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Abstract

The rising global energy demand and the depletion of fossil fuels with associated sustainabil-
ity challenges and global warming require the exploration of efficient and renewable energy
sources. Photocatalytic water splitting is a viable strategy to produce green hydrogen using
renewable resources. However, most of these renewable materials come from noble metals that
are scarce and costly. Therefore, in this thesis earth abundant chalcogenide-based molecular
clusters (polyoxometalates and thiomolybdates) are investigated as catalysts/co-catalysts for
photocatalytic hydrogen evolution reaction (HER).

In the first part of this thesis, I present an extensive review of the relevant field featuring
examples from literature employing thiomolybdates for electrocatalytic and photocatalytic hy-
drogen evolution reaction. This review discusses the active sites of the thiomolybdate cluster
responsible for hydrogen evolution reaction in homogeneous and heterogeneous phases. It fur-
ther highlights the possible reaction mechanisms, heterogenization on different substrates, and
the structure-activity relationship.

The first experimental project of this thesis was to examine the photocatalytic hydrogen
evolution performance of a homogeneous photosystem by employing molecular clusters as cat-
alysts i.e. novel Ni-based POMs (Ni;sWy7; and NijpWsg) in our case. I show that the HER
performance of these novel Ni-POMs surpasses the benchmark NizsWi;3 POM and is depen-
dent on the number of cubane cores in the POM structure. The Ni;sW3y POM exhibits an
exceptional quantum yield of 10.42% which is so far the highest reported for Ni-based POMs.
Furthermore, I investigate the HER mechanism through photoluminescence spectroscopy (PL)
and demonstrate the factors that restrict the performance of Ni-POMs under turnover con-
ditions. Since the stability of such a photosystem is compromised due to the use of organic
photosensitizer, the next aim was to design a heterogeneous photocatalyst in which the molec-
ular cluster is stabilized by attaching it to a light-absorbing solid-state oxide support. In the
second experimental project of this thesis, I employed Mo3S;13 (Mog) cluster as a co-catalyst and
titania (TiO2) as a support and photosensitizer. The clusters are attached to titania by forming
a strong Mo-O-Ti bond. I show that the attachment is strictly dependent on the surface area
of support. The Moz, TiO, photocatalyst is shown to be highly active and stable suggesting
that Mog can effectively co-catalyze the hydrogen evolution reaction. Thermal treatment of
Mo3,TiO, photocatalyst under nitrogen and oxygen atmosphere lowered its activity. There-
fore, it is concluded that the structural coherence and the original configuration of disulfide
ligands are critical in determining the performance of co/catalyst.

The final project of this thesis was to develop a heterogeneous photosystem utilizing visible
light absorbing support to allow for the direct comparison to the homogeneous photosystem
featuring typical ruthenium photosensitizer (Mos/Ru). Therefore, I employ a metal-free car-
bon nitride support for the attachment of Mos clusters to establish Mos,GCN heterogeneous
photosystem. I optimize the hydrogen evolution reaction conditions of both the photosystems
by changing the concentration/loading of the catalyst/co-catalyst and the kind of sacrificial
donor used. Both the photosystems show similar turnover numbers (TOFs) per Mog cluster.
However, in terms of stability, the Mosz,/GCN photosystem outperforms the Mos,/Ru photosys-
tem. Therefore, I conclude that the homogeneous photosystem despite showing promising HER

il
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activity is not stable compared to the heterogeneous photosystem.

Overall in this thesis, I combine and compare the homogeneous and heterogeneous photo-
catalytic approaches featuring molecular clusters and functional inorganic substrates to tackle
the limitations of both photosystems. I further underline the significance of heterogenization
to improve HER activity /stability and unravel reaction mechanisms/active sites. My research
outcomes not only provide fundamental insights into the structure-activity relationship, per-
formance, and stability but also lay the foundation to develop photosystems employing other
complex molecular clusters to generate hydrogen fuel.

v
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Aim and structure of this thesis

Hydrogen fuel holds enormous potential to meet the demand for renewable and environment-
friendly energy sources. In this context, this thesis is primarily dedicated to explore the photo-
catalysts with the capacity to produce green hydrogen from water in the presence of sunlight.
The main objective of this thesis is to investigate the hydrogen evolution reaction (HER)
performance of earth-abundant transition metal chalcogenide-based catalysts i.e. polyoxomet-
alates and thiometalates under homogeneous and heterogeneous conditions. This thesis further
provides an experimental demonstration of bridging the homogeneous and heterogeneous pho-
tocatalytic approaches. To accomplish this task, TiO, is used as a model photocatalyst to
immobilize the molecular thiomolybdate cluster as a co-catalyst. Furthermore, a comparative
analysis is conducted to assess the photocatalytic HER performance of the thiomolybdate cat-
alyst in solution, employing a ruthenium photosensitizer, in contrast to its performance when
immobilized onto a carbon nitride support.

The first chapter of this thesis covers the fundamental concepts of photocatalysis specifically
photocatalytic water splitting, homogeneous photocatalysis, and heterogeneous photocatalysis.
The second chapter presents the motivation behind the research, providing a rationale and
context for the study. The third chapter of this thesis covers the instruments and methods
employed to characterize the materials and carry out photocatalytic experiments. In chapter
four, as this thesis comprises a cumulative collection of published articles, the summary of
all the published articles is elaborated with an emphasis on their notable contribution to the
state-of-the-art. Finally, the last chapter outlines the conclusions of the research findings and
highlights the potential future experimental work and open questions that can lead to the
exploration of complex systems.
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Introduction

1.1 Energy consumption and global warming

In the modern world, the global energy demand is escalating with the consumption of approx-
imately 19 TW in the year 2023. The global energy market is dominated by 40% of biomass,
followed by 21% of electricity, and 20% of natural gas.® The growing population of the world
and rapid industrialization are driving factors to further increase energy usage with the predic-
tion to reach 14000 million tonnes of crude oil by the year 2040.2 Currently, 80% of the world’s
energy is produced by burning fossil fuels. Fossil fuels constitute of coal, oil, and natural gas
with carbon as the main element, and the combustion of these fuels to generate energy pro-
duces greenhouse gases (GHGs). These gases (mainly CO;) are capable of absorbing infrared
radiations reflected by the earth’s surface and persist in the environment for thousands of years,
posing a potential threat of a 1.5°C increment in earth’s current temperature by 2050.% This in-
crease in temperature can have catastrophic impacts on the climate and the natural ecosystem.
Furthermore, fossil fuels are consumed at a much faster rate than their natural replenishment
leading to their gradual exhaustion and depletion. On the other hand, our planet receives a vast
amount of solar energy - which is nontoxic and inexhaustible - making it the best candidate for
producing renewable energy. Therefore, utilizing sunlight to generate clean and green hydrogen
fuel by splitting water is a suitable alternative to reduce GHG emissions.

1.2 Green hydrogen

Hydrogen is the simplest and most abundant element on earth with Hy having the highest
specific energy density (120 MJ/kg) among all substances known. However, it rarely exists as
a gas naturally but rather as a component of coal, natural gas, oil, water, and living things.
Molecular hydrogen stores immense energy in its chemical bond which can used by internal
combustion engines or fuel cells. At the industrial scale, most of the hydrogen is still produced
by the gas reforming method. Green hydrogen is a clean renewable source that only produces
water as a byproduct, versatile, storable, and 100% sustainable. Green hydrogen can be gen-
erated by the electrolysis of water that uses electrical energy to convert water into hydrogen
fuel. However, the electrical energy used is not generated by renewable resources. The most
effective method includes a photovoltaic solar cell coupled with a water electrolysis cell, that is
able to generate green electricity to produce hydrogen. Nevertheless, the extensive use of solar
cells is restricted due to their high cost and low efficiencies.* In contrast to these methods,
photocatalysis is an attractive approach as it only uses solar power to split water into hydrogen
fuel and oxygen, without requiring any external source of energy. At present, the poor efficiency
of photocatalytic systems leads to their limited applications on an industrial scale. On account
of this, scientists have dedicated efforts to explore materials capable of harnessing sunlight for
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this reaction and gaining insights into the underlying mechanisms. The subject of this thesis
focuses on the topic of photocatalysis to carry out hydrogen evolution reaction through the
process of water splitting, making an effort to contribute to the evolution of green hydrogen
technologies.

1.3 Fundamentals of photocatalysis

The word photocatalysis is derived from two terms: “photo” associated with photon and
“catalysis” related to catalyst. A catalyst, according to the IUPAC, is defined as “a substance
that increases the rate of a reaction without modifying the overall standard Gibbs
energy change in the reaction”.® Therefore, photocatalysts are materials that can accelerate
a chemical reaction by the absorption of light. The ITUPAC defines the process of photocatalysis
as “change in the rate of a chemical reaction or its initiation under the action
of ultraviolet, visible or infrared radiation in the presence of a substance - the
photocatalyst - that absorbs light and is involved in the chemical transformation
of the reaction partners”.® This process was first observed and reported by Fujishima and
Honda in 1972 by which they were able to split water into Hy, and O, by using TiO, and
platinum photocatalysts.®

1.3.1 Artificial Photosynthesis

For billions of years, nature has utilized complex biochemical machinery to convert sunlight
into usable energy, primarily through the reduction of carbon dioxide to carbohydrates and
the oxidation of water to produce oxygen.”® This process is crucial for sustaining life on
carth, providing oxygen and food.? It also plays a key role in the global food chain and meets
a significant portion of the world’s energy needs. FEfforts are being made to mimic natural
photosynthesis through artificial systems, with the goal of improving efficiency and sustain-
ability.' Numerous materials suggested for use in artificial photosynthetic systems suffer from
inefficiency, lack of durability, high cost, and toxicity. Overcoming these challenges in artifi-
cial photosynthesis involves employing cost-effective and environmentally friendly compounds,
similar to those used by nature in photosynthesis.!* Therefore, the process of converting solar
energy to chemical energy by mimicking the natural phenomena of photosynthesis is termed as
artificial photosynthesis as shown in the figure 1.1.12

The typical chemical reactions involved in artificial photosynthesis are: (i) visible-light-
driven water splitting process to generate hydrogen fuel, and (ii) the carbon dioxide reduction
reaction to form Cj, Cy based products like methane and methanol (figure 1.2). The solar-to-
fuel conversion can be carried out using photocatalysis, photoelectrocatalysis, electrocatalysis,
electrolysis, photovoltaic cells etc. The ultimate goal of the diverse artificial photosynthetic
approaches is to produce sustainable and clean energy, tackling the challenge of global warming
by utilizing renewable resources.

1.3.2 Photocatalytic water splitting

Photocatalytic splitting water is a commonly used method to generate hydrogen fuel. Wa-
ter splitting has two half-reactions: hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) as described in the equations below:

2H' +2¢” — H, (1.1)

2H,0 +4h™ — 4H" + O, (1.2)
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Figure 1.1: Natural photosynthesis vs. Artificial photosynthesis.

The overall water splitting reaction occurs at the surface of the photocatalyst by the pho-
toabsorption and subsequent generation of electrons in the conduction band and holes in the
valence band of a semiconductor (figure 1.2a). The electron-hole pair has strong reduction
and oxidation potential that can be utilized for the water-splitting reaction. The overall water
splitting consumes two electrons or four holes to generate one molecule of hydrogen or oxygen.
This is plausible if the conduction band of the photocatalyst is more negative compared to
the H' /Hy (0 V vs standard hydrogen electrode (SHE) at pH = 0), and the valence band of
photocatalyst is more positive than the oxidation potential of Oy H,O (+1.23 V vs SHE at
pH = 0) (figure 1.2b). Therefore, the theoretical minimum photon energy required is 1.23 eV,
which is equivalent to a wavelength of approximately 1000 nm and lies in the near-infrared
range. However, the overpotential is required to cross this energy barrier of redox reactions
between charge carriers and water molecules. Thus, a photocatalyst with a band gap larger
than the minimum requirement of 1.23 eV should be utilized. The solar spectrum constitute
of 52-55 % infrared light (above 700 nm), 42-43 % visible light (400-700 nm), and 3-5 % ul-
traviolet light (below 400 nm). Therefore, the band gap of photocatalysts should be narrower
than 3.1 eV to harvest more visible light from the solar spectrum but also exhibit a sufficiently
low overpotential, to ensure a reasonably efficient overall water splitting reaction.'> However,
it is a challenging task due to the intrinsic constraints of the photocatalyst used such as charge
recombination, catalytic active sites, light absorption capabilities, and photocorrosion etc.!*1?

The efficiency of photocatalytic water splitting can be determined by evaluating the per-
formance of overall water splitting without using sacrificial agents. However, there are certain
obstacles to accomplish this reaction i.e. (i) the activation barrier generated due to the back
reaction of hydrogen and oxygen to reproduce water, (ii) the Gibbs free energy required for
overall water splitting is +237.13 kJ/mol which is not favored thermodynamically, and (iii)
both the reduction and oxidation half-reactions are rate-limiting steps as they are multistep
processes and involve different number of electrons and holes. Therefore, these limitations can
be circumvented by introducing sacrificial reagents to the oxidation or reduction half-reactions
that can efficiently capture photogenerated holes or electrons in order to prevent these half-
reactions from being the rate-limiting steps. For example, methanol is the sacrificial donor for
hydrogen evolution reaction and it reacts with water to generate CO, and Hy.1"! The use of
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Figure 1.2: a) Steps of the photocatalytic process: (1) absorption of light, (2) generation of charge
carriers and their migration to the surface, and (3) the corresponding chemical reaction. b) Depiction
of photocatalyst band positions with respect to oxidation and reduction potential of water.'6

methanol significantly reduces Gibb’s free energy of the reaction, inhibits the back reaction as
it produces CO, instead of O2, and reduces the charge recombination by efficient scavenging of
holes.?? Therefore, sacrificial water splitting is a promising approach to investigating the HER
performance of a photocatalyst.

1.3.3 Mechanism of HER

The process of hydrogen evolution reaction is a two-electron transfer process that occurs in two
steps. The first of HER is the Volmer step or discharge step. It involves the transfer of electrons
to the adsorbed hydrogen ions (H"), resulting in the formation of hydrogen intermediates (H*)
bound to the catalyst surface. Considering the acidic pH of the solution, this process can be
expressed as follows:

H +e +"— H (1.3)

After this step, the molecular hydrogen H is generated via two distinct reaction pathways,
depending on the coverage of (H*) on the surface. In the case of low surface coverage, Hy
will form following electrochemical desorption which is termed as Heyrovsky reaction. In this
reaction, another electron is transferred to the adsorbed hydrogen coupled with the transfer of
another proton from the solution to release molecular Hy as shown in the chemical equation
below:

Ht +e +H — Hy +* (1.4)

However, when the surface coverage is high, hydrogen is formed by coupling two adjacent
hydrogen atoms adsorbed on the surface. This step is termed as Tafel reaction and is unaffected
by of solution pH. This reaction is expressed as follows:

2H* — Hy +2° (1.5)

Regardless of the reaction mechanism, it is clear that hydrogen intermediates H* play a key
role in every step of the process. Consequently, the Gibbs free energy of hydrogen adsorption
(AGHY) is an important indicator for assessing the efficiency of a HER catalyst. According to

4



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

the Sabatier principle,?! and as empirically shown by Ngrskov et al.,?? the strength of the bond
between the catalyst surface and hydrogen atoms should neither be too weak nor too strong.
This suggests that achieving an ideal bond strength is essential for optimizing HER rates.
This thesis is devoted to investigate the photocatalytic hydrogen evolution reaction which
can be done via two different approaches: homogeneous photocatalysis and heterogeneous pho-
tocatalysis. The choice of a particular approach depends on the type of catalyst used.

1.4 Homogeneous photocatalysis

In homogeneous photocatalysis, both the catalyst and reaction medium are in the same phase.
In this case, a transition metal complex often plays the role of catalytically active specie or a
photocatalyst that utilizes its photo- or redox chemistry to drive a chemical reaction. How-
ever, in this approach, the photocatalyst alone is not capable of catalyzing a light-activated
process. Therefore, it requires an additional molecular component that is responsible for the
light absorption step and is known as the photosensitizer (PS).

1.4.1 Molecular photosensitizers

It is important to consider various aspects while choosing a suitable photosensitizer:

e The absorption of light must initiate the excitation of electrons from the highest occupied
molecular orbital (HOMO) of the PS to the lowest unoccupied molecular orbital (LUMO),
generating the excited photosensitizer state (PS*).

e The PS* should be able to promote charge separation, meaning that the electrons must
be segregated at different regions of the molecule, in order to reduce the charge recombi-
nation.

e The redox potentials of the photosensitizer and catalyst molecules must be aligned ther-
modynamically so that the PS* molecule can efficiently transport the excited electrons
to the catalyst molecules to carry out the reduction reaction.

Considering these factors, molecules based on ruthenium and iridium polypyridyl complexes
emerge as the most suitable choice to function as a photosensitizer. These complexes exhibit
remarkable photophysical and redox properties, prolonged lifetime in the excited state, and
photochemical stability, coupled with their ability to absorb light in the visible spectrum.
A notable example in homogeneous photocatalysis for hydrogen evolution reaction include
[Ru(bpy)s]*" cation.?»?* The [Ru(bpy)s]*" complex features a slightly distorted octahedral
structure, with a Ru?" ion at its core, attached to three bipyridyl ligands. Its absorption
spectrum is characterized by three distinct peaks: firstly, at 250 nm, corresponding to a metal-
to-ligand charge transfer (MLCT), followed by a strong ligand-centered (LC) peak at A = 300
nm; secondly, at 350 nm, a weaker absorption peak indicative of the metal-centered transition;
and thirdly, at around 450 nm, lies the prominent MLCT band in the visible range, signifying
the spin-allowed transition from the drm orbital of the metal to the 7* orbital of the ligand.?
Furthermore, it is highly luminescent with an emission at a wavelength of around 610 nm. This
[Ru(bpy)s|®" complex was utilized as a photosensitizer in the article # 4. For further details,
refer to this particular article.

Additionally, Ir(III) complexes are capable of photoredox catalysis similar to [Ru(bpy)
and emerged as an attractive candidate to be used as photosensitizer due to several reasons:
(1) tunability of photophysical and electrochemical properties by varying the cyclometalated

3]2+
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and /or ancillary ligands,?®?7 (2) they exhibit phosphorescence at room temperature with long-
lived excited state (microsecond timescale), and (3) demonstrate greater ligand-field stabiliza-
tion energy and a more stable/less dissociative triplet metal-centered (*MC) state in comparison
with Ru(II) complexes.?® Tr(III) can be classified into four different categories based on their
structures: (i) cationic Ir(IIT) complexes with general formula [Ir(ppy)2bpy| " (ppy: phenylpyri-
dine, bpy: bipyridine), (ii) neutral Ir(III) complexes with general formula [Ir(ppy)s], (iii) Ir(III)
complexes having coumarin ancillary ligands, and (iv) Ir(III) complex conjugates based on
bimetallic frameworks.?” In this thesis, we employed [Ir(ppy)2(dtbbpy)|” complex (fall in cat-
egory ii) as a photosensitizer for photocatalytic hydrogen evolution reaction. For more details
see the corresponding article.

absorption emission 100
LC

I

MLCT, (a.u)
MLCT
MC 50
T T T T T 0
200 400 600 800

Wavelength (nm)

Figure 1.3: a) Structure of [Ru(bpy)s]>" complex (grey: ruthenium, wine: carbon, blue: nitrogen,
hydrogen atoms are removed for simplicity). b) Absorption and emission spectra of [Ru(bpy)s]*"
complex.??

The long-lived triplet excited state of the photosensitizer upon excitation allows for the
efficient electron transfer to the catalyst, thereby, forming an excited photosensitizer molecule.
The excited PS* molecule undergoes a regeneration process by oxidative or reductive quenching
pathways, consequently, relaxing to the stable ground state. The charge transfer pathways can
be estimated using Stern-Volmer quenching analysis of the quenched photosensitizers.>® Thus,
these photosensitizers are of great interest due to their unique photophysical and photochemical
properties.

1.4.2 Molecular catalysts

In this thesis, our research is focused on inorganic molecular clusters: polyoxometalates (POMs)
and thiometalates (PTMs), which formed the core catalytic elements of our homogeneous pho-
tosystems.

1.4.2.1 Polyoxometalates (POMs)

Polyoxometalates (POMs) are considered the molecular analogs of typical solid-state metal
oxide materials. These are anionic clusters with their structure typically consists of transi-
tion metals (M), mostly tungsten (W), molybdenum (Mo), and vanadium (V), coordinated to
oxo-ligands giving rise to oxo-anions of the general formula, [MOy|"™ with y = 4-7. Here, y rep-
resents the coordination number of the addenda metal ion M which is usually 6, thus generating
an octahedra MOg. These octahedra are capable of aggregating during the synthesis by means
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of oligo-condensation reaction to form multinuclear structures with general formula [MxOy|™ .
These multinuclear structural units often contain additional heteroatoms such as Si, P, As, and
Ge, forming a polyoxometalate framework with general formula [XzMnOy|? given the z <
n. In the POM structure, the octahedra are interconnected via oxygen atoms at its corners,
edges, or facets, offering a diverse range of structures. Therefore, various archetypes of POMs
can be built and the most common ones are Anderson [XMgOq4|" , Dawson [XoM;gOg2|"
and Keggin [XM;2040]"" heteropolyanions. It is further possible to form a transition metal
substituted polyoxometalate (TMSP) structure by sandwiching various metal ions between the
principal structural units, giving rise to a versatile sandwich-type TMSP. An example of such
TMSP POM is the first ever [(RuyO4(OH)y(Hy0)4)(SiW19036)2]'° POM reported for water
oxidation catalysis, in which the RuO, unit is sandwiched between two lacunary SiW, units
(figure).?13% Therefore, the structural modification and tunability of the POMs make them the
most versatile class of inorganic materials.

sandwiched M'O, terminal O*

redox sites /

basic MO,
building block ~_ g

heteroanion

o
bridging O~ lacunary unit
Figure 1.4: Structural — representation of a  sandwiched polyoxometalate cluster

[(RugO4(OH)o(Ho0)4)(SiW19036)2]'? ", consisting of the basic [MOg] building blocks (grey),
[SiO4] heteroanion (blue), bridging and terminal O ligands (red), sandwiched M’Ox redox sites,
where M’ is the transition metal ion. The dilacunary unit shown is [SiWjg].

POMs showcase several distinctive features which include; (i) well-defined structure, (ii)
structural compositions can be modified through the integration of heteroatoms with a variety
of functionalities, (iii) significant acid-base strength, (iv) high redox activity, (v) high absorption
in the near visible and UV region of solar spectrum, and (vi) highly soluble in aqueous and
organic mediums. These qualities have triggered extensive research into the synthesis and
design of POMs, progressively expanding their applications in thermal catalysis,®® photo- and
electrochemistry,®* 3¢ and fuel cell technology.

Over the past few decades, extensive research has been devoted to investigate POMs for
homogeneous catalysis owing to their structural tunability and robustness against oxidative
decomposition along with their diverse acid-base properties. Therefore, various transition
metal-based POMs that mimic the cubane-like Fe,Ss cluster of natural photosystem I, have
been designed by various scientists for photocatalytic hydrogen evolution reaction.®” 3 It is
well known that among transition metals, Ni is known to be the ninth most abundant ele-
ment on earth and is a highly efficient catalyst for hydrogen evolution reaction, serving as a
cheaper alternative to noble metal platinum.*®*! In nature, hydrogenase enzymes composed
of earth-abundant metals (including Ni) act as efficient catalysts for producing hydrogen.4?43
Therefore, it was established theoretically and experimentally that Ni-based POMs containing
NizO4 cubane cores - bearing resemblance to the [FeySy| cubane core of |FeFe|-hydrogenases
- serve as the efficient reacting units for visible light driven hydrogen evolution reaction.445
In this thesis, we investigated the hydrogen evolution performance of novel Ni-POMs under
strict homogeneous conditions. For detailed information on the structural aspects and the
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structure-performance trends, please consult article # 2.

1.5 Heterogeneous photocatalysis

In heterogeneous photocatalysis, the catalyst and the reaction medium are in different phases.
Heterogeneous photosystems typically constitute of solid-state photocatalysts that are capable
of light absorption and driving subsequent redox reactions. These photocatalysts are generally
semiconductors. Semiconductors have a band gap (Eg) < 1.5 to 3.0 eV and have the capability
to conduct electricity even at room temperature when exposed to sunlight. As discussed in
section 1.3.2, the energy of photons absorbed by the semiconductor excites the electron from the
valence band (VB) to the conduction band (CB) of the semiconductor, generating an electron-
hole pair (figure 1.2a). This indicates that both oxidation and reduction reaction environment
is provided by the semiconductor. These semiconductors additionally act as photosensitizers
when come in contact with other materials like co-catalysts (will be discussed in detail later in
this section).

1.5.1 Inorganic photocatalysts

Most of the semiconductors utilized for photocatalytic hydrogen evolution reaction are based on
metal oxides due to their desired electronic structure, light absorption properties, and ability
to transport the charge carriers. Metal oxides like TiO,, Fe;O3, ZnO, and Iny,O3 etc. have
been investigated for the application of photocatalytic hydrogen evolution reaction.*6% The
choice of these semiconductor materials depends on the position of the CB and VB of the
semiconductor compared to the redox potentials of oxidation and reduction half-reactions of
the water-splitting reaction. The reduction half-reaction would be feasible when the CB edge
of the semiconductor has a more negative potential than the reduction reaction. Figure 1.5
demonstrates the energy band gaps of the most commonly used semiconductors as well as their
CB and VB positions in comparison to the potentials of oxidation and reduction half-reaction.

