversion.[®7]

The other enzyme class, nitrogenase, is more closely related to the subject of the present
work. Its active site contains the FeMo cofactor ([FeMoco]), a [MoFe7SeX]-homocitrate
cluster in which X can be C, N, or 0.8 Alternative nitrogenases contain vanadium or iron
in place of molybdenum at this position.[%8%% The FeMo cofactor provides the catalytic site
for dinitrogen reduction to ammonia and is also responsible for the accompanying

hydrogen-evolution side reaction. [

Structurally, the cofactor consists of a sulfur-rich metal cluster in which bridging sulfide
ligands and an interstitial pe-carbide connect the [MoFesSs] and [FesSs] subclusters.[68:69]
In addition, the Mo!V center is coordinated by a homocitrate ligand, which completes its
coordination environment.!®®! Under molybdenum-deficient conditions, some organisms
express alternative nitrogenases containing vanadium or iron instead of
molybdenum.7%71 This observation highlights the central role of molybdenum in the most
common nitrogenase system, while also underlining the structural importance of sulfur

ligands within the cofactor framework.
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Figure 4: Chemical structure of a) [FeFe]-, b) [FeNi]- and c) [Fe]-hydrogenase as well as the
[FeMoco] nitrogenase where R and R’ represent the rest of the homocitrate. GMP stands for

nucleotide guanidine monophosphate.

1.4 Hydrogen evolution reaction

The hydrogen evolution reaction (HER) refers to the reduction of protons to molecular
hydrogen. In catalytic hydrogen evolution, a general distinction can be made between
homogeneous and heterogeneous systems.[”?! In addition, HER can be driven by different
forms of energy input, most commonly in electrocatalytic or photocatalytic approaches.
In some cases, both concepts are combined in photoelectrocatalytic systems.!”273] Since
the present work focuses exclusively on photocatalytic hydrogen evolution, only this

approach is discussed in the following.

Photocatalysis uses light as the energy input to drive a chemical reaction. As in natural
photosynthesis (see chapter 1.2), each component in a photocatalytic system fulfills a

distinct function within the overall process. At least three components are required for a
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photocatalytic HER system: a sacrificial electron donor (SED), a photosensitizer (PS), and a
catalyst (CAT).[’4l The photosensitizer absorbs electromagnetic radiation and converts it
into excited-state energy, which enables electron transfer within the system. The catalyst
serves as the active site at which proton reduction takes place. The sacrificial electron
donor provides electrons to regenerate the photoactive system and thereby sustains

continuous hydrogen evolution.

The interplay between these three components can be illustrated by a simplified reaction

scheme (Figure 5).

SED+\/ \* N

reductive oxidative
Quenching hv Quenchmg

./

SED?

Figure 5: Simplified scheme of the photocatalytic HER showing the reductive and oxidative
quenching pathways of the PS and the roles of the individual components of the system.

First, the PS is excited by absorption of a photon of suitable wavelength, forming PS*. From
this excited state, two principal quenching pathways are possible: reductive quenching

and oxidative quenching.[’>77]
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In the reductive quenching pathway, PS* is reduced by the SED, generating the reduced
photosensitizer PS™.7>76] This reduced species subsequently transfers an electron to the
catalyst.l”>7% Through repeated electron-transfer and protonation steps at the catalyst,

molecular hydrogen is formed, while the ground-state photosensitizer is regenerated.l”>7¢!

In the oxidative quenching pathway, the order of electron-transfer steps is reversed. In this
case, the excited photosensitizer first transfers an electron to the catalyst, resulting in the
formation of the oxidized photosensitizer PS*.7>76] The catalyst can then use the
transferred electron for proton reduction.[”>7%! Subsequently, the SED regenerates the

ground-state photosensitizer by reducing PS*.l7>76]

However, this catalytic cycle only describes the overall picture of light-driven HER and
illustrates how the absorbed photon energy is transferred through the system to enable
proton reduction. The actual HER takes place at the active sites of the catalyst. In general,
HER at the catalyst is described via elementary reaction steps involving adsorbed hydrogen

intermediates.

The first step is commonly described by the Volmer reaction. In this step, a proton is
adsorbed at a catalytic binding site (*), while an electron is transferred to the proton,
leading to the formation of an adsorbed hydrogen intermediate (H*) on the catalyst
surface (Equation 1).’2781 The ability of the catalyst to bind hydrogen is a key parameter
governing catalytic performance. According to the Sabatier principle, the interaction
between the catalyst and hydrogen should be neither too strong nor too weak.”?! Ideally,
the Gibbs free energy of hydrogen adsorption should therefore be close to zero (AGu* = 0)

for efficient HER catalysis.[”°]

Following the Volmer step, two possible reaction pathways may occur. One possibility is
the Heyrovsky reaction, which is typically favored at low H* surface coverage.7278 |n this
case, a proton-coupled electron transfer (PCET) step leads to the formation and desorption
of Ha, thereby regenerating a vacant catalytic site (Equation 2). 7278 Alternatively, at high
H* surface coverage, the Tafel reaction becomes favorable.’278] |n this pathway, two
neighboring adsorbed hydrogen atoms recombine to form H;, which subsequently
desorbs from the catalyst surface (Equation 3). 7278 Together, these elementary steps give

rise to the overall HER stoichiometry (Equation 4). [7278]
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Volmer: H*+e +* 5> H* (1)

Heyrovsky: H*+H'*+e - Hy+* (2)
Tafel: H*+H* > H,+2* (3)
Netto: 2H*+2e - H; (4)

It should be noted that the Volmer-Heyrovsky-Tafel model is primarily used to describe
heterogeneous or surface-based catalysis and cannot, in general, be directly applied to

molecular catalytic systems.!”?!

A wide range of catalysts, PSs, and SEDs have been investigated for photocatalytic HER.[&%
However, not every combination gives rise to an efficient photocatalytic system. Several
requirements must be fulfilled for productive hydrogen evolution to occur. As illustrated
by the photocatalytic cycle shown in Figure 5, electron-transfer steps are central to the
overall process. Efficient electron transfer requires not only suitable redox properties of
the individual components, but also sufficiently favorable intermolecular interactions to
enable productive quenching and charge transfer (compare chapter 1.2, Figure 3). The
most commonly used photosensitizers and sacrificial electron donors in photocatalytic

systems are introduced in the following.

1.4.1 Photosensitizers

A wide variety of chromophores can serve as photosensitizers. These include
organometallic complexes as well as purely organic and purely inorganic chromophores.
Whether a given chromophore is suitable for use as a photosensitizer depends on its
photochemical and photophysical properties.[! In particular, strong absorption in the
visible region of the spectrum and the ability to generate reactive charge-separated
excited states are highly desirable.[81-83 The photophysical properties and excited-state
behavior of a chromophore can be illustrated qualitatively using a Jablonski diagram

(Figure 6).
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Figure 6: Simplified Jablonski diagram showing the different radiative transitions between
electronic states: absorption (Ab), fluorescence (F) and phosphorescence (P) as well as the non-
radiative transitions: vibrational relaxation (VR), internal conversion (IC) and inter-system crossing

(1SC).

The Jablonski diagram illustrates the possible transitions between the electronic and
vibrational states of a molecule. Each electronic state M. can be subdivided into several
vibrational levels M. Here, M denotes the multiplicity of the state, where S refers to a
singlet state and T to a triplet state. The index e indicates the electronic state, while v

denotes the vibrational level.[84

According to the Pauli principle and Hund’s rules, the electronic ground state of a closed-
shell molecule is typically a singlet ground state (So).[8>8% When a molecule in its ground
state absorbs a photon of sufficient energy, an electron is promoted from an occupied
molecular orbital to an unoccupied molecular orbital of higher energy. This absorption
process occurs on an ultrafast timescale of approximately 10°1° s. As a result, the molecule
is transferred into an electronically excited state such as Siv, S2v, or higher excited

states.[84
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The Franck-Condon principle describes that electronic excitation occurs much faster than
nuclear motion.[®”] Therefore, the transition initially populates a vibrational level of the
excited electronic state that is accessible without significant change in nuclear geometry.
Subsequently, the molecule relaxes to the lowest vibrational level of that excited state by
vibrational relaxation (VR). According to Kasha’s rule, photophysical and photochemical
processes generally occur from the lowest vibrational state of a given electronic state.[88!
Vibrational relaxation is a non-radiative process and typically takes place on a timescale of

about 1012 5 [84]

Deactivation of an excited state can proceed through several pathways. One possibility is
internal conversion (IC), a non-radiative transition between electronic states of the same
multiplicity, in which excess electronic energy is converted into vibrational energy. Another
possible pathway is inter-system crossing (ISC), in which the multiplicity changes, for
example from a singlet to a triplet state. Since ISC is spin-forbidden, it is generally less
probable than IC, although its efficiency strongly depends on the molecular structure and
the presence of spin-orbit coupling. Both IC and ISC are non-radiative deactivation

processes. 84

In addition to these non-radiative pathways, excited states may also decay radiatively by
luminescence. Radiative relaxation from an excited state to a ground state of the same
multiplicity is called fluorescence (F). For many organic molecules, fluorescence from an
excited singlet state typically occurs on a timescale of about 10° to 10%s. In contrast,
phosphorescence originates from an excited triplet state and involves a change in
multiplicity. Because this transition is spin-forbidden, phosphorescence (P) is generally
much slower and excited triplet-state lifetimes can range from approximately 103 s up to

seconds, depending on the system.[8*

The lifetimes of excited states are of central importance for the application of
chromophores in photocatalytic systems, since sufficiently long-lived excited states are

required to enable productive energy- and electron-transfer processes.

One of the most widely studied and best-known photosensitizers is
tris(2,2’-bipyridine)ruthenium(ll), [Ru(bpy)s]?*. The complex was first synthesized by

Burstall in 1936.[8 Its first absorption spectrum was reported in 1949,1% followed by the
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first emission spectrum in 1959.°Y The latter triggered research into the photophysical
properties of the complex. During the late 1960s and 1970s, [Ru(bpy)s]** was investigated
in increasing detail, particularly with regard to energy- and electron-transfer processes.[®?
Early studies on light-driven hydrogen evolution using [Ru(bpy)s]?* as a photosensitizer

were later reported by Creutz and co-workers.[*3

Today, [Ru(bpy)s]?* is widely used as a benchmark photosensitizer in fields such as
photochemistry, photoelectrochemistry, photophysics, photoredox catalysis, and
biochemical research. Owing to its broad applicability and thoroughly characterized
properties, it has become one of the most important reference compounds in molecular

photocatalysis.®?

The success of [Ru(bpy)s]** as a photosensitizer can be attributed to several favorable
properties. As discussed above, the lifetime of an excited state is a key parameter in
photocatalysis. In this regard, [Ru(bpy)s]** exhibits an excited-state lifetime of
approximately 600 ns for its triplet metal-to-ligand charge-transfer state (3MLCT),
depending on the solvent and the presence of oxygen8293-%31 The corresponding
absorption band is centered around 452 nm and therefore lies in the visible region of the
spectrum.®® This greatly facilitates its application in photocatalysis, since readily available

blue LEDs can be used instead of UV light sources.

In addition, the electrochemical properties of [Ru(bpy)s]?* have been studied extensively.
Depending on the redox properties of the sacrificial electron donor or other quenchers
present in the system, the excited state can undergo either oxidative or reductive
quenching.®® The oxidized form, [Ru(bpy)3]?*, exhibits a redox potential of +1.26 V vs. the
normal hydrogen electrode (NHE) and therefore acts as a strong oxidant, whereas the
reduced form, [Ru(bpy)s]*, has a redox potential of -1.28 V vs. NHE and acts as a strong
reductant.[®®! These electrochemical properties make [Ru(bpy)s]?* suitable for a wide
range of photocatalytic applications, including hydrogen evolution and, in principle, also

water oxidation.[93.%¢]

Despite these advantages, [Ru(bpy)s]?* is not immune to degradation processes. Various
decomposition pathways have been described in the literature, and their occurrence

depends strongly on factors such as solvent, pH, irradiation conditions, and the nature of
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the other components in the system. Photobleaching is one of the most common
degradation pathways of chromophores. In the case of [Ru(bpy)s]?*, photodegradation is
often associated with Ru—N bond cleavage. Upon irradiation and population of excited
states, antibonding orbitals can become involved, which weakens the Ru—N bond and may
ultimately lead to ligand dissociation. As a consequence, the vacant coordination site can

be occupied by other ligands such as aqua, hydroxo or chloro ligands. 271021

Other photosensitizers frequently used in photocatalysis include dendrimers,[103]
metalloporphyrins, [t metallophthalocyanines,*%! and organic dyes such as Eosin Y.[10!
Metal-free chromophores are often characterized by extended m-conjugated systems,
whereas many metal-containing coordination compounds exhibit charge-transfer excited
states, such as metal-to-ligand charge transfer (MLCT), that are beneficial for
photocatalytic applications. °%?3 The photophysical properties of such dyes can often be
tuned effectively through structural modification of the aromatic ligand framework.
However, excessive steric hindrance at the ligand periphery may limit this tunability, as it
can reduce orbital overlap and thereby impair electron-transfer processes.!107-1091 |n
heterogeneous photocatalytic systems, semiconducting materials such as titanium dioxide
(TiO2),1*1% quantum dots (e.g., CdSe),'™I and conjugated polymers are also commonly

employed.!112

1.4.2 Sacrificial electron donors

Another essential component of a photocatalytic system is the SED. Its function is to
regenerate the oxidized photosensitizer (PS*) and, depending on the reaction pathway, to
reductively quench the excited photosensitizer (PS*). To fulfill this role, the SED must be
readily oxidizable and able to provide the required electrons efficiently. Ideally, its
oxidation products should be chemically inert in order to suppress charge recombination
and avoid competing side reactions. Since the SED is consumed during the catalytic cycle

and is not regenerated, it inherently limits the long-term sustainability of the system.[113!

In aqueous photocatalytic systems, the redox potential of the electron donor is of
particular importance. The donor must be oxidized more readily than water in order to
suppress competing water oxidation. Commonly used sacrificial electron donors in such

systems include triethylamine (TEA), triethanolamine (TEOA), ethylenediaminetetraacetic
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acid (EDTA), and ascorbic acid/ascorbate (AscH/Asc). Their redox behavior strongly
depends on pH. For TEA and TEOA, the most suitable pH range is typically close to their
pKa values, since excessive protonation reduces their electron-donating ability. EDTA is
frequently employed in near-neutral systems, whereas ascorbate-based donor systems
are particularly effective under mildly acidic to neutral conditions, where deprotonated

ascorbate acts as the more readily oxidizable species.!113-11%]

1.4.3 Homogeneous vs. heterogeneous

Catalysis can generally be carried out either homogeneously or heterogeneously.
Homogeneous catalysis refers to systems in which all components are present in the same
phase, typically in solution. In such systems, catalysis occurs at the molecular level. The
individual components are usually well defined, and their structures are often known in
detail. This allows mechanistic investigations at the molecular scale and often results in

high selectivity.[116117]

At the same time, the elementary steps in homogeneous catalytic systems are frequently
diffusion-controlled. Productive electron transfer requires that the relevant molecular
components encounter each other under suitable conditions, which can limit the overall
efficiency of the system.l’¥1 A major disadvantage of homogeneous catalysis is the
difficulty of catalyst recovery and recycling. Because all components are present in the
same phase, their separation is often challenging, making purification and reuse
comparatively expensive.l'’®! One of the first molecular model systems for light-driven
hydrogen evolution catalysis (HEC) was reported by Lehn, Sauvage, and co-workers in
1977.1120 Since then, numerous homogeneous systems for light-driven hydrogen evolution

have been developed.’8!

Heterogeneous systems (components in different phases: e.g. solid/gaseous, solid/liquid)
on the other hand are often easier to recover because the individual components can be
separated more readily and reused. In many cases, heterogeneous catalysts are also more
robust and thermally stable than their molecular counterparts. These features are among
the main reasons why heterogeneous catalysis is widely applied in industrial

processes.[1217123]
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A disadvantage of heterogeneous systems is that the active sites are often unevenly
distributed and less well defined than in molecular systems, since their local coordination
environment cannot usually be characterized with the same precision. In addition, the
catalytic reaction is restricted to the catalyst surface. As a result, the accessible surface
area strongly influences the reaction rate, making surface maximization a key factor in

catalyst design.[123.124]

1.5 Performance, stability and reactivity in photocatalysis

The photocatalytic performance, stability, and reactivity of a system can be assessed using
experimental performance metrics. To enable meaningful comparison between different
systems, unbiased, reliable and reproducible evaluation is essential. This requires well-
defined experimental protocols, standardized reaction setups, and clearly accessible
performance indicators. In addition, transparent reporting and structured data handling
are necessary to ensure that experimental results can be compared, reproduced, and
reused effectively. In this context, the FAIR principles—findable, accessible, interoperable,
and reusable—provide an important framework for the management and dissemination

of scientific data, particularly with regard to automated and data-driven analysis.[125126]

A wide range of parameters can individually influence the performance, stability, and
reactivity of a photocatalytic system. Some of these factors are commonly investigated,
including pH, sacrificial agents, photosensitizers, solvents, and concentration effects,
whereas others are often neglected, such as temperature and mass transport, ionic
strength, and in the case of photocatalysis also reactor design or the mode of reactor
operation.'?°! Since a comprehensive discussion of all relevant parameters would be
beyond the scope of this chapter, only those factors that are directly relevant to the

present work are discussed in the following.

The concentrations of the individual components, as well as their relative ratios, have a
major influence on photochemical reactivity. Even small changes in these parameters can
shift a system from virtually inactive to highly reactive.l'27.128] This strong dependence
arises from the complex interplay between the components and the underlying reaction
mechanisms. A detailed understanding of these relationships is therefore essential for the

rational optimization of photocatalytic systems.[129:130]
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The solvent influences the solubility, stability, and intermolecular interactions of the
individual components. In addition, it can participate directly in the reaction, for example
as a reagent or as a coordinating species. In some systems, the solvent may also interfere

with photoredox processes if it is able to act as an electron donor or acceptor.[131.132]

Intermolecular and supramolecular interactions represent particularly important
challenges in homogeneous systems. Depending on their nature, these interactions can
either promote or impair the reactivity and stability of the photocatalytic system. Relevant
interactions include electrostatic interactions, van der Waals forces, m-m stacking, and
hydrogen bonding. In addition, host-guest complex formation may influence the system
by inducing aggregation of molecular components in solution.[*33134I Sych interactions can
have both beneficial and detrimental consequences. For example, pre-organization or pre-
aggregation of the components may facilitate and accelerate charge-transfer
processes.3 In contrast, unfavorable aggregation can lead to colloid formation,
precipitation, [12°! or rapid charge recombination.®”! These effects reduce the number of
catalytically active species in solution and thereby limit the overall reactivity of the

system.[126]

Another important challenge in homogeneous systems is the matching of kinetic rates.
The individual mechanistic steps of photocatalysis occur on very different timescales,
ranging from femtoseconds to milliseconds and beyond.!*3®) The alighment of these
timescales is crucial for efficient catalysis.[!37:138] Reaction conditions can be adjusted to
bring the relevant processes into a productive balance. For example, diffusion-controlled
steps are influenced by temperature, reagent concentration, and solvent viscosity.[38 |n
many cases, the timescale of such diffusion-controlled processes must be matched to the
lifetime of the photoexcited photosensitizer in order to enable efficient oxidative or
reductive quenching by an electron donor or acceptor.®313° The excited-state lifetime

itself is also affected by reaction conditions, for example by solvent polarity.[*3°

As described above, photons provide the electromagnetic energy required to drive a
photocatalytic reaction.[2°] |n this sense, light can be regarded as an additional reagent
that has a direct influence on the system. The incident photon flux describes the number
of photons reaching the reaction vessel per unit time and thus provides an essential basis
for the quantitative interpretation of light-driven catalytic reactivity data.[14%141 |t js
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determined by factors such as the light source, the optical path, the irradiation geometry,
and the design of the reactor walls.[1#2143] Consequently, a detailed description of the
irradiation setup and its geometry is crucial to ensure the reproducibility and

comparability of photocatalytic data.[126]

Another important parameter is the absorbed photon flux. It describes how many
photons of the incident photon flux can be absorbed by the system and are in principle

available for the catalytic process.[14!]

The influence of photoreactor design has already been addressed in part in the context of
the incident photon flux. However, reactor design affects not only the distribution of light
within the system, but also the local reaction environment. In this context, factors such as

non-ideal mixing, dead zones, and residence time distributions must also be considered.