E/(V vs. NHE)

2.0 - Culns; SiC

Cu,0 CsNg
. 1.0 Mos, TIO; Si TaON
HYH; — - — - | s, 2O .-,F._I_._. e ol
0

H00, — b+ —[—F = == — R

+2.0 +

Figure 1.5: Conduction band (CB) and valence band (VB) potentials of some of the common semicon-
ductor materials with respect to the redox potentials of the half-reactions of water splitting. Reprinted

with permission from RSC Advances.?”

Among these metal oxides, TiOs marks the top position for its use as a photocatalyst for sev-
eral obvious reasons: (i) it has good chemical and thermal stability, (ii) it exists in abundance,
(iii) it possesses excellent physiochemical properties, and (iv) it is non-toxic.” Therefore, the
scientific community showed a remarkable interest in this material for its potential to generate
solar fuels.5?
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1.5.1.1 TiO,

TiO, exists in three different crystalline structures i.e. anatase, rutile, and brookite.”® These
lattice arrangements of TiO, greatly impact the energy of the atomic orbitals, leading to the
transformation of its charge transport and photophysical properties.®®®® The anatase and
brookite phases are metastable and can be irreversibly transformed into a stable rutile phase
upon heating. Among these crystalline phases, only anatase and rutile demonstrate light-
induced catalysis. The crystalline structure of rutile is the distorted octahedra TiOg that are
shared via corner oxygen atoms in a tetragonal structure.’” The presence of in-plane and out-of-
plane Ti-O bond lengths as well as the deviation of in-plane Ti-Ti bond angles distort the perfect
octahedral O, symmetry to Dyj, symmetry. However, in the crystalline structure of anatase, the
TiOg octahedra are shared via edge O-atoms in a tetragonal geometry®® (figure 1.6). Both rutile
and anatase are wide band gap semiconductors and have a band gap of 3.0 and 3.2 ¢V with
absorption edges (385 nm and 415 nm) in the UV region of the solar spectrum. Therefore, both
the polymorphs can be utilized as photocatalysts for hydrogen evolution reaction. However,
anatase has superior HER efficiency than rutile due to the higher reduction potential and longer
lifetime of the electrons in its CB generated after photoexcitation,®® smaller particle size, higher
mobility of electrons.5%:6! The VB of TiO, is filled with electron density mainly from oxygen
atoms and the empty Ti3d states make up the unoccupied CB, both of these bands separated
by an energy gap (E,). In this thesis, we used anatase TiO, as a photocatalyst to drive HER.
For more details, please refer to the article # 3.

Figure 1.6: Crystal structures of anatase and rutile phases of TiOg.%2

Semiconductor-based materials offer various challenges: (i) charge recombination, (ii) large
band gap, (iii) charges absorbed on the surface of the semiconductor, (iv) minimal absorption
in the visible region, and (v) lower redox potentials.®® Therefore, these issues can be tackled
by various approaches which are listed as follows:

e To increase the absorption by reducing the band gap e.g. by introducing the dopants.
However, it is crucial to control these defect sites as they can act as recombination sites
for charge carriers.

e To build the heterostructures that reduce the charge recombination by separating the
photoexcited charge carriers.
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e To employ a dedicated co-catalyst that adsorbs on the surface of the semiconductor and
facilitates the charge separation.

e To increase the surface area by synthesizing material with a specific morphology (e.g.
micro- and mesoporous nanoparticles), leading to the adsorption of more co-catalyst
molecules on the surface.

Our sun emits 43% of the visible radiation that reaches the earth. As discussed earlier in this
section, TiO5 absorbs in the UV region up to 400 nm thereby exhibiting poor solar to hydrogen
(STH) efficiency i.e. <2% in the case of water splitting reaction. Consequently, its utilization
for photocatalytic hydrogen evolution reaction is limited by its inactivity in the visible range.
Hence, employing photocatalysts that are capable of absorbing visible light up to 700-1000 nm
could enhance the STH by ~10-20 times.®® In this context, employing photoactive materials
with the ability to absorb visible light represents a promising strategy to improve the efficiency
of STH conversion.

1.5.2 Organic photocatalysts

The conductive polymer molecules are organic semiconductors as the presence of conjugation
allows for the formation of band structures similar to the inorganic semiconductors. Hence,
the mechanism of photocatalysis and the photogeneration of electron-hole pairs in organic
semiconductors closely resemble to that of inorganic semiconductors. The charge transport
properties of organic semiconductors differ drastically from those of inorganic semiconductors
due to their different properties and degrees of crystallographic arrangement.

1.5.2.1 gC3N,

Graphitic carbon nitride (gC3Ny) is the most popular metal-free organic semiconductor mate-
rial that has been investigated as a photocatalyst for visible-light-driven hydrogen evolution
reaction in a pioneered study published in 2009.% It exists in two different chemical structures
i.e. triazine and tri-s-triazine, depending on the precursors and synthesis method used (figure
1.7). gC3Ny ideally consists of only carbon and nitrogen, therefore, it can be synthesized cost-
effectively with low toxicity. The structure of gCsNy is composed of two-dimensional sheets of
hexagonal rings constructed with sp? hybridized carbon and nitrogen atoms. These hexagonal
rings are connected via nitrogen atoms of tertiary amines. The strong Van der Waals and
m-stacking interactions between the sheets make this material highly crystalline.%¢ This ma-
terial is insoluble in most of the solvents. Furthermore, it exhibits distinct optical, electrical,
structural, and physiochemical properties that particularly make it suitable for photocatalytic
applications. It features a characteristic yellow color due to the band gap of 2.7 eV which
corresponds to the absorption edge at a wavelength of 460 nm. The electronic band structure
of gC3Ny is suitable for its application in photocatalytic hydrogen generation. In other words,
the photogenerated electrons in gC3N,4 possess enough energy to cross the thermodynamic bar-
rier and reduce water into hydrogen.5” However, the bulk gC3N, demonstrate low efficiency
for photocatalytic HER due to various reasons: (i) recombination of charge carriers by their
hopping between the sheets, (ii) very low surface area (~10 m*/g), (iii) limited absorption in
the visible region i.e. below 460 nm, (iv) limited availability of active sites for reaction at the
interface, and (v) sluggish kinetics of reaction at the surface.®% The solutions to mitigate
these challenges include doping of metal /non-metals, band gap and surface engineering, and
structural and morphological modifications, etc.

10
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Figure 1.7: Chemical structures of triazine and tri-s-triazine based-gC3N4. Reprinted with permission

from Springer Nature.”

In this thesis, we use the strategy of co-catalyst adsorption on the photoactive organic/inorganic

semiconductor supports to tackle the prominent challenges that limit their performance for pho-
tocatalytic hydrogen evolution reaction.

1.5.3 Molecular co-catalysts

Noble metal Pt is the most active catalyst for producing hydrogen through water splitting. The
scarcity, high cost, and toxicity of noble metal catalysts demand the exploration of abundant
and cost-effective alternatives. Therefore, transition metal chalcogen-based HER catalysts such
as MoS, demonstrated exceptional performance as electrocatalysts for hydrogen evolution re-
action. Additionally, theoretical and experimental studies demonstrated that the edge sites of
MoS, are the active sites for HER, however, its basal planes are mostly inactive.”" " Therefore,
the HER activity of MoS, can be improved by exposing all the sulfur sites in its structure. A
promising strategy is to utilize well-defined molecular MoSx-based catalysts that mimic the edge
sites of MoSs. In literature, several inorganic molecular analogs of MoS,; have been reported
for catalyzing the hydrogen evolution reaction. These analogs include triangular Mo—S, unit
attached to pyridine ligands,™ cationic [MosS,|*" cluster,™ and anionic [MosS3]*>~ /[Mo0yS1]*~
clusters.”™ 7

1.5.3.1 Thiomolybdates

The thiomolybdate [M03813]27 clusters were first synthesized and characterized by Miiller et
al. in 1978.77 These clusters are known to be the best-performing non-noble metal catalysts
for hydrogen evolution reaction because all the sulfur ligands in its structure are fully exposed
for hydrogen adsorption. These clusters have triangular geometry with three different kinds
of disulfide ligands that resemble the edge sites of MoS,. These are terminal disulfide ligands
(S3?7) connected to a single molybdenum atom, bridging disulfide ligands (So ) linked to two
molybdenum atoms, and apical disulfide (S*~) shared by three molybdenum atoms (figure 1.8).

This thesis aims to investigate the HER performance of these cluster co-catalysts immo-
bilized onto solid-state oxide supports. The [MosS;3|>  clusters are employed to bridge the
molecular and solid-state catalysts. Furthermore, over the course of this thesis, the HER per-
formance of these clusters is compared in both homogeneous and heterogeneous phases using
similar reaction conditions and parameters.

11
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Figure 1.8: Structure of [Mo3S13]*>  cluster, a molecular analog of MoS,.

1.5.4 Heterogeneous photocatalytic system

The heterogeneous photocatalytic system employed for HER in this thesis consists of pho-
toactive support (TiOy and gC3Ny), co-catalyst ([MosSi3|> ), and sacrificial donor (methanol,
ascorbic acid, or triethanolamine). The photocatalyst when irradiated with light of energy
equivalent or higher than the band gap generates an electron-hole pair. The electrons in the
CB migrate towards the surface of the photocatalyst where they are accepted by the co-catalyst
and utilized for the reduction of protons to hydrogen. On the other hand, the holes in VB of
the photocatalyst are taken by the sacrificial donor which itself converted to oxidized products.
This process is repeated two times until the hydrogen evolution process is accomplished (figure
1.9).

Photocatalyst
Excitation
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o
o
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h* h* h* MeOH

products

Figure 1.9: Photocatalytic HER mechanism using thiomolybdate clusters as co-catalyst.
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Motivation

2.1 Challenges and aims

Photocatalytic water splitting to generate hydrogen stands as a prominent topic among energy
conversion methods aimed at storing renewable energy through chemical bonds. As outlined
in the previous chapter (specifically sections 1.3 and 1.4), this can be accomplished via homo-
geneous and heterogeneous photocatalytic approaches. Each of these approaches presents its
advantages and challenges, that restrict their further development in the field.

The field of homogeneous photocatalysis presents two primary challenges: (i) molecular
(photo)catalysts under turnover conditions lose their redox stability which is attributed to the
formation of inactive species through oligomerization or aggregation, (ii) the need for molecular
photosensitizers induces instability to the photosystem arising from the poor photostability
of the sensitizing molecules. However, in the case of heterogeneous photocatalysis, the
major challenge encountered by the community is the lack of understanding of the reaction
mechanisms due to the poorly defined catalytic sites of the photocatalyst. Therefore, the model
photocatalysts having well-defined components need to be designed, that feature well-defined
catalytic sites (figure 2.1).

Heterogeneous (solid-state) Homogeneous (molecular)
Combined approach photocatalyst
w %
: b b be
3 . <§ T P ‘Q‘
b Ty AN
b e i 3 3 -d:
£ Pros: S 5%
— Excellent stability > L — High activity :
— Strong absorption b — Well-defined catalytic sites
Motivation

Challenges: i Design well defined photocatalyst by
’ ; : using molecular co-catalysts
— Poor/unselective ca_talysns T ii.  Stabilize molecular co-catalysts on a
— Lack of understanding ; large surface area photoactive support

Challenges:
=— Poor stability
— Need for photosensitizer

Figure 2.1: Combination of the homogeneous and heterogeneous photocatalytic approaches to bridge
the gap between the two by exploiting their advantages.

Considering the fact that the advantages and challenges of both approaches are comple-
mentary to each other, in this thesis, I aim to overcome their challenges by designing a novel
photocatalyst that combines the advantages of both. In the context of heterogeneous pho-
tocatalysis, the use of co-catalysts with structurally well-defined and compositionally tunable
catalytic sites would enable the understanding of the reaction mechanisms as well as allow
for performance optimization by tuning the interface. In the context of homogeneous pho-
tocatalysis, employing substrates with high surface area would stabilize the co-catalyst by
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immobilizing them and thus inhibiting their aggregation or undesired degradation. Further-
more, the substrate would also play the role of a photosensitizer preventing the use of additional
components for light absorption (figure 2.1).

In this thesis, I investigate the homogeneous and heterogeneous photosystem for photocat-
alytic hydrogen evolution reaction by utilizing polyoxometalates and thiomolybdates as molec-
ular catalysts/co-catalysts and solid-state oxides (TiOy) and graphitic carbon nitride (gC3sNy)
as support materials (see details in section 1.4 of introduction). However, the principal motive
is to combine both photosystems and evaluate the performance of thiomolybdate co-catalysts
by comparing them to their homogeneous counterparts.

14
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Instrumentation and methods

This section provides the details of the methods used to characterize the molecular clusters and
photocatalysts mentioned throughout this thesis. It additionally highlights the development
and optimization of photocatalytic hydrogen evolution reaction setups as well as the methods
employed to detect and quantify hydrogen. The synthesis of the clusters and the photocatalysts
are discussed in the corresponding sections of the relevant articles.

3.1 Characterization techniques

3.1.1 Attenuated total reflection Fourier transform infrared spectroscopy

(ATR-FTIR)

Infrared spectroscopy investigates the absorption, emission, and reflection of a sample by its
interaction with the incoming infrared radiation. In ATR-FTIR, ATR sampling mode allows
the direct examination of a solid or liquid sample without additional preparation. It works
on the principle of total internal reflection that generates the evanescent field. The infrared
light can interact with the sample through the evanescent wave that later gets detected by
the detector to provide structural and chemical information about the sample. In contrast to
the transmission mode, ATR measurement path length is independent of the thickness of the
sample.

ATR-FTIR

IR beamn protrudes into the sample

Sample

ATR Crystal

Figure 3.1: Schematic representation of the ATR-FTIR method. Reprinted with permission, license:
CC BY-SA 4.0.

The used machine in all articles was a PerkinElmer FTIR Spectral UATR-TWO with a
spectrum two Universal ATR (Single Reflection Diamond) accessory.
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3.1.2 Ultraviolet-Visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy (UV-Vis) is an analytical technique that measures the absorp-
tion or reflection of the molecules in a given sample with respect to the blank or reference
sample (see figure 3.2a). The amount of light absorbed as a function of the wavelength of
incident light provides information about electronic transitions occurring within the examined
materials. In the case of transition metals and their complexes, these electronic transitions can
be: ligand-to-metal charge transfer (LMCT), d-d transitions within the metals, metal-to-ligand
charge transfer (MLCT), or interfacial charge transfer transitions (IFCT). The amount of light
absorbed by the materials is directly related to the concentration and follows Beer-Lambert
law.

1
A= LogloTO =ecl, (3.1)

Where A is the absorbance, I is the intensity of the incident light, I is the intensity of trans-
mitted light, ¢ is the molar attenuation coefficient or molar extinction coefficient that measures
the extent of absorption of a material at a particular wavelength, ¢ is the concentration of
attenuating species, and L is the optical path length.

In UV-Vis spectroscopy, data can be collected in transmission mode or reflectance mode
depending on the state of the sample (see figure 3.2b). In the case of the liquid sample, the
standard transmission method is used to record the spectra. However, diffused reflectance
spectroscopy (DRS) is employed to analyze the solid samples. In this thesis, to analyze the
molecular clusters I used a standard method where the clusters were dissolved in a suitable
solvent and later transferred to the cuvette for analysis. However, the composites were always
analyzed in solid form using DRS spectroscopic method. For all the sample analysis, I used
a Jasco V-670 UV-Vis photo spectrometer. A diffuse reflectance unit containing an Ulbricht
sphere was used. A standard 3 cm cuvette was used as a sample holder for the liquid samples
analysis. The powdered samples were fixed in the micro-sample holder with a diameter of 3
mm and MgSO, was used as a reference standard.

Diff reflectanc

a Munochromalot
) . Incident light Specular reflectance
Light Entrance Dispersive Exit - W
Source shit Element slit Sample Detector

Figure 3.2: a) Schematic representation of UV-Vis spectrophotometer. Image taken from JASCO.™
b) Interaction of incident light with the sample in transmission and reflectance modes of measurement.
Image taken from JASCO.%

3.1.3 Raman spectroscopy

Raman spectroscopy is a scattering technique that is used for the qualitative and quantitative
analysis of solid and liquid samples. The basic working principle of this technique relies on the
Raman effect which states that the frequency of the scattered radiation differs from that of
the monochromatic incident radiation. A Raman spectrum serves as the chemical fingerprint
(500-2000 cm™1) that contains a unique set of peaks characteristic of a specific molecule. It pro-
vides information about the chemical composition and properties, crystallinity, polymorphism,
defects, and contamination.
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A Raman spectrum provides useful information about the vibrational modes of a molecule
based on the peak position. The peak intensity defines the strength of polarizability in a
vibrating molecule. The width of the peak reveals crucial details about the local environment
of vibrating bonds. However, instrument artifacts and sampling can also impact the intensity
of a Raman peak. Therefore, to mitigate these influences, it becomes essential to normalize the
data to a standard.

In this thesis, the data were recorded using Raman measurements performed with a WITec
alpha 300 RSA+ Raman microscope equipped with a 632 nm excitation laser maintaining the
laser intensity at 1 mW.

3.1.4 X-ray diffraction (XRD)

X-ray diffraction is a non-destructive method that allows to identify the structure and quantify
the crystalline phases of solid materials. A diffractogram is generated when the constructive
interference of monochromatic X-rays occurs with lattice planes of the sample at specific angles.
The arrangement of atoms in the lattice determines the intensity of peaks in the XRD pattern.
However, the shape of the XRD peak is affected by the scanning rate and the ratio of step size
to full width at half maximum (FWMH). Bragg’s law expresses the relationship between the
angle of incidence at which the constructive interference occurs and the wavelength of the light
being interfered with. This is shown by the Bragg’s equation:

nA = 2dsinb, (3.2)

Where 6 is the Bragg angle i.e. the angle between the incident X-rays and the lattice plane,
A is the wavelength of the incident X-rays, d is the spacing between the lattice planes, and n
is the integer that defines the order of diffraction (see figure 3.3). By calculating the interlayer
distance between facets, one can generate a 3D map of electron density in a crystal which
provides information about the position of atoms.

Figure 3.3: Schematic representing a two-dimensional crystal lattice with a set of imaginary planes
and highlighted parameters of Bragg’s equation.®!

In this thesis, powder XRD measurements were conducted to investigate the crystallinity
of the thiomolybdate clusters. For this purpose, I used an XPERT II: PANalytical XPert Pro
MPD (66 Diffractometer). The sample was placed on a Si sample holder and irradiated with
a Cu X-ray source (8.04 keV, 1.5406 A). The signals were then acquired with Bragg—Brentano
0/0-diffractometer geometry ranging from 5° to 80° degrees using a semiconductor X’Celerator
(2.1°) detector. I additionally performed in-situ XRD measurements to investigate the changes
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in the crystal structure of thiomolybdate clusters (for more details see article 3) with respect to
the change in temperature. For in-situ XRD measurements, I used an XPERT III: PANalytical
XPert Pro MPD (6-6 Diffractometer). For further details, see the corresponding article.

3.1.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique used for the non-
destructive analysis of solids. The analysis is based on the kinetic energy of electrons pho-
toexcited by X-rays (1-1.5 KV) from the core levels of the atoms in a solid sample. The
resulting XPS spectrum generates peaks with specific binding energies which correspond to
the kind of atoms (qualitative analysis) and their chemical environment on the solid surface
(chemical shifts). The binding energy (BE) of the analyzed electrons in XPS is dependent on
the light source used. Equation 3.3 shows the relationship between the binding energy (BE)
and kinetic energy (KE) of the electrons, the excitation light source, and the work function (¢)
of the detector

EBinding = Exinetic — hv + ¢, (3.3)

The binding energy merely depends on the kinetic energy and the light source used, given
that the ¢ is a constant for the detector used.

In this thesis, I used a custom-built SPECS XPS-spectrometer equipped with a monochro-
matized Al-K, X-ray source (v 350) and a hemispherical WAL-150 analyzer (acceptance angle:
60°). For the data analysis, I used the CASA XPS software employing a charge correction to
the adventitious carbon peak (the C-C peak was shifted to 284.8 eV BE). For further details of
the machines, measurement details, and data analysis, see the corresponding article.

3.1.6 Total reflection X-ray fluorescence spectroscopy (TXRF)

Total reflection X-ray fluorescence Spectroscopy (TXRF) is a highly sensitive analytical tech-
nique used for the elemental analysis of solid or liquid samples. The chemical composition is
determined when the X-rays incident on the sample are totally reflected at an angle greater
than the critical angle. The X-rays cause the atoms in the sample to excite and emit the
characteristic X-rays that are later detected and analyzed by the detector (see figure 3.4). The
intensities of the emitted X-rays correspond to the concentration of a particular element in a
sample.

Si(Li) -
detector
Fail Ak Primary b F|
— - e uorescence
) f beam m - radiation
H-ray I
tube ! -| 3 Totally reflected
Edge Edge R—— beam

Sample carrisr
with sample

Figure 3.4: Schematic representation of TXRF spectrometer. Reprinted with permission of Elsevier.®?

The measurements were performed with an ATOMIKA 8030C X-ray fluorescence analyzer
(Atomika Instruments GmbH, Oberschleissheim, Munich, Germany). The excitation source
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employed was a Wolfram X-ray tube (continuous spectrum) The excitation source employed
was a Wolfram X-ray tube (continuous spectrum) at 50 kV and 47 mA. The samples were
excited for 100 s and a Si(Li)-detector was used for X-rays acquisition. For further details, see
the corresponding article.

3.1.7 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique in which mass of the specimen changes as
a function of temperature or time, under controlled temperature and atmospheric conditions.
Upon completion of the measurement, the resulting TGA plot provides information about the
changes in chemical composition, phase changes, and absorption or desorption of gases etc. In
this thesis, I analyzed the decomposition of thiomolybdate clusters by applying a temperature
gradient under air and nitrogen atmosphere to investigate the structural transformations of the
clusters at different temperatures. For this purpose, I used a PerkinElmer Thermogravimetric
Analyser TGA 8000 (see figure 3.5). For further details, see the corresponding section in the
articles.

Figure 3.5: Image of PerkinElmer thermogravimetric analyzer TGA 8000 (Image taken from
perkinElmer).83

3.1.8 Photoluminescence spectroscopy (PL)

Photoluminescence spectroscopy (PL) is a contactless and non-destructive method to probe
the electronic and optical properties of materials. The phenomena of photoluminescence occurs
when the light irradiated onto a sample creates an electron-hole pair and the relaxation of ex-
cited electrons generates photons. The energy of the emitted photons is higher than the energy
of the bandgap between the conduction band (CB) and valence band (VB) in a semiconductor
material and the energy difference between the highest occupied molecular orbital (HOMO)
and lowest occupied molecular orbital (LUMO) in molecules. However, the point defects in
semiconductors add states within the bandgap that cause the PL to occur at photon energies
lower than the band gap. The emission of photons is partially radiative and partially non-
radiative in nature. Radiative emission is the result of the relaxation of electrons within the
vibrational levels in the excited state and non-radiative emission occurs through the electron’s
de-excitation from the excited state to the ground state. The process of photoluminescence is
depicted in the figure 3.6a.

19



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Excitation

Xenon Lamp
Monochromator
a ) _____mexci.ttd b) Eciistion Lass Sample Cell Chamber
e ———————— states
) nonradatve
relaation
—\____ conduction 1 .
band O-
excitation ~
photon &
AN -
y Sample
o | luminescence
2 &
E photon
N Emitted Photon Signal
valence
band
glectrons

Figure 3.6: Image illustrating a) the principle of photoluminescence spectroscopy. b) the PL spec-
trophotometer.8485

The PL spectrophotometer consists of a light source (Xenon lamp/monochromatic laser),
monochromators, a sample holder, and a detector. The monochromators select and adjust the
excitation and emission wavelengths as well as correct any fluctuations in the intensity of light
from the source (see figure 3.6b). The detector receives the optical signal and converts it into
the electronic signal, which is displayed as PL spectra in the computer. This instrument is
employed to record three different types of spectra: emission spectra, excitation spectra, and
time-resolved spectra.

In this thesis, I used a Picoquant FluoTime 300 photoluminescence spectrometer with two
excitation sources: (i) a continuous-wave, ozone-free (300 W power) Xe arc lamp utilized for
steady-state measurements with an excitation range of 250 to 800 nm (coupled with an exci-
tation double monochromator), and (ii) a pulsed laser at 377 nm excitation. The detection
system includes a PMA Hybrid 07 detector, that is coupled to an emission double monochro-
mator. For lifetime measurements, the state-of-the-art time-correlated single photon counting
(TCSPC) system is utilized. The PL data was collected and fitted using EasyTau2 software.

3.2 Photocatalytic HER experiments setup

In this thesis, I used two different types of hydrogen detection methods: a standard gas chro-
matography method employing a closed reactor setup, and a gas flow in-situ detection method
utilizing a flow reactor setup. The type of method to be used was selected based on the nature
of the photocatalyst.

3.2.1 Batch reactor setup

The photocatalytic hydrogen evolution reactions were carried out using a custom-built closed
reactor with one neck utilized for two purposes: (i) degassing of the reaction mixture by purging
Ar gas through inlet and outlet injection needles; and (ii) injection of produced hydrogen from
the reactor’s headspace to the GC-column using a specialized gas-tight syringe. The photo-
catalytic solution is side-illuminated using a SOLIS-365C LED lamp or the SOLIS-445C LED
lamp (from ThorLabs) depending upon the type of photosensitizer used for the photocatalytic
hydrogen evolution reaction. The upper part of the reactor does not need light illumination
and therefore is covered with blue tape to avoid any interaction with the light. The reactor is
also equipped with a water inlet and outlet to prevent heating of the reaction solution due to
light illumination. This methodology can effectively quantify the amount of hydrogen but does
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not encompass the rate of reaction in the associated process. The photocatalytic setup used is
shown in figure 3.7. This method was employed in the article no. 2 and 4.

For degassing

Water
outlet

Water cooling
jacket

Reaction
medium

Figure 3.7: Photocatalytic HER set up employing a closed reactor for the hydrogen detection using
GC.

The detection of hydrogen produced by using this experimental setup was carried out using
the gas chromatography method.

3.2.1.1 Gas chromatography (GC) method

Gas chromatography (GC) is a commonly used analytical method to quantify various compo-
nents of a sample. In GC system, the mobile phase is a carrier gas that transports the sample
from the injection port to the column which is a stationary phase. The components of the sam-
ple exiting the column are quantified by the detector (figure 3.8). The retention time for each
component in a sample depends on its interaction with a stationary phase. A chromatogram
is recorded as a result of electrical signal output from the detector. A typical chromatogram
displays the elution or retention time on the x-axis and the signal intensity on the y-axis. The
area under the curve is used to interpret the amount of each component separated and detected.
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Figure 3.8: a) Working principle of the GC detection method. b) A typical chromatogram recorded in
response to the GC measurement. Images taken from Agilent®® and Shimadzu.®”
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In this thesis, I used a GC Nexis-2030 instrument equipped with a barrier ionization dis-
charge detector and a Micropacked-ST column using helium as a carrier gas, to measure the
amount of hydrogen produced by our photocatalytic system.

3.2.2 Flow reactor setup

In this thesis, I also used a gas flow in-situ detection system (figure 3.9), allowing for continuous
detection of hydrogen and other gases over a long period. This approach facilitates the inves-
tigation of reaction activation/deactivation kinetics. For photocatalytic hydrogen evolution
reactions, I used a custom-built reactor made of glass with a capacity of 100 mL by volume.
The reactor consists of a gas inlet and outlet for purging the reaction mixture with Argon
and the flow of Argon carrier gas. The reaction mixture is added from the top window of the
reactor. The quartz lid is used to close the reactor and to make it transparent to UV light.
The light source (LED 365 nm) is positioned at the top of the reactor. The reaction mixture is
surrounded by a water-cooling jacket to keep a cool atmosphere during illumination. The Ar
carrier gas carrying hydrogen gas is continuously flushed through the reactor. The flow of Ar
is regulated by a mass flow controller (Q-flow 140 series, MCC Instruments). The carrier gas
reaches the detector via a CaCl, trap to prohibit any moisture from reaching the detector. I
used an Emerson X-stream gas analyzer, equipped with three different kinds of detectors able
to measure up to four different gas components (Hy, CO/COs, and O,) simultaneously. A ther-
mal conductivity detector (TDC) is used for the Hy detection, a photometric non-dispersive IR
sensor is used for the CO and CO, detection, and a paramagnetic O, detector is used for the
04 detection.

a) — light source b)

quartz glass

Ar & products

out \

water
cooling

stirring plate

Figure 3.9: a) Photocatalytic HER set up employing a flow reactor for the hydrogen detection using
(b) SOLIS-365C LED light source, and (c¢) Emerson detector.

3.2.3 Ensuring reproducible HER experiments
The efficiency of the reaction was significantly influenced by the following factors:

e Higher purging rates resulted in the adhesion of photocatalyst suspension particles to the
reactor walls, preventing their exposure to the light source and consequently diminish-
ing their contribution to the overall hydrogen production. Consequently, I deliberately
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maintained a lower purging rate, allowing for an extended purging duration to effectively
eliminate air dissolved in suspension and in the headspace.

The syringe used for the manual injection of hydrogen from the reactor to the sample
compartment of GC was meticulously cleaned by repetitive flushing of Argon to prevent
any moisture from entering the column thereby mitigating any potential interference with
the quantification of hydrogen.

The light-sensitive components of the photocatalytic reaction were promptly prepared
and handled in the dark to prevent potential degradation.

The power efficiency of the light sources used fluctuates over time. Therefore, the power
of the lamps was monitored every two months to maintain identical reaction conditions.
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Results and discussion

This thesis is presented in a cumulative form and includes four peer-reviewed articles reprinted
with the permission of respective journals.® " The contributed articles are listed as follows:

Article #1:

"Thiomolybdate Clusters: from Homogeneous Catalysis to Heterogenization and
Active Sites"

Samar Batool, Marcel Langer, Stephen Nagaraju Myakala, Magdalena Heiland, Dominik
Eder, Carsten Streb, Alezey Cherevan

Advanced Materials, 2023, 2305730
DOI: https://doi.org/10.1002/adma.202305750

Article #2:

"Ni;o tetracubane cores with slow relaxation of magnetization and efficient charge
utilization for photocatalytic hydrogen evolution”

Elias Tanuhadi, Joan Cano, Samar Batool, Alexey Cherevan, Dominik Eder, Annette Rompel

J. Mater. Chem. C, 2022, 10, 17048-17052
DOI: https://doi.org/10.1039/D2TC03508A

Article #3:

"Surface Anchoring and Active Sites of [MosS;3]°~ Clusters as Co-Catalysts for
Photocatalytic Hydrogen FEvolution"

Samar Batool, Sreejith P. Nandan, Stephen Nagaraju Myakala, Ashwene Rajagopal, Jasmin
S. Schubert, Pablo Ayala, Shaghayegh Naghdi, Hikaru Saito, Johannes Bernardi, Carsten
Streb, Alexey Cherevan, Dominik Eder

ACS Catalysis, 2022, 12, 11, 66416650
DOI: hittps://doi.org/10.1021 /acscatal. 2¢00972

Article #4:

"Thiomolybdate Cluster for Visible-Light Driven Hydrogen FEvolution:
Comparison of Homogeneous and Heterogeneous Approaches"
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Da Silva, Cliudia G. Silva, Joaquim L. Faria, Dominik Eder, Alexey Cherevan

Sustainable Energy & Fuels, Accepted
DOI: https://doi.org/10.1039/D3SE01658G

26



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.1 Summary of contributed articles

This thesis covers four distinct articles showcasing the research work of my PhD. The funda-
mental concept of these articles is based on the synthesis of structurally well-defined molecular
clusters and the investigation of their performance as catalysts/co-catalysts toward the hy-
drogen evolution reaction (HER) in homogeneous and heterogenized states, to bridge the gap
between homogeneous and heterogeneous photocatalysis. Article #1 serves as a broad literature
review and highlights the well-known examples from the literature employing thiomolybdates
for electro- and photocatalytic hydrogen evolution reaction. These studies investigate the ac-
tive sites involved in the hydrogen evolution reaction to elucidate the correlation between the
structure of the catalyst and the activity. The individual sections of the review explain the
performance parameters of thiomolybdates in the solution phase and surface-supported. It is
demonstrated that the thiomolybdate active sites taking part in the hydrogen evolution reac-
tion depend on the state of the catalyst and the reaction conditions. Therefore, theoretical
and experimental studies reported that these active sites govern the catalyst stability, reaction
kinetics, and energetics. Furthermore, this review outlines the studies that explore the heterog-
enization of thiomolybdates on different substrates to unravel the role of catalyst-support inter-
actions, their stability after anchoring and during catalysis and to examine their performance
for electrocatalytic and photocatalytic HER. This review provides a deeper understanding of
thiomolybdates in terms of their structural aspects, stability, reactivity, active sites, and their
heterogenization strategies.

This thesis aims to combine the homogeneous and heterogeneous approaches to develop
advanced photosystems. It was, therefore, crucial to study both systems experimentally to
identify their advantages and limitations. Hence, in article #2, I use two novel Ni-based (TBA
salts of NijoW3o and NijsWy7) polyoxometalates (POMs) as molecular catalysts for visible-light-
driven hydrogen evolution reaction under absolute homogeneous conditions. The photocatalytic
system consisted of Ni-POMs as catalysts, |Ir(dtbbpy)(ppy)2] " as the photosensitizer (PS), tri-
ethanolamine (TEOA) as an electron donor and 11:33:4 vol% CH3;CN/DMF /H,0 as a solvent
mixture (figure 4.1a). I investigate the concentration-dependent hydrogen evolution perfor-
mance of the two Ni-POMs and show that hydrogen production increases with the increase in
catalyst concentration. The hydrogen evolution performance of these Ni-POMs is compared
to the structurally identical Ni-based HER catalyst-tetra-nickel polyoxotungstate NiyWg un-
der similar reaction conditions. Overall, both the novel Ni-POMs surpass the HER activity
produced by the benchmark NiyWig catalyst. In this context, the quantum yield of our novel
NijuW3g and NijpaWor POMs is 10.42% and 8.36% which greatly exceed the previously reported
benchmark NiyWig catalyst. However, the overall hydrogen produced is higher for NijoW3sq
POM possibly due to the greater number of cubane cores directly linked to improved HER
efficiency. This suggests that our Ni-POMs are the fastest and the most efficient Ni-based
POMs reported so far for hydrogen evolution reaction. Post-catalytic IR, TXRF, and reloading
studies account for their stability and show that the Ni-POMs are structurally intact and recy-
clable. Photoluminescence spectroscopy suggests that both oxidative and reductive quenching
mechanisms are possible as the quenching constant calculated for Ni-POMs is higher than the
sacrificial donor TEOA. However, due to the much higher concentration of TEOA used as com-
pared to the catalyst under turnover conditions, a reductive quenching mechanism is proposed
for the photocatalytic system under investigation. It is noteworthy that despite the stability of
the Ni-POMs, the use of degradable organic photosensitizer causes the photosystem to reach
saturation which makes it highly unstable. Furthermore, the recovery of the catalyst is quite
challenging in homogeneous systems. Therefore, it is required to use an inorganic solid-state
oxide material that acts as a support for the catalyst and stabilizes it. Additionally, there is
no need for an external photosensitizer and the catalyst can be recovered conveniently.
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Therefore, in article #3, I combine the advantages of homogeneous and heterogeneous sys-
tems by the deposition of molecular [MosS3|>~ (Mos) clusters onto titania (TiO,) nanoparticles
(Mo3/TiO,) to develop an all inorganic highly stable photosystem for the application of pho-
tocatalytic hydrogen evolution reaction (figure 4.1b). It is demonstrated that the clusters
strongly bind to the TiO, surface by the loss of terminal disulfide ligands, establishing a Mo-
O-Ti covalent linkage with the hydroxide moieties of TiO, surface. It is further shown that
loading different amounts of Mos clusters reached a saturation point at 9 wt.% suggesting a
surface-limited adsorption. The Mogs cluster, when tested for hydrogen evolution reaction, is
proved to be a highly active and stable cocatalyst and its activity is not far from the bench-
mark platinum cocatalyst. The optimal HER performance is achieved at 2 wt.% loading due to
the efficient hole scavenging by the sacrificial donor at lower loadings. Thermal treatments of
Mos/TiO5 show that the oxidation of ligands under an oxygen atmosphere and the structural
transformation under a nitrogen atmosphere greatly reduce the HER performance. On account
of these results, it is evident that the structural integrity of the Mos cluster and the presence
of disulfide ligands in its original configuration are the crucial factors affecting the efficiency
of reaction. Since most of the terminal disulfide ligands are lost while anchoring, we suggest
that the bridging disulfide ligands and the uncoordinated Mo centers are the probable active
sites. This study acts as a model system to explore other photosystems employing visible light
absorbing supports for photocatalytic hydrogen evolution reaction.

Therefore, in my next project, I aim to utilize such supports to design a heterogeneous
photosystem that can be compared directly to the homogeneous system under similar reaction
conditions (figure 4.1c). For this reason, in article #4, I utilize graphitic carbon nitride (GCN)
as a visible light photosensitizer that is able to bind Mog cluster via electrostatic interaction. I
compare the stability, activity, and HER performance of the supported Mos clusters to its ho-
mogeneous analog containing [Ru(bpy)s]* " photosensitizer (Mos/Ru). The hydrogen evolution
reaction conditions of both the photosystems are optimized using different solvents, sacrificial
donors, and Mog loading/concentration. This work demonstrates that the use of solvent and
sacrificial donor is critical in Moz/Ru system. We know from the literature that Mos/Ru all
the active sites of the cluster are exploited for the hydrogen evolution reaction. However, in
Moz /GCN, the maximum loading achieved on GCN surface is 3.9 wt% providing a limited
number of catalytic sites to reduce protons. Thus, the HER activity of Mos/GCN photosystem
is shown to be dependent on the number of catalytic sites present on the GCN surface. These
catalytic sites can be surged by loading more clusters onto GCN surface. This is achieved
by the protonation of GCN surface (H-GCN) which in turn improves the loading of clusters.
The turnover numbers for Mos/GCN and Mos/H-GCN are identical (0.237 min ' and 0.221
min~ ! using TEOA sacrificial donor) suggesting that the extraction of charge from GCN is not
restricted by the kinetics of interfacial charge transfer from Mos to GCN. Overall, both the
photosystems demonstrate similar turnover numbers per thiomolybdate cluster (TOFyo3/R4 is
0.065 min ' and TOFy,3 saen is 0.062 minfl) under identical reaction conditions. I further
show that the stability of the homogeneous Mos,/Ru system is compromised over time due to the
potential degradation of the Ru-dye. On the contrary, the Mos/GCN system retains its activity
over time displaying high stability. Photoluminescence quenching experiments further affirm
that the nature of available catalytic sites does not limit the performance of the Moz /GCN pho-
tosystem, but rather may be limited by the surface area of support and the inefficient charge
separation.

Overall, in this dissertation, I present a novel strategy to overcome the limitations of homo-
geneous and heterogeneous photocatalysis by using metal chalcogenide-based molecular clusters
as catalysts/co-catalysts along with light-absorbing functional substrates. My Ph.D. research
delves into a comprehensive exploration of the structure-activity relationship, HER perfor-
mance, identification of active sites, and the underlying mechanism. The outcomes of this

28



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m 3ibliothek,
Your knowledge hub

Figure 4.1: Summary of the thesis: a) homogeneous photosystem, b) combination of homogeneous and
heterogeneous photocatalytic approaches, ¢) comparison of homogeneous and heterogeneous photosys-
tems.

thesis lay the foundation to design an analogous photosystem integrating molecular clusters
and solid-state materials for visible-light-driven hydrogen evolution reaction and other applica-
tions in the realm of solar fuels.
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4.2 Published articles

4.2.1 Article #1

"Thiomolybdate Clusters: from Homogeneous Catalysis to Heterogenization and
Active Sites"

Samar Batool, Marcel Langer, Stephen Nagaraju Myakala, Magdalena Heiland, Dominik
Eder, Carsten Streb, Alexey Cherevan

Advanced Materials, 2023, 2305730
DOI: https://doi.org/10.1002/adma.202305730

My contributions as a first author to this collaborative review article encompass the summary
of prominent examples of thiomolybdate-based catalysis along with the comprehensive analysis
of their reactivity, active sites, and structure-activity relationship in the context of the hydro-
gen evolution reaction, both in homogeneous and heterogeneous conditions.

Reprinted with permission from the Advanced Materials®®
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Thiomolybdate Clusters: From Homogeneous Catalysis to

Heterogenization and Active Sites

Samar Batool, Marcel Langer, Stephen Nagaraju Myakala, Magdalena Heiland,

Dominik Eder, Carsten Streb,* and Alexey Cherevan*

Thiomolybdates are molecular molybdenum-sulfide clusters formed from Mo
centers and sulfur-based ligands. For decades, they have attracted the interest
of synthetic chemists due to their unique structures and their relevance in

gas emissions and climate change. The con-
tinuously increasing energy demand poses
massive challenges for the global econ-
omy and underlines the need to transi-

biological systems, e.g., as reactive sites in enzymes. More recently,
thiomolybdates are explored from the catalytic point of view and applied as
homogeneous and molecular mimics of heterogeneous molybdenum sulfide

catalysts. This review summarizes prominent examples of

thiomolybdate-based electro- and photocatalysis and provides a
comprehensive analysis of their reactivities under homogeneous and
heterogenized conditions. Active sites of thiomolybdates relevant for the
hydrogen evolution reaction are examined, aiming to shed light on the link
between cluster structure and performance. The shift from solution-phase to
surface-supported thiomolybdates is discussed with a focus on applications
in electrocatalysis and photocatalysis. The outlook highlights current trends
and emerging areas of thiomolybdate research, ending with a summary of
challenges and key takeaway messages based on the state-of-the-art research.

1. Introduction

Extraction, processing, and combustion of fossil fuels are the cor-
nerstones of our modern global economy. However, fossil feed-
stocks are finite, and their use is the main driver of greenhouse
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tion from fossil to renewable energy sys-
tems. One promising alternative fuel is hy-
drogen (H,) as it has a high gravimet-
ric energy density and can be produced
from water by chemical, photochemical,
and electrochemical means. However, tra-
ditional methods of H, production, such
as steam reforming, need to be replaced
with sustainable technologies including wa-
ter electrolysis or photocatalysis, which en-
able the direct production of “green”, sus-
tainable H, using renewable energy. Thus,
the development of efficient and robust
catalytic systems for the splitting of wa-
ter is one of the grand current challenges
in chemistry. Cooperative and interdisci-
plinary research efforts are required to de-
sign earth-abundant and high-performance
electro- and photocatalysts able to perform
the hydrogen evolution reaction (HER) with high efficiency, se-
lectivity, and stability.

HER involves the proton-coupled transfer of two electrons and
occurs in two steps. The first step of HER is the Volmer reaction,
which involves electron transfer to adsorbed H* ions to form
hydrogen intermediates (H*) bound to the catalyst. After this,
the formation of molecular H, can occur via two reaction path-
ways, depending on the surface coverage of H*. If the surface
coverage is low, the H, formation will proceed by electrochemi-
cal hydrogen desorption—termed as Heyrovsky reaction—where
a proton-coupled electron transfer (PCET) results in the forma-
tion and release of H, (Scheme 1a). In contrast, if the surface
coverage of H* is high, this second step proceeds via the Tafel
reaction, where two neighboring surface-bound hydrogen atoms
H* are coupled to give dihydrogen (Scheme 1b). Independent of
the reaction mechanism, it is evident that H* is involved in all
reaction steps, hence the Gibbs free energy of hydrogen adsorp-
tion (AGyy) becomes an important indicator for an efficient HER
catalyst. As postulated in the Sabatier principle,l!l and practically
demonstrated by Nerskov et al.[>3] the bonding strength between
the catalyst surface and hydrogen atoms should neither be too
weak nor too strong, implying that optimal bonding is a key to
achieving optimized HER rates.

Many compounds have demonstrated HER activity, includ-
ing noble metals, metal oxides, nitrides, and sulfides.[*! In this

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Scheme 1. Simplified HER pathways taking place under acidic conditions. a) Volmer—Heyrovsky mechanism in which H, formation proceeds via PCET
and electrochemical desorption steps, b) Volmer—Tafel mechanism in which two surface-adsorbed hydrogen atoms (H*) recombine to form H,.

respect, molybdenum sulfides (MoS,) have emerged as promis-
ing earth-abundant alternatives to the state-of-the-art Pt HER cat-
alysts. MoS,-based catalysts are long known as a class of indus-
trial catalysts widely used in the world for petroleum refining
processes such as hydrodesulfurization (HDS), hydrodeoxygena-
tion (HDO), and hydrodemetallization (HDM) reactions.>] Im-
portantly, these processes share the dihydrogen activation steps
required for the following hydrogenation or hydrogenolysis re-
actions, which highlights the H, activation reactivity of MoS,
with relevance for HER. Despite these widespread commercial
applications of MoS,-based catalysts, early experiments using
bulk crystalline MoS, revealed poor HER performance.[®] How-
ever, later studies showed that nanostructuring of MoS, results
in HER activity levels approaching those of Pt.”] Also, amor-
phous molybdenum sulfides (a-MoS,) as well as nonstoichio-
metric molybdenum sulfides (MoS,_,) have been shown to ex-
hibit suitable hydrogen adsorption centers and promising HER
performance.®] The demonstration that edge-sites of MoS,
sheets are likely HER active sites!!% triggered further interest in
thiomolybdate clusters, which can be seen as molecular analogs
of MoS,. Their well-defined molecular structure and composi-
tion make it possible to probe their active centers and study
their (de)activation pathways, ultimately delivering atomistic in-
sights on the performance of a variety of MoS,-based catalysts.
This is nicely exemplified by early developments in inorganic
molecular thiochemistry, which were stimulated by the needs of
the petrochemical industries. In this context, molecular transi-
tion metal sulfides have been studied to gain insights into reac-
tions that occur on the surfaces of heterogeneous catalysts. These
studies involve the investigation of model feedstock molecules
and the activation of dihydrogen with transition metal sulfur
sites, shedding light on potential modes of binding for H, and
thiophenes.[!]

Research progress in thiomolybdate HER activity until 2018
has been summarized by Streb and colleagues in their re-
cent review.'?l The authors pointed out that thiomolybdates
can act as models for two proposed active site mechanisms.
The “sulfide/disulfide” mechanism proceeds via a Volmer—
Heyrovsky process based on protonated sulfide/disulfide ligands.
The “molybdenum hydride” mechanism proceeds via the forma-
tion of a MoV—H moiety, so that Mo-centered redox processes
are involved in the hydrogen evolution.[*] It was pointed out that
careful design of thiomolybdate complexes can provide crucial in-
formation on the active sites and limitations of MoS-based HER
catalysis.
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Previous reviews and book chapters have already provided a
systematic look into the structure and synthesis of thiomolyb-
dates and related inorganic compounds,* ¢! described method-
ologies that have been used to construct oxothiometalate-based
materials!'”'®] and reviewed early application of transition-metal
complexes with sulfide ligand and thiomolybdate clusters in
catalysisl’! and petrochemical industry.5] This progress re-
port will put a particular focus on the latest developments in
thiomolybdate-based electro- and photocatalysts, especially with
regard to combined experimental and theoretical studies to shed
light on reaction mechanisms, active sites, and possible degra-
dation and repair paths, as well as emerging strategies for het-
erogenization on functional substrates. Section 2 will introduce
thiomolybdates from the perspective of their origin, structural
variety and highlight some of the recent developments. Sec-
tion 3.1 will provide a comprehensive look into the catalytic
properties of thiomolybdates under homogeneous conditions
in solution. Section 3.2 will examine state-of-the-art research
related to the identification of active sites of molecularly dis-
solved and surface-supported thiomolybdate clusters. Section 4.1
will explore a variety of thiomolybdate compounds, including
[Mo,S,,]*", [Mo;S,5]*~ [Mo;S,]**, their analogs and derivatives,
as HER electrocatalysts and will provide insights into the activ-
ity comparisons of the clusters compared to other MoS,-based
nanostructures. Section 4.2 will document the successful imple-
mentation of basic thiomolybdate clusters as HER co-catalysts by
combining them with a range of oxide, nitride, sulfide, and mi-
croporous supports exhibiting inorganic, organic as well as hy-
brid nature. Section 5 will provide a short summary of our find-
ings and present our broad outlook aiming to provide directions
for the future research.

1.1. Thiometalates: Structure and Recent Developments

Pioneering work in the field of (poly)thiometalates—all-inorganic
molecular metal sulfide clusters formed by several metal centers
and sulfur-containing ligands—was in part inspired by bioinor-
ganic studies of the enzymes nitrogenase and hydrogenase,
where metal sulfide clusters were identified as active sites.[2021]
This insight has triggered major research into the design of
artificial, biomimetic analogs.[?2%] In ground-breaking studies
in the late 1970s, Miiller and co-workers reported the structure
and characterization of the two prototype anions [MoV,S,,]*~
(Mo,)?”] and [Mo'V;S,;]*~ (Mo;)[?%] as the respective ammonium
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Figure 1. Structure illustrations of the thiomolybdate compounds described in this Review.

salts. Both clusters are formed by reduction of Mo"!' precur-
sors (originally, ammonium heptamolybdate, (NH,)s[Mo,0,,])
in (poly)sulfide-containing aqueous solutions resulting in the iso-
lation of crystalline products. As shown in Figure 1 (left), MoV!V
centers in both thiomolybdate anions are coordinated by ter-
minal and bridging disulfide (S,27) ligands, however, the Mo,
cluster also contains an apical p;-S*~ ligand, which has been
shown to allow initial Mo, dimerization and stacking on the way
to its thermal transformation to the hexagonal MoS, lattice.[?]
Several extensive reviews published soon after this initial work
provide a comprehensive overview of the synthesis, structural
archetypes, electronic configurations, and spectroscopic charac-
teristics of these and similar anionic clusters, in particular with a
focus on their relevance as bioinspired models for the active sites
of nitrogenase and hydrogenase enzymes.3%3!]

Although Mo, and Mo, can be seen as major representa-
tives of prototypical all-inorganic thiomolybdates, several other
groups of Mo-S-related molecular clusters and compounds are
of high relevance to this review. As such, thiomolybdates can
be modified to introduce O-containing ligands, leading to a
larger group of oxothiometalate clusters (Figure 1, right).32!
On the other hand, stable thiometalates with structurally sim-
ilar tungsten cores, such as [W,0,Sg]* or [W,;Sy]*,323] can
be studied to gain deeper understanding of the roles of sul-
fide/disulfide ligands and metal centers on structural and cat-
alytic aspects of such clusters. In recent years, studies in thiomet-
alate chemistry have moved from individual molecules to ex-
tended structures, so that 1D chains,**] metal-organic frame-
works (MOFs),1®] and coordination polymers®*®! with exciting
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reactivity have been reported. This opens new avenues to the
design and implementation of more complex thiomolybdate
(nano)structures.