[144]

To evaluate the influence of the parameters discussed above, performance indicators are
used. These metrics provide critical information on catalytic activity and enable
comparison between different systems. Depending on the purpose of the analysis, they
can be normalized to catalyst amount, reaction time, or photon input. One of the most
widely used amount-normalized performance indicators is the turnover number
(TON).[1281 It is defined as the amount of product formed, npro, divided by the amount of

catalyst used, ncar.

TON = 2Pre (5)

Ncat

The time-dependent analogue of the TON is the turnover frequency (TOF).[*28] |t describes
the change in TON over time. When determined over a finite time interval, TOF
corresponds to the average change in TON divided by the corresponding reaction time

interval:

ATON

TOF = e

(6)

The photon-based analogue is given by the photonic efficiency (PE).[*2¢! |n this case, the

amount of product formed npy, is normalized to the amount of incident photons nph,inc.

PE = —2ro (7)

Nph,inc
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Another photon-based performance indicator is the quantum yield (®). In contrast to the
indicators introduced above the quantum yield is not limited to product formation.
Instead, it can also be used to relate the occurrence of a specific event, ngyent, such as

molecular degradation, to the number of photons absorbed by the system, nph abs.[*4°!

D= I?Event (8)
Ph,abs

1.6 Thiomolybdates and thio-oxo-molybdates

As noble-metal-free catalysts for the HER, thiomolybdates have attracted considerable
attention over the past decades.”? This interest has been motivated in part by the active
sites of hydrogenases and nitrogenase (see chapter 1.3), which contain sulfur-rich
transition-metal clusters. Inspired by these biological systems, research into
(poly)thiomolybdates has expanded significantly.”?! The first studies on two prototype
thiomolybdate anions were reported by Miiller and co-workers in the late 1970s.[14¢1 These
prototype species were the dinuclear cluster [Mo*°,512]% ({Mo3}) and the trinuclear cluster
[M0*43513]% ({Mos}) both isolated as ammonium salts.[246147] Their synthetic approach has
remained essentially unchanged to this day. The clusters are formed in the reduction of
Mo*®, typically starting from ammonium heptamolybdate ((NHa4)s[M07024]), in aqueous
solutions containing sulfide or polysulfide species.[1#61471 The resulting crystalline products

can subsequently be isolated.

Structurally, these two prototype clusters share several common features. The Mo centers
are coordinated by one or two terminal disulfide ligands and by two bridging disulfide
ligands, S, and p2-S2%, respectively. In the {Mos} cluster, an additional apical sulfide ligand

(u3-S%) coordinates the three molybdenum centers.[146:147]
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Figure 7: Chemical structure of the thiomolybdates {Mos} (left) and {Mo3} (right).

Both homogeneous and heterogeneous approaches to light-driven HEC with
thiomolybdates have been investigated and discussed in the literature.’? Since the
present work focuses exclusively on homogeneous catalysis, only this approach is

introduced further in this chapter.

Initial mechanistic studies on homogeneous light-driven HER systems based on
thiomolybdates revealed a pronounced sensitivity to sample preparation and reaction
conditions.[127:148] Catalytic performance was found to depend strongly on the solvent, and
different solvents proved to be optimal for the individual prototype clusters. Owing to its
suitable redox properties, the photosensitizer [Ru(bpy)z]?* is most commonly employed in
combination with thiomolybdates.[116: 1271481 Accordingly, irradiation with blue light is

typically used to drive catalysis.

Min and co-workers investigated the {Mos} cluster in combination with alternative
photosensitizers, including Eosin Y, and found that replacing [Ru(bpy)s]?* resulted in a
complete loss of hydrogen-evolution activity. In the same study, various sacrificial electron
donors, such as organic amines and organic carboxylic acids, were also examined. Among
these, ascorbic acid proved to be a particularly suitable sacrificial electron donor. One

possible explanation for this behavior may lie in its additional proton-donating ability. (14!

The concentrations of thiomolybdate catalysts are typically kept in the sub-micromolar
range, since higher concentrations can promote aggregation and colloid formation with
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the photosensitizer. Under these conditions, photosensitizer concentrations of around
20 uM are generally sufficient to sustain catalysis.[127:148] Although higher photosensitizer
concentrations are often employed in other transition-metal-based systems, in
thiomolybdate-based systems such concentrations are frequently limited by solvent

effects and aggregation phenomena. 102129

Streb and co-workers reported that the {Mos} system can achieve turnover numbers
(TONs) exceeding 20 000 after 6 h of irradiation and 40 000 after 24 h of continuous
irradiation under optimized conditions. The highest TON values were obtained in a
methanol/water solvent mixture (10:1, v:v). In addition, degradation pathways of the
cluster were investigated by Raman spectroscopy, which was used to monitor the
proposed exchange of terminal disulfide ligands by water (Figure 8). Combined catalytic
studies and theoretical calculations indicated that the catalytic activity depends on the
number of exchanged ligands. Notably, the most active species was proposed not to be

the original model cluster itself, but rather a ligand-exchanged derivative. 148!
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Figure 8: Schematic visualization of the terminal disulfide exchange against water molecules

reported by Dave et al.[**®

In a separate study, further enhancement of HER performance was achieved by addition
of NH4* to the catalytic system. It was suggested that ammonium either prolongs the
lifetime of the excited photosensitizer (PS*) or facilitates intermolecular, collision-induced
proton-coupled electron-transfer (PCET) processes. In this context, NHs* may contribute
to proton management through additional hydrogen-bonding interactions during

catalysis.[150]
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The smaller thiomolybdate cluster {Mo;} was also investigated by Streb and co-workers.
In homogeneous catalysis, the system reached a TON of 1600 after 6 h of irradiation in
pure methanol. Interestingly, the catalytic activity decreased with increasing water
content in the solvent mixture. Emission-quenching studies showed that quenching of
[Ru(bpy)s]?* by the cluster becomes less efficient as the water content of the solvent

increases.[127]

A possible ligand-exchange process, similar to that proposed for the {Mos} cluster, was
also investigated for {Mo2}. Raman spectroscopy was again used to monitor potential
structural changes. No changes were observed over the course of two hours, and evidence
for ligand exchange was only obtained after prolonged reaction times. These findings
suggest that the {Mo2} cluster is more stable than the {Mos} cluster under the conditions
investigated. The loss of catalytic activity in the {Mo2} system was mainly attributed to
degradation of PS. Accordingly, HER activity could be restored by addition of a second

aliquot of PS.[127]

In addition to thiomolybdates, other Mo-S-based molecular compound classes have
attracted increasing attention in recent years because of their potential as HER catalysts.
One such class is thio-oxo-molybdates, in which thiomolybdate frameworks are modified
by incorporation of oxygen-containing ligands. One of the smallest clusters in this group is
[Mo*,0,S6]% cluster. In this cluster, two Mo* centers are connected by two bridging
sulfide ligands (u-S?) and are each additionally coordinated by one terminal disulfide

ligand (S2%) and an oxo ligand (0%) each (Figure 9).[72

The synthesis of this cluster was also first reported by Miiller and co-workers in 1980.[151
In a later study, Miras and colleagues investigated the HER mechanism of this and other
small thio-oxo-molybdate clusters. Using electrocatalytic experiments in combination with
theoretical calculations, they showed that the cluster is capable of catalyzing
electrocatalytic HER and that the oxo ligand plays a crucial role in stabilizing the reduced
cluster. They further proposed that the catalytic process most likely follows a Volmer-
Heyrovsky-type mechanism and identified the terminal disulfide ligands as the active sites

of the cluster. [152]
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[M0,0,S,]*

Figure 9: Chemical structure of the thio-oxo-molybdate [M020:5¢]%.

1.7 Design of Experiments

Several parameters affecting photocatalytic systems were introduced in chapter 1.5.
Traditionally, the influence of such parameters has often been investigated using a one-
factor-at-a-time (OFAT) approach, in which only a single parameter is varied while all
others are kept constant. The resulting changes are then interpreted individually. However,
this approach is time-consuming and requires a large number of experiments to evaluate
the influence of each parameter separately. In addition, interactions between individual

parameters are difficult to identify using OFAT.[153,154]

A statistical design of experiments (DoE) approach provides a solution to these limitations.
By varying several parameters simultaneously, the number of experiments required to
identify significant effects can be reduced substantially. Moreover, statistical analysis
enables the detection of interactions between parameters, thereby allowing a more
comprehensive understanding of the experimental data. In addition, DoE can be used to

predict optimal process conditions and thus support systematic process optimization. 3!

DoE is applied across a wide range of research fields. In chemistry and pharmaceutical
research, it has already been used extensively in synthetic studies to evaluate the

influence of individual reaction conditions as well as their interactions.[133!

The full potential of a DoE approach can be realized when the eight-step workflow is

followed systematically:

1. Define the objective: Which issues occur during the process, and which of them

should be addressed? In many cases, the aim is to optimize a process by varying
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the experimental conditions. However, DoE can also be used to gain a deeper
understanding of the process itself by identifying the effects of individual
parameters, also called factors, and their interactions. (53!

Definition of the factors/parameters and their ranges: Depending on the available
resources and the feasibility of varying individual reaction conditions, the factors
or parameters of interest are selected. For each factor, an appropriate value range
must be defined. In general, a low and a high level are chosen to cover a broad
range of conditions. However, the effect of a factor does not necessarily have to be
linear across this range; in such cases, it may be useful to investigate more than
two levels. As each additional factor and each additional level increases the
number of experiments required to analyze the system, it is important to prioritize
the variables based on existing knowledge. Factors that are unlikely to have a
significant influence should preferably be excluded in favor of those expected to
have a stronger effect. (153

Definition of the responses: At this stage, the measurable outcomes of the process
must be defined. Multiple responses can be included without increasing the
number of experiments, provided that the sample preparation is identical. The
reproducibility of the experimental method is of crucial importance in order to
minimize systematic errors. Therefore, experiments should be performed in
triplicate. (153

Selection of the experimental design: A variety of experimental designs can be
chosen depending on the available resources and the overall objective. Two
commonly used types are screening designs and optimization designs. The latter
requires a larger number of experiments but provides a more comprehensive
model of the system. Screening designs, in contrast, are primarily used to obtain
gualitative information about the relevance of individual factors or parameters.
The choice of design depends on the objective, the number of factors or
parameters, their ranges or levels, and the available resources. In many cases,
these resources are directly linked to the number of experiments required. For
example, time is often a limiting factor; if it is scarce, a screening design is usually
preferred, as it requires fewer experiments while still providing sufficient

information, whereas a more complex design may demand substantially more
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experimental effort for only a comparatively small additional gain in information.
[153]

Generating the experimental plan: The choices made in steps 2, 3, and 4 are
entered into suitable software (e.g., Minitab), which is then used to generate an
experimental plan including the number and order of experiments. The
experimental run order should be randomized in order to minimize and avoid
systematic errors. [153]

Performing the experiments and collecting the data: The experiments are carried
out in the order specified by the experimental plan. Experimental and analytical
conditions should be kept as consistent as possible in order to minimize bias. (153!
Data analysis: Once all experiments have been completed and the response values
for each run have been entered into the software, the data can be analyzed. The
software typically determines the statistical significance of each factor or
parameter as well as their interactions. Outliers can also be identified, for example
based on residuals or by applying specific outlier tests. The effects of individual
factors or parameters can be visualized using main effects plots, whereas
interactions between factors are commonly illustrated in interaction plots. Another
important parameter in data analysis is the coefficient of determination, R?. It
describes how much of the variation in the response variables is explained by the
investigated factors or parameters and their interactions. A high R? value indicates
that the selected factors account for a large proportion of the variability in the
system and that only a minor part of the relevant influences have been neglected.
In contrast, unmeasured or uncontrollable factors, such as fluctuations in
atmospheric pressure or operator-dependent variation, may reduce the R? value.
A low R? value may therefore indicate that additional relevant factors should be
included in the experimental design or that the experiments were not performed
with sufficient reproducibility, resulting in increased variation in the response
values. Once the effects of the investigated factors, their interactions, and the R?
value have been determined, the model can be used to predict conditions for a
desired target, such as maximizing, minimizing, or achieving a specific response
value. The software then predicts which combination of parameters is most likely

to achieve this target and estimates the probability of success. In addition, a



confidence interval is usually provided, indicating the range within which the
response values are expected to fall with a defined probability, often 95%, for
experiments performed under the optimized conditions. [1531%9]

8. Confirmation of the predicted model Since the optimized conditions suggested by
the DoE analysis software represent only a model-based prediction, it is essential

to verify and validate this forecast experimentally. (>3
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Figure 10: Schematic visualization of the DoE approach and the workflow.
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2 Objective

The growing global demand for energy requires urgent solutions for low-emission or
emission-free energy production in order to mitigate climate change (see chapter 1.1). In
this context, green hydrogen represents a promising approach to addressing these
challenges. Accordingly, the development of sustainable catalysts for hydrogen evolution
is of considerable interest for future green energy technologies. Among these,
thiomolybdates have attracted increasing attention in recent years as noble-metal-free
and earth-abundant catalysts for the light-driven HER. However, their potential for
industrial application still requires further investigation. In particular, the limitations of
these systems and possible degradation pathways need to be better understood in order
to improve catalyst stability and develop effective mitigation strategies. In addition,
external reaction conditions such as irradiation are often neglected in studies of
photocatalytic systems, not only for thiomolybdates but in photocatalysis more broadly.
This neglect results in a significant knowledge gap that should not be underestimated.
Furthermore, thio-oxo-molybdates may also represent promising candidates for light-
driven HEC. However, this class of compounds has so far hardly been investigated or

characterized in this context, leaving a substantial gap in current knowledge.
This work focuses on two major projects:

1) While internal reaction conditions such as pH, solvent, and concentration have
already been investigated for homogeneous thiomolybdate systems containing
{Mos} or {Mo.}, the influence of irradiation has largely been neglected. Addressing
this gap is the focus of the first project, which comprises one peer reviewed
publication and one manuscript in preparation. The central research question is
how irradiation affects the catalytic performance of these systems. In
photocatalysis, irradiation is usually applied continuously. However, dynamic
irradiation has not yet been systematically investigated for thiomolybdate-based
systems. This dynamic approach can be divided into several key factors that can be
independently controlled and varied. To obtain the maximum amount of
information from the system with a limited number of experiments, a DoE

approach is particularly suitable. Based on the resulting data, process optimization
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2)

can be carried out. In addition, hypotheses regarding observed trends and possible
light-induced degradation pathways of the individual system components can be
examined systematically, leading to a deeper understanding of the role of
irradiation in these light-driven systems. Ultimately, this may open new avenues
for more energy-efficient and sustainable approaches in photocatalysis.

Thio-oxo-molybdates have so far received only limited attention as catalysts for the
light-driven HER. The second project therefore addresses the question of whether
thio-oxo-molybdates are suitable catalysts for homogeneous light-driven HER and
consist of one publication. To answer this question, initial studies on the catalytic
performance and activity of the [M0,0,S¢]? cluster are carried out. Photocatalytic
experiments are performed in homogeneous systems comparable to those
previously described in the literature. Since ligand exchange is a known process for
thiomolybdates in solution, this possible degradation pathway is also investigated.
In addition, further light-induced degradation pathways are examined using a
range of analytical methods. To gain deeper insight into the catalytic activity and
the underlying kinetics, TD-DFT calculations are conducted and complemented by
electrochemical investigations. Overall, this work provides an initial
characterization of the selected thio-oxo-molybdate cluster and may contribute to
the development of a new, potentially more stable alternative to thiomolybdates

for the sustainable production of hydrogen.



3 Results and Discussion

In this chapter the results of the different projects carried out during this work are
presented. These summaries are intended to address the research questions introduced

in chapter 2.

3.1 Fewer photons, more hydrogen: effects of dynamic irradiation
on light-driven hydrogen evolution by thiomolybdate catalysts

The results presented in this chapter are based on an article published under the Creative
Commons Attribution 3.0 International License (CC BY 3.0). The article was published as
“Fewer photons, more hydrogen: effects of dynamic irradiation on light-driven hydrogen
evolution by thiomolybdate catalysts”, S. Henriette Kolbinger, Laura Haxha, P. Charlotte
Schréder, Daniel Kowalczyk, Luis Senz, Luca Schleicher, Arijit Mukherjee, Daniel Malcolm,
Corinna L. Kufner, Dirk Ziegenbalg,* and Carsten Streb,* Sustainable Energy Fuels, 2026,
10, 1313-1320, DOI: 10.1039/D5SE01490E. The numbering of tables, figures, equations
and references was adapted for inclusion in this thesis. No other adaptations were made.
The contributions of the co-authors are acknowledged after the abstract. The supporting

information to the manuscript can be found directly after the manuscript’s conclusion.
Abstract

Molecular molybdenum sulfide clusters such as [Mo3S13]?~ ({Mos}) are promising earth-
abundant catalysts for the light-driven hydrogen evolution reaction (HER). Their catalytic
performance strongly depends on the irradiation conditions, which can influence both
activity and stability. In this study, the prototype thiomolybdate {Mo3} was combined with
[Ru(bpy)s]?* as a photosensitizer (PS) to evaluate HER performance under dynamic
irradiation conditions, a combination that has not been systematically explored before. A
statistical Design of Experiments (DoE) approach was applied to assess the impact of three
key parameters, i.e., irradiation intensity, on/off frequency, and duty cycle on the catalytic
performance (assessed based on the turnover number). The results identify irradiation
intensity as the main control parameter for catalytic activity, followed by duty cycle and
on/off frequency. Interactions between frequency and duty cycle underline the

importance of dark periods in the irradiation sequence. Optimization of the three key
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parameters resulted in a 102% increase in hydrogen production compared to continuous

irradiation while reducing the required energy input by 25%. Mechanistic studies provide

initial insights into photosensitizer and catalyst deactivation under the given irradiation

conditions. These findings highlight the potential of controlled pulsed irradiation to

improve energy use in light-driven homogeneous HER.
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Motivation & introduction

Molybdenum sulfides have attracted considerable attention as earth-abundant, noble-
metal-free catalysts for the HER.['*6-159 Specifically, molecular molybdenum sulfide
clusters, so-called thiomolybdates, have been used as molecular prototypes to study
reactivity and understand the underlying mechanisms which govern HER activity and
catalyst stability.[’2 116 1481601 gpecifically, the prototype thiomolybdate [Mo3Si3]?~
(={Mos3}, Figure 11) has been explored in homogeneous light-driven HER,[148149 gnd the
system has demonstrated remarkable turnover numbers (TONs) in the tens of

thousands. 148!

a) b)
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Figure 11: (a) 3D Scheme of the modular photoreactor corpus™* and (b) illustration of the
[MosS13]% catalyst.

However, {Mos} is highly sensitive to the reaction conditions and shows highly dynamic
behavior under catalytic operation.l”>1%8 |n addition, mechanistic studies of {Mos} require
precise preparation and careful experimental timing, as the cluster undergoes extensive
disulfide ligand exchange reactions over time in solution, which results in time-dependent

changes in HER activity, making mechanistic studies challenging.[7% 148.161]

Specifically, to-date, there is no information on the effects of irradiation on the HER

performance of {Mos} (and on homogeneous HER catalysts in general). Thus, there is a
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distinct knowledge gap regarding the interplay between irradiation conditions, HER
performance and catalyst/photosensitizer stability.[?7126! This is despite the fact that it was
recently demonstrated that dynamic irradiation of light-driven molecular catalysts can be
used to control and improve catalyst stability and consequently, catalytic performance.[*42!
However, exploration of the complex interplay between all reaction parameters involved
is far from trivial and has not been tackled in thiomolybdate catalysis or general HER

catalysis to-date.