Although thiomolybdates and their derivatives have been long-
known in the literature, the main interest was initially focused
on their synthesis, structure, principal chemistry, and bioinor-
ganic relevance. The in-depth study of their hydrogen evolution
activity was only triggered in 2008, when Chorkendorff and col-
leagues reported the electrochemical HER activity of the cubane-
type [Mo; S, (H,0),]**.13738] These groundbreaking studies have
now led to a plethora of research activities, both in homogeneous
and heterogeneous catalysis.

2. Catalytic Performance and Active Sites

In this section, we will explore the catalytic performance of pro-
totype thiomolybdates and their derivatives under homogeneous
conditions and when deposited as molecular species on heteroge-
neous supports and discuss proposed active sites of these species.
Molecular thiomolybdate systems are ideally suited to deploy a
wide range of modern analytical methods, including in situ and
operando spectroscopies, to gain atomic-level understanding of
active species, reaction mechanisms, and degradation pathways.
Over the last decade, pioneering mechanistic studies have uti-
lized thiomolybdates as molecular models able to shed light on
the underlying processes which govern reactivity and stability of
these and more complex molybdenum sulfide-based nanostruc-
tures. Most of these studies were focused on electrochemical or
light-driven catalysis by the prototype Mo, cluster (Figure 1, left).
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Figure 2. Catalytic performance under homogeneous conditions. a) Effect of solvent mixtures on light-driven HER: turnover numbers (TONSs, left) and
turnover frequencies (TOFs, center) during HER catalysis indicate faster deactivation of Mo; in aqueous conditions and suggest exchange of ligands
followed by in situ generation of a catalytically more active species, also confirmed with in situ Raman spectroscopy (right). b) Schematic of disulfide
ligand exchange with water ligands. ) Conversion of {Mo3S;}-core to {Mo;S,}-core containing clusters. R: methyl, ethyl, i-butyl, benzyl. (a,b) Reproduced
with permission.[*?] Copyright 2018, Royal Society of Chemistry. (c) Adapted with permission.[*] Copyright 2019, American Chemical Society.

In the following, we will explore the principal HER reactivity of
thiomolybdates in Section 3.1, while active site insights will be
discussed in Section 3.2.

2.1. Catalytic Properties

In 2018, the groups of Min/*! and Streb*’! independently re-
ported the first studies into the light-driven HER by Mo, under
homogeneous conditions. Both groups observed high catalytic
activity when combining Mo, with [Ru(bpy);]*" as a photosensi-
tizer (PS) and provided initial mechanistic understanding of the
catalyst deactivation. Theoretical modeling of the HER process
was used to rationalize the experimental data.

Streb and co-workers focused on understanding the struc-
tural changes and deactivation pathways of Mo;. The group used
Raman spectroscopy to propose the exchange of the terminal
disulfide ligands of Mo, by water ligands when operating in
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methanol/water (MeOH/H,O) mixtures (Figure 2a,b). Catalytic
analyses and theoretical calculations indicated that the result-
ing Mos-derivatives have different HER activity, depending on
the number of water ligands. This insight was used to optimize
the water content of the reaction mixture, so that the most ac-
tive species were stabilized, leading to turnover numbers (TONs)
> 20000. The group also observed decreasing TONs with in-
creasing Mo, concentration, which was assigned to ion pair-
ing and colloid formation by aggregation of the anionic Mo,
with the cationic PS [Ru(bpy);]**. In a follow-up study using the
Mo, /[Ru(bpy);]** /ascorbic acid solutions, the authors reported
an unusual effect of ammonium ions (NH,*) in enhancing
the overall HER performance of the photosystem.[*!] The au-
thors performed a range of mechanistic studies and suggested
that NH,* is capable of increasing the lifetime of the photo-
sensitizer excited state. Other contributions, including hydro-
gen bonding or proton management during HER, were also dis-
cussed, and the effect was demonstrated to be more general and
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relevant to other PS, HER-catalysts, solvents, and sacrificial elec-
tron donors.

At the same time, Min and co-workers analyzed the effects of
varying reaction parameters on the catalytic activity of Mo, in-
cluding catalyst and photosensitizer concentration and their mo-
lar ratio. The authors also screened commonly used sacrificial
electron donors such as organic amines or organic carboxylic
acids. The highest light-driven HER activity was observed for
ascorbic acid, which the authors explained by its dual function
as proton and electron donor. Also, the authors reported that ex-
change of the original PS [Ru(bpy),]** with the organic dye Eosin
Y resulted in a complete loss of HER activity, possibly due to weak
excited-state interactions of the PS and ascorbic acid, so that no
electron transfer between the species occurs. Emission quench-
ing studies demonstrated that ascorbic acid acts as a reductive
quencher, while Mo, acts as an oxidative quencher for the excited
state of [Ru(bpy);]**. In a subsequent study, Min and co-workers
combined Mo, with the polyoxometalate (POM) [H,SiW;,0,,] as
a UV-active photosensitizer.*?] In the presence of ethanol as a
sacrificial agent, and under irradiation with UV light, the POM
forms a two-electron-reduced species capable of electron transfer
to Mo;. Sustained hydrogen evolution over periods of 40 h with
maximum TONs of~6900 was reported for this molecular pho-
tosystem.

[Mo,S,]*~ (Mo,) is a smaller pure thiomolybdate cluster struc-
turally closely related to Mo, (Figure 1, left). Streb and co-workers
explored the light-driven homogeneous HER of this complex!*!
when combined with a PS and a sacrificial electron/proton donor.
The group observed that catalyst reactivity is highly dependent
on the solvent mixture used. Lower HER activity compared with
Mo, was reported, with TONs » 1600. Notably, Mo, shows the
highest activity in pure methanol, and HER activity decreases
with increasing water content of the solvent. This was rational-
ized by emission quenching studies which showed that increas-
ing solvent water content leads to a less effective quenching of
the [Ru(bpy);]** PS by Mo,. The authors did not observe the ex-
change of the terminal disulfide ligands of Mo, under reaction
conditions, which had been described as a major deactivation
path for the reference Mo, cluster. Analysis of the main reasons
for the loss of catalytic activity (studied after ca. 6 h of irradiation)
showed significant PS degradation, so the addition of a second
PS aliquot after the initial irradiation period could be used to re-
establish HER activity. These early results emphasize the need
for replacing molecular photosensitizers with more redox-stable
absorbers—a strategy that will be discussed in Section 3.3.

In addition to studies using pure thiomolybdates such as Mo,
and Mo, other thiomolybdate derivatives have been explored un-
der homogeneous conditions. Donahue, Schmehl and colleagues
investigated the light-driven HER activity for dithiocarbamate-
functionalized Mo, (Figure 1, left).**] In these systems, the
{Mo;S,}-core of native Mo, is retained, while the terminal disul-
fides are substituted by dithiocarbamate ligands, e.g., diethyl
dithiocarbamate, NEt,CS,”. The authors used MALDI mass
spectrometry to gain understanding of structural changes dur-
ing catalysis. Within a few minutes of irradiation, the original
species [Mo, S, (S,CNE,);]* (Figure 1, left) disappears and a new
species, [Mo,;S,(S,CNEt,),]" arises. The authors propose that this
new species is formed from the original cluster by exchange of
the bridging disulfide ligands (S,%") with sulfide ligands (S?7), so
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that under catalytic conditions, [Mo;S,(S,CNEt,);]" acts as pre-
catalyst, forming [Mo;S,(S,CNEt,),]* as the initial HER-active
species. During catalysis, further speciation is observed, includ-
ing the formation of dimeric species where a [Mo, S, (S,CNEt,);]*
and a [Mo,;S,(S,CNEt,);]* moiety are linked by a bridging sul-
fide ligand (Figure 2c). This observation is further evidence of the
highly dynamic behavior and coordination chemistry of organo-
functionalized thiomolybdates, which has been previously dis-
cussed for the parent Mo, (vide supra).[*0]

In a related study, Cadot and co-workers used the {Mo, S, }-core
as an HER-active site for homogeneous, light-driven hydrogen
evolution.[*! The authors stabilized two [Mo;S,(H,0),(u-OH)**
species with two [PW;;05,]®~ polyoxometalate clusters (Figure 1,
middle), and reported the light-driven homogeneous HER of this
compound using an Ir-based PS and triethanolamine as sac-
rificial electron donor. The authors showed that the covalent—
coordinate linkage between thiomolybdate and polyoxometalate
is required for high HER activity, while physical mixtures of both
components only result in low hydrogen evolution. Mechanistic
studies based on steady-state and time-resolved optical absorp-
tion and emission spectroscopies suggested that the Ir-based PS
is reductively quenched by the electron donor and can subse-
quently transfer electrons to the catalyst at a high rate. Notably,
high catalyst concentrations led to decreasing HER activity. The
authors propose that the Mo;-derived catalyst can absorb signif-
icant amounts of the incident photons, leading to overall sup-
pressed rates of light-driven HER.

These studies document the intrinsic reactivity of a variety of
thiomolybdate species towards light-driven HER under strictly
homogeneous conditions and provide initial molecular-level in-
sights about their activity and stability. The following chapter
will examine mechanistic insights on the type of active sites in
thiomolybdate HER catalysts.

2.2. Identification of Active Sites in Thiomolybdates

Mechanistic studies on amorphous materials are notoriously
challenging due to a lack of information on the material structure
at the atomic level, as well as the possible presence of multiple re-
active sites. However, identifying the active site and rationalizing
the resulting HER mechanism are critical for advancing catalyst
development, as the nature of the active site is a key factor that
determines the energetics, kinetics, and stability of a catalyst.

The study of thiomolybdate clusters as molecular models for
a-MoS, catalysts was fueled by a pioneering study by Tran, Artero
and colleagues, who proposed that a-MoS, with high HER ac-
tivity is composed of polymeric chains of Mo,.*¢! This report
has led to massive interest in exploring thiomolybdate reactiv-
ity and rationalizing HER mechanisms along with the nature of
the active sites in molybdenum sulfide hydrogen evolving cata-
lysts. However, even for molecularly well-defined systems such
as thiomolybdates, identification of catalytically active sites is not
straightforward, as active sites can depend on the reaction con-
ditions applied (e.g., photochemical versus electrochemical pro-
cesses, type of solvent, pH value, etc.).

In addition, it has been reported that thiomolybdates show
highly dynamic behavior and undergo ligand exchange under
typical catalytic conditions, so that different species can be
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present and the catalyst composition can change as a function
of time (vide infra). As a result, different reactivity mechanisms
are currently described in the literature based on experimental
methods (e.g., spectroscopic investigations), theoretical calcula-
tions (e.g., DFT studies) and combinations of both. In the follow-
ing section, we will discuss recent findings and summarize the
current understanding of HER mechanisms and active sites in
thiomolybdates. In addition, the summary presented in Table 1
aims at correlating catalyst type, experimental condition and pro-
posed active site.

2.2.1. Sulfide/Disulfide Mechanisms

Experimental and theoretical evidence highlighting the impor-
tance of the disulfide ligands were reported by Fantauzzi, Jacob,
Streb and colleagues, who studied the light-driven HER using
Mo, as a catalyst.[*) The authors showed that under catalytic con-
ditions in the presence of water, partial or complete exchange of
terminal disulfide ligands with water ligands leads to several Mo,
derivatives (which can be described as [Mo;S;;_,(H,0),]%%)7)
that coexist in the reaction solution (Figure 2b). Experimental and
theoretical analyses indicated that the number of water ligands
in such a cluster controls the HER activity: while the fully ex-
changed species [Mo; S, (H,0)¢]** showed only marginal HER ac-
tivity, Mo;-core surrounded by a mixture of terminal disulfide and
water ligands showed the highest reactivity. The introduction of
terminal halide ligands also resulted in species with low HER ac-
tivity. The study further used DFT calculations to explore the en-
ergetics of hydrogen evolution on the different water-substituted
Mo, species. The authors concluded that the energetics of the
Volmer step for hydrogen adsorption at bridging disulfide lig-
ands and for forming Mo-hydride species are similar, suggest-
ing that both mechanistic paths are energetically feasible. These
results could be interpreted as a first theoretical indication that
Mo, species are capable of undergoing sulfide/disulfide as well
as molybdenum hydride mechanisms in HER catalysis Section
3.

Supporting evidence for a terminal disulfide ligand exchange
mechanism was reported by Oné¢dk and co-workers.*’] The
groups combined mass spectrometric collision-induced disso-
ciation (CID) experiments with theoretical DFT calculations to
examine possible paths to Mo; HER activity. The authors ob-
served that even under low energy CID conditions, a range of
sulfur/sulfide fragments could be generated from Mo;. The au-
thors also note that the Mo;-based species created by CID show
high reactivity with water, as observed by the formation of oxoth-
iomolybdates as secondary species. As the mass spectrometric
analyses did not allow unambiguous assignment of the type of
sulfide ligands removed, the authors performed a subsequent
study employing Mo, derivatives where all terminal disulfides
were replaced by halides (chloride, bromide, and iodide). Gas-
phase fragmentation studies showed that loss of the terminal
halides is the energetically most feasible fragmentation route,
lending further support to the concept of preferred exchange at
the terminal ligand sites.[*®! In a follow-up work, On&ak and col-
leagues further linked thermochemical data calculated by DFT
to experimental Fourier-transform ion-cyclotron resonance mass
spectrometry (FT-ICR MS) and infrared multiple photon dissoci-
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ation (IRMPD) spectroscopy data measured for a singly proto-
nated [HMo,S,,]~ species.*] The authors reported that under
their conditions (in the gas phase), only the Mo;-based species
with a singly protonated terminal disulfide ligand is observed.
Calculations show that this species is thermochemically signifi-
cantly more stable (by more than 1 eV) compared with Mo, iso-
mers where protonation occurs on the bridging disulfide or the
apical sulfide position (Figure 3b). This study, therefore, suggests
that protonated terminal disulfides are key HER intermediates.
However, the authors also point out that these gas-phase stud-
ies cannot be directly compared with solution analyses, as many
effects in the condensed phase can impact the stability and for-
mation pathways of the intermediate and catalytic species.

In contrast to this series of studies focusing on terminal
disulfide-based HER reactivity for thiomolybdate-derived cata-
lysts, Joh and colleagues proposed that bridging sulfur ligands
play a key role as HER active sites in heterogeneous systems ac-
cessed by thermal treatment of Mo;.>%l The authors used a com-
bination of thermogravimetric analysis (TGA) and X-ray photo-
electron spectroscopy (XPS) to link weight loss under heating to
changes of the deconvoluted sulfur XPS signal to differentiate
between apical/bridging and terminal sulfur positions. The au-
thors propose that upon heating, first the apical sulfide ligand
is removed, followed by the loss of the bridging ligands. Cat-
alytic analyses of the resulting materials (supported on carbon
nanotubes [CNTs]) showed that higher thermal treatment leads
to lower electrocatalytic HER activity. However, further studies
are required to fully appreciate the impact of sulfur removal ver-
sus structural/morphological changes caused by the heat treat-
ment. Careful electrochemical studies, e.g., using electrochem-
ical impedance spectroscopy or electrochemically active surface
area determinations, could help to shed light on this intriguing
result.

Very recently, Cherevan and colleagues reported a one-step
deposition of Mo, on TiO, particles for light-driven HER. The
authors assigned the stable attachment to the formation of
Mo—O—Ti bonds accompanied by the loss of most of the termi-
nal disulfide ligands of Mo,.’! Using XPS and thermal analyses
together with pre- and postcatalytic materials comparison, the au-
thors concluded that molybdenum centers with vacant coordina-
tion sites, Mo-oxo species or bridging disulfides are likely HER-
active sites. In addition, the authors note that under catalytic con-
ditions, polymerization of individual Mo, species on the TiO, sur-
face is observed, highlighting that operando studies are required
to follow the temporal development of these catalysts as the reac-
tion progresses.

Yeo and co-workers used operando Raman spectroelectro-
chemistry to assess possible active sites in a-MoS, films syn-
thesized using Mos as precursor.*?! The group observed a char-
acteristic Raman signal assigned to the S—H stretching of a
Mo—S—H moiety. The assignment was supported by H/D iso-
tope labeling and DFT calculations. Furthermore, the authors did
not observe any Mo-hydride vibrations, which could be expected
for a molybdenum hydride HER mechanism. Following a simi-
lar approach, Park and colleagues emphasize the importance of
Mo=0 intermediates in HER catalysis for a-MoS, derived from
thiomolybdate chains.[3] The heterogeneous material was ob-
tained by simple polymerization of monomeric thiomolybdate
[MoS,]*~ species. Resonance Raman spectroscopy and extended
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Figure 3. Illustration of possible active sites in the thiomolybdate prototype Mos, and proposed mechanisms at these active sites.

X-ray absorption fine structure (EXAFS) analyses showed that
under catalytic conditions, formation of Mo(O), species (x =1, 2)
is observed. The authors suggest that both, the presence of these
Mo(O), species and the presence of Mo" units are important for
binding and stabilizing protons on the reactive Mo—S site. They
propose that the molybdenume-oxo groups could be responsible
for proton management, e.g., by stabilizing hydrogen-bound in-
termediates via hydrogen bonding and by facilitating hydrogen
atom transfer to the reactive disulfide ligands.

Chen and co-workers used the small Mo, thiomolybdate as
a model HER electrocatalyst by drop-casting Mo, on electrode
surfaces.’ The authors used DFT calculations to study the high
HER activity observed for Mo,. Their theoretical analyses show
a calculated Gibbs free energy for hydrogen atom adsorption to
the bridging disulfide ligands (—0.05 eV), which is close to the
thermoneutral optimum of 0 eV. Experimental electrochemistry
(Tafel slope analysis) and theoretical calculations both support
that H, formation proceeds via a Volmer—Heyrovsky mechanism,
while high activation barriers are calculated for the alternative
Volmer-Tafel mechanism (Figure 3a; Scheme 1).

2.2.2. Mo-Hydride Mechanisms

In contrast to these sulfur-based mechanisms, Tran et al. pro-
posed a Mo-based HER mechanism, based on electrochemistry,
resonance Raman spectroscopy, and electron paramagnetic res-
onance (EPR) spectroscopy as well as DFT calculations.[*] The
authors studied samples of Mo, as nanoparticles or a-MoS, films
deposited on electrodes. Based on their results, they propose that
under reductive electrochemical conditions, a pre-catalytic elec-
trochemical activation occurs where Mo!V centers with a vacant
coordination site are generated on Mo,. These Mo!V centers are
reported to represent the catalytically active site (Figure 3d). The-
oretical studies support the possibility of Mo'V-hydride moieties

Adv. Mater. 2023, 2305730 2305730 (8 of 22)

as active sites of Mo,-derived amorphous MoS, films. In addi-
tion, the authors reported that during HER electrocatalysis, res-
onance Raman data show that the signal intensity for bridging
disulfide ligands is reduced, and the signal for terminal disul-
fides is completely lost. Also, the apical sulfide ligand signal is
shifted, and the formation of Mo-oxide species is observed. Thus,
the authors suggest that the resulting amorphous materials are
best described by the formula MoS,, ...

Very recently, Bau et al. reported the presence of Mo hy-
dride species in Mos-derived a-MoS, deposited on electrode
surfaces.>] The authors report the observation of isotropic EPR
spectra, which can be interpreted as a Mo"'-H species formed by
electrochemical reduction starting from Mo!V-based amorphous
molybdenum sulfide. In-depth (in situ/operando) analyses, e.g.,
using X-ray absorption spectroscopy (XAS) methods are expected
to provide further evidence for this striking initial hypothesis.
The authors built on this work and proposed that Mo hydrides
play an important role in many molybdenum-based HER elec-
trocatalysts. Their hypothesis is based on experimental and the-
oretical analysis of a range of catalytic systems. The authors pro-
pose that (partial) oxidation of the Mo centers is a key deactivation
mechanism, since Mo'-oxo species are difficult to reduce to the
active Mo'!-centers, and oxo ligands also limit proton diffusion
to the Mo site.[>%]

2.2.3. Organo-Functionalized Thiomolybdate Derivatives

Research has also focused on systems beyond pure molybde-
num sulfides. In particular, modification of thiomolybdates with
organic ligands has been used to control reactivity. In pioneering
work, Appell et al. reported the electrocatalytic homogeneous
HER of binuclear [(CpMoS),S,CH,] and related species at
nearly 100% current efficiency and low overpotentials (Figure 1,
middle).’”] In mechanistic studies, the author team proposed
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that the rate-determining step appears to be the elimination
of dihydrogen which can occur via neighboring hydrosulfide
ligands or mixed hydrosulfido/Mo-hydride species.

Chang and co-workers explored the electrocatalytic homoge-
neous HER activity of the complex [(PYsMe,)Mo'V'S,]?* (PY;Me,
= 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine), which is a molecular
model for the terminal Mo-disulfide moiety (Figure 1, middle).5!
The authors observed that the complex can be reduced by at least
two electrons. In the presence of protons under reductive electro-
chemical conditions, a strong catalytic wave, and H, evolution at
nearly 100% Faradaic efficiency is observed. Voltammetric analy-
ses show that the first reduction of the complex is proton-coupled,
allowing the authors to propose that this process corresponds ei-
ther to the formation of a protonated, one-electron-reduced Mo-
disulfide species, or the breaking of a Mo—S bond between the
molybdenum center and the disulfide ligand. Notably, reference
experiments with the species [(PY;Me,)MoO]** where the disul-
fide ligand is replaced with a terminal oxo group show much
lower HER activity, highlighting the importance of the disulfide
ligand, either as an active site or as a modulator to facilitate re-
duction of the complex.

A different, elegant model system has been reported by
Wu and co-workers.[®*%1l The group developed a mononuclear
species, [Mo'VO(S,),L] (L = organic ligand, e.g., picolinate,>]
pyrimidine-2-carboxylate or 2,2’-bipyridine-derivatives!®®®!), as
an active-site model for a-MoS,. For the 2,2-bipyridine-derivative,
the authors propose an electrocatalytic Volmer-Heyrovsky type
HER mechanism, which proceeds by two-electron reduction and
protonation of a disulfide (to yield a sulfide, S*~ and a hydrosul-
fide, HS").l%! The hydrosulfide ligand acts as a “hydride” mimic
and reacts with a second proton in a Mo-oxo-mediated Heyrovsky
step, resulting in H, evolution and regeneration of the original
catalyst. In a subsequent study, the group demonstrated the im-
portance of the organic 2,2-bipyridine (bpy) ligand. Modification
of the electronic structure of the ligand by attaching electron do-
nating groups had a direct impact on the nucleophilicity of the
disulfide ligands on the Mo center. This, in turn, modulated the
protonation affinity of the disulfides, which affected the HER per-
formance. The authors also demonstrate that the disulfide lig-
ands are the redox-active sites in this system, while the molyb-
denum center retains its oxidation state (+IV) even under highly
reductive conditions. This could be explained by the presence of
the electronegative oxo ligand, which prevents further Mo reduc-
tion.

Schmehl and colleagues studied a Mo, derivative, in which
the three terminal disulfide ligands were selectively replaced with
organic dithiocarbamates (Figure 2¢).[** This model compound
is well suited to explore light-driven homogeneous HER activ-
ity in the absence of terminal disulfides. The authors used mass
spectrometry to follow changes in the catalyst composition under
turnover conditions and observed that the actual catalytic species
is formed by conversion of the bridging disulfides to sulfide lig-
ands. Catalyst “poisoning” experiments using strongly coordinat-
ing solvents such as DMF showed that at least one vacant co-
ordination site at a Mo center is required for HER to proceed.
Based on this observation and DFT calculations, the authors pro-
pose a species featuring a Mo'V hydride and adjacent bridging
hydrosulfide as the most likely intermediate formed before H,
release.
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2.2.4. Mixed Oxothiomolybdates

The introduction of oxo-ligands in thiomolybdates has a ma-
jor impact on the reactivity of the resulting oxothiomolybdates
(vide supra),[*°133] which led to seminal studies exploring their
HER-function. Following the suggestion that protonated termi-
nal disulfides are important HER intermediates for Mo;, Oncak
and colleagues used theoretical calculations to study potential H
atom binding sites to [Mo,0,S,]"" in different charge states to-
gether with H, elimination pathways. The authors identified sev-
eral H atom adsorption sites as well as energetically favored H,
elimination pathways. This flexibility, combined with the ease
of electron attachment and removal, appears to be the crucial
property that makes molybdenum oxysulfides such good HER
catalysts.[®?] Miras and co-workers reported the electrocatalytic
HER activity of the dinuclear compounds [Mo,0,(S),(S,)(S,)]*~
(x =2, 4; Figure 1) when deposited on GC electrodes.’”) Compu-
tational analysis of the systems suggested a Volmer—Heyrovsky
mechanism where proton-coupled two-electron-reduction leads
to a reductive cleavage of a disulfide ligand and the formation of
two hydrosulfides. The authors note that the exact mechanism of
the Heyrovsky step in these models is still not fully understood,
so a complete rationalization of the H, release requires further
studies. In addition, DFT calculations suggest that the oxo ligand
plays an important role in stabilizing the reduced catalyst species
by accepting negative charge density due to the high electroneg-
ativity of the oxygen atom. In addition, Nadjo and co-workers ex-
plored the electrocatalytic homogeneous HER activity of mixed
oxothiomolybdate rings, such as [MogSsOg(OH),(0xalate)]?=.[63]
The group reported electrochemical studies where catalytic hy-
drogen evolution was observed under reducing conditions in
DMF solution in the presence of strong as well as weak acids.