These aspects are particularly relevant for technological implementation where precise
control of light exposure is essential to maximize both photocatalytic efficiency and energy
utilization.[12-164 photochemical processes, in particular, benefit from recent advances in
LED technology, which allow for finetuned modulation of irradiation intensity, frequency,
and pulsing.[144165.1661 5,,ch dynamic irradiation conditions can offer new insights into the
kinetics of light-driven systems and may lead to improved reaction control by identifying

and selectively addressing rate-determining steps.[14l

Here, we report the influence of dynamically modulated irradiation on the light-driven
HER of {Mos} when coupled with [Ru(bpy)s]** as PS. The study assesses the impact of
irradiation parameters (irradiation intensity, on/off frequency, and duty cycle) on the
catalytic system and uses these data to identify optimized reaction conditions and reveal
key correlations between these reaction parameters.[*>3] A statistical DoE approach is used
for these investigations since it enables the reduction of the number of experiments
necessary to get all the information to a minimum and identify significant influences and
correlations between parameters based on statistical analysis. In addition, combined
experimental and theoretical mechanistic studies provide initial insights into the

molecular processes which govern the reactivity and stability of this system.
Results and discussion

To understand the fundamental reactivity of the catalytic system under study, we first
identified standard conditions (regarding solvent, reagent concentrations, acidity, etc.)
which are used to comparatively assess the impact of dynamic irradiation.>#167] This was
particularly important as {Mos} reactivity is known to be dependent on the reaction

parameters.l1>0161 Thys, the standard system used in all measurements is based on the
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thiomolybdate catalyst (NHa)2[Mo03S13] (=(NHa4)2{Mos}; ¢ = 0.3 mM), [Ru(bpy)s](PFe)2 as a
photosensitizer (c = 20 mM) and a buffer solution of ascorbic acid/sodium ascorbate (pH
= 4) as a sacrificial electron donor (SED; ¢ = 10 mM) in a methanol : water mixture (9 : 1,
v : v). The reaction mixture was irradiated with a monochromatic LED at Amax = 465 nm.[1>0
Irradiation was performed in a custom-built 3D-printed modular photoreactor with 6
positions, which enables standardized, reproducible irradiation, thus limiting the impact
of experimental error.* |In addition, the system can be used to introduce dynamic
irradiation while maintaining all other reactor parameters (irradiation geometry, etc.).
Note that the reaction mixtures were not stirred as this led to reduced photocatalytic

performance in this reactor type as reported previously. 144

Staticirradiation with an LED driver current of 700 mA was chosen as a standard irradiation
setting, as this corresponds to an average photon fluence rate rate of 51 nmol s™* cm=. To
ensure comparability, the light power was determined for each of the six individual sample
positions of the photoreactor (Figure 11, for details see the Sl). Note that in the following,
only the respective LED driver current will be given instead of the light power for clarity

and brevity.

Hydrogen evolution was measured after 5 h of static irradiation by gas chromatography
for three different sample positions, and the corresponding TON was determined.
Different sample positions were used to eliminate systematic errors due to minor
differences between the irradiation conditions due to different relative positioning of the
sample vial and LED.[*** The measurement was performed six times in total and the
standard deviations (SDs) for the measurements were determined. Note that these SDs
are due to possible minor leakage of H, through the septa and general experimental errors,
e.g. during preparation of the catalytic samples or slight differences in irradiation
intensities in the different positions. These measurements represent the standard
benchmark for this work and correspond to an irradiation intensity of 700 mA, a frequency
of 0 Hz and a duty cycle of 100% (Figure 12). Under these irradiation settings a TON of
670 + 140 was determined.
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DoE for dynamic irradiation

With the catalytic benchmark under static conditions established, further analysis of
dynamic irradiation was carried out. The influence of dynamic irradiation was studied
based on the three main parameters: photon fluence rate (determined from the LED
current, 350 mA, 500 mA or 700 mA), LED on/off frequency (2 Hz or 50 Hz, number of full
on/off cycles per second) and duty cycle (25% or 75%, on/off time ratio of the LED per
cycle). A schematic diagram of the different parameter combinations of duty cycle and

irradiation frequency is shown in Figure 12.

2 Hz, 75% 2Hz,25% 50Hz, 75% 50 Hz, 25%
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Figure 12: Detailed illustration of the on/off frequencies and duty cycle used for the experimental
studies.

The simultaneous investigation of multiple parameters is challenging, as it can require a
large number of experiments, particularly for identifying correlations between individual
parameters. Traditionally, the one-factor-at-a-time (OFAT) model is applied to study such
influences.[1>*171 However, the OFAT model provides no insights into possible interactions
between the individual parameters, which can lead to misinterpretation of results.[*%8 An
alternative to address these drawbacks is the use of Design of Experiments (DoE), which
we use in the present study. DoE uses a statistical approach to experiment planning and
can provide insight into the impact of each parameter and possible interactions between
individual parameters. Moreover, it decreases the number of experiments required to get
a full overview of the interaction and correlation between individual parameters while
enabling the changing of all parameters simultaneously.[>3! For this work a full factorial
screening design was selected to obtain a complete overview of individual influences of
the parameters and their possible interactions. An experiment plan was generated using
Minitab Statistical Software 22. The order of experiments was randomized. The detailed

experimental plan is provided in the SI.

Each experiment was carried out in triplicate using the standard experimental conditions

described above ((NHa)2{Mos}; c = 0.3 mM, [Ru(bpy)s](PFe)2; ¢ = 20 mM, buffer solution of
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ascorbic acid/sodium ascorbate (pH = 4) as the SED; ¢ = 10 mM in a methanol : water
mixture 9:1, v :v, no stirring) as well as the respective parameter settings as outlined
above. An overview of the resulting H, TONs is shown in Figure 13and SI, Table 8. Based
on these data, and using TONs as the performance parameter, we obtained the main effect

diagrams shown in Figure 13.

Frequency LED current Duty cycle  Reference
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Figure 13: Main effect diagram for the individual parameters: on/off frequency, LED current and
duty cycle. Plot of the average TON vs. frequency, LED current and duty cycle. The TON of the
reference experiment (static conditions: 700 mA, 0 Hz, 100%) is shown for comparison. Error bars
represent the standard error of the mean.

The main effect diagram can be interpreted as follows: the individual graphs show the
influence of the lower vs. the higher value setting. The vertical range covered by a graph
in terms of the responding parameter indicates the extent of the influence of the
respective parameters. With that in mind, the main effect diagram can be interpreted. An
increased frequency has a negative impact on the TON while an increased LED current and
duty cycle have a positive impact. Furthermore, the LED current causes the biggest
changes in the TON. This implies that the LED current and therefore light intensity have
the biggest influence on the HER performance of the system, followed by the duty cycle
and the on/off frequency. These results suggest that at high light power and high duty
cycle, more photons are provided to the reaction, resulting in higher catalytic turnover. By

contrast, the negative trend observed for frequency is less intuitive, as changing frequency
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does not alter the total energy input. Further analysis is therefore needed to rationalize

this observation.

One possible explanation for this observation is that exchange of the terminal disulfide
ligands at {Mos} is photon fluence rate dependent, so that high photon fluence rates can
result in increased deactivation. This hypothesis will be tested later in this work. Based on
earlier work,[**8 we propose that the catalyst degradation might follow a similar
mechanism as discussed for the photosensitizer [Ru(bpy)s]?*,1®® In both cases, loss of
terminal chelating ligands ({Mos}: S2?7; photosensitizer: bpy) requires cleavage of two
coordinative bonds to result in deactivation. At low photon fluence rates this is less likely
compared with high photon fluence rates, offering a plausible explanation for the photon
fluence rate-dependency of deactivation. Note that the loss of these terminal ligands is
expected to have a major impact on catalytic reactivity as these sites are discussed as the

reactive centers for HER by {Mos}.l72

In the next step, we analyzed possible interactions between the parameters which are not

captured by the main effect diagram. This is visualized in interaction diagrams, see Figure

14,
Frequency x LED current Frequency x Duty cycle LED current x Duty cycle
1200 . 1
LED current (mA) Duty cycle (%) Duty cycle (%)
1000 + 350 | + 25 B + 25
500 75 75
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Figure 14: Interaction diagram to explore interdependence of two parameters. Left: Average TONs
vs. on/off frequency for different LED currents; center: average TONs vs. on/off frequency for
different duty cycles; right: average TONs vs. LED current for different duty cycle. Error bars
represent the standard error of the mean.

In general, interaction diagrams indicate the presence of interactions between two
parameters when the connecting lines between individual experimental series are non-

parallel or even cross (Figure 14, center). In contrast, no interactions are present when the
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connecting lines are parallel (e.g. Figure 14, left and right). Here, we observe interactions
between the on/off frequency and the duty cycle as shown in Figure 14, center. Since the
on/off frequency and duty cycle together describe the duration of the irradiation and dark
phases, our findings indicate that certain dark-phase lengths are favorable for reaching
higher TONs. This insight will be used later to identify optimized irradiation conditions for

this reaction.

Before aiming at optimized reaction conditions, it is important to assess whether most of
the changes in reactivity observed are due to the parameters tested, or caused by other,
untested (or unknown) parameters. This can be assessed based on the R? value, which is
a goodness-of-fit parameter to assess whether enough parameters have been used in the
data analysis, or whether more complex models using additional parameters would be
better suited.!*>% Here, the analysis of variance (ANOVA) for this data determined R? to be
70.6%, indicating that ca. 71% of the TON changes observed are due to the parameters
studied, while ca. 29% of the TON changes observed are due to other, unknown factors
(e.g. minor differences in irradiation geometry, H, gas leakage, general experimental
errors, etc.). This indicates that most TON changes are explained by the parameters

studied, which is a sufficient basis for subsequent TON optimization studies.

Finally, the DoE analysis enables prediction of the optimal parameter settings (within the
investigated parameter space) for maximizing TON. Based on the factorial model, the
predicted optimum is an on/off frequency of 2 Hz, an LED current of 700 mA, and a duty
cycle of 75%. To validate this prediction, HER experiments were performed under these
conditions. As summarized in Table 2, the resulting TON increased substantially compared
to the best conditions shown in Figure 14 as well as compared to the standard setting
described above. Notably, the optimum uses a 75% duty cycle and reaches a TON of 1350,
whereas a static experiment under otherwise comparable conditions yields only TON =
670. Thus, the optimum setting results in a 102% higher TON while requiring 25% less
energy input. Also, TON normalized to energy input increases by a factor of approximately
three (Table 2). This unexpected result indicates that introducing dark phases can
significantly enhance catalytic turnover while simultaneously reducing energy

consumption. Possible explanations include light-induced degradation of reaction
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components under continuous irradiation, or a positive role of dark phases in specific

catalytic steps; these hypotheses are discussed further below.

Table 2: Average TON for standard and optimized irradiation settings.

Irradiation setting 700 maA static 700 mA, 2 Hz, 75%
TON 670 + 140 1350 + 160
Energy Input 65 mWh 48.75 mWh
TON / energy Input 10.3 mWh! 27.7 mWh'!

To gain quantitative insights into the energy costs to produce hydrogen in our system, we
set out to determine the photonic efficiency (PE) under different irradiation conditions.
The photonic efficiency (PE = n(Hz)/n(incident photons))*®®! was calculated for each
parameter setting to identify the most photon-efficient setting. The calculated PEs for all
irradiation settings can be found in the SI. The parameter setting with the highest PE was

found to be 500 mA, 50 Hz and 25%.

First, for static irradiation (Table 3, entries 1 and 2), we observed identical PEs at different
photon fluence rates gph, indicating that photon fluence rate does not alter the underlying
hydrogen evolution mechanisms under continuous, static irradiation. This behavior is also
observed in the main effect diagram (Figure 13), where a linear increase of LED current
results in a linear increase of TON, indicating that the mechanism of hydrogen evolution
under static irradiation remains unchanged over the photon fluence rate range studied.
However, under pulsed irradiation conditions (Table 3, entries 3 and 4) we observe that
decreasing photon fluence rate results in increasing photonic efficiencies. Most notably,
under optimized dynamic conditions (500 mA, 50 Hz, 25%, Table 3, entry 4), the PE
increased by a factor of four compared to the static benchmark (Table 3, entry 2). This
highlights that dynamic irradiation affects the hydrogen evolution process, most likely by
impacting reactions which occur on the same timescale as the dynamic changes (i.e.,
millisecond timescale). This interpretation suggests that slower processes (e.g., diffusion,
aggregation, and ion pairing) are impacted, rather than the faster
photophysical/photochemical processes (excitation and charge-separation). Future work
will explore potential reaction paths impacted by dynamic irradiation using combined in

situ experimental studies and theoretical computations.
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Table 3: Calculated photonic efficiencies PE, and average photon fluence rate qPh for standard,
TON-optimized irradiation settings and the highest PE found

Entry no. Setting PE (1073) qPh (nmols*cm2) TON (-) after5 h
of irradiaiton

1 350 mA static 0.7+0.4 274 340+ 120

2 700 mA static 0.7%+0.2 514 670 + 140

3 700 mA, 2 Hz,75% 1.9%0.3 38+3 1350 + 160

4 500 mA,50Hz,25% 3.0+1.1 9+1 520+ 140

The results found for TON and PE as a function of the different irradiation settings are also

visualized in a 3D plot in Figure 15. The 3D plot for the TON shows that the surfaces for

the different LED currents do not cross each other but seem to be parallel. The LED current

shifts the TON only up and down while frequency and duty cycle have different influences.

For the PE, the surfaces of the different LED currents intersect. The influence of all 3 key

parameters on PE seems to be more complex. The 3D representations clearly show that

for achieving the two different optimization objectives, i.e. TON or PE, different irradiation

conditions must be set.
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Figure 15: (a) 3D-plot of TON vs. duty cycle and frequency for different LED currents. (b) 3D-plot of
PE vs. duty cycle and frequency for different LED currents. Single points represent the static
benchmark experiments.

To better understand the trends observed, it is critical to assess the stability of the PS
and {Mos} under the given reaction conditions. Note that irradiation of the PS can lead

to degradation (photobleaching), which will impact the observed catalytic reactivity.?”]

Decay rate constants of [Ru(bpy)s]**

As noted above, the photobleaching of the PS can be a limiting factor for the catalytic
performance of the system. To evaluate whether dynamic irradiation can lead to
decreased photobleaching, the decay rate constants of the PS were determined under

different irradiation conditions using UV-Vis spectroscopy. To this end, the decrease of the
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characteristic MLCT transition at 452 nm was monitored over 5 h of irradiation (Airradiation =
465 nm). The degradation of the PS was investigated in two different systems: (1) PS in
methanol (Ru) and (2) the catalytic system as used in the experiments above (RUSEDCat).
The concentration of PS was kept identical throughout the experimental series. Decay
guantum yields F of the degradation of the PS were calculated for the two systems
irradiated under different irradiation settings.['’%! The data are shown in Table 4.

Table 4: Decay quantum yields F and time-averaged photon fluence rates qen for the two systems

Ru (c([Ru(bpy)s]**) = 20 mM in MeOH) and RuSEDCat (c({Mos}) = 0.3 mM, c([Ru(bpy)s]**) = 20 mM,
¢(SED) =10 mM in MeOH : H,;0, 9 : 1, v : v) under different irradiation settings

Setting geh (nmol s ecm?) @ (10°) ®rusepcat (107°)
700 mA static 51144 4,16 £0.01 3.2+0.2
500 mA static 374 3.330+0.001 4.8+0.5
700 mA, 2 Hz, 75% 38+3 3.7+0.1 41+0.1
500 mA, 50 Hz, 25% 9+1 1.2+0.2 81

The decay quantum yields for PS in pure methanol solutions show a clear trend, in that
increasing photonic energy input results in more photobleaching and higher decay
guantum yields. We note a particularly low decay quantum yield (i.e., high PS stability) for
the 500 mA, 50 Hz, 25% setting. Essentially, the data show a linear relationship between
photon fluence rate and decay quantum efficiency (Table 16). This is plausible, as higher
photonic excitation rates can lead to an increased population of antibonding orbitals on
the PS, resulting in increased loss of the bpy ligand, which is a known deactivation
mechanism for the PS.8-101 Thys, lower photon fluence rate will result in reduced ligand
loss, as bpy is a chelating ligand which requires the cleavage of two Ru—N bonds for
complete bpy removal.l'’1 To further study this observation, future studies will focus on

detailed time-resolved photophysical studies and complementary theoretical calculations.

57



500 mA 500 mA 700 mA 700 mA
50 Hz, 25% static 2 Hz, 75% static
(optimized)

oo
1

(o)}
L

NS
1

Decay Quantum Efficiency / 107 (-)

e
B Ru
® RuSEDCat
10 20 30 40 50

Photon Fluence Rate (nmol gt cm‘z)

Figure 16: Decay quantum efficiencies ®r, and Qrusencat depending on photon fluence rate gps. The
data show linear dependencies and different trends depending on the reaction and irradiation
conditions.

In the catalytic system RuSEDCat, we observe a different trend: in general, the decay
guantum yields are higher than those for the pure Ru system (except for the high-fluence
rate situation, i.e., 700 mA static, Table 4 and Figure 16). This indicates that other
components now present in the system (e.g. SED, catalyst, etc.) increase PS degradation.
Notably, here, increased photon fluence rate results in decreased decay quantum
efficiency (Figure 16), which is the opposite trend to what we observed for the PS alone.
These initial data suggest that operating the full catalytic system (RuSEDCat) at higher
photon fluence rate is beneficial to PS stability. One underlying molecular feature which
can impact irradiation stability of the PS is the formation of PS-SED adducts, which we
observed (based on their characteristic UV-Vis absorbance at 532 nm, see SI, Figure 22-
29).[128 Importantly, when linking PS stability and optimized reaction conditions, we note
no major difference in the decay quantum efficiencies for the PS between the TON-
optimized irradiation conditions (700 mA, 2 Hz, 75%) compared to standard conditions

(700 mA, static). This suggests that decreased photobleaching (and thus, higher PS
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stability) is not the major driver for the higher TONs observed under dynamic irradiation,
and in fact, the given dynamic conditions can result in slightly increased PS degradation.

For this reason, we subsequently examined the photostability of the catalyst.
Photodegradation of {Mos}

{Mos} is a red compound and shows visible light-absorption. In a methanol : water mixture
(9:1, v:v), characteristic absorption bands are observed at Amax = 428 nm, 268 nm and
233 nm (spectra are shown in SI, Figure 30 and 31). The absorption band at 428 nm is likely
attributed to a disulfide-to-molybdenum LMCT transition, as supported by DFT

calculations (see the SI).

To examine the photostability of {Mos}, we performed time dependent UV-Vis
spectroscopy over 5 hours using the same solvent conditions as used in the catalytic
studies (methanol : water mixture (9 :1, v:v)). Three conditions were examined: static
irradiation, dynamic irradiation (both using LED-irradiation at 465 nm), and in the absence
of light. Under irradiation, the absorption bands at 428 nm and 268 nm gradually merge
into a broad shoulder, and the spectra show fewer distinct peaks (Figure 17). A broad
absorption feature between 300 and 350 nm emerges, which increases during irradiation.
Based on preliminary TD-DFT-calculations (see the SlI), we assign this new band to a
previously reported, ligand-exchanged derivative, [M03S13-x(H20)x]?™" (x = 2, 4, 6).[72148]
Based on previous literature, it is likely that under the given conditions, the reaction
system contains a mixture of species with varying degrees of ligand substitution (x).[14]
Note that DFT calculations of the ligand-exchanged {Mos} species support these findings
and indicate that with increasing degree of ligand substitution, the characteristic spectral
features disappear, and lead to a broad absorption in the region of 200—350 nm (for details
see the Sl). In contrast to the spectral changes observed under irradiation, the non-
irradiated solution (Figure 17) shows no significant changes in absorption, confirming that

the observed structural transformation of {Mos} is light-induced.

59



a
)1 61 — 700mA static
| —e— 700 mA 2Hz 75%
1.4{ —— 500mA static
v —e— dark
S 1.2
©
2
S 1.0
o)
<
0.8
0.6
0 50 100 150 200 250 300
Time (min)
b)
A —— 0 min 180 min
4] ~——— 60 min ~——— 240 min
i A 120 min  —— 300 min
’ |
3 3-
c
[(v]
£
1 i
0_

200 300 400 500 600 700 800
Wavelength (nm)

Figure 17: (a) Absorbance at 340 nm over the course of 5 h for the four {Mos} solutions. One was
irradiated statically at 700 mA, one was irradiated dynamically (700 mA, 2 Hz, 75%), and the third
one was irradiated statically at lower intensity (500 mA). The fourth solution was not irradiated.
(b) Time-dependent UV-Vis spectra of {Mos} (c = 0.1 mM) in MeOH: H,0 (9 : 1, v : v) under static
irradiation (700 mA, 465 nm).