As shown in Table 1, when summarizing the findings from
Section 3.2, there is a general trend that under homogeneous con-
ditions, most reports favor terminal disulfide active sites, while
under heterogenized conditions, bridging disulfides are mainly
discussed as active sites. Mo-hydride species are most often de-
scribed when amorphous a-MoS, is studied, while for thiomolyb-
dates featuring organic ligands, a variety of possible active sites
have been reported. While each individual study provides a huge
contribution to improve the general understanding of underly-
ing mechanistic processes, stability and identification of catalyt-
ically active sites, many of the studies seem contradictory, and
there is no general consensus in the field in terms of the true
reaction mechanism (or mechanisms). This is due to the fact
that the molybdenum sulfide HER mechanism is highly depen-
dent on the exact reaction conditions, the type of support used,
and on the exact structure of the cluster. Hence, further work in-
cluding the design of suitable model systems, as well as com-
bined experimental and theoretical studies—ideally involving in
situ and operando investigations—are required to fully under-
stand the complex mechanisms involved in hydrogen evolution
by thiomolybdates.

2.3. Heterogenization of Thiometalates
In this section, we will pick up on initial discussions from

Sections 3.1 and 3.2 concerning the prospects and benefits of
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thiometalate heterogenization. In this context, heterogenization
describes either the anchoring of individual thiometalate clus-
ters on the surface of solid-state supports, the incorporation of
thiometalates within (micro)porous matrices or the deposition
of clusters followed by their chemical conversion into nanostruc-
tured amorphous or crystalline particles. Similar to the case of
other molecular inorganics such as polyoxometalates,!®* surface-
anchoring of thiometalate clusters can rely on electrostatic (due
to their ionic charge), covalent (due to exchange of the sul-
fide/disulfide ligands), or weaker noncovalent interactions be-
tween cluster and the support surface. From the synthetic point
of view, heterogenization can be achieved using a range of im-
mobilization techniques including dip-coating, solvothermal de-
position, layer-by-layer assembly, and electrodeposition.!** Note
that depending on the deposition methods and conditions used,
the conversion of molecular thiomolybdates into more complex
nanostructures—often a-MoS,—is possible and should be criti-
cally assessed when studying and reporting thiomolybdate-based
electrocatalysts.

Heterogenization of thiomolybdates is a fast-moving research
direction due to several reasons: deposition of thiomolybdates
on electrically conductive substrates or semiconductors facilitates
their use in (photo)electrochemical HER as heterogeneous mate-
rials, which is an advantage for scaling and technological process-
ing. Furthermore, heterogenization could lead to a stabilization
of the thiomolybdate clusters, e.g., by preventing fast ligand ex-
change or providing structural stabilization during the catalytic
redox cycles. In addition, molecule—support interactions could
be used to further fine-tune reactivity and stability of thiomolyb-
dates, e.g., by utilizing the supports for managing proton and/or
electron transfer. Finally, the use of semiconductors as supports
opens new avenues to combine heterogenization and photosen-
sitization in one material, making the traditional use of noble
metal-based photosensitizers (e.g., [Ru(bpy);]**) obsolete. These
and other aspects of thiomolybdate heterogenization will be next
discussed from the application point of view in Section 4.

3. Applications of Heterogenized Thiomolybdate
Clusters

This section aims to scrutinize the applications of surface-
anchored thiomolybdate clusters. The analysis focuses on the cat-
alytic performance as well as on details of the surface-anchoring,
the stability of the resulting system, and the fate of the clus-
ter, from deposition through to catalysis. In particular, we high-
light the emerging use of in situ/operando analyses as well as
the combination of experiment and theory to rationalize the ob-
served reactivity trends. In Section 3.1, we focus on electrocatal-
ysis, while Section 3.2 describes selected examples of photocat-
alytic deployment. In Section 3.3, recent examples where hetero-
genized thiomolybdates were used for reactions and processes
other than HER are summarized.

3.1. Electrocatalysis
Solid-state molybdenum sulfides are well known for their ex-

cellent electrocatalytic HER performance and are discussed as
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replacements for platinum-based HER catalysts. In particular,
MoS,, , systems with an S-to-Mo ratio higher than two have been
reported to be excellent electrocatalysts for the HER.[®] This sec-
tion explores how thiomolybdate-based heterogeneous materials
are designed, tuned and deployed as high-performance HER elec-
trocatalysts.

Along with TONSs that are indicative of the catalyst stability,
turnover frequencies (TOFs)—a measure of the rate of cataly-
sis per active site—are key figure of merits for the HER perfor-
mance and will be used throughout this section as an indicator
for the intrinsic HER activity measured for the thiomolybdate
clusters. Note that for most of the heterogenized catalysts dis-
cussed here, the calculation of TOFs and TONs assumes that
every cluster present in the catalyst is available for the reac-
tion. Thus, the use of TON and TOF—particularly in heteroge-
nized systems, requires careful thought and critical analysis of
the system studied.[®¢%8] Also note that all potentials mentioned
throughout this chapter (and those in Table 2) are reported ver-
sus the reversible hydrogen electrode (RHE) and all overpoten-
tials are reported at the current density of 10 mA cm™2 unless
stated otherwise. Nevertheless, we strongly advise the reader to
always be aware of the substrate used for the electrode, as differ-
ent supporting materials can have varied electrochemical surface
areas for the same geometric surface area, thus affecting the re-
ported performance indicators. The challenges of benchmarking
electrocatalytic reactions have been comprehensively reviewed by
Jaramillo and co-workers.[®]

Further, throughout this section we will use Tafel slope analy-
sis as a tool to gain insights into the rate-limiting steps in elec-
trocatalytic HER. For example, a Tafel slope below 30 mV dec™!
is indicative of the Tafel reaction (H* recombination) to be the
rate-limiting step. Similarly, a Tafel slope around 40 or 120 mV
dec™! suggests Heyrovsky (electrochemical H, desorption) or
Volmer (discharge) step be the rate-limiting step, respectively
(Scheme 1).[70]

3.1.1. Electrocatalytic HER Activity of Heterogenized
Thiomolybdates

This section summarizes the initial reports on molecular mim-
ics of MoS, electroactive toward HER, along with factors affecting
their performance. Chorkendorff and co-workers were the first to
test cubane-type [Mo;S,]** clusters supported on carbon materi-
als (Vulcan xc72 and highly oriented pyrolytic graphite [HOPG])
for the electrocatalytic HER.[®! For [Mo,S,]*"/Vulcan system,
the authors reported a low HER onset potential of ~#150 mV,
similar to that of nanoparticulate MoS,. However, the authors
observed drops in current density upon multiple scans with-
out any change in onset potential, which they attribute to possi-
ble dissolution of the clusters. Further investigation using scan-
ning tunneling microscopic (STM) imaging was conducted for
the drop-cast [Mo,S,]*/HOPG system revealing agglomeration
mounds—possibly corresponding to cluster deposits or products
of its degradation—which the authors related to the weak inter-
actions between the clusters and the substrate surface. This as-
sumption was further strengthened based on postcatalytic XPS
analysis of [Mo,S,]**/HOPG, which revealed almost no peaks
corresponding to the Mo 3d of the pristine cluster suggesting
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Figure 4. Supported thiometalates in electrocatalysis. a) Scanning tunneling microscopy (STM) image of a single Mo; cluster on HOPG support.
b) TOF plot comparing electrochemical HER performance of Mo;/HOPG and Mo, /GP with other MoS, catalysts. c) Overpotential comparison between

various Mo—S based catalysts. d) HER volcano plot showing TOF,, o, corrected using ICP-MS. (a,b) Reproduced and adapted with permission.
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Copyright 2014, Nature Chemistry. (c) Adapted with permission.[34] Copyright 2015, Wiley-VCH GmbH. (d) Reproduced with permission.[72] Copyright

2017, American Chemical Society.

unstable nature of its attachment. To circumvent this issue,
HOPG surface was activated by electrochemical oxidation to in-
troduce —OH and —COOH groups able to act as anchoring sites
for [Mo,S,]** cations. Combining this strategy with STM imag-
ing to reveal the surface density of the clusters, the authors
reached a TOF of 0.07 s7! per [Mo,S,]** molecule, as compared
t00.02 s7! (per edge site determined via STM imaging) measured
for the reference MoS, sample.

Almost half a decade later, Besenbacher and co-workers re-
ported excellent electrocatalytic performance by Mo, which was
drop-cast onto an anodized HOPG surface (Figure 4a). XPS anal-
ysis confirmed stable attachment of the clusters onto the surface
without any transformation.[”!! Mo, dispersed over HOPG exhib-
ited a low overpotential of %180 mV and a Tafel slope of ~57 mV
dec™!, indicating H* recombination to be the rate-determining
step (Scheme 1). However, to obtain a better comparison to re-
ported literature, the authors loaded the clusters onto graphite
paper (GP) increasing the loading from 10 to 100 pg cm=2. They
observed all Tafel slopes to be around 38-40 mV dec™!, which
indicates the Heyrovsky (desorption) step to be rate limiting.
To further elucidate the reason for the change in HER mech-
anism and avoid any effects due to the change in support, the
authors measured the Tafel slopes of different loadings of clus-
ters onto a single support, glassy carbon (GC). They observed a
Tafel slope of 40 mV dec™! at higher loadings whereas a Tafel
slope of ~#60 mV dec™! was observed for very low loadings simi-
lar to the case of HOPG. Therefore, the authors suggested this
change in the mechanism is independent of the support and
rather could be due to closer packing of the cluster (and thus
active sites) which affects the H-adsorption and chemical rear-
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rangement of the intermediate steps during HER. As to the in-
trinsic HER activity of the clusters, the authors reported a high
TOF of 3 s7! per Mo atom (i.e., 1 s! per Mo;) at —200 mV for
the Mo;/HOPG architecture (Figure 4b). However, they did ob-
serve a fivefold lower TOF when depositing higher loadings of
the clusters onto GP, which they attributed to shielding of the
catalytic sites due to cluster agglomeration. As an important con-
trast to the [Mo;S,]* work conducted by Chorkendorff and co-
workers, 38 here the authors observed no loss in catalytic perfor-
mance, which suggests a more stable binding of Mo, to anodized
HOPG compared with [Mo,S,]**. As a consequence, upon ac-
celerated HER testing (1000 cyclic voltammetry (CV) cycles be-
tween —0.3 and +0.2 V), the Mo, /HOPG composite showed only
a slight decrease in current density and a small increase in total
impedance.

Building on these results, Wu and co-workers explored the
electrochemical performance of the dimeric Mo, deposited onto
FTO substrate via layer-by-layer assembly (involving positively
charged polyquaternium-6 interlayer) and drop-casting, aiming
for sub-monolayers and higher catalyst loading, respectively.>*!
They reported an even higher TOF of 3.2 s™! per Mo atom (which
could be translated to 1.6 s~ per Mo, cluster based on total Mo,
loading) at —200 mV, while the overpotential required to reach
a current density of 10 mA cm~ for Mo, was found to be only
161 mV, outcompeting both previously mentioned [Mo,S,]*" and
Mo, that showed an overpotential of 240 and 180 mV, respec-
tively, when deposited on HOPG (Figure 4c). To explain this dif-
ference in performance, the authors theoretically modeled H ad-
sorption on the unsupported clusters in question. They calcu-
lated the change in free energy for Mo, and Mo, as —0.05 and
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—0.08 eV, respectively: these values are significantly closer to the
theoretical optimum (0.0 eV) compared with data reported ear-
lier for [Mo,S,]** (0.4 eV).>*] Therefore, based on these initial
works, dimeric Mo, seems to outperform the previously reported
MoS,-based HER electrocatalysts due to favourable adsorption-
desorption thermodynamics. However, more studies and di-
rect comparison between Mo, and Mo, under identical exper-
imental conditions is necessary to identify their active HER
sites and unravel structural features which control their HER
performance.

3.1.2. Catalyst—Support Interactions

The choice of the substrate is essential for providing robust an-
choring and improved electronic coupling between catalyst and
substrate. A bulk of earlier work on supported MoS,-based cat-
alytic phases for HDS, HDO and HDM catalysis already demon-
strated a synergistic effect between the two components and im-
portance of the support choice.l”>7#! In this section, we discuss
the current understanding of how the choice of substrates affects
the stability and electrocatalytic performance of heterogenized
thiomolybdates.

Building on their earlier studies on Mos, Jaramillo and co-
workers carried out a follow up study correlating the HER activ-
ity of Mo, with the type of support material used.”?! The group
studied electrocatalytic HER performance of a thin layer of clus-
ter deposited on four substrates, i.e., pristine glassy carbon (GC),
Cuon GC (Cu/GC), Ag on GC (Ag/GC), and Au on GC (Au/GC).
The authors deliberately kept the catalyst loading low to be able
to observe the effects of the catalyst—support interactions as these
tend to have a short range.l”>! By keeping the catalyst loading low
the authors also avoided any detrimental effects related to cluster
aggregation. The results of XPS analyses of the supported cata-
lysts were virtually identical to the pure Mo, precursors, suggest-
ing that the heterogenization did not majorly affect the structure
of the deposited Mo,. Tafel slope analyses for all samples were
in the range of 40 to 60 mV dec™!, so that no clear insights into
the difference in underlying rate-determining steps were possi-
ble. In contrast, a marked impact of the substrate on the TOF was
observed, and the resulting TOF values at —200 mV were mea-
sured to be 0.47 s7! (Au/GC), 0.27 s™* (Ag/GC), 0.15 s7* (GC),
and 0.045 s7! (Cu/GC), respectively (Figure 4d). The authors car-
ried out DFT calculations considering long range van der Waals
forces to account for the effect of the strength of the cluster adhe-
sion on the support on its activity.l”>! They correlate the observed
TOFs to changes in Gibbs free energy for hydrogen adsorption on
the cluster (for each support) and arrived at the conclusion that
the relationship between the two follows a volcano-plot trend well
known for other HER electrocatalysts.[?!

Following similar concepts, Gao and co-workers reported an
increase in electrocatalytic HER performance at low catalyst load-
ings when immobilizing Mo, onto highly conductive reduced
graphene oxide (rGO)-CNT aerogels (Figure 5a),’% reporting an
HER overpotential of 179 mV. Attachment of the clusters to the
aerogels was demonstrated using multiple techniques including
EDS mapping and Raman spectroscopy. The authors reported a
low Tafel slope of 60-70 mV dec™!, similar to the case reported by
Jaramillo and co-workers in the best-performing Mo; on Au/GC
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and Cu/GC.II The authors employed zeta potential measure-
ments and XPS analyses to gain insights into the immobilization
mechanism. Zeta potential measurements revealed a negatively
charged rGO-CNT surface, which—considering the anionic Mo,
clusters in solution—renders electrostatic attachment unlikely.
XPS analysis showed a characteristic S—O binding peak allowing
the authors to suggest strong cluster attachment via covalent link-
age to the O-containing functional groups on the nanocarbon sur-
face. However, we note that molybdenum sulfides and thiomolyb-
dates can feature oxidized sulfur species (e.g., sulfate) left from
the synthesis or formed during catalysis.””] Thus, care must be
taken when interpreting the origin of any S—O signals, e.g., in
XPS. Thus, further studies might be required to fully appreciate
the type of attachment present in the Mo, /rGO-CNT composites.
For example, an alternative attachment scenario could take place
via the Mo, ligand exchange mechanism discussed in Section 3,
which shows that charge-neutral or even cationic cluster species
could be accessed. As to the electrocatalytic performance of the
Mo, /rGO-CNT composite, although the authors did not report
the TOF values, the small Tafel slope, low charge transfer, and
dispersion resistances indicate a fast reaction rate corresponding
to efficient HER performance and low overpotentials. Moreover,
the authors report a negligible change in activities even after 1000
CV cydles, further confirming the robust nature of the Mo, /rGO-
CNT electrocatalyst (Figure 5a).

Li and co-workers took a different approach to strengthen
the linkage between the cluster and substrate.”®! Contrary to
using drop-casting or impregnation methods, they electrode-
posited Mo, onto HOGP in the form of flakes of varying
thicknesses by changing the deposition times. Note that un-
der mild electrodeposition conditions, anionic Mo, clusters can
transform into an amorphous MoS-like structure that is largely
made up of the original {Mo,S,} subunits.”! In line with
this, XPS analysis complemented by atomic emission spec-
troscopy and XAS measurements, confirmed the structural in-
tegrity of the cluster after deposition. At optimized film thick-
nesses (beyond 1500 s when through-film resistance starts
dominating the process), the as-derived Mo;/HOPG attained
an onset potential of 130 mV with a Tafel slope of 37 mV
dec™! and showed no signs of Mo leaching even after 3000
CV cycles, thereby confirming the durability of the supported
electrocatalyst. Compared to simple drop-cast films, electrode-
posited Mo;/HOPG electrodes showed a much lower charge
transfer resistance demonstrating remarkable electron trans-
port.

In addition, Assaud and co-workers reported an interesting
study demonstrating the effect of thiomolybdate cluster interac-
tions with carbon-based supports commonly used in PEM wa-
ter electrolysis.[®) They observed a strong decrease in onset po-
tential from —439 to —124 mV when moving from graphene-
to Vulcan-supported [Mo,S,]*"-based clusters. Furthermore, the
authors also reported a much lower overpotential required for
[Mo,S,]*"/Vulcan as compared to [Mo,S,]*"/graphene to reach
a current density of 30 mA cm~2. Since these overpotentials al-
ready consider surface roughness characteristics of the two sup-
ports and the current densities were already normalized per elec-
trochemically active surface area, the authors proposed that this
difference in performance is due to stronger physisorption of
[Mo;S,]* on the Vulcan surface.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Supported thiometalates in electrocatalysis. a) Schematic representation of the Mo, /rGO-CNTs composite structure with TEM images of
Mo, /rGO-CNT taken after 1000 HER cycles. b) Proposed structural evolution and electrochemical HER performance with TOFs of thermally an-
nealed Mo3/CNT composites at 280, 340, 400, and 460 °C. c) Tafel plots of different Mo- and W-based oxothiometalate clusters. d) TOFs of Mo,
Mo,-, and Mos-derived MoS; (its model on the right). (a) Reproduced with permission.[”¢l Copyright 2017, American Chemical Society. (b) Repro-
duced with permission.[3% Copyright 2018, American Chemical Society. (c) Reproduced with permission.[32] Copyright 2019, Nature Communications.
(d) Reproduced with permission.[>3] Copyright 2020, American Chemical Society.

3.1.3. Role of Cluster Structure

Finally, this section outlines the studies performed to gain an in-
depth understanding of how the composition, structure, and ori-
gin of the thiomolybdate species can be linked to their HER per-
formance.

Traditionally, Mo; clusters have been synthesized from
(NH,)4[Mo,0,,] precursor via a method reported by Miiller and
co-workers.[?28811 However, there are several other synthetic
methods of Mo, formation using molybdenum trisulfide (MoS;)
as proposed by Miiller and Weber.[#283] Building on this, Joh and
co-workers investigated electrochemical HER activity of MoS;-
derived Mo, by supporting it onto oxidized multiwalled carbon
nanotubes.’"! The authors observe an overpotential of 137 mV
and a Tafel slope of 40 mV dec™. To further understand the role of

Adv. Mater. 2023, 2305730 2305730 (14 of 22)

each component they next explored the possibility of Mo, cluster
polymerization by studying the effect of thermally assisted con-
version of Mos. The authors demonstrated that heat-treatment of
Mo, at different temperatures up to 460 °C results in materials
which show variable TOFs in the electrocatalytic HER reaction
(Figure 5D). Based on these catalytic data and complemented by
DFT studies, the authors proposed bridging disulfide ligands to
be the likely active HER site, as was detailed in Section 3.2.1. We
note that the authors propose that the heat treatment at specific
temperatures can be used to trigger selective structural changes
(e.g., loss of the apical sulfide ligands). However, this level of as-
signment requires further detailed analysis, e.g., by vibrational
spectroscopy or mass spectrometry to verify this hypothesis. Al-
ternative processes might include (partial) cluster degradation
and conversion into amorphous molybdenum sulfides.
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In another prominent work, Miras and co-workers investigated
the impact of the structural and stoichiometric ratio of the chalco-
gen to transition metal on HER performance by examining a
broader set of oxothiometalate clusters.[*?} Focusing specifically
on the thiomolybdates, the authors compared [Mo,0,(S),(S,),]*
and [Mo,0,(S),(S,)(S4)]*~ (Figure 1, right) drop-cast onto GC
electrodes. Both clusters exhibited similar Tafel slopes in the
range of 52-54 mV dec™! and a low overpotential of about 114 mV,
which demonstrates a negligible effect of the terminal sulfide
groups in the cluster on the HER mechanism and performance
(Figure 5¢). On contrary to this conclusion, the authors estimated
a TOF of 0.12 s7! for both oxothiometalates. This value is signifi-
cantly lower as compared to TOFs reported for other similar clus-
ters (Table 2), thus still leaving an open question to the stability
and potential transformation of oxothiometalates under turnover
conditions.

Joo and co-workers explored the effect of Mo oxidation state
in the MoS, family of clusters on the overall HER.>3 They pre-
pared amorphous MoS; polymeric chains using [MoS,]*~, Mo,,
and Mo; as monoatomic, diatomic, and triatomic Mo precur-
sors, respectively. The electrodes were prepared by drop casting
the precursors onto carbon paper, followed by thermal treatment
at 120 °C to initiate polymerization. The samples were labeled
as Mo;-, Mo,-, and Mo,-derived MoS;, depending on the pre-
cursor chemistry. After the synthesis, Mo, -derived films showed
the lowest overpotential of 167 mV, closely followed by 170 mV
for Mo,-derived and the highest overpotential of 196 mV for
Mo,-derived electrocatalysts. However, Tafel slopes for each of
them was within the range of 46-52 mV dec™!. Further char-
acterization revealed that Mo,-derived MoS; had a higher elec-
trochemical active surface area as compared to other electrocata-
lysts, thus justifying its superior HER performance amongst the
three (Figure 5d). Since both Mo, and Mo, clusters have been
used as precatalysts (precursors) in this work, no further con-
clusion about the impact of thiomolybdate molecular structure
on HER activity could be drawn from the results. However, this
work demonstrates that thiomolybdates can be used as precur-
sors which allow to obtain a variety of structurally different MoS,
electrocatalysts.

Overall, Table 2 highlights, that the HER performance of
thiomolybdates depends strongly on the type of the cluster and
type of the support used with overpotential values reported in the
range between 120 and 200 mV (at 10 mA cm~2 current density).
This range is generally higher when compared to molybdenum
carbides or phosphides; however, MoS,-based nanostructures are
known for higher intrinsic activity (i.e., TOF values)!® still mak-
ing thiomolybdates and their derivatives attractive.

3.2. Photocatalysis

Soon after the first studies on thiomolybdate HER electrocataly-
sis, the light-driven catalysis community started exploring these
cluster species as molecular co-catalysts. Starting with the most
common UV-active TiO, as a photoactive support, a range of
narrow-band semiconductors and (micro)porous hosts have been
employed to design efficient and robust heterogeneous photoac-
tive composites (Figure 6a). Section 4.2.1 discusses these studies
with a focus on photocatalytic HER by thiomolybdate anchored
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on TiO, semiconductors, while Section 4.2.2 focuses on visible-
light-active semiconductor supports. In Section 4.2.3, the pho-
toreactivity of thiomolybdates heterogenized in porous matrices
is discussed.

3.2.1. Thiomolybdate Clusters as HER Co-Catalysts

Several prominent works have been reported over the past
years, in which heterogenized thiomolybdates have been used
for light-driven HER. In 2014, Llusar and co-workers re-
ported the use of [Mo;S,]*" fragments which were hetero-
genized onto TiO, to act as a co-catalyst for photocatalytic
HER.®®l To facilitate covalent anchoring of the cluster on
the oxide surface, the authors employed the {Mo,S,}-core-
containing complex [Mo,S,Br,bpy(CO,Me),], (bpy(CO,Me), =
4,4'-dimethyldicarboxylate-2,2’-bipyridine, see Figure 1, right).
Based on electrochemical and spectroscopic measurements, the
authors suggest that the molecular species serves as a precata-
lyst and is reductively converted to a more active catalyst species
when in contact with sulfite/sulfide species in the reaction so-
lution. The nature of these reduced species was unraveled by
XPS analysis, according to which the final electroactive material
is composed of Mo'V atoms coordinated to S2~ moieties, suggest-
ing a MoS,-based compound. The resulting MoS, /TiO, compos-
ite showed promising visible light-driven HER with no perfor-
mance loss even after 8 h of operation (Figure 6b).

More recently, Cherevan and colleagues investigated the at-
tachment modes and loading-dependent photocatalytic HER per-
formance of the non-modified Mo, cluster which was anchored
onto TiO, .5 The authors proposed that Mo, deposition follows
a monolayer adsorption and involves the formation of Mo—O—Ti
coordinative bonds while maintaining the overall molecular
structure of Mo;. The authors further explored the photocatalytic
HER performance of Mo, /TiO, composites with different clus-
ter loadings revealing optimal activity at around 3 wt% of Mo,
(Figure 6c). As revealed by radical-trapping photoluminescence
(PL) spectroscopy, the drop for higher loading values is related to
the availability of the support-solution interface required for the
efficient hole scavenging. The authors also performed long-term
HER studies which showed stable photocatalytic H, evolution
rates. These results are in strong contrast to the work discussed
previously®! and suggest that native thiomolybdates without any
organo-functionalization are able to undergo direct binding with
oxide-based supports and further act as structurally stable co-
catalysts for HER.

In related studies, Du and colleagues explored the surface at-
tachment, optical properties, photocatalytic HER performance
and stability of Mo, as a co-catalyst when deposited onto anatase-
type Ti0,.[’] XPS analyses indicated that Mo, attaches covalently
to the TiO, support by replacement of the terminal S,*" lig-
ands. Optimum HER activity was achieved at 3 wt% loading.
The authors additionally reported PL data for Mo, /TiO, com-
posites, which documented improvement in charge separation
(low PL intensity and higher excited state lifetime when com-
pared to pure TiO,), while complementary photoelectrochemi-
cal measurements showed higher photocurrent for the optimum
Mo, /TiO, composite, which further confirms improved charge
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Figure 6. Supported thiometalates in photocatalysis. a) lllustration of charge transfer from photocatalyst to the thiometalate co-catalyst upon light
illumination. E,: energy bandgap; MoS,: any thiometalate cluster. b) Hydrogen generation profiles of heterogenized {Mo3S;}/TiO, (5 wt% cluster
loading, 1g L‘%) and {Mo5S;}-core containing complex (homogeneous, 0.31 g L™') in acetone/H,O mixture obtained in the presence of 0.1M Na,$S
and 0.02 M Na,SOs. c) Hydrogen evolution rate plotted against the Mo, cluster loading on TiO,: volcano type profile is highlighted. d) Amount of
hydrogen produced by Mo, /CdTe@CdS (Mo; concentration: 4.6 x 107® M) and Pt/CdTe-CdS under optimal reaction conditions of pH = 2.5 from

20 mg mL~" ascorbic acid aqueous solution (20 mL). (b) Adapted with permission.[®*] Copyright 2015, Wiley-VCH. (c) Reproduced with permission.!
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separation dynamics and suggests efficient charge extraction by
the surface-bound Mo, species.

3.2.2. Extension to Visible-Light-Active Supports

For light-driven HER, it is crucial to investigate support materi-
als that can maximize the absorption of solar light.®*! One of the
most promising classes to this end are semiconducting CdX (X =
S, Se, Te) quantum dots (QDs), as their light absorption proper-
ties can be fine-tuned by modulating their dimensions and com-
position. Zhao and co-workers employed CdTe/CdS core/shell
QDs as support for Mo, and verified the cluster anchoring
by a combination of high-resolution transmission electron mi-
croscopy (HRTEM) and XPS analyses.[*®! The authors proposed
that the adsorption of Mo; occurs via the Cd-terminated faces
as well as surface defects, including Cd adatoms and S vacan-
cies of QDs. The HER activity of Mo, /CdTe-CdS composite was
almost constant over more than 10 h of illumination. The au-
thors also report the HER performance to be significantly higher
compared with a benchmark Pt co-catalyst loaded on CdTe-CdS
QDs (Figure 6d). However, the team also emphasized that the
Mo, /CdTe-CdS composites were not stable below the optimal pH
of 2.5 triggered by the precipitation of QDs and the weakened in-
teraction between the two components. Also, the study reports
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that increasing Mo, loading above a certain level results in the
drop of HER activity, most likely due to light blocking by the cat-
alyst.

Carbon nitride (CN,) is another promising narrow band gap
semiconductor often used by the community as an efficient
metal-free heterogeneous light absorber. Driven by the idea to
utilize the anionic charge of Mo, for the attachment, Wang and
co-workers used melon-derived mesoporous CN,—that was ren-
dered positively charged via facile protonation!®)—as a support
for the attachment.['%) The Mo, /CN, composite was character-
ized using TEM and XPS measurements, which confirmed the
monodispersed nature of the clusters. Similar to the works dis-
cussed above, the authors found Mo; to act as efficient HER co-
catalyst (Figure 7a): (a) when supported on insulating SiO,, Mo,
was unable to generate any H, and (b) when neat (uncharged)
CN, was used as a support, much lower HER activities were
recorded. These data correlate well with the conclusions drawn in
Section 4.1 and strongly suggest the importance of strong (elec-
trostatic) interaction between catalyst and support, which is crit-
ical to achieve optimal HER performance.

While many photosystems have demonstrated that Mo, can
act as co-catalysts for light-driven HER, Streb and colleagues
provided a unique perspective on the electrostatically assembled
Mo, /CN,—using amorphous carbon nitride support—aiming
to shed light on the charge transfer dynamics between the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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two components as well as unravel the reaction kinetics under
turnover conditions.'® The authors utilized steady-state and
time-resolved PL spectroscopy to reveal that increasing cluster
loading in Mo, /CN, composites leads to enhanced charge sep-
aration at the interface. As such, for smaller cluster loadings,
Mo, seems to selectively bind to the amine groups. As these
are associated with shallow trap states, this binding tends to
repopulate the emissive excitonic states, thereby increasing the
PL intensity and lifetime. Higher cluster loadings, on the other
hand, increase the nonradiative decay, which dissociates the shal-
low trapped excitons into charge carriers and leads to improved
charge separation, causing the PL emission intensity and lifetime
to decrease. These findings provide a valuable perspective to ex-
plain the loading-dependent HER performance observed in this
and other works. The second relevant observation was delivered
by the transient photopotential measurements able to elaborate
the effect of Mo, co-catalyst on the charge separation extent. As
shown in Figure 7b, the photopotential is negative for the FTO-
supported CN,, which the authors attributed to its insulating be-
havior and the poor electrical connection between CN, and FTO.
Conversely, a positive photopotential was recorded when Mo, was
attached to the CN, surface, suggesting the efficient extraction
of photoexcited electrons by the cluster. These data suggest that

Adv. Mater. 2023, 2305730 2305730 (17 of 22)

surface-anchored Mo, strongly affects the exciton dissociation
and mediates the transfer of trapped electrons from CN, to the
reactants. However, as the addition of Mo, had no impact on the
ultrafast (sub-ns) photoinduced kinetics in the CN,, the authors
also note that the electron extraction to Mo, occurs on a relatively
longer (ns-s) time scale.

3.2.3. Thiomolybdates within Porous Hosts

Metal-organic frameworks (MOFs) have recently attracted the at-
tention of the community as organic—inorganic hybrid materials
comprised of metal ions or metal-oxo clusters linked by bridging
organic ligands to form multidimensional solid-state networks.
Their modular assembly and tunable pore structure and pore size
makes them ideally suited for heterogenization of thiomolybdate
HER catalysts.l'] This principle has been explored by Stylianou
and colleagues who used the visible-light-active MIL-125-NH,
MOF as a support to compare (co-)catalytic HER performance
of Mo, and 1T-MoS, nanoparticles (Figure 7¢).1%! Their data
suggest Mo;/MOF to be more active compared to MoS,/MOF
when similar co-catalyst loadings were used. The authors at-
tributed this observation to the improved interaction of molecular
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clusters with the MOF surface along with their inherently higher
catalytic activity discussed previously in Section 4.1. However, the
authors also found Mo, /MOF to be less stable in long-term pho-
tocatalytic tests compared to 1T-MoS,/MOF composites, which
could be attributed to structural instability of the Mo, under al-
kaline pH conditions."1%1 More investigations are required to
elaborate on this important issue.

In another prominent example, Streb and co-workers were the
first to use soft-matter-based nanoporous block copolymer mem-
branes with cationic surface groups as heterogeneous supports
for electrostatic anchoring of Mo, catalyst and [Ru(bpy);]** pho-
tosensitizer for light-driven HER (Figure 7d).””] The functional-
ized polymer membranes were analyzed using scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX),
and XPS analyses, which suggest that one of the terminal S,2~
ligands is replaced with a water ligand after attachment to the
membrane, in line with the behavior observed previously.!*’! The
copolymer-supported Mo, /[Ru(bpy);]** photosystem generated
H, for at least 20 h of illumination. However, the authors also
observed that a considerable amount of H, was stored in the
pores of the polymer membrane and could be recovered after
the catalytic process. The authors further reported that Mo, did
not leach from the membrane; however, they noted significant
loss of the photosensitizer after 10 h of irradiation. Their data
suggest that even at low Ru-photosensitizer loadings, the mem-
brane is able to preserve its HER activity, possibly by mediating
the electron transfer between photosensitizer and catalyst within
the membrane.

3.3. Other Applications

Apart from electrocatalytic and photocatalytic applications involv-
ing thiometalates, most recent works have been exploring the
heterogenized clusters in thermal catalysis, and selective ion cap-
ture. As such, Zhang and co-workers have immobilized Mo, and
Mo, on mesoporous SiO, (SBA-15) and applied the composites
for thiophene hydrodesulfurization (HDS), a process used to re-
move sulfur-containing compounds from petroleum.[% The re-
sults showed that both thiomolybdates can be successfully de-
posited on SBA-15, while maintaining their structure. The stabil-
ity of the supported catalysts was assessed through TGA, which
revealed that Mo, /Mo; are likely to retain their sulfur ligands dur-
ing catalysis. The composites were also tested for hydrogen ad-
sorption using temperature-programmed reduction, which indi-
cated the hydrogenation of terminal and bridging sulfur species
to be the likely intermediate step of the HDS process. Overall, the
study demonstrates the successful loading and effective catalytic
performance of the thiomolybdates in HDS. The findings further
provide insights into the role of sulfur species in the catalytic pro-
cess and contribute to the development of supported thiometalate
clusters for other catalytic applications.

In another outstanding study, Ma, Kanatzidis and colleagues
used Mo, to prepare composites for the selective extraction of
silver from copper-rich minerals.'®! The authors incorporated
Mo, into the matrix of a conjugated polypyrrole (ppy) backbone
by ion-exchange reaction and demonstrated exceptional selectiv-
ity and high efficiency of the resulting Mo, /ppy in capturing Ag*
and Hg?* ions at concentration levels <1 ppb. The mechanism

Adv. Mater. 2023, 2305730 2305730 (18 of 22)

www.advmat.de

for silver removal involves two synergistic pathways: direct bind-
ing and in situ reduction. In the former, the Mo, clusters release
S2~ ions, which bind with Ag ions to form Ag, S complexes, effec-
tively removing Ag from the solution. In the latter, the Mo!V ions
in Mo, act as reducing agents, converting Ag* ions to metallic sil-
ver while being oxidized to Mo"". This reduction reaction occurs
alongside the binding of Ag* ions to S?~ ions, resulting in the
deposition of silver crystals on the Mo, /ppy composite surface.
The results suggest that composites based on Mo;—and, poten-
tially, other thiometalates—can offer a promising approach for
selective silver extraction and removal of toxic metal ions from
complex aqueous environments.

Parallel to the implementation of thiometalates as reduction
co-catalysts for HER, several works have employed compos-
ites containing such clusters to promote various oxidation re-
actions. In an early set of studies, Mo; was employed as co-
catalyst for photocatalytic dye degradation using visible-light-
active BiOBr and Bi,WO, substrates prepared through a hy-
drothermal method. Both nanocomposites demonstrated excel-
lent photocatalytic activity—comparable to state-of-the-art Pt co-
catalysts—which was primarily attributed to the ability of Mo,
to efficiently promote the extraction of photoexcited electrons
thus indirectly affecting the lifetimes of electron-hole pairs and
hole utilization efficiency.!%1%] In addition to this, the authors
highlighted that, compared to commonly used Pt, Mo; shows
enhanced sulfur tolerance and can thus be used effectively in
processes involving sulfur species, such as in desulfurization or
sulfur-containing wastewater remediation.

In a more recent example of thiomolybdate application, Xu-
fang and co-workers fabricated a novel Mo, /TiO, photocatalyst
for the oxidation of acetone to CO,.['%! The CO, production
was investigated with Mo, /TiO, composites containing different
loadings of Moj;: 0.6, 1.1, 1.7, and 3.4 wt%. The authors found
that among these composites, the highest amount of CO, was
produced with 1.7Mo,/TiO,, which was ascribed to the optimal
loading of clusters over titania surface promoting better pho-
toinduced charge separation. Importantly for benchmarking, the
1.7Mo, /TiO, photocatalyst was found to be more active for ace-
tone mineralization compared to the benchmark Pt/TiO, photo-
catalyst exhibiting a similar co-catalyst loading value. In addition,
the solution of 1.7Mo,;TiO, composite sprayed onto polypropy-
lene nonwoven fabric produced higher CO, amounts compared
to the pristine TiO, /fabric, which one more time highlights the
effect of Mo, in the structure. These polypropylene-coated non-
woven fabrics coated with Mo, /TiO, composite have been used
as an efficient photocatalyst for indoor air purification.

4, Conclusions and Outlook

This review placed special emphasis on recent developments in
thiomolybdate catalysis, particularly with respect to combined ex-
perimental and theoretical studies that shed light on reaction
mechanisms, active sites and potential degradation pathways, as
well as on new strategies for thiometalate heterogenization on
functional substrates and their emerging applications. Two com-
prehensive summary Tables were provided to highlight the cur-
rent state-of-the-art: Table 1 examines active sites of thiomolyb-
date clusters, Table 2 documents that heterogenized thiomolyb-
dates are highly active, structurally versatile HER promoters and
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that their molecular nature can be used as a tool to tune their
activity.

Despite a number of proof-of-concept demonstrations and
promising results that are already been recorded, the authors of
this perspective have identified a list of critical points that will
hopefully help shaping future research directions in the field:

We suggest that more in-depth mechanistic studies are re-
quired to fully understand how thiomolybdates are anchored
to heterogeneous supports, and to explore the role of catalyst—
support interactions for electrocatalytic and photocatalytic HER.
Also, understanding the physical and electronic structure of
the catalytically active state of the clusters under turnover con-
ditions is critical for a knowledge-based development of the
field. These themes have been the focus of two recent stud-
ies which used time-resolved methods to gain further insights
into thiomolybdate reactivity: Ha-Thi and colleagues revealed the
mechanism of light-driven catalysis of a {Mo,S,}-core contain-
ing cluster in solutions,[*! while Streb and co-workers provided
important insights into the charge transfer dynamics of surface-
supported Mo,.l'% In another pioneering example, Bozheyev
and colleagues used transient surface photovoltage spectroscopy
to unravel the electronic properties of WSe,-anchored Mo,
heterostructures.!'%!

Another critical aspect when considering thiomolybdate het-
erogenization is the stability and fate of the molecules under
deposition and reaction conditions. Many studies deliberately
use thiomolybdates as molecular precursors for the preparation
of MoS, nanostructures or films. However, in other cases, this
molecule-to-solid-state compound conversion might occur unin-
tentionally. In both cases, the resulting material needs to be thor-
oughly characterized, and clear evidence must be provided if the
respective manuscript claims that the material used for cataly-
sis is still a molecular species. This can be challenging, partic-
ularly when the conversion occurs in situ, under catalytic con-
ditions. Thus, comprehensive pre- and postcatalytic analyses—
ideally supported by in situ/operando studies—are required to
assess the complex processes occurring in this compound class.
Key aspects to be focused on are ligand loss/exchange, chemical
interaction with the surface, oligo- and polymerization of indi-
vidual clusters and formation of MoS, fragments. As outlined in
Sections 2 and 3, there is still much room to explore these ques-
tions and provide more insights into improvement when analyz-
ing and reporting these aspects.

In addition to the chemical and structural considerations out-
lined above, there is an urgent need to provide fundamental in-
sights into the differences in reactivity of different thiomolyb-
date prototypes, particularly when deposited on identical sup-
ports. This would allow the research community to engage in
knowledge-based advanced materials design, based on a full un-
derstanding of the underlying reaction and stability mechanisms.

Apart from these critical notes, the authors of this perspective
would like to suggest directions of future research:

A current limitation in the field is that most HER research
has been focused on the use of a limited number of prototype
thiomolybdates, mainly Mo, and Mo;. While these studies have
provided ground-breaking new insights and materials, we pro-
pose expanding the compound base and exploring the reactiv-
ity of advanced cluster types. This includes research on other
types of thiometalates, such as thiotungstates,*}l mixed-ligand
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clusters, e.g., featuring oxo- or organic ligands in addition to thio
groups,['7] as well as selenide-containing derivatives.['19] While
these areas are highly promising, they have thus far not received
the attention to allow us to draw any final conclusions on the com-
ponent suitability for HER studies.

State-of-the-art thiomolybdate catalysis research is mainly fo-
cused on electrocatalytic or light-driven HER. However, based on
earlier research and on selected recent publications, we suggest
that other (thermal) catalytic processes including reductions, oxi-
dations and small molecule activations are intriguing areas to be
explored using thiometalates. In a recent example, Llusar and col-
leagues have combined experimental and theoretical methods to
explore the catalytic hydrogenation of azobenzene using cuboidal
{Mo,S,}-containing clusters.[''!] The results suggest a mecha-
nism involving homolytic activation of hydrogen at bridging sul-
fur atoms in the cluster, followed by consecutive hydrogen trans-
fers to azobenzene, resulting in the formation of aniline. The au-
thors also explored the effects of different organic ligands on the
catalytic activity of the clusters and provided evidence support-
ing the sulfur-centered mechanism, which contributes strongly
to a better understanding of the catalytic properties of these and
structurally similar thiomolybdates. Along similar lines, mecha-
nistic comparison between HER and hydrodesulfurization cataly-
sis studies can offer a new insight into the function of thiomolyb-
dates. In one example, Suman and co-workers studied an oxoth-
iomolybdate complex [(Mo,0,S,)(en)(dmf)] and suggested an ox-
idative addition/reductive elimination mechanism or a ligand-
based insertion reaction—in which sulfur inserts either into the
terminal S—S bond or into the Mo—S bond—as possible reaction
pathways.[112]

Finally, the merging of thiomolybdates with functional sup-
port materials such as polymers, MOFs, and narrow bandgap
semiconductors is also an area which can lead to advanced com-
posites. In one example, Chane-Ching and colleagues recently
immobilized Mo, derivatives on 2D WS, photoelectrodes to
drive photoelectrocatalytic water splitting.['!3 Tn MOF-chemistry,
Yaghi and co-workers were able to build thiomolybdate-based
porous frameworks and demonstrate the HER performance of
these pioneering materials.**] We believe that many more func-
tional molecular, hybrid, and solid-state materials could be real-
ized using thiometalates and their derivatives.

Acknowledgements

S.B. and M.L. contributed equally to the work. The authors gratefully ac-
knowledge financial support by the Austrian Science Fund (FWF, Project
No. P32801 and Cluster of Excellence MECS) and Deutsche Forschungsge-
meinschaft [Project No. 364549901 (TRR 234 CataLight, Project Nos. A4,
A5, and B3)]. M.H. gratefully acknowledges the Alexander von Humboldt
Foundation for a postdoctoral fellowship. C.S. gratefully acknowledges fi-
nancial support by Johannes Gutenberg University Mainz, the Gutenberg
Research College GRC, and the state of Rheinland-Pfalz (top-level research
area SusInnoScience, and “Spitzenforscher” funds).
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

ASUIIT suOWWo) dANELa) djqearjdde oy Aq paurdAos are sa[oNIE O 28N Jo $a[n1 10j KIRIqI] duIuQ) K3[IAY UO (SUONIPUOI-PUE-SULIA) /WO’ Ka[Im° KIeIqraut[uoy/:sdny) suonipuo)) pue suLa ], ay) 998 [£207/1/S0] uo Kreiqi aurjuQ Lo[ipy ‘BLISNyauRIyo0) £q 0€LSOSTOT BWPE/ZO0 1 0 1/10p/wod Kafim’ Areiqriautjuoy/:sdny woly papeoumod 0 ‘S60+12S 1



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

ADV,

'ANCED

SCIENCE NEWS

www.advancedsciencenews.com

ADVANCED
MATERIALS

Keywords

electrocatalysis, heterogenization, hydrogen evolution, molybdenum sul-
fide, photocatalysis, thiomolybdate

Received: June 14, 2023
Revised: October 9, 2023
Published online:

(1
(2]

3

(4]

[5

6

(7]

(8]
%]
[10]

!
2]

[13]
[14]
[15]
[16]
(7]
(18]
[19]
[20]
[21]
[22]
(23]

[24]

(23]

(26]
[27]

[28]

Adv. Mater. 2023, 2305730

H. Ooka, ). Huang, K. S. Exner, Front. Energy Res. 2021, 9, 654460.
J. K. Narskov, T. Bligaard, A. Logadottir, J. R. Kitchin, . G. Chen, S.
Pandelov, U. Stimming, J. Electrochem. Soc. 2005, 152, 1.

Z.W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, |. K. Nerskov,
T. F. Jaramillo, Science 2017, 355, 4998.

M. G. Walter, E. L. Warren, J. R. Mckone, S. W. Boettcher, Q. Mi, E.
A. Santori, N. S. Lewis, Chem. Rev. 2010, 170, 6446.

E. I. Stiefel, Transition Metal Sulfur Chemistry, American Chemical
Society, Washington, DC, pp. 2-38.

H. Tributsch, J. C. Bennett, J. Electroanal. Chem. Interfacial Elec-
trochem. 1977, 81, 97.

B. Hinnemann, P. G. Moses, |. Bonde, K. P. Jorgensen, |. H. Nielsen,
S. Horch, I. Chorkendorff, ). K. Ngrskov, J. Am. Chem. Soc. 2005, 127,
5308.

C. G. Morales-Guio, X. Hu, Acc. Chem. Res. 2014, 47, 2671.

H. Li, C. Tsai, A. L. Koh, L. Cai, A. W. Contryman, A. H. Fragapane, J.
Zhao, H. S. Han, H. C. Manoharan, F. Abild-Pedersen, ). K. Ngrskov,
X. Zheng, Nat. Mater. 2016, 15, 364.

T. F. Jaramillo, K. P. Jergensen, . Bonde, J. H. Nielsen, S. Horch, I.
Chorkendorff, Science 2007, 317, 100.

K. Herbst, M. Monari, M. Brorson, Inorg. Chem. 2002, 41, 1336.
M.-L. Grutza, A. Rajagopal, C. Streb, P. Kurz, Sustainable Energy Fuels
2018, 2, 1893.

B. Seo, S. H. Joo, Nano Convergence 2017, 4, 19.

T. Shibahara, Coord. Chem. Rev. 1993, 123, 73.

M. G. Kanatzidis, S.-P. Huang, Coord. Chem. Rev. 1994, 130, 509.
E. Cadot, M. N. Sokolov, V. P. Fedin, C. Simonnet-Jégat, S. Floquet,
F. Sécheresse, Chem. Soc. Rev. 2012, 41, 7335.

F. Sécheresse, E. Cadot, World Scientific Series in Nanoscience and
Nanotechnology, World Scientific, Singapore 2013, pp. 243-304.

A. Elliott, H. N. Miras, J. Coord. Chem. 2022, 75, 1467.

M. R. Dubois, Chem. Rev. 1989, 89, 1.

R. Herndndez-Molina, A. G. Sykes, J. Chem. Soc., Dalton Trans. 1999,
3137.

R. Hernandez-Molina, M. N. Sokolov, A. G. Sykes, Acc. Chem. Res.
2001, 34, 223.

A. Mcskimming, D. L. M. Suess, Nat. Chem. 2021, 13, 666.

Y. Ohki, K. Munakata, Y. Matsuoka, R. Hara, M. Kachi, K. Uchida,
M. Tada, R. E. Cramer, W. M. C. Sameera, T. Takayama, Y. Sakai, S.
Kuriyama, Y. Nishibayashi, K. Tanifuji, Nature 2022, 607, 86.

Y. Hou, B. L. Abrams, P. C. K. Vesborg, M. E. Bjérketun, K. Herbst,
L. Bech, A. M. Setti, C. D. Damsgaard, T. Pedersen, O. Hansen, J.
Rossmeisl, S. Dahl, J. K. Ngrskov, I. Chorkendorff, Nat. Mater. 2011,
10, 434.

M. G. Basallote, M. ]. Ferndndez-Trujillo, ). A. Pino-Chamorro, T.
F. Beltran, C. Corao, R. Llusar, M. Sokolov, C. Vicent, Inorg. Chem.
2012, 57, 6794.

S. W. Seo, S. Park, H.-Y. Jeong, S. H. Kim, U.k Sim, C. W. Lee, K. T.
Nam, K. S. Hong, Chem. Commun. 2012, 48, 10452.

A. Miiller, W.-O. Nolte, B. Krebs, Angew. Chem., Int. Ed. Engl. 1978,
17, 279.

A. Miller, S. Sarkar, R. G. Bhattacharyya, S. Pohl, M. Dartmann,
Angew. Chem., Int. Ed. Engl. 1978, 17, 535.

2305730 (20 of 22)

20

(29]
(30]
(31]
(32]
33]
(34]
35]
36]
(37)
(38]
(39]

[40]

(41]
(42]
(43]

(44]

[45]

46]

[47]
[48]
[49]
[50]

(51]

[52]
(53]

(54]

55]
(56]

(57

www.advmat.de

E. Diemann, A. Miiller, P. J. Aymonino, Z. Anorg. Allg. Chem. 1981,
479, 191.

A. Miiller, R. Jostes, F. A. Cotton, Angew. Chem., Int. Ed. Engl. 1980,
19, 875.

A. Miiller, E. Diemann, R. Jostes, H. Bégge, Angew. Chem., Int. Ed.
Engl. 1981, 20, 934.

J. Mcallister, N. A. G. Bandeira, ). C. Mcglynn, A. Y. Ganin, Y.-F. Song,
C. Bo, H. N. Miras, Nat. Commun. 2019, 10, 370.

E. Kéniger-Ahlborn, A. Miiller, Angew. Chem. 1975, 87, 598.

N. E. Horwitz, J. Xie, A. S. Filatov, R. ). Papoular, W. E. Shepard, D. Z.
Zee, M. P. Grahn, C. Gilder, ). S. Anderson, J. Am. Chem. Soc. 2019,
141, 3940.