Next, we examined the rate of absorption change at comparable photon fluence rate (i.e.,
700 mA, 2 Hz, 75%, grh = 37 nmol st cm™2, and 500 mA static, geh = 38 nmol s cm™2).
Here, we observe that the change in absorption is in a comparable range (within the error
margins), suggesting that catalyst deactivation is linked to photon fluence rate, and is not

significantly affected by the dynamic irradiation conditions. This is in line with our
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hypothesis that irradiation induces structural changes in {Mos} which eventually result in
formation of the inactive [Mo3S7(H20)s]**. These changes are mainly driven by photonic
excitation and therefore the deactivation rate increases with increasing photon fluence
rate. Detailed analysis of the data also shows that the absorbance of this band reaches a
maximum after ~4 h under 700 mA static irradiation conditions and subsequently
decreases, which may indicate two competitive processes, such as formation of the

observed species and subsequent photobleaching at high irradiation intensities.

In sum, these data show that PS and catalyst degradation are controlled by photon fluence
rate and increase with increasing photon fluence rate (i.e., energy input); however, they
are not directly linked to the dynamic irradiation conditions. Thus, further experimental
studies using time-resolved spectroscopy, as well as theoretical calculations and
computational modelling of mass transport within the system are required to establish the

principal mechanisms of dynamic irradiation.
Conclusions

In sum, we report first insights into the influence of dynamic irradiation on the HER activity
of thiomolybdate clusters. Systematic analyses based on Design of Experiments show that
the irradiation intensity has the biggest effect on the catalytic activity (based on TON
assessment), followed by duty cycle and on/off frequency. Under TON-optimized
conditions, we were able to increase the TON by +102% using 25% less energy compared
with the static reference conditions. Also, optimization of the photonic efficiency was
possible, leading to an approximately threefold increase in TON normalized to the energy
input. Initial mechanistic studies shed light on the dependency of photosensitizer and
catalyst deactivation on photon fluence rate, and reveal that total photon fluence rate,
rather than dynamic conditions controls the system stability. In future, these insights can
be used to determine how dynamic irradiation can be used to enable more efficient
hydrogen evolution conditions, resulting in more energy- and resource-efficient

photocatalysis.
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Supporting Information

Instrumentation

Thermogravimetric analysis (TGA) was performed on METTLER TOLEDO TGA 2 STARe
system under air flow with a flow rate of 60 mL min-t. A polycrystalline aluminum oxide
crucible (PCA) was used. Samples were analyzed in a temperature range of 303.15-823.15

K. A heating rate of 10 K min! was applied.

Attenuated total reflectance-Fourier-transformed infrared spectroscopy (ATR-FT-IR) was
performed using a Bruker Alpha Il equipped with an ATR Platinum Diamond unit. The data
were recorded with 24 scans at a resolution of 4 cm™. All spectra were background-

corrected within the Bruker OPUS 8.1 program suite.

UV/Vis/NIR spectroscopy was performed on a Cary 3500 UV/Vis/NIR spectrophotometer
equipped with a Xenon flash lamp (250 Hz). Measurements were performed in screw cap

quartz glass cuvettes (d = 10.0 mm) with rubber septa.

Gas chromatography was performed on a Shimadzu Nexis GC-2030 equipped with a
dielectric-barrier discharge ionization detector and a split injection unit with a split ratio
of 1:20. Helium was chosen as the carrier gas. The column was heated to a constant

temperature of 80 °C.

Chemicals: All chemical reagents were obtained commercially and used as received unless

stated otherwise. (NH4)2[Mo03S13]-2H20 was prepared according to the literature.?

Vials: All vials were purchased from Biotage with crimp caps made of aluminum with
silicone rubber/Teflon septa. Outer diameter: 17 mm, inner diameter: 15 mm, length: 85

mm total volume: ~11.0 mL

https://selekt.biotage.com/hubfs/PPS449.v1%20-
%20Microwave%20Reaction%20Vials.pdf c)

Experimental data
Synthesis of (NH4)2[Mo03S13]:2H.0
Synthesis was performed by Moritz Jahn and Laura Haxha.
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The thiomolybdate (NH4)2[Mo03S13]-2H.0 was synthesized using a modified method based
on the work of MULLER et al.[*72l (NH4)6[M07024]-4 H20 (4.0 g, 3.2 mmol) was dissolved in
20 mL of water in a round-bottom flask. An ammonium polysulfide ((NH4).Sx) solution
(120 mL, 25 wt.-%) was added, and the flask was covered with a watch glass. The solution
was heated to 96 °C for five days without stirring. Dark-red crystals of (NH4)2[Mo03S13]-2H.0
formed, which were collected by filtration, then washed with water, ethanol, carbon

disulfide and ether. The final product was air-dried.

Yield: 5.5 g (7.04 mmol; 91.4 % based on Mo)
UV-VIS bands (nm): Amax = 451
ATR-FTIR bands (cm™): 1478 (s), 537 (s) ,511 (s)

TGA: (1) Temp: 30 °C - 295 °C, calculated mass loss: 6.2 %, possible loss: 2 H,0
(2) Temp: 295 °C— 550 °C, calculated mass loss: 31.5 %, possible loss: 2 NH3, 6 S
Experimental Plan

The following experiment plan was created by Minitab for a full factorial screening
approach with three factors. Since only the same frequency and duty cycle but all LED
currents could be measured on the same day, blocks were created manually. Every factor
setting combination was measured on three individual days (triplicate) and on each day

three samples were prepared.

Table 5: Experiment plan created by Minitab and adapted to use.

Measurement day Frequency (Hz) LED current (mA) Duty cycle (%)
1 2 350, 500, 700 25
2 50 350, 500, 700 75
3 2 350, 500, 700 75
4 50 350, 500, 700 25
5 2 350, 500, 700 75
6 50 350, 500, 700 75
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7 2 350, 500, 700 75
8 2 350, 500, 700 25
9 50 350, 500, 700 25
10 50 350, 500, 700 25
11 2 350, 500, 700 25
12 50 350, 500, 700 75

Sample preparation

GC measurements: Stock solutions for the catalyst (NH4)2[Mo03S13] (¢ = 3 - 10 M), the
photosensitizer (c = 1 - 10> M) and the sacrificial electron donor (sodium ascorbate and
ascorbic acid, molar ratio: 4:5; ¢ =1 - 101 M in water) were prepared for the catalytic
systems. The catalyst solution was prepared by dissolving (NH4)2[Mo3S13] in degassed
methanol and was afterwards stored under N, atmosphere. The photo sensitizer
[Ru(bpy)3](PFs)2 was dissolved in methanol. For the SED solution, sodium ascorbate and
ascorbic acid were dissolved in water. The stock solutions were stored while keeping them

protected from light.

Before mixing the individual components, the catalyst solution was diluted with methanol
by a factor of 100, resulting in a concentration of ¢ =1 - 10°® M. The stock solutions for the
PS and the SED, the solvent as well as the diluted catalyst solution were combined in crimp
vials with a total volume of 4 mL per vial. The vials were sealed with crimper lids equipped
with silicone septa and purged with nitrogen for one hour. Additionally, the septa were
covered with clear nail polish after being pierced by the syringes to prevent leakage. Before

measurements, the nail polish was removed to allow sampling of the gas headspace.

UV/Vis measurements: For determination of the quantum yield of the photosensitizer,
stock solutions were prepared analogously to the GC measurements sample preparation.
The cuvettes were sealed with silicon septa equipped screw caps and then purged for 10

min with nitrogen before measurements were performed.
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For determination of the photodegradation of the {Mos} cluster, the solid was weighed
into screw cap vials and then dissolved in a degassed MeOH:H,0 (9:1, v:v) mixture. The
solution was then put in an ultrasonic bath for 15 min and transferred in the cuvettes. The
cuvettes were sealed with silicone septa equipped screw caps and purged with nitrogen

for 10 min.
Procedure of GC measurements

After successful preparation, the samples were placed in the photoreactor. The
photoreactor was equipped with a hexagonal holding unit with six individual spots for the
crimp vials. For every hydrogen measurement, at least three individual samples were
prepared. Before the hydrogen measurement started, the GC was checked with three air
measurements to obtain a reproducible baseline. The samples were measured at the

beginning of the irradiation, and at the respective time intervals of irradiation.
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Photoreactor setup
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Figure 18: Photograph of the photoreactor setup, with a controller module (1), an In/Out-Bricklet
(2), three LED drivers (3) and three photoreactors (4).

The controller module enables the control of the duty cycle and the frequency. The
In/Out bricklet forwards the signal to the individual LED-Drivers which determine the LED
current and therefore indirectly the light power. The LED is positioned at the bottom of

the photoreactor. The whole design was created by Kowalzcyk et al.[144]

The 90x90x140 mm modular photoreactor was chosen for these experiments and
printed with white PLA. The vial holder was placed in the 10t vertical holder slot above
the LED and the lower distance between the bottom of the reactor and the vials bottom

was 22 mm. The radius of the holder was 43 mm.

An instruction manual and CAD files to print the reactor and controller units as well as
the python script that was used in the controller unit to set frequency and duty cycle can

be found here:
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https://github.com/photonZfeed/modularPhotoreactor

Information about the used LED:

https://look.ams-osram.com/m/6208f3ef096a8da0/original/LZ1-10B202.pdf

https://look.ams-osram.com/m/77b624bf9a989535/original/LZ1-00B202.pdf

LED Driver:

https://www.meanwellusa.com/webapp/product/search.aspx?prod=LDD-L OSRAM

LED Engin LZ1-00B202:

https://www.mouser.de/datasheet/3/5912/1/LZ1_00B202_EN.pdf

The sample positions of the vials were chosen randomly to eliminate the systematic

error of heterogeneous irradiation conditions in a photoreactor.

LED Power Determination

To measure the power of the LED a PM400 Optical Power Meter by Thorlabs was used.

Power was measured at five or six positions of the photoreactor for different currents in

duplicate or triplicate. The chosen positions were in radial order and at a height

comparable to bottom of the sample flasks.

Table 6: Measured LED power P for different positions 1-6 in the photoreactor with individual

measurement error. Red fields represent outliers which were rejected when calculating averages

and standard deviations.

lLep P1(mW) | P2(mW) | P3(mW) | P4 (mW) | P5(mW) | P6(mW)

350mA (1) [7.6+03 [7.0+03 [65%+03 [53+03 [70+02 [7.4+03
350mA(2) 74402 [7.4+03 [68%03 [60+03 [7.2+03 [73+03
350mA(3) | 75403 [69%02 [62%03 [56+03 |[74+03 [7.7+03
500mA (1) [9.64+02 [107+03 [106+04 [76+03 [6AR08 N - |
500mA(2) [9.3+03 [108+0.3 [108+03 [84+03 [70+03 |-

700mA (1) [14.4+0.4 [13540.3 [14.1+03 [11.6+04 |13.1+03 |-
700mA(2) | 13.2£03 [13.7+0.2 [12.2+03 [12.0+03 [ 12403 | -
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Table 7: Average LED power for different current supplies and the corresponding photon fluence

rates q (calculated using equation 13). All values are only given for the area of 1 cm? of the

detector.
leo (MA) Pep (MW) APiep (MW) | g (nmolsicm?) | Aq(nmols?tcm?)
350 6.9 +1.0 27 4
500 9.4 +1.0 37 4
700 13.0 +1.0 51 4

FT-IR Spectrum of (NH4)2[Mo03S13]
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Figure 19: FT-IR spectrum of (NH4)2[Mo03S13]-2H,O0.
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TGA Analysis
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Figure 20: TGA Of (NH4)2[MO3513]'2H20.
Calculation of TON

To determine the TON, the volume of the gas phase in the vial was calculated using the

following equation:
Vgas = Wial = Vsol [9]

Vgas: gas volume of the vial. Vyiai: total volume of the vial. Vso: volume of the catalytic
solution. The sample volume taken is 100 pL. To calculate the absolute amount of

hydrogen evolved a vial specific factor kviat must be calculated using equation 10:

\/ as
kvial = 758 oL [10]

The absolute amount of hydrogen evolved nu,a0s can then be determined with the with

the measured amount of hydrogen nmeasured per 100 pL, using the following equation:

Ny, abs = Nmeasured ° Kyial [11]

The TON is the ratio of the absolute amount of hydrogen nuy,abs and the amount of

catalyst in the solution ncat:

TON = —122b [12]

Ncat
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Table 8: Measured TON for experimental plan and DoE. Red fields represent outlier measurements

with high errors that were not used when calculating averages and standard deviations.

50 Hz, 25% 50 Hz, 75% 2 Hz, 25% 2 Hz, 75%

TON TON TON TON TON TON TON TON TON TON TON TON
350mA | 500mA | 700mA | 350mA | 500mA | 700mA | 350mA | 500mA | 700mA | 350 mA | 500 mA | 700 mA
92 693 773 495 999 1360 491 267 480 950 980 1310
430 642 810 717 1110 1220 270 658 738 651 1110 1040
12 599 579 849 1170 1560 528 708 477 867 906 1420
361 394 429 62 623 603 207 482 666 314 755 1330
68 305 344 430 473 724 286 282 570 545 1220 999
99 321 415 363 568 600 338 521 14 430 1110 1130
140 61 812 359 144 * 195 309 418 380 607 850
361 600 779 329 232 547 263 223 517 300 766 838
300 586 653 236 390 867 194 346 446 765 873 1190

Table 9: TON for 350 mA static irradiation.

Number TON Number TON
1 447 12 437
2 245 13 498
3 219 14 678
4 219 15 501
5 396 16 826
6 123 17 415
7 70 18 233
8 104 19 277
9 116 20 210
10 115 21 101
11 509 22 359
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Table 10: TON for optimized irradiation settings:700 mA, 2 Hz, 75%.

Number TON
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Table 11: TON at 700 mA static irradiation.

Vial number TON

1 430

988

831

500

2
3
4 601
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Time-dependent TON
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Figure 21: Time dependent TON for optimized irradiation conditions.

Since the system is close to an end after 5 hours, the overall performance is represented

at the measurements taken once after 5 h of irradiation.
Calculation of photonic efficiency (PE)

The photonic efficiency PE is determined using the photon fluence rate g which is
calculated based on the experimentally determined power P of the LED, the emission

wavelength A, the Planck constant h, the speed of light ¢ and the Avogadro constant Na.[73]

P-A
q= h-c:Ng4 [13]

The total number of photons n, can be calculated by multiplying the photon fluence rate

g with the time t, the duty cycle (0.25 or 0.75) and the area Avia of the vial (= 1.227 cm?).

Ny = q - t-dc-Ayig [14]
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The PE is calculated using equation [15].

PE

Table 12: PE calculated based on averaged TONSs. The last two rows represent static irradiation.

__ TMHy,abs

Tlph

[15]

LED current (mA) | Frequency (Hz) Duty cycle (%) PE (-103)
350 1.7+14
500 50 25 3.0+1.1
700 2.6+0.8
350 0.9+0.5
500 50 75 09+0.4
700 09%0.3
350 25+14
500 2 25 25+1.1
700 23+0.8
350 1.7+0.6
500 2 75 1.8+04
700 19103
350 0 100 0.7x0.4
(static conditions) | (static conditions)
700 0 100 0.7%0.2
(static conditions) | (static conditions)

UV/Vis Spectroscopy

All cuvettes were placed in holders so that the bottom of the cuvettes was 22 mm above

the LED.
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Figure 22: UV/Vis spectra over time for Ru (c = 20 uM in MeOH) irradiated under 700 mA static

conditions.
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Figure 23: UV/Vis spectra over time for RUSEDCat (cru= 20 UM, Cmoz= 0.3 UM, csep= 100 uM in
MeOH:H0; 9:1; v:v) irradiated under 700 mA static conditions.
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Figure 24: UV/Vis spectra over time for Ru (c = 20 uM in MeOH) irradiated under 500 mA static
conditions.
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Figure 25: UV/Vis spectra over time for RuSEDCat (cry= 20 UM, Cmos= 0.3 uM, csep= 100 uM in
MeOH:H20; 9:1; v:v) irradiated under 500 mA static conditions.
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Figure 26: UV/Vis spectra over time for Ru (c = 20 uM in MeOH) irradiated under 700 mA, 2 Hz,

75% conditions.
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Figure 27: UV/Vis spectra over time for RuSEDCat (cry= 20 UM, Cmos= 0.3 uM, csep= 100 uM in

MeOH:H0; 9:1; v:v) irradiated under 700 mA, 2 Hz, 75% conditions.
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Figure 28: UV/Vis spectra over time for Ru (c = 20 uM in MeOH) irradiated under 500 mA, 50 Hz,

25% conditions.
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Figure 29: UV/Vis spectra over time for RUSEDCat (cru= 20 UM, Cmoz= 0.3 UM, csep= 100 uM in
MeOH:H0; 9:1; v:v) irradiated under 500 mA, 50 Hz, 25% conditions.
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Figure 30: UV/Vis spectra over time for {Mos} (c = 0.1 mM) in MeOH:H,0 (9:1, v.v) irradiated under
700 mA, 2 Hz, 75% conditions.
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Figure 31: UV/Vis spectra over time for {Mos} (c = 0.1 mM) in MeOH:H,0 (9:1, v:v) irradiated under
700 mA, 2 Hz, 75% conditions.
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Figure 32: UV/Vis spectra over time for {Mo3z} (c = 0.1 mM) in MeOH:H,0 (9:1, v:v) without
irradiation.

Calculation of quantum yields

Based on the time dependent absorbance A of the 452 nm band the decay rate of the
concentration of [Ru(bpy)s]?* was determined. Concentration was calculated using Beer-

Lambert law:[174]

c(t) = 22 (16)

Here € is the absorption coefficient of 14 600 L mol* cm™,[®8 d is the thickness of the

cuvette (1 cm).

The values for the concentration can be found in the supporting data. The slope of the
concentration against time was calculated and represents the changing rate r of the
[Ru(bpy)s]?* concentration. Here we assume a pseudo-first order for the degradation of

the PS.

Ac
r= E (17)

With the incident photon fluence rate g (equation 13), the transmission of the sample T
(0.26 for a path length of 20 mm in the cuvette (filling height) and therefore an absorbance
of 0.58), the volume V of the sample (2 mL) and the changing rate of the concentration r

the quantum yield is calculated using the following equation:

r*V
=— (18)
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Computational Data

The ORCA 6.1.1'75] computational software was used to carry out optimization and TD-DFT
UV-Vis calculations. This work used the Becke 3-Parameter Lee-Yang-Parr (B3LYP)[17%! at
the hybrid level of theory. This functional was chosen based on previous studies.!'*8 The
def2-type basis set of triple-zeta quality within the valence region, with an additional
polarization function (def2-TZVP)1'”’], was employed together with Grimme’s D3BJ
dispersion correction, as implemented in the ORCA 6.1. software package to account for
any longer-range interactions.!17317% The effective core potentials (ECPs) for molybdenum
were likewise taken from the ORCA 6.1 implementation.[*39 For the TD-DFT calculations

specifically, 100 transitions are calculated per geometry.

Simulated UV/Vis spectra
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Figure 33: DFT-simulated UV/Vis spectrum of the {Mos} cluster.
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Figure 34: DFT-simulated UV/Vis spectrum of [Mo3S7(H20)s]*.

Over the course of ligand exchange the change and reduction of transitions involving
ligand centers is assumed. Those transition states may correlate to LMCT states or similar
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mixed states. The respective transition bands may be around 750 nm, 610 nm, 450 nm,
380 nm. In the final species, [M03S7(H20)6]**, a new mixed transition state around 300
nm was calculated, which involves the bridging disulfide ligands, which had not been
involved for most of the significant LMCT states mentioned above.
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3.2 {Moy} can do it too — Dynamic irradiation increases efficiency
of light-driven hydrogen evolution by [M0,S15]%

The results presented in this chapter are based on a manuscript that is intended for
publication and has already been submitted to Sustainable Energy & Fuels and as a
preprint to ChemRxiv (DOl https://doi.org/10.26434/chemrxiv-2025-m020t). The
manuscript is available for reproduction under a Creative Commons Attribution 4.0
International License (CC BY 4.0). As the manuscript had not yet been accepted for
publication at the time this thesis was submitted, its contents are reproduced here. Minor
adaptations were made for inclusion in this thesis, and the contributions of the co-authors
are acknowledged after the abstract. The supporting information to the manuscript can

be found directly after the manuscript’s conclusion.
Abstract

Molecular thiomolybdate clusters are promising earth-abundant catalysts for light-driven
hydrogen evolution, yet their performance can strongly depend on irradiation conditions.
Here we assess dynamically modulated irradiation for homogeneous photocatalytic
hydrogen evolution reaction (HER) using [M02512]?~ ({Mo2}) with [Ru(bpy)3]?* and ascorbic
acid/ascorbate in methanol irradiated using a 465 nm LED. A Design-of-Experiments (DoE)
approach quantifies the effects of LED current, on/off frequency, and duty cycle. Duty cycle
and current dominate turnover, with significant interactions involving duty cycle. DoE
predicts an optimum at 700 mA, 2 Hz, and 75% duty cycle, giving a slightly higher
normalized turnover number (TON;1.04 + 0.09) while reducing energy input by 25% versus
static irradiation. Normalized photonic efficiency is maximized at lower average photon
input (500 mA, 2 Hz, 25% duty cycle). Time-resolved UV-Vis spectroscopy — interpreted
via TD-DFT calculations - indicate slow ligand exchange (245 nm decay with ~212 nm
growth) under light exclusion and a distinct photoinduced evolution under irradiation,
including formation of a band near ~227 nm. Although 245 nm decay kinetics are similar
under static and dynamic irradiation, dynamic protocols improve energy and photon
utilization, highlighting irradiation engineering as a practical lever to optimize molecular

photocatalytic HER.
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Introduction and Motivation

Molybdenum sulfides have attracted considerable attention as earth-abundant, noble-
metal-free catalysts for the HER.['*1%9 |n particular, molecular molybdenum sulfide
clusters (thiomolybdates) have emerged as key molecular prototypes for studying
reactivity and elucidating the mechanisms that govern HER activity and catalyst
stability.m' 116, 148,160]

Recently, the thiomolybdate cluster ({Moz}, Figure 7 right) has shown promising potential
as a homogeneous catalyst for the light-driven HER, reaching TONs exceeding 1000 under
optimized conditions.[72148]

However, mechanistic studies suggest, that thiomolybdates are highly sensitive to the
reaction conditions and change behaviour under catalytic operation, so that predictive
reactivity tuning is challenging.’2%48 This dynamic behaviour has previously been
observed for the thiomolybdate HER-catalyst ({Mos}).l7 148181l |t js caused by disulfide
ligand exchange, thereby generating mixtures of structurally related species in solution,
so that structure—reactivity-function relationships are obscured.’%1%1 Furthermore,

{Mos} absorbs visible light and recent studies showed that irradiating the cluster in
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solution (A = 465 nm) leads to photodegradation.*® Dynamic effects were also observed
for the {Mo3} cluster in earlier studies.['?’l However, these effects were not investigated
in detail, leaving a knowledge gap for further development. This gap is addressed and
further investigated in this work.

Recent studies on {Mos} have also demonstrated a major impact of the external
irradiation conditions on the observed HER activity.['8! In particular, the use of dynamic
irradiation protocols in {Mos} homogeneous HER was used to limit catalyst degradation
and consequently, increase catalytic performance. For {Mos}, suitable combinations of
irradiation intensity, frequency, and duty cycle led to a twofold increase in hydrogen
evolution while reducing the overall energy input by 25% compared to static
irradiation.!'8] Mechanistic studies highlighted that a reduced photoinduced degradation
of {Mos} is the underlying reason for the reactivity improvements observed.['82] These
findings illustrate that even well-studied light-driven catalytic systems still offer significant
potential for performance gains by detailed mechanistic study and rational control of
external parameters such as irradiation conditions, making this insight highly relevant for
technological implementation. To-date, there is no information on whether similar
considerations are held for other molecular molybdenum sulfide clusters, such as {Moz}.
This work aims to close this mechanistic knowledge gap using a synergetic experimental-
theoretical approach.

Here, we report how dynamically modulated irradiation affects the light-driven HER
activity of {Mo2} when used in homogeneous solution together with the PS [Ru(bpy)s]?*
and ascorbic acid/ascorbate as SED. We apply a statistical DoE approach to quantify the
impact of irradiation intensity (determined by the LED current, on/off frequency (number
of complete on off cycles per second), and duty cycle (percentage of time when the LED is
turned on) on catalytic performance. Based on analysis of key correlations between these
parameters we identify optimized reaction conditions for enhanced HER.[*>3! |n addition,
combined experimental and theoretical mechanistic studies provide initial insights into

the molecular processes that govern the reactivity and stability of this system.
Results and discussion

Homogeneous light-driven HER in a protonic solvent requires three main components: a

photosensitizer, a catalyst, and a sacrificial electron donor. In this study, [Ru(bpy)s](PFs)2
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was used as the PS (c = 20 uM), (NHa4)2{Mo} as the catalyst (c = 0.5 uM), and a buffer
solution of ascorbic acid and sodium ascorbate (pH 4, c = 10 mM, molar ratio 5:4) as the
SED. Previous studies showed that this system performs best in methanol, and pure
methanol was therefore chosen as solvent.[*2”! All experiments were performed using LED
irradiation at Amax = 465 nm. The catalytic system remains highly sensitive to the reaction
conditions, such that minor differences in sample preparation can lead to major variations
in hydrogen evolution. To minimize day-to-day variations in catalytic performance, a
benchmark experiment was carried out on each experimental day, and all TONs were
normalized to the corresponding benchmark value.

Photocatalysis was performed in custom-built 3D printed modular photoreactors with
reproducible irradiation conditions,[**4, thereby reducing experimental errors. As
benchmark, a static irradiation at an LED current of 700 mA was chosen, corresponding to
a photon irradiance of 51 nmol s* cm™. For simplicity, only LED currents are given in the
following (for details see SI). After 5 h of irradiation, the amount of hydrogen evolved was
guantified by gas chromatography. On each experimental day, four photoreactors were
operated in parallel, each with three identically prepared samples (triplicates). One
reactor was run under the static benchmark conditions, while the remaining three
reactors were used to evaluate different irradiation settings based on a randomized DoE
experimental plan.

Dynamic irradiation in this study is defined by three experimental parameters. The first is
the LED current, which determines the photon irradiance (350 mA, 500 mA, or 700 mA,
photon irradiance can be found in Table S4). The second parameter is the pulse frequency,
i.e., the number of complete on/off cycles per second (2 Hz or 50 Hz). The third parameter
is the duty cycle, defined as the fraction of time the LED is switched on during each cycle
(25% or 75%).

Traditionally, the influence of multiple experimental factors is often investigated using a
one-factor-at-a-time (OFAT) approach.l>*171 However, OFAT suffers from several
drawbacks: it requires a large number of experiments and does not provide information
on possible interdependencies between single parameters. Statistical DoE overcomes
these limitations by using structured experimental plans and analysis of variance (ANOVA)

to quantify both individual parameter effects and their interdependencies.[1>3.167]
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In this project, a DoE methodology was employed, and experiments were carried out
according to a randomized experimental plan. Photocatalytic HER experiments were
performed in nine replicates in total for each parameter combination to ensure sufficient
statistical robustness. The resulting data set was analyzed using Minitab 22.[1551831 As 3
first step, the influence of LED current, pulse frequency, and duty cycle (dc) on HER

performance was evaluated using a main effect diagram (Figure 35).
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Figure 35: Main effect diagram for the individual parameters on/off frequency, LED current and
duty cycle. Plot of the average normalized TON vs. frequency, LED current and duty cycle. Error bars
represent standard error of mean.

The main effect diagram illustrates the relative influence of each irradiation parameter on
the response TON across its investigated range. In this system, the duty cycle exerts the
largest effect, closely followed by the LED current, while the pulse frequency shows the
smallest, yet still significant, influence. Increased energy input, realized through higher
LED currents and longer duty cycles, correlates with higher TONs. In contrast, shorter
pulse frequencies are favoured under the conditions investigated. Note that for {Mos},
previous studies identified the LED current as the dominant factor, followed by the duty
cycle, with the on/off frequency exerting the weakest influence on the system. This
confirms that, while the relative ranking of duty cycle and LED current differs between
{Mo.} and {Mos}, the pulse frequency consistently has the lowest impact.!*8?! In addition
to the individual effects of each parameter, interdependencies (also called interactions)

between factors may also occur. In this context, interdependency means that the effect
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of one parameter on the response depends on the level of another parameter.>! Such

interactions can be identified and visualized using an interaction diagram (Figure 36).
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Figure 36: Interaction diagram to explore interdependence of two parameters. Left: average
normalized TONSs vs. on/off frequency for different LED currents; center: average normalized TONs
vs. on/off frequency for different duty cycles; Right: average normalized TONs vs. LED current for
different duty cycles. Error bars represent standard error of mean.

In an interaction diagram, the response (TON) is plotted as a function of one parameter
at the different levels of a second parameter. If the lines in such a plot are parallel, no
interaction between the two parameters is present. In contrast, converging, diverging, or
intersecting lines indicate a statistically relevant interaction. In the present system, clear
interactions are observed between pulse frequency and duty cycle, as well as between
LED current and duty cycle.

The combination of frequency and duty cycle determines the absolute lengths of the light
and dark periods. At 2 Hz, the total cycle length is 500 ms. With a duty cycle of 25%, the
LED is switched on for 125 ms and off for 375 ms, whereas at 75% duty cycle it is on for
375 ms and off for 125 ms. At 50 Hz, the cycle length is 20 ms, resulting in 5 ms light and
15 ms dark at 25% duty cycle and 15 ms light and 5 ms dark at 75% duty cycle. These
results demonstrate that not only the average energy input but also the temporal
structure of light and dark phases has a measurable influence on the catalytic system. A
comparable interaction between frequency and duty cycle was previously observed for
the {Mos} system as well.[182]

The combination of LED current and duty cycle defines the time-averaged photon flux and
thus the total energy input into the system. As expected, higher overall energy input
generally correlates with higher TONs. However, the significant interaction between LED

current and duty cycle shows that their effects are not simply additive. Some degradation
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pathways might be enabled with longer photon irradiance (like two electron steps) at a
time and therefore the normalized TONs are not in a linear correlation with the energy
input.

An important measure of how much of the variation in TON can be explained by the
chosen factors and their interactions is the coefficient of determination R?, which reflects
how well the statistical model fits the data.l>! In this work, R? was 90.41%, indicating that
most of the observed variation in TON is accounted for by the irradiation parameters and
their interdependencies. This supports that normalizing each experimental day to the
static benchmark effectively minimizes day-to-day fluctuations due to unknown
experimental errors (fluctuations are seen in the Sl Table 15). The remaining =10% of the
variation is most likely due to residual experimental variability, such as minor differences
in sample preparation or reactor operation.

Analysis of the experimental design also allows identification of parameter settings that
maximize TON. For the present data set, an LED current of 700 mA, a pulse frequency of
2 Hz, and a duty cycle of 75% were predicted as the optimum. The corresponding TON is
expected to be only about 4% higher than under static benchmark conditions.
Nevertheless, this setting improves the energy efficiency of the system, because a duty
cycle of 75% reduces the energy input by 25% compared to continuous irradiation at 700
mA while still yielding more hydrogen. The resulting ratio of hydrogen evolved vs energy
input is summarized in Table 13 and shows that the TON-optimized parameter set is more
energy-efficient than the static benchmark experiment. The same parameter combination
was previously identified as the TON optimum for the {Mos} system as well.[182

Table 13: Normalized TON, energy input and TON-energy-ratio for standard and optimized
irradiation settings.

Irradiation setting 700 mA static 700 mA, 2 Hz, 75%
TONnormalized 1.0 1.04 £0.09
Energy Input 65 mWh 48.75 mWh
TONnormalized / Energy Input 0.15 mWh'! 0.21 mWh'!

To validate the optimization, three additional photocatalytic experiments were carried
out under the predicted optimum irradiation conditions and again normalized to the static

benchmark. The corresponding relative TON values are summarized in Table 16(SI). All
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three values lie within the 95% prediction interval (0.84—1.24) obtained from the Minitab
22 model, confirming the statistical robustness of the DoE-based prediction.

For assessing catalytic performance, not only the relative TON but also the efficient use of
incident photons is relevant. Therefore, the PEs of the system under the different
irradiation conditions were calculated. Here again, the PE was normalized to the measured
benchmark experiment of the same day. The normalized PEs for the TON-optimized
conditions and for the parameter set with the highest normalized PE are listed in Table 14;
all remaining values are given in Table 17(Sl). The absolute PEs obtained for {Mo.} are on
the order of 103 (see SI).

Table 14: Calculated normalized PEs for standard, TON-optimized irradiation settings and the
irradiation setting with the highest PE found.

Setting PEnormalized

700 mA static 1.0
700 mA, 2 Hz, 75% 1.4+0.1
500 mA, 2 Hz, 25% 26104

Again, dynamic irradiation vyields higher photonic efficiencies than static irradiation.
However, the parameter set with the highest relative photonic efficiency is the
combination of 500 mA LED current, 2 Hz pulse frequency, and a 25% duty cycle. Under
these conditions, the relative photonic efficiency is more than doubled compared to the
static benchmark experiment. For the {Mos} system, an analogous parameter
combination was previously identified as optimal for maximizing photonic efficiency; the
only difference is the pulse frequency, which was 50 Hz in that case.

While it is attractive from an application-oriented perspective that reduced energy input
can still lead to higher TONs, this immediately raises the question of why this is the case.
One working hypothesis is that the catalyst undergoes less photodegradation under
dynamic irradiation due to the reduced effective photon flux. This mechanism was also
proposed for the improved performance of the {Mos} system under dynamic
irradiation.!'8 Streb and colleagues used Raman spectroscopy to suggest that {Mo2} does
not appear to undergo the same disulfide ligand exchange processes as {Mos}.[11¢!

However, in that study the samples were not irradiated during the Raman experiments.
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In the present work, we investigated whether a light-induced ligand exchange or other
structural changes occur for the {Mo.} cluster, analogous to the behaviour previously
observed for {Mo3}.[1#8182] Uy-Vis spectroscopy was employed to monitor structural
changes under irradiation. Degassed methanolic solutions of {Mo2} were irradiated under
static and dynamic conditions, and corresponding non-irradiated solutions were measured
as controls. The time-dependent UV-Vis spectra show two isosbestic points under all
conditions at Aisos1 = 235 nm and Aisos2 = 260 nm. This indicates that only one process is
occurring. At the beginning of the measurements an absorption maximum is observed at
245 nm. Based on TD-DFT calculations of the {Mo2} cluster, this band is linked to a ligand-
to-ligand charge transfer (LLCT) from the bridging disulfide toward the terminal disulfide.
The non-irradiated solution showed a decrease of the 245 nm signal with time, and an
increase in absorption at ~212 nm. This indicates that even without irradiation, the cluster
undergoes changes on the timescale of minutes to hours. The most plausible explanation
for this observation is that the cluster undergoes an exchange of the terminal disulfide
ligands for solvent (MeOH) ligands. DFT and TD-DFT calculations were carried out to assess
the spectral properties of the ligand exchanged species [M03S12«(MeOH),]?®" (x= 2, 4, 6,
8). This data indicates the appearance of an absorption band at lower wavelengths
compared to the initial {Moz} cluster, which is in line with the observed behaviour (see SI
for details). The decay of the 245 nm absorption band and the increase of the 212 nm

band over time is visualized in Figure 37.
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Figure 37: Absorbance of non-irradiated {Mo3} (c = 25 uM in MeOH) samples over time at detection
wavelengths 245 nm and 212 nm.

The new absorption band at 212 nm is building up in a similar way as the decrease of the
245 nm band. Assumed that the extinction coefficients are similar for the initial cluster
and the ligand exchanged species, this supports the hypothesis that a ligand exchange is
slowly happening. Rajagopal et al. already investigated possible terminal ligand exchange
in earlier studies.[*?”] Using Raman spectroscopy they found that {Moz} undergoes ligand
exchange very slowly.['?7]

In contrast, the irradiated samples displayed a more rapid decrease of the absorption
maximum at 245 nm and the growth of a new band at ca. 227 nm. The formation of new
and different absorption maxima, depending on sample irradiation, indicates that the
cluster undergoes different structural changes when irradiated. For both cases, the
appearance of new bands gives evidence for electronic changes of the cluster and the
different band positions indicate that different species are formed with and without
irradiation. After 24 h an decrease of absorption over all wavelengths can be observed,
indicating complete photodegradation of the cluster. It appears that this is a subsequent
process following the initial structural changes. Based on the consideration that species
with different electronic properties are formed upon irradiation, it can also be
hypothesized that the cluster collects charges in form of electrons when it is irradiated
and excited. Irradiation for extended periods might lead to increased charge-

accumulation at the catalyst which in turn accelerate loss or degradation of terminal
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disulfide ligands, resulting in faster deactivation. A similar behaviour was found for the
{Mos} cluster in similar studies.'®] This hypothesis is in line with the observed
interdependency between the LED current (photon irradiance) and the duty cycle
(irradiation period) found under catalytic conditions. With high photon irradiance for a
longer time charges accumulate and lead to cluster degradation. Sufficiently long dark
times in between irradiation periods might avoid too much accumulated charges.
Therefore, photonic efficiencies are also higher with lower photon irradiance. For TiO; a
similar photo charging behaviour is known as well and for this semiconductor the number
of stored charges reaches a limit after a certain time. For long irradiation times the
charging and discharging processes are equally fast, eventually leading to a loss of
efficiency.[184

To rationalize if the decay of the 245 nm band is influenced by different irradiation
conditions and if this might explain the results found for improved catalytic performance
under dynamic irradiation, the decay of the 245 nm band and the increase of the 227 nm

band were plotted as a function of time (Figure 38).
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Figure 38: Time dependent absorbances of {Mo,} (c = 25 uM in MeOH) under static and dynamic
irradiation for 245 nm and 227 nm.

No significant differences in the decay behaviour were observed between static and
dynamicirradiation. This indicates that dynamic irradiation does not substantially alter the

overall photodegradation pathway of {Moz}. This finding is consistent with the observation
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that the TON remains comparable under static and dynamic irradiation. For the 227 nm
band a consistently higher absorbance is observed for the static irradiation in comparison
to the dynamic one, while the general trend mirrors the decay of the 245 nm band. This
difference for the different irradiation conditions hints on a slightly lower mean
concentration of the traced species during dynamic irradiation. This observation supports
the hypothesis outlined above that the {Mo.} is charged upon irradiation, which
eventually opens an electron loss channel. Thus, limiting the number of accumulated
charges by lowering the time-averaged absorbed number of photons, by either reducing
the photon irradiance or increasing the length of dark periods, leads to a more efficient

use of photons, i.e. a higher photonic efficiency.

Conclusion

This study closes a key knowledge gap by demonstrating that dynamically modulated
irradiation protocols can beneficially tune the performance metrics of the homogeneous
{Moy} light-driven HER system. Using a DoE strategy, we quantitatively identified duty
cycle and LED current as the primary drivers of catalytic turnover, with pulse frequency
exerting a smaller but measurable influence. Importantly, significant interactions
between duty cycle and both frequency and LED current indicate that not only the average
energy input, but also the temporal structure of light and dark phases, governs the
observed activity. Under the DoE-predicted TON optimum (700 mA, 2 Hz, 75% duty cycle),
{Mo.} reaches a slightly higher normalized TON than static irradiation while requiring 25%
less energy input, resulting in a clearly improved TON-to-energy ratio. In parallel, dynamic
conditions can substantially increase photonic efficiency, with the best normalized PE
found at lower average photon input (500 mA, 2 Hz, 25% duty cycle). Mechanistically,
time-resolved UV—-Vis spectroscopy reveals that {Moz} undergoes chemical changes even
without irradiation, consistent with slow solvent-induced ligand exchange as supported
by TD-DFT-derived spectral trends. Under irradiation, the spectral evolution differs
(formation of a band at ~227 nm), pointing to a distinct photoinduced pathway and/or
electronic-state changes. However, the similar decay behaviour at 245 nm under static
and dynamic irradiation suggests that—unlike in related {Mos3} systems—dynamic
irradiation does not strongly suppress the dominant degradation/activation pathway of

{Mo2} under the conditions studied, which rationalizes the comparatively modest TON

92



gain. Based on the changes of the UV-Vis spectra, the observed increase in photonic
efficiency was reasoned by an accumulation of charges on the cluster, which leads to
cluster degradation when a too high charging state is reached.

Overall, our results establish dynamic irradiation as a practical handle to improve energy
and photon utilization in {Moz} based HER without requiring changes to catalyst structure.
Future work should focus on identifying the molecular nature of the photo-generated
species responsible for the ~227 nm band, and on operando/in situ spectroscopy under

catalytic conditions to directly
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Supporting Information

Instrumentation

Attenuated total reflectance-Fourier-transformed infrared spectroscopy (ATR-FT-IR) was
performed using a Bruker Alpha Il equipped with an ATR Platinum Diamond unit. The data
were recorded with 24 scans at a resolution of 4 cm™. All spectra were background-

corrected within the Bruker OPUS 8.1 program suite.