Z. Ji, C. Trickett, X. Pei, O. M. Yaghi, J. Am. Chem. Soc. 2018, 140,
13618.

J. Xie, L. Wang, ). S. Anderson, Chem. Sci. 2020, 11, 8350.

T. Shibahara, H. Kuroya, Polyhedron 1986, 5, 357.

T.F. Jaramillo, |. Bonde, ). Zhang, B.-L. Ooi, K. Andersson, J. Ulstrup,
I. Chorkendorff, J. Phys. Chem. C 2008, 112, 17492.

Y. Lei, M. Yang, J. Hou, F. Wang, E. Cui, C. Kong, S. Min, Chem.
Commun. 2018, 54, 603.

M. Dave, A. Rajagopal, M. Damm-Ruttensperger, B. Schwarz, F.
Nigele, L. Daccache, D. Fantauzzi, T. Jacob, C. Streb, Sustainable
Energy Fuels 2018, 2, 1020.

M. Heiland, R. De, S. Rau, B. Dietzek-Ivansic, C. Streb, Chem. Com-
mun. 2022, 58, 4603.

W. Li, S. Min, F. Wang, Z. Zhang, D. Gao, Chem. Commun. 2021, 57,
1121.

A. Rajagopal, F. Venter, T. Jacob, L. Petermann, S. Rau, S. Tschierlei,
C. Streb, Sustainable Energy Fuels 2018, 3, 92.

P. R. Fontenot, B. Shan, B.o Wang, S. Simpson, G. Ragunathan, A.
F. Greene, A. Obanda, L. A. Hunt, N. I. Hammer, C. E. Webster,
J. T. Mague, R. H. Schmehl, ]. P. Donahue, Inorg. Chem. 2019, 58,
16458.

Y. Smortsova, C. Falaise, A. Fatima, M.-H. Ha-Thi, R. Méallet-
Renault, K. Steenkeste, S. Al-Bacha, T. Chaib, L. Assaud, M.
Lepeltier, M. Haouas, N. Leclerc, T. Pino, E. Cadot, Chemistry 2021,
27,17094.

P. D. Tran, T. V. Tran, M. Orio, S. Torelli, Q. D. Truong, K. Nayuki, Y.
Sasaki, S. Y. Chiam, R.Yi, |. Honma, |. Barber, V. Artero, Nat. Mater.
2016, 15, 640.

A. Baloglou, M. OncK, M.-L. Grutza, C. Van Der Linde, P. Kurz, M.
K. Beyer, J. Phys. Chem. C 2019, 123, 8177.

M. Pritzi, T. F. Pascher, M.-L. Grutza, P. Kurz, M. OncK, M. K. Beyer,
J. Am. Soc. Mass Spectrom. 2022, 33, 1753.

A. Baloglou, M. Plattner, M. OncK, M.-L. Grutza, P. Kurz, M. K.
Beyer, Angew. Chem., Int. Ed. 2021, 60, 5074.

C.-H. Lee, S. Lee, Y..K. Lee, Y. C. Jung, Y.-I. Ko, D. C. Lee, H.-I. Joh,
ACS Catal. 2018, 8, 5221.

S. Batool, S. P. Nandan, S. N. Myakala, A. Rajagopal, J. S. Schubert,
P. Ayala, S. Naghdi, H. Saito, J. Bernardi, C. Streb, A. Cherevan, D.
Eder, ACS Catal. 2022, 12, 6641.

Y. Deng, L. R. L. Ting, P. H. L. Neo, Y.-). Zhang, A. A. Peterson, B. S.
Yeo, ACS Catal. 2016, 6, 7790.

B. Seo, G. Y. Jung, S. ). Lee, D. S. Baek, Y. ). Sa, H. W. Ban, J. S. Son,
K. Park, S. K. Kwak, S. H. Joo, ACS Catal. 2020, 10, 652.

Z. Huang, W. Luo, L. Ma, M. Yu, X. Ren, M. He, S. Polen, K. Click,
B. Garrett, J. Lu, K. Amine, C. Hadad, W. Chen, A. Asthagiri, Y. Wu,
Angew. Chem., Int. Ed. 2015, 54, 15181.

J. A. Bau, A-H. Emwas, P. Nikolaienko, A. A. Aljarb, V. Tung, M.
Rueping, Nat. Catal. 2022, 5, 397.

J. A. Bau, R. Ahmad, L. Cavallo, M. Rueping, ACS Energy Lett. 2022,
7,3695.

A. M. Appel, D. L. Dubois, M. R. Dubois, J. Am. Chem. Soc. 2005,
127,12717.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

ASUIIT suOWWo) dANELa) djqearjdde oy Aq paurdAos are sa[oNIE O 28N Jo $a[n1 10j KIRIqI] duIuQ) K3[IAY UO (SUONIPUOI-PUE-SULIA) /WO’ Ka[Im° KIeIqraut[uoy/:sdny) suonipuo)) pue suLa ], ay) 998 [£207/1/S0] uo Kreiqi aurjuQ Lo[ipy ‘BLISNyauRIyo0) £q 0€LSOSTOT BWPE/ZO0 1 0 1/10p/wod Kafim’ Areiqriautjuoy/:sdny woly papeoumod 0 ‘S60+12S 1



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[63]
[69]

[70]
71

[72)
(73]
[74]
[75]
[76]
[77)
(78]
[79]

[80]

(81
[82]
[83]

(84]

(83]

(86]

Adv. Mater. 2023, 2305730

ADVANCED
MATERIALS

H. I. Karunadasa, E. Montalvo, Y. Sun, M. Majda, |. R. Long, C. J.
Chang, Science 2012, 335, 698.

B. R. Garrett, K. A. Click, C. B. Durr, C. M. Hadad, Y. Wu, J. Am.
Chem. Soc. 2016, 138, 13726.

B. R. Garrett, S. M. Polen, K. A. Click, M. He, Z. Huang, C. M. Hadad,
Y. Wu, Inorg. Chem. 2016, 55, 3960.

B. R. Garrett, S. M. Polen, M. Pimplikar, C. M. Hadad, Y. Wu, J. Am.
Chem. Soc. 2017, 139, 4342.

M. Pritzi, T. F. Pascher, M.-L. Grutza, P. Kurz, M. OncK, M. K. Beyer,
Phys. Chem. Chem. Phys. 2022, 24, 16576.

B. Keita, S. Floquet, J.-F. Lemonnier, E. Cadot, A. Kachmar, M.
Bénard, M.-M. Rohmer, L. Nadjo, J. Phys. Chem. C 2008, 112, 1109.
A.S. Cherevan, S. P. Nandan, I. Roger, R. Liu, C. Streb, D. Eder, Adb.
Sci. 2020, 7, 1903511.

T. Wang, |. Zhuo, K. Du, B. Chen, Z. Zhu, Y. Shao, M. Li, Adv. Mater.
2014, 26, 3761.

S. Kozuch, J. M. L. Martin, ACS Catal. 2012, 2, 2787.

T. Bligaard, R. M. Bullock, C. T. Campbell, J. G. Chen, B. C. Gates,
R. ). Gorte, C. W. Jones, W. D. Jones, J. R. Kitchin, S. L. Scott, ACS
Catal. 2016, 6, 2590.

D. Ziegenbalg, A. Pannwitz, S. Rau, B. Dietzek-lvansic, C. Streb,
Angew. Chem., Int. Ed. 2022, 61, €202114106.

J. D. Benck, T. R. Hellstern, J. Kibsgaard, P. Chakthranont, T. F.
Jaramillo, ACS Catal. 2014, 4, 3957.

S. Anantharaj, S. Noda, Mater. Today Energy 2022, 29, 101123.

J. Kibsgaard, T. F. Jaramillo, F. Besenbacher, Nat. Chem. 2014, 6,
248.

T. R. Hellstern, ). Kibsgaard, C. Tsai, D. W. Palm, L. A. King, F. Abild-
Pedersen, T. F. Jaramillo, ACS Catal. 2017, 7, 7126.

P. Faye, E. Payen, D. Bougeard, in Hydrotreatment and Hydrocracking
of Oil Fractions (Eds: G. F. Froment, B. Delmon, P. Grange), Elsevier,
Amsterdam 1997, pp. 281-292.

M. A. Dominguez-Crespo, E. M. Arce-Estrada, A. M. Torres-Huerta,
L. Diaz-Garcia, M. T. Cortez De La Paz, Mater. Charact. 2007, 58,
864.

C. Tsai, F. Abild-Pedersen, ). K. Ngrskov, Narno Lett. 2014, 14, 1381.
Y. Shang, X. Xu, B. Gao, Z. Ren, ACS Sustainable Chem. Eng. 2017,
5, 8908.

I. Romanenko, A. Rajagopal, C. Neumann, A. Turchanin, C. Streb, F.
H. Schacher, J. Mater. Chem. A 2020, 8, 6238.

K. Du, L. Zheng, T. Wang, J. Zhuo, Z. Zhu, Y. Shao, M. Li, ACS Appl.
Mater. Interfaces 2017, 9, 18675.

O. Mabayoje, Y. Liu, M. Wang, A. Shoola, A. M. Ebrahim, A. I.
Frenkel, C. B. Mullins, ACS Appl. Mater. Interfaces 2019, 11, 32879.

J. Al Cheikh, R. Zakari, A. C. Bhosale, A. Villagra, N. Leclerc, S.
Floguet, P. C. Ghosh, A. Ranjbari, E. Cadot, P. Millet, L. Assaud,
Mater. Adv. 2020, 1, 430.

A. Miiller, S. Pohl, M. Dartmann, J. P. Cohen, |. M. Bennett, R. M.
Kirchner, Z. Naturforschung, B 1979, 34, 434.

A. Miiller, E. Diemann, E. Krickemeyer, H. J. Walberg, H. Bégge, A.
Armatage, Eur. J. Solid State Inorg. Chem. 1993, 30, 565.

T. Weber, |. C. Muijsers, ). W. Niemantsverdriet, J. Phys. Chem. 1995,
99, 9194.

J. N. Hansen, H. Prats, K. K. Toudahl, N. Mgrch Secher, K.
Chan, ). Kibsgaard, I. Chorkendorff, ACS Energy Lett. 2021, 6,
1175.

Y. Li, H. Wang, L. Xie, Y. Liang, G. Hong, H. Dai, J. Am. Chem. Soc.
2011, 733, 7296.

T. Wang, L. Liu, Z. Zhu, P. Papakonstantinou, ). Hu, H. Liu, M. Li,
Energy Environ. Sci. 2013, 6, 625.

2305730 (21 of 22)

51

(87]

88]
(89]
[50]
o1
[92]

[93]
[54]

[95]

[96]
[57]

[98]
[99]

[100]

[107]

[102]

[103]

[104]

[105]

[106]
[107]
[108]
[109]

[110]

[117]
[112]

[113]

www.advmat.de

P.D.Tran, M. Nguyen, S. S. Pramana, A. Bhattacharjee, S. Y. Chiam,
J. Fize, M. J. Field, V. Artero, L. H. Wong, ). Loo, |. Barber, Energy
Environ. Sci. 2012, 5, 8912.

H. Vrubel, D. Merki, X. Hu, Energy Environ. Sci. 2012, 5, 6136.

T-W. Lin, C.-J. Liu, J.-Y. Lin, Appl. Catal., B 2013, 134, 75.

G.-Q. Han, X. Li, J. Xue, B. Dong, X. Shang, W.-H. Hu, Y.-R. Liu, J.-Q.
Chi, K.-L. Yan, Y.-M. Chai, C.-G. Liu, Int. J. Hydrogen Energy 2017, 42,
2952.

S.Reddy, R. Du, L. Kang, N. Mao, J. Zhang, Appl. Catal., B2016, 194,
16.

W.-H. Hu, X. Shang, G.-Q. Han, B. Dong, Y.-R. Liu, X. Li, Y.-M. Chai,
Y.-Q. Liu, C.-G. Liu, Carbon 2016, 100, 236.

E. Heydari-Bafrooei, S. Askari, Int. . Hydrogen Energy 2017, 42,296 1.
X. Zhang, P. Ding, Y. Sun, Y. Wang, J. Li, J. Guo, Mater. Lett. 2017,
197, 41.

D. Recatalg, R. Llusar, A. L. Gushchin, E. A. Kozlova, Y. A. Laricheva,
P. A. Abramov, M. N. Sokolov, R. Gémez, T. Lana-Villarreal, Chem-
SusChem 2015, 8, 148.

D. Yue, X. Qian, Z. Zhang, M. Kan, M. Ren, Y. Zhao, ACS Sustainable
Chem. Eng. 2016, 4, 6653.

R. Zhang, K. Gong, F. Du, S. Cao, Int. J. Hydrogen Energy 2022, 47,
19570.

Z. Wang, C. Li, K. Domen, Chem. Soc. Rev. 2019, 48, 2109.

Y. Zhang, A. Thomas, M. Antonietti, X. Wang, J. Am. Chem. Soc.
2009, 731, 50.

F. Guo, Y. Hou, A. M. Asiri, X. Wang, Chem. Commun. 2017, 53,
13221.

A. Rajagopal, E. Akbarzadeh, C. Li, D. Mitoraj, |. Krivtsov, C. Adler,
T. Diemant, ). Biskupek, U. Kaiser, C. Im, M. Heiland, T. Jacob, C.
Streb, B. Dietzek, R. Beranek, Sustainable Energy Fuels 2020, 4, 6085.
T.u N. Nguyen, S. Kampouri, B. Valizadeh, W. Luo, D. Ongari, O. M.
Planes, A. Ziittel, B. Smit, K. C. Stylianou, ACS Appl. Mater. Interfaces
2018, 170, 30035.

J. Wang, A. S. Cherevan, C. Hannecart, S. Naghdi, S. P. Nandan, T.
Gupta, D. Eder, Appl. Catal., B 2021, 283, 119626.

Z. Xin, J-L. Liu, W. Wei, A-Q. Jia, Q.-F. Zhang, Inorg. Nano-
Met. Chem. 2021, https://www.tandfonline.com/doi/full/10.1080/
24701556.2021.1988975.

M. Yuan, H. Yao, L. Xie, X. Liu, H. Wang, S. M. Islam, K. Shi, Z. Yu,
G. Sun, H. Li, S. Ma, M. G. Kanatzidis, J. Am. Chem. Soc. 2020, 142,
1574.

D. Yue, T. Zhang, M. Kan, X. Qian, Y. Zhao, Appl. Catal., B2016, 183,
1.

D. Yue, Z. Zhang, Z. Tian, T. Zhang, M. Kan, X. Qian, Y. Zhao, Catal.
Today 2016, 274, 22.

Y.u Han, D. Yue, M. Kan, Y. Wu, . Zeng, Z. Bian, Y. Zhao, X. Qian,
Appl. Catal., B 2019, 245, 190.

F. Bozheyev, S. Fengler, ). Kollmann, T. Klassen, M. Schieda, ACS
Appl. Mater. Interfaces 2022, 14, 22071.

A. Elliott, ). Mcallister, L. Masaityte, M. Segado-Centellas, D.-L.
Long, A. Y. Ganin, Y.-F. Song, C. Bo, H. N. Miras, Chem. Commun.
2022, 58, 6906.

E. Guillamén, M. Oliva, ). Andrés, R. Llusar, E. Pedrajas, V. S. Safont,
A. G. Algarra, M. G. Basallote, ACS Catal. 2021, 17, 608.

B. O. Birgisson, L. ]. Monger, K. K. Damodaran, S. G. Suman, Inorg.
Chim. Acta 2020, 507, 119272.

). Barros Barbosa, P. L. Taberna, V. Bourdon, I. C. Gerber, R. Poteau,
A. Balocchi, X. Marie, J. Esvan, P. Puech, A. Barnabé¢, L. Da Gama
Fernandes Vieira, |.-T. Moraru, ). Y. Chane-Ching, Appl. Catal., B
2020, 278, 119288.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

ASUIIT suOWWo) dANELa) djqearjdde oy Aq paurdAos are sa[oNIE O 28N Jo $a[n1 10j KIRIqI] duIuQ) K3[IAY UO (SUONIPUOI-PUE-SULIA) /WO’ Ka[Im° KIeIqraut[uoy/:sdny) suonipuo)) pue suLa ], ay) 998 [£207/1/S0] uo Kreiqi aurjuQ Lo[ipy ‘BLISNyauRIyo0) £q 0€LSOSTOT BWPE/ZO0 1 0 1/10p/wod Kafim’ Areiqriautjuoy/:sdny woly papeoumod 0 ‘S60+12S 1



ADVANCED
SORNCF News OAKTERTALS

www.advancedsciencenews.com www.advmat.de

d ‘0 ‘S60v1TST

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Adv. Mater. 2023, 2305730

Samar Batool received her bachelor’s degree in 2017 from Quaid-I-Azam University Islamabad, Pak-
istan. The same year she was awarded a scholarship from the Graduate School of Science and Engi-
neering of Bilkent University and moved to Turkey to pursue her master’s degree in chemistry, which
she completed in 2020. She was then offered a Ph.D. fellowship from Vienna University of Technol-
ogy, Austria, where she currently works as project assistant at the Institute of Materials Chemistry.
Her research interests involve the combination of solid-state (heterogeneous) photocatalysts with
molecular-sized artificial homogeneous photosystems.

Marcel Langer received his bachelor’s degree from the University of UIm in 2017. During his master’s,
which he completed in 2020, he worked in the group of Johan Boman in Gothenburg, Sweden, in the
field of analytical chemistry. Marcel is currently a Ph.D. student in the Streb group at Johannes Guten-
berg University Mainz, and—at the time of writing this Review—on a research visit to the group of
Alina Schimpfat University of California San Diego. He is interested in embedding light-driven molec-
ular catalysts for water oxidation and hydrogen evolution in soft matter membranes to harness syner-
gisticreactivity.

Carsten Streb is professor of inorganic chemistry at Johannes Gutenberg University Mainz. His cur-
rentresearch is focused on designing functional molecular and nanoscale materials and composites
to address global chemical challenges with a focus on energy conversion and energy storage. He is
interested in using in situ/operando methods to study reactivity and stability of homogeneous and
heterogeneous catalysts.

Alexey Cherevan is an assistant professor and subgroup leader at the Institute of Materials Chemistry,
TU Wien, Austria. He received his master’s degree from Moscow State University in 2010and a Ph.D.
from the University of Miinster in 2014. Joining TU Wien in 2015, he specializes in materials chemistry,
particularly functional inorganic nanomaterials for energy applications. He develops innovative tools
that combine heterogeneous and homogeneous branches of photocatalysis. As 0f2023, he holds a
tenure track assistant professor position and is a Pl of the FWF Cluster of Excellence “Materials for
Energy Conversion and Storage.”

2305730 (22 of 22) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

52

:sdny woiy papeo]

ASUADIT suoWWO)) aaneaI) d[qeaotjdde oy £q pauIEA0S Al SA[ONIE V() AsN JO $a[NI 10} KIRIqI] SUI[UQ) KI[IA\ UO (SUONIPUOD-PUR-SULI)/W0D KIm  AIRIqI[auI[U0//:sdNY) SUONIPUO)) PUr SULIDT, oY) 298 *[£707/Z1/S0] U0 Areiqry auruQ L[IA\ “BLISNYAURIYO0D) £q ()€ LSOETOT BWPL/ZO0] 0 1/10p/wod’ K[ im- A,



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.2.2 Article #2

"Ni; 5 tetracubane cores with slow relaxation of magnetization and efficient charge
utilization for photocatalytic hydrogen evolution"

Elias Tanuhadi, Joan Cano, Samar Batool, Alexey Cherevan, Dominik Eder, Annette Rompel

J. Mater. Chem. C, 2022, 10, 17048-17052
DOI: https://doi.org/10.1039/D2TC03508 A

My contributions to this collaborative project encompass the development of photocatalytic
protocols for HER activity evaluation, benchmark and baseline measurements, concentration-
dependent studies as well as post-catalytic characterization of the photosystem.

The corresponding Supplementary information of the article can be found on page 63. For the
purpose of clarity and highlighting my contribution to this paper, I modified the electronic sup-
plementary information (ESI) and removed sections 1-12 (Synthesis, material characterization,
and magnetism) from the ESI. To see the full version of ESI, please refer to the ESI stored
online.®’
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Ni;, tetracubane cores with slow relaxation of
magnetization and efficient charge utilization for
photocatalytic hydrogen evolution

Two Niy, - multicubane topologies were encapsulated

in the polyanions {Ni,Ws,} and {Ni,W,,}. SMM behavior
arising from excited spin states as well as high quantum
yields (>10%) clearly distinguish {Ni,,W5,} and {Ni,,W,,}
magnetically and photocatalytically as hydrogen evolution
catalysts (HECs) from conventional Ni, cubanes. These
findings pave the way towards advanced spintronics and
photovoltaic devices. Cover design by Elias Tanuhadi and
Stephen Myakala.
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We report two Nij, multicubane topologies enclosed in the polyanions
[Nig2(OH)g(WO4)5(PO,)(B-0-PWgOz4)s1**~  {NipzWse} and  [Nisa(OH)o
(HPO,)3(PO4)(B-0-PWO3,) (A-6-PWoO34),1%*~ {Nij;W,7} that magneti-
cally behave as Nij, units clearly distinguishing them from typical Ni,4
cubanes as shown by magnetic studies together with high field and
frequency electron paramagnetic resonance (HFEPR). Beyond the
unprecedented static properties, {Ni;;W3zo} shows the unusual coex-
istence of slow relaxation of the magnetization and a diamagnetic
ground state (S = 0), providing the unique opportunity of studying the
essentially elusive magnetic relaxation behavior in excited states. The
cubane-topology dependent activity of {Ni;oWso} and {Ni;,W»;} as
homogeneous HER photocatalysts unveils the structural key features
significant for the design of photocatalysts with efficient charge
utilization exemplified by high quantum yields (QY) of 10.42% and
8.36% for {Ni;;Wso} and {Ni;zW,}, respectively.

The compound class of transition metal (TM) based cubane
clusters with the general formulation {TM,L,} (TM = Co", Ni",
Fe', Mn""V and L = O, S, N)* exhibits unique structural and
electronic properties. Consequently, cubane-based materials
have been subjected to magnetic studies.” In solution, the
structural reminiscence of enzyme active sites such as the
oxygen evolving complex (OEC) {Mn,OsCa}’ in photosystem II
(PS I)*° and the {Fe,S,} cubane cluster in hydrogenases®
encouraged studies on cubane-based metal oxide nanoparticle

“ Universitit Wien, Fakultdt fiir Chemie, Institut fiir Biophysikalische Chemie, Josef-
Holaubek-Platz-2, Wien 1090, Austria. E-mail: annette.rompel@univie.ac.at;
Web: https://www.bpc.univie.ac.at
® Department of Quimica Inorganica/Instituto de Ciencia Molecular (ICMol),
Facultat de Quimica, Universitat de Valéncia, C/Catedrdtico Jose Beltran 2,
Paterna 46980, Valéncia, Spain
¢ TU Wien, Institute of Materials Chemistry, Getreidemarkt 9, Vienna 1060,
Austria. E-mail: alexey.cherevan@tuwien.ac.at;
Web: https://www.imc.tuwien.ac.at/division_molecular_materials_chemistry/
+ Electronic supplementary information (ESI) available. CCDC 2102166 and
2102167. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d2tc03508a
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Ni;> tetracubane cores with slow relaxation
of magnetization and efficient charge utilization
for photocatalytic hydrogen evolutionf

© Samar Batool, I ¢ Alexey Cherevan, () *¢

catalysts.” From a synthetic point of view, recent attention has
been given to lacunary polyoxometalates (POMs).>° Being gen-
erated upon the removal of one or several MOg (M = Mo"", W"Y)
units from their parental architectures such as the Keggin'® or
Wells-Dawson types'', lacunary POMs can act as strong inor-
ganic, diamagnetic, multidentate O-donor ligands towards
electrophiles. This multidentate nature allows the construction
of mono- or multinuclear transition metal substituted POMs."
Considering the lacunary POMs’ rigidity, bulkiness, and dia-
magnetic nature, cubane-motif incorporating POM representa-
tives were shown to exhibit interesting magnetic properties
such as single molecule magnet (SMM) behavior as a result of
large spin ground state (S) values.'** POMs generally exhibit a
facile photoexcitation via near-visible or UV-light generating photo-
excited species with enhanced oxidizing (higher electron affinity
E.,) and reducing (lower ionization energy E;) properties.'*” Their
multicentered nature allows POMs to undergo multi-redox events.
In addition to their versatile redox properties, the inherent water
solubility of POMs and stability encouraged researchers to employ
cubane-motif incorporating POMs as homogeneous photocatalysts
for the water reduction catalysis (WRC)'* and oxidation catalysis
(WOC)"™ reactions, respectively.

Despite the variety of existing POM-stabilized cubane motifs
(Fig. S2, ESIt) that have been subjected to magnetic and/or (photo)-
catalytic studies (Table S1, ESIt), there are no studies exploring the
correlation between a (multi)cubane-topology and its magnetic
properties. Hence, advanced magnetic studies of, e.g;, magnetic
relaxation arising from excited states that might pave the way
towards advanced spintronics remain widely elusive. While signifi-
cant advances have been made in studying the cubane-dependent
HER photocatalytic activity of POMs' (Fig. S3 and Table S2, ESIY),
the underlying structural features that may grant taking full advan-
tage of photogenerated charge carriers as a key for improving the
activity of photocatalysts remain essentially unexplored.*®

Herein, we employ phosphotungstates as rigid, all-inorganic
multidentate ligands together with the simple inorganic tem-
plates PO,*~ or CO,;" for the template-dependent stabilization

This journal is © The Royal Society of Chemistry 2022
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of two tetracubane Nij, topologies enclosed in the polyanions
[Ni;o(OH)o(WO,)3(PO,)(B-0-PWoO3,)s' ™~ {NipsWaop and [Niyp(OH)o
(HPO,)5(PO,)(B-0-PWo034)(A-0-PWo O34~ {NipsWys}. Given the
identical number of incorporated Ni metal centers and their same
net charge, {Ni;,W30} and {Ni;;W,;} only differ in the type of POM-
stabilized multicubane topology, thereby representing ideal candi-
dates to study the topology dependent magnetic and photocatalytic
behavior in the solid and solution states, respectively.