UV/Vis/NIR spectroscopy was performed on a Cary 3500 UV/Vis/NIR spectrophotometer
equipped with a Xenon flash lamp (250 Hz). Measurements were performed in screw cap

guartz glass cuvettes (d = 10.0 mm) with rubber septa.

Gas chromatography was performed on a Shimadzu Nexis GC-2030 equipped with a BID
detector and a split injection unit with a split ratio of 1:20. Helium was chosen as the

carrier gas. The column was heated to a constant temperature of 80C.

Chemicals: All chemical reagents were obtained commercially and used as received unless

stated otherwise. (NH4)2[M0,S12] was prepared according to the literature.[172

Vials: glass vials for catalytic measurements were purchased from Biotage with crimp caps
made of aluminum with silicon rubber/PTFE septa. Outer diameter: 17 mm, inner

diameter: 15 mm, length: 85 mm, volume: ~11.0 mL

Experimental Data
Synthesis of (NH4)2[M02S12]
The synthesis of (NH4)2[Mo02S12] is based on a procedure by MULLER et al.[*72]

(NH2)6[M07024]x4H,0 (2.18 g, 1.78 mmol) was dissolved in 20 mL of deionized water and
NH,OHxHCI (1.55g, 22 mmol) was dissolved in 15 ml of water. Both solutions were
combined, which formed a yellow solution to which 20 mL of ammonium polysulfide
(22 wt% aq) were added. The mixture was stirred at 50 °C for one hour. During heating the
yellow mixture gained a dark red color. After cooling the reaction mixture to room
temperature, the solution was filtered and transferred to a Schlenk-flask and heated to

90 °C for five hours under nitrogen. After cooling the dark brown solution was stirred
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overnight under nitrogen during which a black precipitate was formed. The solid was
filtered and washed with 20 mL ice-cold water and 60 mL isopropanol. In order to remove
the excess sulfur, the product was washed with 20 mL of carbon disulfide solution and

40 mL of diethylether.

Yield: 1.04 g (1.60 mmol, 26% based on Mo-atoms)
UV-Vis bands (nm in MeOH): Amax = 270 nm

Ashoulder = 380 nm
ATR-FTIR bands (cm-1): 520 (s), 1370(s)

Sample preparation

HER Catalysis: For each component a stock-solution with set concentrations was prepared:
the catalyst (NH4)2[Mo02S12] (c = 5-10™* M), the photosensitizer [Ru(bpy)s](PFs)2 (c =
1-107> M), and the sacrificial electron donor (SED) (sodium ascorbate and ascorbic acid,
molar ratio: 4:5, ¢ = 1.25-1072 M). The stock solutions were prepared in methanol. Before
preparation of the catalytic reaction mixture, the catalyst stock solution was diluted with
methanol or water respectively by a factor of 100. The diluted catalyst solution, along with
the respective stock solutions of the PS and SED and the appropriate solvents, were
combined in crimp vials resulting in a total solution volume of 4 mL per vial. The resulting
concentrations of the compounds were: ¢c(CAT) = 0.5 uM, c(PS) = 20 uM, ¢(SED) = 10 mM.
The vials were sealed using aluminum crimp caps with silicone/PTFE septa and purged

with nitrogen for 60 min. To prevent leakage, the septa were sealed with clear nail polish.

UV/Vis Measurements: The samples for the UV/Vis measurements were prepared by
dissolving the catalyst (25 uM) in 2.5 mL methanol in a 4 mL quartz cuvette. The resulting
solution was purged with N;-gas for approximately 15 min before being transferred to the
spectrometer for analysis or to the photoreactor for irradiation. For the first 90 min, every
five minutes a spectrum was recorded and later only after 120, 180, 240, 300 and 360 min

of irradiation.

Gas chromatographic measurements

HER Catalysis: The respective samples were placed in a custom-designed photoreactor, 144

and irradiated using a LED (Amax =465 nm). Twelve samples were prepared each day. Three
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samples went into each photoreactor and each irradiation setting was repeated three
times, so that for each parameter combination nine values were measured to ensure
reproducibility and allow statistic error determination. Before starting the GC
measurements, at least two air measurements were conducted to verify a stable baseline.
Sample collection was carried out using a Model 710 RN syringe from Hamilton. The nail
polish covering the septum was removed using a spatula before inserting the syringe
through the septum to withdraw 100 pL of gas. A single measurement was taken after

300 min of irradiation.

Irradiation setup

3D Printed
Casing
.
Cooling | o Sample
Fan - “, 3 :'.. HOlder
- LED

LED
Heat Sink m

Figure 39: lllustration of the photoreactor.

All samples were irradiated in modular 3D printed photoreactors (Figure 39) designed by
Kowalczyk et al.*4 The LED (Amax = 465 nm) is connected with a LED driver which
determines the current powering the LED. Attached to the driver is a power supply unit
and an In/Out-bricklet. The In/Out-bricklet enables to send different signals to different
outlets and the inlet is a masterbrick which is connected to a laptop. On the laptop a self-
written python script is run and controls the frequency and the duty cycle of the pulsed

signals.

The 90x90x140 mm modular photoreactor was chosen for these experiments and printed
with white PETG. The vial holder was placed in the 10th vertical holder slot above the LED
and the lower distance between the bottom of the reactor and the vials bottom was 22

mm. The radius of the holder was 43 mm.
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An instruction manual and CAD files to print the reactor and controller units as well as the
python script that was used in the controller unit to set frequency and duty cycle can be

found here:

https://github.com/photonZfeed/modularPhotoreactor

Information about the used LED:

https://look.ams-osram.com/m/6208f3ef096a8da0/original/LZ1-10B202.pdf

https://look.ams-osram.com/m/77b624bf9a989535/original/LZ1-00B202.pdf
Data Processing

Turnover number (TON):

To determine the TON, the volume of the gas phase in the vial was calculated using the

following equation:
Vgas = Wial = Vsol [19]

Vgas: gas volume of the vial. Vyiai: total volume of the vial. Vsoi: volume of the catalytic
solution. The sample volume taken is 100 uL. To calculate the absolute amount of
hydrogen evolved a vial-specific factor kyial is calculated using equation 20 (to account for

the amount of gas extracted for the GC-measurement):

\4 as
kvial = 758 oL [20]

The absolute amount of hydrogen evolved Hjans can then be determined using the

determined amount of hydrogen Nmeasured per 100 UL, using the following equation:

Ny, abs = Nmeasured ° Kyial [21]

The TON is the ratio of the amount of hydrogen formed H3,abs and the amount of catalyst

in the solution ncar:

TON = —Hzabs [22]

ncAr

To diminish day-to-day fluctuations the TON of the individual settings were normalized to

the average TON of the benchmark experiment of that day:
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TONpormalized =

TONijndividual setting,day

TON7OOmA,static,day

[23]

Table 15: Normalized TON for each measurement day and individual irradiation settings. The three

TONpormaiizea represent the three individual samples in a photoreactor. The average TON of the

bench-mark experiment for the individual days are also given.

Day 1 TON(700 mA stat) = 673

Day 2 TON(700 mA stat) = 929

2

Setting 500 mA, | 700 mA, | 700 mA, 700 mA, 500 mA, 500 mA,
2 Hz, 2 Hz, 50 Hz, 50 Hz, 0 Hz, 50 Hg,
25% 25% 75% 75% 100% 25%

TONnormalized 0.516 0.697 0.887 1.210 1.020 0.307

1

TONnormalized 0.504 0.503 0.881 0.970 0.974 0.401

2

TONnormalized 0.210 0.471 0.895 1.172 0.959 0.224

3
Day 3 TON(700 mA stat) = 895 Day 4 TON(700 mA stat) = 1018

Setting 500 mA, | 700 mA, | 500 mA, 500 mA, 700 mA, 500 mA,
50 Hz, 2 Hz, 2 Hz, 75% | 50 Hz, 2Hz,75% | 2 Hz, 75%
75% 75% 75%

TONnormalized 1.156 1.130 1.220 0.759 0.714 0.940

1

TONnormalized | 0.854 1.219 1.013 0.830 1.037 0.823

2

TONnormalized | 0.939 1.309 0.315 0.889 0.968 0.802

3
Day 5 TON(700 mA stat) = 978 Day 6 TON(700 mA stat) = 966

Setting 700 mA, | 500 mA, | 700 mA, 500 mA, 700 mA, 500 mA,
50 Hz, 2 Hz, 2 Hz, 25% | 50 Hz, 50 Hz, 0O Hz,
25% 25% 25% 25% 100%

TONnormalized 0.506 0.654 0.646 0.252 0.273 0.804

1

TONnormalized | 0.620 0.440 0.502 0.202 0.356 0.679

2

TONnormalized | 0.336 0.477 0.546 0.259 0.379 0.769

3
Day 7 TON(700 mA stat) = 1273 Day 8 TON(700 mA stat) = 1286

Setting 500 mA, | 500 mA, | 500 mA, 500 mA, 700 mA, 700 mA,
2 Hz, 0 Hz, 2 Hz, 25% | 50 Hz, 2Hz,25% | 2 Hz, 75%
75% 100% 75%

TONnormalized 0.780 0.733 0.474 0.855 0.532 0.974

1

TONnormalized 0.763 0.819 0.411 0.651 0.592 0.948
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TONnormalized
3

0.787

1.043

0.360

0.703

0.700

1.007

Day 9 TON(700 mA stat) = 370

Day 10 TON(700 mA stat) = 317

Setting 700 mA, | 500 mA, | 500 mA, 350 mA, 350 mA, 350 mA,
50 Hz, 50 Hz, 50 Hz, 2 Hz, 75% | 50 Hz, 0 Hz,
25% 25% 75% 25% 100%

TONnormalized | 0.355 0.379 0.672 0.576 0.251 0.270

1

TONnormalized | 0.365 0.242 0.554 0.565 0.119 0.205

2

TONnormalized 0.345 0.263 0.337 0.374 0.108 0.279

3
Day 11 TON(700 mA stat) = 468 Day 12 TON(700 mA stat) = 405

Setting 350 mA, | 350mA, | 350 mA, 350 mA, 350 mA, 350 mA,
2 Hz, 50 Hz, 0 Hz, 2 Hz, 25% | 50 Hz, 50 Hz,
25% 75% 100% 75% 25%

TONnormalized | 0.153 0.359 0.572 0.093 0.000 0.166

1

TONnormalized | 0.075 0.434 0.481 0.203 0.005 0.087

2

TONnormalized | 0.246 0.423 0.564 0.397 0.005 0.000

3
Day 13 TON(700 mA stat) = 462 Day 14 TON(700 mA stat) = 398

Setting 350 mA, | 350mA, | 350 mA, 350 mA, 350 mA, 350 mA,
50 Hz, 0 Hz, 50 Hz, 2 Hz,75% | 2Hz, 25% | 2 Hz, 75%
25% 100% 75%

TONnormalized | 0.079 0.532 0.457 0.691 0.190 0.470

1

TONnormalized | 0.231 0.439 0.471 0.519 0.317 0.381

2

TONnormalized | 0.232 0.503 0.563 0.451 0.293 0.533

3

Due to delayed hardware delivery all measurements for a 350 mA LED current were

performed later in time. Values marked in red cells represent values that were identified

as outliers by the Minitab 22 software.
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Figure 40: Additional 3D-plot of the TON vs. Duty cycle and frequency for different LED currents for
visualization.

Table 16: Normalized TONs measured to verify predicted values under TON optimized irradiation
setting.

700 mA, 2 Hz, 75%
TONnormalized 1 1.219
TONnormalized 2 1.002
TONnormalized 3 0.977

Photonic Efficiency

The photonic efficiency PE is determined using the photonic irradiance g which is
calculated based on the experimentally determined power P of the LED, the emission

wavelength A, the Planck constant h, the speed of light c and the Avogadro constant N4.!'73!

PA
9= ena [24]

The total number of photons n,, can be calculated by multiplying the photonic irradiance
g with the time t and the duty cycle (0.25 or 0.75) and the area Avia of the vial (=
1.227 cm?).

Nph = q * t - dc -Ayja) [25]
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The PE is calculated using equation [26].

PE =

T4, ,abs

Tl.ph

[26]

The PE was then normalized analogous to the TON to diminish day-to day differences by

dividing with the benchmark experiment performed on that same day:

PEormalized =

PEjndividual setting,day

PE700mA,st:a|tic,day

[27]

Table 17: Normalized PE for each measurement day and individual irradiation settings. The three

PEnomaiized represent the three individual samples in a photoreactor. The values that were

identified as outliers before were not considered here.

Day 1 PE(700mA stat) = 1.33 -:103 | Day 2 PE(700mA stat) = 1.74 -10°3

Setting 500 mA, 700 mA, 700 mA, 700 mA, 500 mA, 500 mA,
2 Hz, 25% | 2 Hz, 25% | 50 Hz,75 50 Hz, 0 Hz, 50 Hz,

% 75% 100% 25%

PEnormalized 2.70 2.63 1.12 1.61 1.11 1.70

1

PEnormalized 2.63 1.90 1.11 1.29 0.94 2.22

2

PEnormalized - 1.78 1.13 1.56 1.06 1.24

3
Day 3 PE(700mA stat) = 1.68 -103 | Day 4 PE(700mA stat) = 1.86 -10°3

Setting 500 mA, 700 mA, 500 mA, 500 mA, 700 mA, 500 mA,
50 Hg, 2Hz,75% | 2 Hz, 75% | 50 Hz, 2Hz, 75% | 2 Hz, 75%
75% 75%

PEnormaIized - 1.51 - 1.40 - 1.73

1

PEnormalized 1.57 1.62 1.87 1.53 1.38 1.52

2

PEnormalized 1.73 - - 1.64 1.29 1.48

3
Day 5 PE(700mA stat) = 1.83 -10°3 Day 6 PE(700mA stat) = 1.76 -10°3

Setting 700 mA, 500 mA, 700 mA, 500 mA, 700 mA, 500 mA,
50 Hz, 2Hz,25% | 2 Hz, 25% | 50 Hz, 50 Hz, 0 Hz,
25% 25% 25% 100%

PEnormalized 1.98 3.54 2.53 1.39 1.09 1.41

1

PEnormalized - 2.38 1.96 1.12 1.42 1.35

2

PEnormalzed 3 | 1.31 2.58 2.14 1.43 1.51 1.33
Day 7 PE(700mA stat) = 2.83 -10°3 Day 8 PE(700mA stat) = 2.41 -10°3
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Setting 500 mA, 500 mA, 500 mA, 500 mA, 700 mA, 700 mA,

2 Hz, 75% | 0 Hz, 2 Hz, 25% | 50 Hz, 2 Hz, 25% | 2 Hz, 75%
100% 75%

PEnormalized 1.44 1.01 2.62 1.58 2.13 1.30

1

PEnormalized 1.41 1.13 2.27 1.20 2.37 1.26

2

PEnormalized 1.45 1.44 1.99 1.30 2.80 1.34

3
Day 9 PE(700mA stat) =0.72 -10°3 Day 10 PE(700mA stat) = 0.59 -10°3

Setting 700 mA, 500 mA, 500 mA, 350 mA, 350 mA, 350 mA,
50 Hz, 50 Hz, 50 Hz, 2 Hz, 75% | 50 Hz, 0 Hz,
25% 25% 75% 25% 100%

PEnormaIized 1.38 2.03 1.20 1.45 1.89 -

1

PEnormaIized 1.42 1.30 0.99 1.42 0.90 -

2

PEnormalized 1.34 1.41 - 0.94 0.81 -

3
Day 11 PE(700mA stat) = 0.88 -10 | Day 12 PE(700mA stat) =0.77 -10°3

Setting 350 mA, 350 mA, 350 mA, 350 mA, 350 mA, 350 mA,
2 Hz, 25% | 50 Hz, 0 Hz, 2 Hz, 25% | 50 Hz, 50 Hz,

75% 100% 75% 25%

PEnormaIized 1.15 0.90 1.08 0.70 - 1.25

1

PEnormaIized 0.57 1.09 0.91 1.53 - 0.66

2

PEnormaIized 1.85 1.06 1.06 2.99 - -

3
Day 13 PE(700mA stat) = 0.85 -103 | Day 14 PE(700mA stat) = 0.73 -1073

Setting 350 mA, 350 mA, 350 mA, 350 mA, 350 mA, 350 mA,
50 Hgz, 0 Hz, 50 Hgz, 2Hz,75% | 2 Hz, 25% | 2 Hz, 75%
25% 100% 75%

PEnormaIized 060 100 115 174 143 118

1

PEnormaIized 1.74 0.83 1.18 1.30 2.39 0.96

2

PEnormalized 1.75 0.95 1.41 1.13 2.21 1.34

3
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Figure 41: Additional 3D-plot of the PE vs. Duty cycle and frequency for different LED currents for

visualization.

LED Power Determination

To measure the power of the LED a PM400 Optical Power Meter by Thorlabs was used.

Power was measured at five or six positions of the photoreactor for different currents in

duplicate or triplicate. The chosen positions were in radial order and at a height

comparable to bottom of the sample flasks.

Table 18: Average LED power for different current supplies and the corresponding photon

irradiance q (calculated using equation 24). All values are only given for the area of 1 cm? of the

detector.
lieo (MA) | Piep (MW) | APiep (MW) | q (nmol s em™2) | Aq (hmol st cm™?)
350 6.9 +1.0 27 4
500 9.4 +1.0 37 4
700 13.0 +1.0 51 4
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UV-Vis spectroscopy
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Figure 42: First time-dependent UV-Vis spectra of {Mo3} (c = 25 uM) in MeOH irradiated under 700
mA, static condition.
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Figure 43:Second time-dependent UV-Vis spectra of {Mo3} (c = 25 uM) in MeOH irradiated under
700 mA, static condition.
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Figure 44: First time-dependent UV-Vis spectra of {Mo3} (c = 25 uM) in MeOH irradiated under 700
mA, 2 Hz, 75 % condition.
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Figure 45: Second time-dependent UV-Vis spectra of {Mo} (c = 25 uM) in MeOH irradiated under
700 mA, 2 Hz, 75 % condition.
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Figure 46: First time-dependent UV-Vis spectra of {Moy} (c = 25 uM) in MeOH not irradiated.
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Figure 47: Second time-dependent UV-Vis spectra of {Mo3} (c = 25 uM) in MeOH not irradiated.

Computational Data

The ORCA 6.1.1%73 computational software was used to evaluate the structural and
electronic properties of {Mo2}, [M02510(MeOH),]°, [M0,Ss(MeOH)4]%*, [M02Se¢(MeOH)g]*,
Mo2S4(MeOH)s]®*in the singlet state, as well as subsequently the photophysical properties
associated with the (dipole-allowed) transitions underlying the UV-Vis bands. This work
used the Becke 3-Parameter Lee-Yang-Parr (B3LYP)[*7¢l at the hybrid level of theory for all
ground state calculations, i.e., optimization and frequency analysis. This functional was
chosen based on previous studies of similar systems.[**8 The def2 typebasis set of triple-

zeta quality within the valence region, with an additional polarization function (def2-
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TZVP)[*771 was employed together with Grimme’s D3BJ dispersion correction to account
for longer-range interactions.[17817% The effective core potentials (ECPs) for molybdenum
were likewise taken from the ORCA 6.1 implementation.[*3% Implicit solvation effects in
water and methanol were included in all calculations using the CPCM continuum
model('83] which treats the bulk solvent as a conductor-like polarizable continuum with
the defined dielectric constant of methanol. For the TD-DFT calculations specifically, the
lowest energy singlet-singlet 100 transitions are calculated per structure. The excited
states obtained from the TD-DFT calculations were analyzed using the TheoDORE program
package.[*®®] A chemically motivated, user-defined fragmentation scheme was employed
to decompose the excited states, distinguishing metal centers, bridging disulfide ligands,
and terminal disulfide or methanol ligands. The excited states were divided into metal-
centered, ligand-centered, and ligand-to-ligand or metal-ligand charge-transfer
contributions. Within the ligand-to-ligand charge-transfer (LLCT) contributions, LLCT1
corresponds to charge transfer from the bridging disulfide ligands to the terminal
methanol ligands, whereas LLCT2 denotes charge transfer from the terminal disulfide or
methanol ligands to the bridging disulfide units. Analogous definitions apply to the MLCT

and LMCT contributions.

= Gaussian-broadened absorbance

10 TD-DFT transitions
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Figure 48: TD-DFT-simulated UV—-Vis spectrum of the {Mo} and corresponding vertical electronic

transitions. The spectrum was generated by Gaussian broadening of the TD-DFT stick spectrum
using oscillator-strength-weighted Gaussians (o = 20 nm).

107



1.0

0.8
0.61
0.4-
0.2
0.0

S$10(637nm) S16(535nm) S33(407nm) S95(291nm)
Excited States

Intermetal

Interligand (bridging to bridging)
Interligand (terminal to terminal)
LLCT1 (bridging to terminal)
LLCT2 (terminal to bridging)
MLCT1 (metal to bridging)
MLCTZ2 (metal to terminal)
LMCT1 (bridging to metal)
LMCT2 (terminal to metal)

Character

GONERENnl

Figure 49: Decomposition of the most relevant excited states of {Mo3}[SK7.1]. The excited-state
wave functions were decomposed into metal-centered, ligand-centered, and charge-transfer (LLCT,
MLCT, LMCT) contributions using TheoDORE based on a chemically motivate.

Table 19: Electronic character of selected singlet excited states of {Moy}. Charge-density difference
plots were generated for individual TD-DFT excitations, with each image depicting one excited
state. Electron den-sity depletion and accumulation upon excitation are shown in purple and red,

respectively.
<,
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Figure 50: TD-DFT-simulated UV-Vis spectrum of [Mo,Si(MeOH)s]®* and corresponding vertical
electronic transitions. The spectrum was generated by Gaussian broadening of the TD-DFT stick
spectrum using oscillator-strength-weighted Gaussians (o = 20 nm).
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Figure 51: Decomposition of the most relevant excited states of [Mo.Si(MeOH)s]®*. The excited-
state wave functions were decomposed into metal-centered, ligand-centered, and charge-transfer
(LLCT, MLCT, LMCT) contributions using TheoDORE based on a chemically motivated fragmentation
scheme. Bars indicate the relative weights of the individual excitation categories.
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Table 20: Electronic character of selected singlet excited states of [Mo;S4(MeOH)s]**. Charge-
density difference plots were generated for individual TD-DFT excitations, with each image
depicting one excited state. Electron density depletion and accumulation upon excitation are

shown in purple and red, respectively.

¢
¢
Sz, Interligand Transfer S7s, Interligand Transfer
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3.3 Light-driven hydrogen evolution reactivity of molecular thio-
oxo-molybdate catalysts

The results presented in this chapter are based on an accepted manuscript under the
Creative Commons Attribution 4.0 International License (CC BY 4.0). The accepted
manuscript was published as “Light-driven hydrogen evolution reactivity of molecular thio-
oxo-molybdate catalysts”, Luca T. Schleicher?, S. Henriette Kolbinger*, Akuila Edwards,
Kristin Sellmann, Luis Senz, Stephan Kupfer, Michale Schmitt,* Jirgen Popp, and Carsten
Streb,* Sustainable Energy Fuels, 2026, DOI: 10.1039/D6SE00061D. The numbering of
tables, figures, equations and references was adapted for inclusion in this thesis. No other
adaptations were made. The contributions of the co-authors are acknowledged after the
abstract. The supporting information to the manuscript can be found directly after the

manuscript’s conclusion.

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 [M020,56]> in homogeneous solution. In combination with the photosensitizer
[Ru(bpy)s]?*, [M020,S6]> 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.

111



Authors contribution

L. T. Schleicher*

S. H. Kolbinger*

Conceptualization, methodology, investigation, formal analysis,
data processing, synthesis, writing original draft, visualization,

discussion and revision

Conceptualization, methodology, investigation, formal analysis,

data processing, writing original draft, visualization, discussion and

revision

A. Edwards Methodology, investigation, formal analysis of Raman
measurements

K. Sellmann Methodology, investigation, formal analysis, writing original
manuscript

L. Senz Resources, validation

S. Kupfer Conceptualization, supervision, funding acquisition, writing original
draft, discussion and revision

M. Schmitt* Conceptualization, supervision, funding acquisition, writing original
draft, discussion and revision

J. Popp Supervision, funding acquisition, writing original draft

C. Streb* Conceptualization, supervision, funding acquisition, writing original
draft, discussion and revision

¥ Authors contributed equally to this work.

Corresponding author

Motivation & Introduction

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 1116, 149,150,187,188] \Jolecular molybdenum sulfides, so-called thiomolybdates are ideal
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models to rationalize HER reactivity and have been investigated as homogeneous and
heterogenized catalysts for photochemical and electrochemical HER.[127, 148, 159,185-191] The
prototype thiomolybdate cluster [Mo3S13]% (Figure 52) 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.[’*8! 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.[148]

Experimental and theoretical mechanistic studies revealed that under reaction conditions
(in a MeOH:H20 mixture (1:1, v:v)), [M03S13]> undergoes substitution of terminal disulfide
ligands for solvent ligands L (L = MeOH, H>0) on a timescale of less than one hour.[148!
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.[*8] More recent studies suggest that ligand

exchange is accelerated upon irradiation with visible light.[182]

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 [Mo03,S12]% (Figure 52): 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, Raman spectroscopy
revealed that ligand exchange occurs on a much slower timescale (>12 h) compared with
[Mo3S13]% indicating that cluster structure significantly affects ligand-exchange and HER

reactivity.[127]

Inspired by these studies, we hypothesized that structure modification on the Mo;-
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.[110.181]
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Keita et al. reported that a mixed thio-oxo-molybdates based on [M0,0,5;]%* building
blocks can be used as efficient electrocatalysts for the HER.[*®Z |n an exemplary study,
Miras and co-workers showed that the thio-oxo-molybdate [M020,S¢]% (Figure 1) features
significant electrocatalytic HER activity.[>?! Briefly, [M020,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 [M0S12]? is based on two Mo(V) linked by two bridging
disulfide ligands (u-S2%). Each Mo also features two terminal disulfide ligands (Figure 52).
To-date, there is virtually no information on the behavior of thio-oxo-molybdates such as

[M020,S6]% under light-driven homogeneous HER catalytic conditions.

®Mo
®0
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OV Vv

[Mo;S,,1* [Mo,S,,1* [Mo,0,S:1*

Figure 52: Ball-and-stick representations of the molecular structure of the thiomolybdates
[MosSi3]% (left), [Mo,S1:]* (center) and the thio-oxo-molybdate [Mo,0,Ss]*.

Previous investigations have used DFT calculations to study the HER energetics for
[M03S13]%, [M02S12]% and [M020,Se]?.1148 1521931 These studies suggested a Volmer—
Heyrovsky-type mechanism as energetically most favourable for all three catalysts. In the
case of [M03S13]% and [M0,512]%, calculations have shown the sulfur-centered mechanism,
involving one of the bridging disulfide ligands as active site to be energetically
favoured.[*48193] However, in [M020,S6]%, 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
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[M020,S6]*. 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 [M0202S¢]> when used with
[Ru(bpy)s]?* as photosensitizer (PS) and ascorbic acid/ascorbate as sacrificial electron
donor (SED) in homogeneous MeOH:H,O mixtures, inspired by earlier studies on
thiomolybdates.[127:148] Briefly, the thio-oxo-molybdate (NMey),[M0,0,S¢] was synthesized

based on a reported method, for details see SI.[172]

The standard reaction setup contained (NMea)2[M020,Se¢] (0.5 uM), the PS, i.e,
[Ru(bpy)s](PFs)2 (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.[1?7148 All samples were
irradiated for 300 min in a custom-built modular photoreactor!™*¥ using LED irradiation
(Amax=465 nm, P=13 mW cm2, q =51 nmol cm™ s). 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 53). Blank
reference experiments performed in the absence of the catalyst showed only low levels of

hydrogen evolution (see ESI, Table 22).
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Figure 53: TON of the [M0,0,Ss]* system in MeOH:H-0 solvent mixtures. Catalytic conditions:
¢([M0;0,55]%) = 0.5 uM, ¢(PS) = 20 uM, ¢(SED) = 10 mM, pH 4.

Figure 53 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 [Mo3S13]% as catalyst under similar conditions gave a TON of
670.1194 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 [M02512]%.[*271 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)2(H20)2]?* in aqueous solutions has been previously reported in the literature.[1%]
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, see Figure 66). 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 [M020,5¢]%, time-resolved
Raman spectroscopy was performed. Raman spectroscopy offers high molecular
selectivity and can be applied 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
[M020,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 54. The Raman data for the other solvent conditions are

shown in the Sl.

Monitoring the two characteristic Raman signals of [M0,0,Ss]? 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 54b, and ESI, Figure 67-69). In detail, for the measurements in methanol

(Figure 54b), we observe the loss of several characteristic peaks (270 nm, 375 nm, 470
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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
[M0205S6]? 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. [148.182]

To further study the electrochemical behaviour of [M020,56]%, we used cyclic voltammetry
analyses. Measurements were performed in acetonitrile containing molar ratios of
[M020,S6]%: MeOH ranging from 0 to 20 (see Sl). 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 -1.1V, 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 = -1.23V) as well as reductive
quenching (E = -1.72 V) of the catalyst by the photosensitizer is in principle feasible.[1%]
Also, we note the observation of an irreversible oxidation peak at approximately +1.1V,
which is assigned to oxidation of the cluster-bound disulfide ligands,**”! indicating that

oxidative decomposition of the cluster occurs under these conditions.
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Figure 54: Time-dependent Raman spectra of [Mo,0,S¢]> in MeOH (c = 2.5 mM). b) Time-
dependent UV-Vis spectra of [M0,0,S6]* (c = 50 uM) 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 [M020,S6]%. Specifically, we studied the standard reaction systems using MeOH or
MeOH:H;0 (1:1) as solvents and monitored the hydrogen evolution over five hours using

the standard catalytic system described in Figure 53.

The resulting TOF profiles are shown Figure 55. 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 53). 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 [Mo3S13]%.[148! |n
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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 [M020,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 quenching by the electron
donor, need to be taken into account, as these steps are also affected by the reaction
conditions.!1971%8] Nevertheless, overall, the kinetic observations support the notion that
ligand substitution leads to the generation of distinct catalytic species with different
reactivity profiles. 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.
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Figure 55: TOF for the light-driven hydrogen evolution by [M0,0,S¢]?> during 300 min irradiation in
pure methanol as well as in MeOH:H,0 1:1, v:v.
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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: (I), a freshly prepared catalyst stock
solution ([M020256]% (c = 0.5 mM) in MeOH) which was used immediately; (Il) the same
catalyst stock solution which was stored under inert conditions for 90 min under dark
conditions: (lll) 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 56, 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.[148152]
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Figure 56: a) Time-dependent TON and b) TOF for the photocatalytic system (c([M0:0:5s]*) =
0.5 uM, c(PS) = 20 uM, c(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 [Mo3S13]%, DFT calculations (details see ESI) aimed to
assess the thermodynamics of the various intermediates on the HER activity of
[M020,56]%>.1148] Based on prior studies, the HER active sites are assumed to be the
terminal disulfide ligands in [M020,S¢]%.11>21881 Although a variety of different processes

appear feasible during HER catalysis, the following key mechanisms involving the terminal
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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 57).[+%%

Based on the data presented in Figure 57a, 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
H1[M0202S6]%". 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[M0203S6]%, 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[M020,56]>, 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.l> However, it is important to emphasize
that the pathway involves a slightly endergonic PCET step, substantial energy differences,
and an endergonic hydrogen release step, deviating from the features outlined for an ideal
HER process. Notably, the performed quantum chemical calculations merely account for
implicit solvent-solvate interactions. Thus, energy of the final product [M020,56]% species

is likely overestimated.
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Figure 57: Calculated Gibbs free energies (G) for structures involved in the HER process in methanol:
a) [M020:S¢]? , b) [M0:0:5:(MeOH),]°, c) [M0,0:54(H20):]°. 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 57b
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 57a), 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;
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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, [M020,S¢]>, reveals notable
differences. First, the pathways for the ligand-exchanged species (Figure 57b, c) follow a
different overall mechanism than that of the parent compound (Figure 57a), and they
exhibit smaller energy differences between steps. Additionally, the HER pathways of
[M020,S4(MeOH),] and [M020,S4(H20),] involve only one slightly endergonic step, being
hydrogen release, whereas the pathway for [M0,0,S6]?" 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 [M020,S6]% 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 [Mo3S13]?.
Conclusion

Raman spectroscopy, quantum chemical simulations, UV-Vis spectroscopy and gas
chromatography were combined to elucidate key processes occurring during catalytic
hydrogen evolution using [M020:S¢]>. 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 58.
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Figure 58: Schematic illustration of the proposed ligand exchange processes of [Mo0,0,S¢]* 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 [M020,5¢]%, 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 more catalytically active than the original
complex. This finding supports the proposal of distinct mechanistic pathways for catalysis

in methanol (Figure 58a) and in aqueous solution (Figure 58b).
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Supplementary Information

Instrumentation

Attenuated total reflectance-Fourier-transformed infrared spectroscopy (ATR-FT-IR)
were performed using a Bruker Alpha Il equipped with an ATR Platinum Diamond unit. The
data were recorded with 24 scans at a resolution of 4 cm™. All spectra were background-

corrected within the Bruker OPUS 8.1 program suite.

UV/Vis/NIR spectroscopy was performed on a Cary 3500 UV/Vis/NIR spectrophotometer
equipped with a Xenon flash lamp (250 Hz). Measurements were performed in screw cap

guartz glass cuvettes (d = 10.0 mm) with rubber septa.

Gas chromatography was performed on a Shimadzu Nexis GC-2030 equipped with a BID
detector and a split injection unit with a split ratio of 1:20. Helium was chosen as the

carrier gas. The column was heated to a constant temperature of 80C.

Chemicals: All chemical reagents were obtained commercially and used as received unless

stated otherwise. (NMes)2[M020,Sg] was prepared according to the literature.[172

Raman: was performed using a NIR — excited fiber coupled Raman setup (RXN I, Kaiser
Optical Systems, Ann Arbor, MI, USA). Samples were excited through a fiberoptic probe
(InPhotonics, Norwood, MA, USA) which is equipped with band and long pass filters for
cleanup and Rayleigh-rejection (cutoff long pass: ca.250cm™) coupled to a 785nm single-
frequency laser diode (Xtra I, Topica Photonics, Munich, Germany). This system disperses
the scattered Raman light passing through a holographic grating which is detected via a
multi-row, thermoelectrically cooled (TOP = -60°C) CCD (Andor, Belfast, UK) resulting in
spectral resolution around 4 cm™. The system was white light calibrated using a white light

source prior to the measurements and data was collected from 250-3500cm™2.

Vials: glass vials for catalytic measurements were purchased from Biotage with crimp caps
made of aluminium with silicon rubber/Teflon septa. Outer diameter: 17 mm, inner

diameter: 15 mm, length: 85 mm, volume: ~11.0 mL

Cyclovoltammetry: were carried out in an argon filled glove box using a CH Instruments

potentiostat CHI 760 E with a scan rate of 100 mV s™' using a glassy carbon working
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electrode, a Pt wire counter electrode, and a non-aqueous Ag/AgNOs reference electrode

in MeCN.

Experimental data
Synthesis of (NH4)2[Mo0,S12]

The synthesis of (NH4)2[Mo0,512] is based on a procedure by MULLER et al.[*72]

(NH4)6[M07024]x4H,0 (2.18 g, 1.78 mmol) was dissolved in 20 ml of deionized water and
NH,OHxHCI (1.55 g, 22 mmol) was dissolved in 15 ml of water. Both solutions were
combined, which formed a yellow solution to which 20 ml of ammonium polysulfide (22
wt% aq) were added. The mixture was stirred at 50 °C for one hour. During heating the
yellow mixture gained a dark red color. After cooling the reaction mixture to room
temperature, the solution was filtered and transferred to a Schlenk-flask and heated to 90
°C for five hours under nitrogen. After cooling the dark brown solution was stirred
overnight under nitrogen during which a black precipitate was formed. The solid was
filtered and washed with 20 ml ice-cold water and 60 ml isopropanol. In order to remove
the excess sulfur, the product was washed with 20 ml of carbon disulfide solution and 40

ml of diethyl ether.

Yield: 1.04 g (1.60 mmol, 26% based on Mo-atoms)
UV-Vis bands (nm in MeOH): Amax = 270 nm

Ashoulder = 380 nm
ATR-FTIR bands (cm™): 520 (s), 1370(s)

Synthesis of (NMes)2[M020:S6]
The compound [M0,0,S6]? was synthesized according to the method reported by MULLER
et al. involving slight modifications.[272 (NH4)2[Mo02S12] (2.10 g, 3.24 mmol) was dissolved
in 250 ml of 25% ammonia-solution and stirred for 17 hours during which time the solution
changed from yellow to orange in color. After stirring, C4H12NCI (4.60 g, 41.97 mmol) were
added to the solution and left at room temperature without stirring. After two hours the
solution was filtered and an orange crystalline solid was isolated. The solid was then

washed with 20 ml of ice-cold water, 60 ml of isopropanol and 60 ml of diethyl ether.
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Yield: 0.67 g (1,18 mmol, 74%)

UV-Vis bands (nm in MeOH): Amax = 250 nm, 270 nm, 455 nm
)\shoulder = 310 nm, 395 nm
ATR-FTIR bands (cm-1): 463 (s), 512 (s), 926 (s), 1278 (s), 1477 (s)

Catalyst sample preparation

HER Catalysis: For each component a stock-solution with set concentrations was prepared:
the catalyst (NMe4)2[M020,S6] (c = 5 - 10™* M), the photosensitizer [Ru(bpy)s](PFs)2 (c =
1-10™> M), and the sacrificial electron donor (SED) (sodium ascorbate and ascorbic acid,
molar ratio: 4:5; c=1-10" M in water, c= 1.25-:10"2M in methanol when the whole system
was measured in pure methanol). The stock solutions were prepared in either methanol
or water, depending on the solvent ratio used. Before preparation of the catalytic reaction
mixture, the catalyst stock solution was diluted with methanol or water respectively by a
factor of 100. The diluted catalyst solution, along with the respective stock solutions of
the PS and SED and the appropriate solvents, were combined in crimp vials resulting in a
total solution volume of 4 mL per vial. The resulting concentrations of the compounds
were: ¢(CAT) = 0.5 uM, c(PS) = 20 uM, c¢(SED) = 10 mM. The vials were sealed using
aluminum crimp caps with silicone septa and purged with nitrogen for fifty minutes. To

prevent leakage, the septa were sealed with clear nail polish.

Raman Measurements: The samples for the Raman measurements were prepared by
dissolving the catalyst (2.5 mM) in 2.5 mL of the respective methanol/water mixture in a
4 ml quartz cuvette. The resulting solution was purged with argon for approximately 15

minutes before being transferred to the spectrometer for analysis.
UV/Vis Measurements:

The samples for the UV/Vis measurements were prepared by dissolving the catalyst in 2,5
mL of the respective methanol/water mixture (50 uM) within a 4 ml quartz cuvette. The
resulting solution was purged with N»-gas for approximately 15 minutes before being

transferred to the spectrometer for analysis or to the photoreactor for irradiation.
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Catalytic procedures

HER Catalysis: The respective samples were placed in a custom-designed photoreactor, 144!
and irradiated using a LED (465 nm, 13 mW incident power at bottom of the sample vial).
Each solvent mixture was prepared twice per day. The order of measurements was chosen
randomly, and every experiment for each solvent mixture was repeated at least six times
to ensure reproducibility and allow statistic error determination. Before starting the GC
measurements, at least two air measurements were conducted to verify a stable baseline.
Sample collection was carried out using a Model 710 RN syringe from Hamilton. The nail
polish covering the septum was removed using a spatula before inserting the syringe
through the septum to withdraw 100 pL of gas. Fresh nail polish was applied to reseal the
septum after each sampling to prevent leakage. For initial catalysis experiments, a single
measurement was taken after 300 min of irradiation. In contrast, for kinetic studies,
measurements were performed at set time intervals: 0 min, 30 min, 60 min, 120 min, 180

min, 240 min, and 300 min after irradiation.

Time-Dependent Raman Measurements: The prepared cuvette was placed in the Raman
spectrometer with direct contact to the probe-end of a 785 nm single-frequency laser
diode. Before measuring the sample, the system was white light calibrated and one dark
spectrum with an integration time of 5 seconds and 20 accumulations was performed. For
the sample measurements the same integration times and accumulations as the dark
spectrum were used and the spectrometer was set to continuous measurements, resulting
in @ measurement interval of 100 seconds over a duration of at least 300 minutes after

which the measurement was manually terminated.

Cyclic voltammetry: All measurements were carried out in an argon filled glove box using
a CH Instruments potentiostat. Each measurement was taken with concentrations of 1 mM
[M0202S6]2- and 0.1 M TBAPFs as supporting electrolyte at a scan rate of 100 mV s~ using
a glassy carbon working electrode, a Pt wire counter electrode, and an Ag/AgNOs

reference electrode in MeCN.
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Data processing

Turnover number (TON) and turnover frequency (TOF):

To determine the TON, the volume of the gas phase in the vial was calculated using the

following equation:
Vgas = Wyial = Vsol [28]

Vgas: gas volume of the vial. Vyiai: total volume of the vial. Vsoi: volume of the catalytic
solution. The sample volume taken is 100 uL. To calculate the absolute amount of
hydrogen evolved a vial-specific factor kyial is calculated using equation 29 (to account for

the amount of gas extracted for the GC-measurement):

_ _Vaas
" 1004L [29]

kvial

The absolute amount of hydrogen evolved Hj q4s can then be determined using the

determined amount of hydrogen Nmeasured per 100 UL, using the following equation:
Ny,,abs = Nmeasured ° Kyial [30]
The TON is the ratio of the amount of hydrogen formed H3,abs and the amount of catalyst

in the solution ncar:

TON = ~22bs [31]

Ncat
The turnover frequency (TOF) is calculated as the TON per time (t):

d TON [126]
dat

TOF =

[32]

Table 21: Determined TON for individual solvents.

Measurement TON (MeOH) TON (MeOH: TON (MeOH: TON (H;0)
H,0, 9:1, vv) H,0, 1:1, vv)

1 356 251 58 25

2 328 204 95 46

3 266 92 180 28

4 391 152 151 28

5 576 149 65 38

6 546 147 51 29

7 611 148 93 -

8 652 178 83 -
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Figure 59: Amount of hydrogen evolved vs. time.

Table 22: Absolute amount of hydrogen of differently prepared stock solutions and control
experiment without catalyst.

Experiment Absolute amount
H2 / nmol
Freshly dissolved stock solution | 625 + 82

90 min ambient light irradiated 525+ 10

90 min 465 nm irradiated 1320+ 20
Without catalyst 60+ 10

Normalized rate constants (from Raman Measurements):

To enable a comparative analysis of the numerous kinetic measurements, normalized rate
coefficients were calculated. For the decay of the characteristic Raman signal of
[M0,0,S6]?~ at 560 cm~ under different reaction conditions (solvents and irradiation) an
exponential decay model was applied to fit the observed signal decay curves. Figure S3
shows an example of this approach. The corresponding decay coefficients (kdec) Were
determined by rearranging the exponential decay equation:

y=yo+ A e e [33]

where y is the intensity at the characteristic wavenumber (560 cm™), yo is the intercept, t
is the time in minutes, and A; is a scaling factor.
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Table 23: Normalized rate constants kaec for [M0,0:5s]* in different solvents and under different
irradiation conditions.

Solvent kdec (min't) No Irradiation
MeOH 0.04 £0.01

MeOH:H,0 (1:1, v:v) 0.018 + 0.004

H,O 0.10 £ 0.05

Measurements were performed in duplicates.

Computational Data

For each catalyst and catalyst derivative Gibbs free energy of a reduction step (AGer):

[CAT]™ + e~ — [CAT]™ %, [34]
of a protonation step (AGer):

[CAT]™ + H* — H[CAT]"*1, [35]
and of a PCET (AGPCET):

[CAT]™ + H° — H[CAT]", [36]

were calculated using equations [37], [38] and [39] respectively. [CAT]™ was considered
to be in singlet state, whereas [CAT]™ ! and [CAT]™*! were assumed to adopt triplet spin

multiplicity.
AGgr = G([CAT]™™ ) — G([CAT]™) + G(e™)  [37]
AGpr = G(H[CAT]™*1) — G([CAT]™) — G(H*) [38]
AGpcpr = G(H[CAT]™) — G([CAT]™) — G(H®)  [39]

The Gibbs free energy of an electron (G(e™)) was calculated by subtracting the Gibbs free
energy of the oxidized PS (G([Ru(bpy)3]?*)) from the free energy of the reduced PS
(G([Ru(bpy)s]**)), as seen in equation [40]:

G(e™) = G([Ru(bpy)s]'*) — G([Ru(bpy)s]**)  [40]

The free energy of a proton is calculated using the energy of ascorbic acid (G(HAsc))

subtracted by the energy of deprotonated ascorbic acid (G(Asc™)):

G(H*) = G(HAsc) — G(Asc™). [41]
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The energy of a hydrogen atom is calculated by adding the energies of an electron and a

proton:
G(H®) = G(HY) + G(e"). [42]

The hydrogen adsorption free energy for the catalysts during HER (AGads(H) is calculated
by subtracting the energies of the initial catalyst (G(Hn-1[CAT])) and of a hydrogen atom

(G(H°)) from the energy of the catalyst with an adsorbed hydrogen attached (G(Hn[CAT])),

as seen in equation [16]:
AGads.(H) = G(Hn[CAT]) - G(Hn—l[CAT]) - G(HO): [43]
where n can either be 1 or 2.

UV-Vis spectroscopy
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Figure 60: Time-dependent UV-Vis spectra of RUSED (c(PS) = 20 uM, c(SED) = 10 mM, pH 4) in pure
methanol under irradiation with a 465 nm LED (P = 13 mW) for 5 h.
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Figure 61: Time-dependent UV-Vis spectra of catalytic system (RuSEDCat: c(PS) = 20 uM, ¢(SED) =
10 mM, pH 4, c(Cat) = 0.5 uM) in pure methanol under irradiation with a 465 nm LED (P =13 mW)

for 5 h.
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Figure 62: Time-dependent UV-Vis spectra of RuSED (c(PS) = 20 uM, ¢(SED) = 10 mM, pH4) ina 1:1
mixture of water and methanol (v:v) under irradiation with a 465 nm LED (P = 13 mW) for 5 h.
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Figure 63: Time-dependent UV-Vis spectra of catalytic system (RuSEDCat: c(PS) = 20 uM, c(SED) =
10 mM, pH 4, c(Cat) = 0.5 uM) in a 1:1 mixture of water and methanol (v:v) under irradiation with

a 465 nm LED (P =13 mW) for 5 h.
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Figure 64: Time-dependent UV-Vis spectra of RUSED (c(PS) = 20 uM, c(SED) = 10 mM, pH 4) in pure
water under irradiation with a 465 nm LED (P =13 mW) for 5 h.
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Figure 65: Time-dependent UV-Vis spectra of catalytic system (RuSEDCat: c(PS) = 20 uM, c(SED) =
10 mM, pH 4, c(Cat) = 0.5 uM) in pure water under irradiation with a 465 nm LED (P = 13 mW) for

5h.
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Figure 66: Absorbance of the 452 nm band of [Ru(bpy)s]** in the catalytic system (RuSEDCat: c(PS)
=20 uM, ¢(SED) = 10 mM, pH 4, c(Cat) = 0.5 uM) with and without catalyst system (RuSED: c(PS) =
20 uM, ¢(SED) = 10 mM, pH 4) in pure methanol, pure water and a 1:1 mixture of water and
methanol (v:v). Irradiation for 5 h with a 465 nm LED (P = 13 mW).
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Figure 67: Time-dependent UV-Visspectra of [M020,S¢]* in MeOH:H0 (1:1, v:v) over the course of
300 min irradiation with a 465 nm LED (P = 13 mW).
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Figure 68: Time-dependent UV-Vis spectra of [M0,0:Ss]* in pure methanol over the course of
300 min under no irradiation.
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Figure 69: Time-dependent UV-Vis spectra of [M0,0:Ss]* in MeOH:H0 (1:1, v:v) over the course of
300 min under no irradiation.

Computational Details
All DFT calculations in this work were performed using the ORCA 5.0 software
packagel?°0201l |n accordance with benchmarking the Tao—Perdew-Staroverov—Scuseria
functional with additional incorporation of exact Hartree—Fock exchange (TPSSh)29% was
used for all calculations. The def2-type basis set of triple-zeta quality within the valence
region, with an additional polarization function (def2-TZVP)[2%3] was employed together
with Grimme’s D3BJ dispersion correction, as implemented in the ORCA 5.0 software
package!?°4205] The effective core potentials (ECPs) for molybdenum were likewise taken
from the ORCA 5.0 implementation(?°®), Implicit solvation effects in water and methanol
were included in all calculations using the CPCM continuum model(!85], which treats the
bulk solvent as a conductor-like polarizable continuum with the defined dielectric constant
of methanol. For all SCF processes, convergence was set to six-digit precision (threshold

of 107%) with a maximum of 250 iterations. For the computation of analytic and numerical
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vibrational frequencies within the harmonic approximation, ideal gas conditions at
298.15 K temperature and 1.01325 bar pressure were applied. Before each frequency
calculation, a geometry optimization was performed at the TPSSh / def2-TZVP / D3BJ /
(CPCM) level of theory, and the resulting optimized geometry was subsequently used for
the frequency calculation (see equations [37] — [39]). In order to ensure the investigation
of ground-state molecules, frequency calculations were employed to confirm that a given

structure does not represent a transition state and exhibits no imaginary frequencies.

Benchmarking

Benchmarking of calculation parameters was performed to evaluate the reliability of the
chosen computational methods and to ensure accurate prediction of structural and
spectroscopic properties. The evaluation of suitable functionals in this study was
performed by comparing simulated IR spectra of [M020,5¢]> with experimental reference
spectra. The scope of testing different functionals in this work is limited to a direct
comparison of the results generated via the TPSSh and the B3LYP functionall207.208] to
experimental data as previous considerations have been restricted to these functionals.
For all calculations, the def2-TZVP basis set as well as Grimme’s D3BJ dispersion correction

were used in order to best compare both functionals.
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Table 24: Measured, characteristic IR active vibrational frequencies of [M0,0,S¢/* and calculated
vibrational frequencies at B3LYP-D3BJ / def2-TZVP and TPSSh-D3BJ / def2-TZVP levels of theory.

Vexp / €M™’ Veale (B3LYP) / cm™ Vaale (TPSSh) / cm™ Characterization

463 462 468 Vasym(MO—S—MO)bridged
512 507 519 Vasym(S—S)terminal

926 986 981 Vasym(s—s)terminal

1278 999 994 Vsym(Mo=0)

1477 1311 1325 Veym(Mo0=0)

For this molecule, it becomes apparent that the two tested functionals do not differ

significantly from one another in their description of the molecular properties of

thiomolybdates. Although the B3LYP functional showed results slightly more in line with

the most important vibrational modes from the experimental data compared to TPSSh.

However, the B3LYP functional showed inconsistent performance in further calculations.

These inconsistencies became especially apparent during geometry optimization and

vibrational calculations involving hydrated catalysts, as some of the equilibrium states

could not be calculated reliably. To ensure consistent results, the TPSSh functional was

therefore selected for further simulations.

Time-Dependent Raman Measurements
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Figure 70: Normalized (to solvent) time dependent Raman spectra of [M0,0,5s]* (¢ = 2.5 mM) in

MeOH:H,0 (1:1, v:v).
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Figure 71: Normalized (to solvent) time dependent Raman spectra of [M0,0:Ss]* (c = 2.5 mM) in
H.0.

Another aspect to observe in the Raman spectra is the relative intensity of the 530 cm™
band compared to the 560 cm™ band. The higher the water content the higher the 530 cm-
! band is. We assign this to changes of the solvent polarity depending on the MeOH:H,0
solvent composition. This is in line with the principles of Raman spectroscopy, where
Raman intensities reflect changes in molecular polarizability rather than directly
corresponding to concentration changes. Thus, changes of the solvent polarity are

expected to affect the polarizability of the catalyst also.

Cyclovoltammetry

Measurements were performed in the presence and absence of ascorbic acid as proton
donor. The voltammogram of [M020,S6]% (Figure 72), reveals a reduction at —=1.1 V that is
assigned to the one-electron reduction of the catalyst.[?°? The corresponding oxidation
wave is observed at -0.64 V. The peak separation between the waves indicates slow
heterogeneous electron-transfer kinetics. The reduction at -2.4 V shows the highest
cathodic peak current, whereas the corresponding anodic return wave exhibits a markedly
smaller current. This pronounced mismatch indicates that the reduced species is not fully
regenerated during the reverse scan, indicating a subsequent chemical step following the
electrochemical reduction. This can be assigned to a catalytic process, or to cluster
degradation. Also, two oxidation processes are observed at +0.11V and +0.48 V. The
absence of well-defined corresponding reduction peaks suggests significant structural
reorganization of the oxidized species, consistent with literature reports that attribute

such processes to successive oxidations of the dimolybdenum core.21% A further
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irreversible oxidation at approximately +1.1V is assigned to oxidation of the disulfide
ligands.[**¢! Upon addition of ascorbic acid as a proton source, only moderate changes in
the voltammogram are observed. The Mo-centered one-electron reduction shifts
cathodically by ~100 mV to -1.25 V. Furthermore, the two oxidation waves at +0.11 V and
+0.48 V collapse into a single oxidation feature at +0.09 V, while the irreversible oxidation

attributed to the disulfide ligand remains largely unaffected.
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Figure 72: Cyclic voltammograms of [Mo0,0,Ss]* recorded in MeCN (0.1 M TBAPFs, glassy carbon
working electrode, Pt wire counter electrode, Ag/AgNO;s reference electrode, scan rate
100 mV s 7). The voltammogram of the parent complex (blue) is compared to measurements in the
presence of ascorbic acid as a proton source (orange). Upon addition of ascorbic acid, the Mo-
centered reduction shifts cathodically and the two oxidation waves observed for the parent
complex collapse into a single oxidation feature, while the irreversible high-potential oxidation
attributed to the disulfide ligand remains largely unchanged.

MeOH titration experiments were performed by stepwise addition of methanol in
stoichiometric ratios of 1, 2, 4, 6, 10, and 20 equivalents relative to the complex, both in
the absence and presence of ascorbic acid (Figure 73a, b). The titration experiments were
performed as follows: a stock solution was prepared containing methanol (16 mM) in
acetonitrile. Electrochemical experiments were carried out starting with a solution of
[M020,S6]% in acetonitrile (1 mM, 2 mL total volume). To this solution, aliquots of the
methanol stock solution were added and CVs were measured at catalyst:MeOH ratios
ranging from 0 — 20. This resulted in a final volume of 4.5 mL, corresponding to a molar
ratio of catalyst:MeOH = 1:20. The resulting dilution (from 2 ml to 4.5 ml) accounts for the

observed ~50% decrease in peak current.
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In both series, a gradual decrease of the high-potential oxidation at +1.1 V attributed to
the disulfide ligand is observed, consistent with progressive ligand exchange of the
disulfide unit by methanol. In parallel, the overall anodic current at positive potentials
decreases. Note that the reduction in peak currents primarily reflects dilution of the
sample upon addition of methanol. These findings further support the proposed ligand
exchange. For the one-electron reduction at -1.1 V a cathodic shift can be observed upon
methanol addition. The current peak shifts -33 mV and -41 mV upon the presence of
ascorbic acid, respectively. Note, that these measurements only show initial
electrochemical properties and were performed under different reaction conditions than

photocatalytic conditions.
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Figure 73: Cyclic voltammograms of [M0,0,Se]*" recorded during stepwise methanol titration (0—
20 equivalents) in MeCN (0.1 M TBAPFgs, glassy carbon working electrode, Pt wire counter

electrode, Ag/AgNO:; refer-ence electrode, scan rate 100 mV s). a) measurements in the presence
of ascorbic acid. b) measurements in the absence of ascorbic acid. Increasing methanol
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concentration leads to a progressive decrease of the high-potential oxidation attributed to the
disulfide ligand and a general decrease in anodic current at positive potentials.

4 Summary and Perspectives

Thiomolybdate clusters are well known as promising catalysts for the light-driven HER,
while thio-oxo-molybdates are considered to be potentially similarly suitable candidates.
Although internal reaction conditions are often optimized in order to fully exploit the
potential of a catalytic system, external reaction conditions such as irradiation are
frequently neglected. The aim of this work was therefore to investigate the influence of
light on homogeneous thiomolybdate and thio-oxo-molybdate systems. For
thiomolybdates, the effects of dynamic irradiation on catalytic performance as well as on
light-induced processes were examined. For thio-oxo-molybdates, initial catalytic and
mechanistic studies on the homogeneous light-driven HER were carried out, with

particular emphasis on the role of irradiation.

4.1 Influence of dynamic irradiation on the homogeneous light-
driven HER using thiomolybdates

A DoE approach was used to investigate the influence of dynamic irradiation on
photocatalytic systems for the light-driven HER employing either {Mos3} or {Mo;} as
catalyst. In both studies, the individual effects of the three irradiation parameters—
frequency, duty cycle, and LED current—as well as their interactions were identified. In
the {Mos} system, LED current showed the strongest influence on TON, followed by duty
cycle, whereas in the {Mo2} system this order was reversed. In both systems, frequency
had the smallest effect. Furthermore, an interaction between frequency and duty cycle
was identified for both systems, while the {Mo2} system exhibited an additional interaction

between LED current and duty cycle.

Based on the analyzed data, a process optimization aiming to maximize TON was
performed for both systems. In both cases, the optimal irradiation conditions were
predicted to be a frequency of 2 Hz, a duty cycle of 75%, and an LED current of 700 mA.

Under these conditions, the {Mos} system showed a 102% increase in TON compared to
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the static benchmark experiment, whereas the {Mo3} system exhibited a 4% increase.
Notably, under the optimized dynamic irradiation conditions, 25% less energy was
introduced into the system than in the corresponding static benchmark experiments. As a

result, the photonic efficiencies also increased and were discussed in more detail.

Photodegradation of the PS could be excluded as the main explanation for the improved
catalytic performance. Instead, UV—-Vis spectroscopic investigations showed that both
catalysts undergo light-induced ligand exchange in solution, which may lead to structural
degradation of the clusters. The enhanced catalytic activity observed under dynamic
irradiation can therefore be partially explained by reduced photodegradation of the
thiomolybdate clusters. In addition, the hypothesis was proposed that hydrogen evolution
may partially proceed as a dark reaction, implying that the system alternates between
charging and discharging states depending on the irradiation conditions. However, this

assumption requires further investigation.

From a future perspective, these studies demonstrate that the DoE approach enables a
statistical identification of relevant influence factors while minimizing the number of
experiments required. Its application in photocatalysis may therefore lead to faster and
more robust data analysis. Both studies further show that tailored irradiation conditions
can reveal previously unrecognized potential in known photocatalytic systems, thereby
enabling more energy- and resource-efficient photocatalysis. Finally, an important
common finding of both studies is that thiomolybdate clusters undergo light-induced

ligand exchange in solution.

4.2 Catalytic and mechanistic studies on thio-oxo-molybdates for

the light-driven HER

Thio-oxo-molybdates are considered promising candidates for the HER, but their
application in photocatalysis has so far received only limited attention. To address this
knowledge gap, the [M020256]% cluster was used as a prototype catalyst to investigate
both its suitability for HER catalysis and the influence of light on thio-oxo-molybdate
systems. Initial catalytic studies revealed that the highest TON, approximately 530, was
achieved in pure methanol due to enhanced PS stability compared to aqueous solution.

This TON is of the same order of magnitude as that observed for thiomolybdates under
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comparable conditions. Further investigations using Raman spectroscopy showed that the
cluster undergoes ligand exchange similar to that known for thiomolybdates, in which
terminal disulfide ligands are replaced by solvent ligands. UV—-Vis spectroscopic studies
further demonstrated that this ligand exchange is light-induced. TOF measurements and
additional catalytic experiments indicated that the ligand-exchanged species is
catalytically more active than the initial cluster. At the same time, degradation of the
overall photochemical system appears to be the main factor limiting the system lifetime.
Quantum-chemical calculations further support the hypothesis that both species,
[M020,S4(MeOH),]° and [Mo0,0,54(H20)2]°, exhibit higher catalytic activity than the

[M0,0,56]% cluster.

Overall, this study demonstrates that thio-oxo-molybdates are also promising catalysts for
the light-driven HER. Since the ligand-exchanged species exhibit higher catalytic activity
and appear to remain stable under the reaction conditions, they may represent a more

active and longer-lived alternative to the initial [M020,S6]* cluster.
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