{Ni;»W3,} and {Ni,;,W,;} were prepared employing a tem-
plate dependent synthetic approach.'”® To an aqueous reaction
mixture containing the K;4[P,W;5040(H,0)]-24H,0""? {P,W,,}
lacunary precursor, three equivalents of NiCl, were added
following the adjustment of the pH value to 9.1 via CO;>~ or
PO, and subsequent heating of the reaction mixture at 80 °C
for 10 min. Depending on the inorganic template used for the
solution’s basification, {Ni;sW3} (CO5>7) or {Niy,W,,} (PO,*7)
is obtained (Fig. 1, ESIT) upon slow evaporation of the solution
for two weeks at 25 °C leading to yellow-plate shaped crystals of
{Ni;,W,;} or light-green rod-shaped crystals of {Ni;;W30},
respectively. When this paper was under preparation, a crystal
structure with the identical anion of {Ni;;W;,} was reported.'”*
Note that for the synthesis of {Ni;,W3,}, different routes have
been used by Lian et al and our group (see Synthesis
proceduret). The template dependent synthetic system
reported in this work ultimately leads to the isolation of the
novel polyanion {Ni;,W,}.

Single crystal X-ray diffraction (SXRD) was performed
(Tables S5-S9, ESIt) revealing that {Ni;,W,,} and {Ni;;W30}
both incorporate a Ni,, metal-oxo core that differs in the type of
connectivity, and resulting in multicubane topology (Fig. 1)
leading to the stabilization of three full {Ni,O4} cubane units in
{Ni;,W30} while {Ni;,W,,} comprises one full {Ni,O,} and two
defect {Ni,O3} cubane motifs (Fig. 1, Fig. S14 and Tables S10,
S11, ESIT). The compound’s elemental composition and homo-
geneity were determined in the solid state by elemental analy-
sis, IR spectroscopy (Fig. S4-S9 and Table S3, ESIt),
thermogravimetric analyses (TGA) (Fig. S10-S13 and Table S4,
ESIt), diffuse reflectance spectroscopy (DRS) (Fig. S17-S22,
ESIt), and powder X-ray diffraction (PXRD) (Fig. S15 and S16,

{Ni,0}, {Ni,0,X{Ni 0},

Fig. 1 Schematic representation showing the template-dependent
stabilization of the multicubane scaffolds {NizO4}s (in {Ni;2W3z0} via
CO3%7) and {NizO4HNizOz}> (in {NigWy7} via PO,*~. Color code, poly-
hedra: turquoise for {WWO,} and purple for {PO,}. Balls: red for oxygen lime
green for Ni' and sky-blue for OH™ ions, respectively.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Temperature dependence of yuT and reduced magnetization

curves (inset) for (A) {Niz2W30} and (B) {Ni;2W>7}. Solid lines are the best-
fit curve and a guide to the eye for ymT and M.

ESIf) as well as in solution by UV/vis spectroscopy (Fig. S31,
ESIT) and cyclic voltammetry (Fig. S26-S30, ESIt).

The magnetic properties of {Ni;»W;o} and {Ni;,W,;} were
studied in the solid state (Fig. 2) and solution (Fig. S42, ESIY).
Plots of ymT (m being the magnetic susceptibility per Ni;, unit)
vs. T for {Ni;,W3o} and {Ni;,W,} are displayed in Fig. 2. At
300 K, after removing the temperature-independent
paramagnetism in subsequent fits (TIP = 4211 x 10~° and
2756 x 107° em® mol™" for {Ni;;W3o} and {Ni;,W,}, respec-
tively), their yuT values are ca. 15.6 ({Ni;;Wso}) and
13.6 cm® mol™' K ({Ni;,W,,}). These values are larger and
smaller, respectively, than the spin-only value expected
(ca. 14.5 em® mol™' K, with g = 2.2) for twelve magnetically
non-interacting high-spin Ni" ions (S = 1). Hence, ferromag-
netic (F) interactions are suggested to be predominant in
{Ni;,W3,} as supported by the continuous increase of the
compound’s yuT upon lowering the temperature. In contrast
to {Ni;,W3¢}, a continuous decrease of y\T starting at room
temperature (300 K) and reaching a minimum at 95 K accom-
panied by a subsequent increase is observed for {Ni;,W,}.

J. Mater. Chem. C, 2022, 10,17048-17052 | 17049
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These features support the coexistence of F and antiferromag-
netic (AF) interactions, with the latter being predominant. At
31 K ({Niy;Wso}, Fig. 24) and 17 K ({Ni;W,,}, Fig. 2B), T
shows maxima followed by an abrupt downturn to reach values
of 5.7 and 15.0 cm® mol ™" K at 2.0 K, respectively. Usually, zero-
field splitting (zfs) could be the responsible factor for the
observed decrease, as shown by the values of the local axial
and rhombic zfs parameters (Table S14, see ESI,+ Magnetism).
The sharp downturn observed for {Ni;,Wso} (Fig. 2A) and
{Ni;,W,,} (Fig. 2B) suggests additional factors apart from
conventional zfs to be related to the AF inter- or intramolecular
interactions. The shapes of the magnetization (M) vs. H plot at
2.0 K for both compounds (see insets of Fig. 2) show values
largely below that expected for a ferromagnetic S = 12 spin
ground state (26.4 Nf, with g = 2.2). In the case of {Ni;,W,},
weak or moderate H cancel the intermolecular magnetic inter-
action between two Ni,, units, and M tends to a saturation
value of ca 12 Nf, which is close to that expected for an S = 6
ground state. In contrast, a gentle increase of M for {Ni;,W3,} is
observed at low fields without any trend for reaching satura-
tion, supporting the close presence of many excited states of
higher spin multiplicity that are partially populated upon
increasing the magnetic field or the temperature. An estimation
of the coupling constants ( J; values) obtained from DFT calcu-
lations guides the analysis of the observed magnetic behavior of
both compounds suggesting a diamagnetic spin ground state
S = 0 for {Ni;, W30} with an energetically close excited state S =1
(0.4 ecm™") and a ground state S = 6 with close excited states
S=5and S =4at2.0and 10.1 cm ™" for {Ni;,W,,} (Fig. $32-S37
and Tables S12, S13, ESIL,T see Magnetism).

Alternating current (ac) magnetic susceptibility studies of
{Ni;,W30} and {Ni;,W,;} were performed to explore their mag-
netic relaxation properties. Out-of-phase (y{\',,) signals were
observed both in the absence and under applied dc magnetic

1.6 | |
1.4 ' 9

1.2 i
® {Ni;; Wy}
0.8 ] ® {Ni,,W,;} ]
® {Ni,W,g}
0.6 4 4

0.4 4

1.0 (]

0.2 4 = .
&

Amount of H2 detected / umol

0.0

0 5 10 15 20 25 30 35 40 45 50 55 60
Illumination time / min

Fig. 3 H, evolution profiles for {Ni;oW30}, {Ni;2W>7}, and the benchmark
{NigW3g} obtained using 20 pM catalyst concentrations. Data points
represent average values obtained from multiple measurements, and
colored areas indicate standard deviations for each compound and data
point. Each measurement was conducted for 60 min until H, saturation
was reached (point x).
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fields (Hq) (Fig. S38 and S39, ESIY), typical for SMMs with
energy barriers (E,) risen from a D < 0 for low rhombicity
(E/D ~ 0)."®' The occurrence of only incipient z,; signals
without maxima in the x{\/,[ — T plots in both compounds
precludes a correct treatment of the experimental data. Hence,
a semiquantitative estimation of the E, values was extracted
from the In(yy;/xy) vS. 1/T plots for each frequency.'® Accord-
ing to the relationship In(yy/xy) = In(2nvtg) + Eo /kT valid
for a system with a single relaxation process, a collection of
parallel straight lines is expected (Fig. S40 and S41, ESIt)."®"?
The value of E, would be obtained from their slope, giving E,
values of 18.1(7) and 25.0(3) ecm ™" for {Ni;,W3,} and {Niy,W,-},
respectively, with the E, value for {Ni,,W3,} being close to that
estimated (17.3 cm™’, the largest value between the round-trip
paths) from the values of D (—15.2 cm™") and E (0.14) proposed
from the theoretical study for the first excited state S = 1. Since
the negative sign of D enables a magnetic energy barrier and
the good agreement between experimental and theoretical
values of E,, it can be concluded that a two-phonon Orbach
mechanism governs the relaxation of the magnetization. The
magnetization relaxation in {Ni;,W,;} occurs in the S = 6
ground state and is controlled through the energy barrier
promoted by the zfs, whereas the diamagnetic singlet ground
state S = 0 in {Ni;,W3o} suggests the observed slow relaxation of
magnetization to arise from the close first excited state (S = 1,
0.4 ecm™', Fig. $36, ESIT).>°*” This excited triplet state S = 1 is
only partially populated at the lowest experimental temperature
being the cause of the weak y,; signals and precluding the data
analysis in the absence of Hy.. These assumptions are addi-
tionally reinforced by high-frequency and high-field electron
paramagnetic resonance (HFEPR) studies, which show an EPR-
silent spectrum for {Ni;,W3,} in accordance with the proposed
singlet ground state S = 0 (Fig. S43, ESIf), whereas HFEPR
studies on {Ni;,W,} reveal a weak signal at 6.6 T (Fig. S44 and
S45, ESIT) further supporting the presence of a paramagnetic
ground state and dipolar AF interactions arising from the
{Ni;,W,,}, supradimers, according to the DFT study and the
crystal structure (Fig. S46, ESI,i DFT studies. Section 10.1).
The observed topology-dependent magnetic behaviour and
electronic properties distinguish the isolated Ni;, scaffolds
from typical {Ni,O,} single-cubane motifs.

A careful inspection of the 236 GHz EPR spectrum of
{Ni;,W3,} allows for identifying of two almost muted signals
at 4.0 and 6.9 T resulting from a very close excited state
(Fig. S43, ESIt). These signals do not change as the temperature
increases, and their intensity decreases when using a frequency
of 400 GHz. This surprising result must be attributed to several
excited states very close to the ground one, as shown in
Figure S36 (ESIT) from the theoretical study. A triplet spin state
and a D value comparable to that proposed by CASSCF calcula-
tions (x~—15 cm™") could reproduce the signal at 6.9 T. How-
ever, the low-field signal must appear due to a notable
rhombicity in the zfs tensor (E/D # 0), which agrees well with
the theoretical study (0.14) and the weakness of these signals
(page 59 in the ESIY).

This journal is © The Royal Society of Chemistry 2022
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The EPR spectrum at 236 GHz of {Ni;;W,;} shows five
attenuated signals at 3.6, 6.2, 6.6, 7.0 and 8.0 T, which move
to higher fields when increasing the frequency to 388 GHz but
do not substantially modify their intensity (Fig. S45, ESIt). This
pattern resembles that observed in a previous double-cubane
Ni; cluster,?* which, like {Ni;,W,}, exhibits an S = 6 ground
state, supporting our conclusions. The analysis of the EPR
spectra of Ni, required a nearby S = 7 excited state. However,
according to our theoretical study, an analogous procedure in
{Ni;,W,,} should consider an S = 5 rather than an S = 7 excited
state. Unfortunately, the weakness of the signals on {Ni;,W,,}
prevents further investigation.

Following earlier reports on structurally relevant Ni-
containing POM hydrogen evolution catalysts (HECs)*! the
TBA salts of {Ni;;W3o} and {Ni,;,W,} were evaluated towards
the visible-light-driven hydrogen evolution reaction (HER)
employing [Ir(dtbbpy)(ppy).]* (dtbbpy = 4,4'-di-tert-butyl-2,2'-
dipyridyl, ppy = 2-phenylpyridine) as the photosensitizer (PS),
triethanolamine (TEOA) as an electron donor and 11:33:4
vol% CH;CN/DMF/H,0 as a solvent mixture (see Hydrogen
evolution (HER) experiments, Fig. S47 and S48, ESIt). A com-
positionally relevant tetra-nickel polyoxotungstate reported by
Hill et al.>'° referred to as {Ni;W,s} was prepared, characterized
(Fig. S1, ESIt), and tested under identical experimental condi-
tions as a benchmark HEC following a comprehensive set of
pre-catalytic studies employing time-dependent UV/vis studies
(Fig. S31, ESIf) that demonstrated pre-catalytic stability of
{Ni;,W3,} and {Ni,;,W,,} as shown by the compounds’ virtually
unchanged spectra over a time period of 60 min relevant to the
catalytic experiment (see Section S12.1, ESIT).

Table 1 contains the values of the turnover frequencies
(TOFs) calculated after 10 minutes of each HER experiment.
Depending on the concentrations of {Ni;;W3o} and {Ni;;W,5},
their HER TOFs lie in the range between 19.8 and 145.7
(expressed in 10~ s™'). To allow for a valid comparison to
relevant catalysts, the HER quantum yields (QYs, see General
informationt) were calculated (Table 1) and amount to 10.42
and 8.36% for {Ni;sW3o} and {Ni;,W,}, respectively. These QYs
greatly surpass values previously reported for Ni-containing

Table 1 Average values (standard deviations 3-6%) of turnover number
(TON) and turnover frequency (TOF) values towards H, generation for
{Ni;2W30}, {Nij;W,7}, the benchmark {NigW3g} and Ni(NOs), along with
quantum yields (QYs) (2-20 uM). TONs were extracted after H, evolution
saturation point (point x at 60 min), initial TOFs and QYs were extracted
after 10 min (Fig. 3)

Ni-POT c/juM  H,/umol  TON TOF/1072 s~* QY/%

{Ni;, W30} 2 0.56 140.9  145.7 6.15

5 0.82 81.6 84.4 8.90

10 1.11 55.4 39.2 8.26

20 1.47 36.7 24.7 10.42

{Ni;,W,} 2 0.52 130.0  106.3 4.49

5 0.81 81.0 56.1 5.92

10 1.12 56.2 37.4 7.89

20 1.55 38.8 19.8 8.36

{Ni;W,g} 20 0.45 11.4 8.8 3.72
Ni(NO3), 20 0.35 8.7 6.9

This journal is © The Royal Society of Chemistry 2022
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POMs'#'® (Table S2, ESIt) and - considering that HER QY
values already include absorption and recombination losses
(e.g., contributions by PS-POM charge transfer) - they indicate
extremely high efficiency of charge utilization for {Ni,,W3,} and
{Ni;,W,,} suggesting {Ni;,Wso} and {Ni;,W,,} to be the fastest
Ni-PT based HECs reported so far (Table S2, ESIt).

Post-catalytic studies (see the ESI{ section Post-catalytic
studies) featuring IR-spectroscopy demonstrated the post-
catalytic bulk stability of {Ni;»W3o} and {Ni;,W,;} (Fig. S49,
ESIYT), which was subsequently assessed quantitatively employ-
ing X-ray fluorescence (XRF) (Table S15, ESIf). A series of
reloading experiments demonstrated the recyclability of
{Ni;, W3} and {Ni;,W,,} as homogeneous HECs (Fig. S50, ESIT).

A careful analysis of the TOF values allows for structure—
activity relationship (SAR) correlations between {Ni;,W3,} and
{Ni;,W,,} that both feature {NijO,} quasi-cubanes. While
higher catalyst concentrations (10 and 20 pM) yield similar
TOFs, a significantly higher HER performance of {Ni;,W30} over
{Ni;,W,,} can be observed for 2 and 5 uM catalyst solutions at
which the catalytic role of the elsewise isostructural Ni-PTs -
that both display the same net charge of —21 - is more
pronounced. One contribution to the superior activity of
{Ni;;W30} over {Ni;,W,;} can be related to the higher number
of {Ni{O(OH)} cubanes incorporated in the POT framework as
compared to {Ni;sW,,}, which is in accordance with the find-
ings reported by Wang and co-workers (Fig. S3, ESIt)."*

To further explore the origin of the higher HER activity of
{Ni;,W3,}, photoluminescence (PL) emission studies (Fig. S52
and S53, Section S14, ESIt) elucidating the HEC mechanism were
conducted. Both steady-state and time-resolved data propose
reductive quenching to dominate under the turnover conditions
(Scheme S1, ESIt), which suggests that the reversible reduction of
the corresponding Ni-PT (Scheme S2, ESILT step III) - which
consecutively reduces H" upon H, formation may represent a
rate-limiting step in the HER. Based on CV studies on {Ni;,W,-}
(Fig. S25, ESIT), {Ni;, W30} (Fig. S24, ESIT), and {Ni;W,g} (Fig. S23,
ESIt), the onset reduction of the Ni-PTs occurs at more
positive potentials in the order {Ni;W,g} (—0.66 V) < {Ni;sW,}
(—0.25 V) < {Ni;sW30} (—0.12 V). Hence, the observed activity
trend can be explained by the increased tendency of {Ni;;W3,} to
be reduced, which is additionally reflected by a substantially
higher (50%) quenching rate K, for {Ni;;Wso} (Kq = 13.2 X
10° M ' s~ ") compared to that of {NipWy} (K; = 89 x 10°M 's7Y)
(Fig. S53, ESIt) illustrating its more efficient redox shuttling. A
template-dependent change in the topology of the Ni;, metal-
oxo core resulted in an increased number of {NiyO(OH)s}
cubanes present in {Ni;;W3o} and provided this Ni-PT with an
enhanced charge-utilization expressed by the tuned redox-
activity and increased photocatalytic HER performance as com-
pared to {Ni;,W,,} and {NisW,g}.

Conclusions

Our results highlight that a diamagnetic ground state does not
necessarily preclude SMM behavior in compounds that exhibit
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energetically closely located paramagnetic excited spin states.
Moreover, incorporating a tandem ground and nearby excited
states, behaving both as SMMs or qubits, allows for envisaging
advanced spintronics and quantum computing. Structure-
activity studies on {Ni;,W3o} and {Ni;;W,;} probing their
photocatalytic HEC activity revealed high charge utilization
for {Ni;,W30} and {Ni;,W,,}. The topology modulation of the
tetracubane scaffold employing simple inorganic anionic tem-
plates represents a key to tuning their functional HEC
properties upon modulating the corresponding Ni-PT’s redox
properties as exemplified by the high quantum yield of

{Ni;s W3}
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1. Hydrogen Evolution (HER) experiments

1.1. Pre-catalytic stability study.

To probe the solution stability of {Ni12W30} and {Ni12W27}, time-dependent UV-vis spectra were recorded
in 11:33:4:2 vol. % CH3CN/DMF/H20/TEOA solvent mixtures. The UV-vis spectra of TBA-{Ni12W30} and
TBA-{Ni12W27} (TBA = tetrabutylammonium) display absorption maxima at 285 nm ({Ni12W30}, Figure
S31 A) and 265 nm ({Ni12W27}, Figure S31 B) corresponding to the O—-W ligand—-to—-metal
charge-transfer (LMCT)! as well as the d-d transitions typical for octahedrally coordinated Nill metal
centers at 688 nm ({Ni12W30}, Figure S31 C) and 700 nm ({Ni12W27}, Figure S31 D), respectively.2 All
observed peaks remain unchanged for at least 60 min, mimicking the photocatalytic conditions and
thereby suggesting pre-catalytic stability of {Ni12Wa30} and {Ni12W27} until H2 saturation is reached in the
HER experiments (Figure 3).

1.2. HER — activity studies on TBA13Nas-{Ni12W30} and TBA13Nas-{Ni12W27}.

Figure 3 shows HER profiles for {Ni12W30} and {Nii2W27} obtained from 20 pM catalytic
solutions. In both cases, the H2 evolution follows a sigmoidal profile and reaches saturation after
around 60 minutes of illumination. Control experiments with longer light exposure confirmed that
no additional H2 can be generated after this point. Note that only negligible HER (2-3 % of the
Ni-PT-catalyzed reaction) could be detected in absence of any catalyst due to direct PS*
reduction (Figure S47). Moreover, significantly lower H2 amounts were detected when using 20
MM Ni(NOs)2 solutions (Figure S47), which confirms the catalytic role of the studied Ni-PTs. No
H2 was generated in the absence of TEOA or sensitizer (Figure S47), demonstrating the validity
of the experimental setup.

The amounts of H2 measured at HER saturation level were translated into turnover numbers
(TONSs) and yield 36.7 and 38.8 for {Ni12W30} and {Ni12W27} (at 20 uM), respectively (Table 1).
These similar values suggest that the structural differences between {Ni12Wa30} and {Ni12W27}
(type of capping ligands, core connectivity) do not contribute to their WRC performance at the
investigated catalyst concentration. Importantly, the measured TON values are significantly
higher than that of {NisW1g} (11.4), which manifests the superior performance of the reported Ni-
PTs over the benchmark WRC even when normalized to the number of Ni-centers. This activity
trend is further in line with electronic structure elucidation carried out using diffuse reflectance
spectroscopy (DRS) for band gap values (Figures S$S17-S22) and cyclic voltammetry for the
values of lowest unoccupied and highest occupied molecular orbitals (LUMO/HOMO) of all three
compounds (Figures $23-S25).

HER performance of {Ni12Wa3¢} and {Ni12W27} was subsequently evaluated as a function of Ni-PT
concentration in the lower range between 2 and 10 uM. Figure S48 indicates that the obtained HER
profiles are similar to those from 20 uM experiments shown in Figure 3. However, the lower
concentrations of {Ni12Wa30} and {Ni12W27} did not yield proportionally lower H2 amounts considering that
the decrease from 20 to 2 uM only resulted in a 2.6 and 3-fold HER drop for {Ni12W30} and {Ni12W27},
respectively. This indicates that catalyst concentration is not the limiting factor for the investigated
systems and hence suggests limiting contributions by the sensitizer or TEOA concentration.
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{Ni12W30}, SA and solvent) and sacrificial proton donor (i.e. only TBAsNag-{Ni12W30}, PS and
solvent), as well as the reference HER experiment, performed using 20 uM Ni(NO3). solution
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Figure S48. Concentration-dependent HER trends. H. evolution profiles for (A) TBA3sNas-
{Ni12W30} and (B) TBA1sNas-{Ni12W27} obtained from 2-20 yM catalytic solutions. The slight
drop of H, amount detected for the 10 uM {Ni12W30} sample is related to the sampling
procedure which removes a part of the H, from the reactor headspace volume (details in the
description of the photocatalytic setup given under General Information).
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2. POM - HER activity and integrity

13.1 Post-catalytic studies

Post-catalytic studies and re-loading experiments were performed to elucidate the POTs’ stability under
photocatalytic conditions. First, the catalytic solution of {Ni12Wa30} or {Ni12W27} after the first HER cycle
(point x in Figure 3) was re-loaded with a sensitizer-TEOA mixture. This second illumination cycle
resulted in renewed Hz evolution, whose extent and profile matched those from the first HER run (Figure
S49 A). In contrast, the addition of exclusively TEOA yielded only 25% of the original activity (Figure
S$49 B). This proves that the Hz saturation shown in Figure 3 is not a result of sole Ni-PT-deactivation
but can instead be related to the sensitizer degradation or TEOA depletion. Second, following the
completion of HER (point x, Figure 3), {Ni12W30} and {Ni12W27} were selectively precipitated from the
catalytic solution using CsCl.2 ATR spectra of the isolated Cs-salts match well with the initially recorded
tungsten fingerprint areas in the range from 1000-300 cm-' (Figures S49 A, B), suggesting structural
integrity of both polyanions under turnover conditions. To provide a quantitative assessment of the Ni-
PT integrity, the remaining solutions after separating the POT Cs-salts were further analyzed with X-ray
fluorescence (XRF) concerning their Ni and W contents (Table S15). Elemental data obtained for
{Ni12W30} and {Ni12Wa7} show that the catalytic cycle resulted in minor leaching of both Ni and W;
however, it can only account for 3 to 10 % of the Ni-PT dissociation, while more than 90 % of the
polyanions stayed intact after the catalytic HER cycle. This partial degradation under catalytic conditions
have been reported before for similar compounds.4 Nevertheless, considering the effectiveness of the
PS reloading tests in Figure S50, the observed Ni-PT degradation seems insignificant compared to the
effect of sensitizer instability.

13.2 Post-catalytic precipitation of TBA13Nas-{Ni12W30} and TBA13Nas-{Ni12W27}

The photocatalytic reaction was carried out with 100 uM of the corresponding catalyst to obtain the POM
in sufficient quantity for post-analysis. After 30 min of illumination, 0.5 mL of a [0.5 M] solution of cesium
chloride in a mixture of acetonitrile/H20 (2:1) was added resulting in the immediate formation of
precipitates. The precipitate was centrifuged at 2500 rpm for 5 min and completeness of the precipitation
was insured by adding a few drops of the cesium chloride solution to the supernatant. The precipitates
were air dried and displayed to IR-spectroscopic analysis (Figure S49).
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Figure S49. ATR-IR spectra showing the superimposed tungsten fingerprint areas (1000-300
cm™) of A) Ki1Nao-{Ni12W30} and the precipitated cesium salt Cs{Ni12W3o} as well as B)
KisNa7-{Ni12W27} and the precipitated cesium salt Cs{Ni12W27}. A dominant band at ~660 cm"

5
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' in the precipitated Cs-salts arises from residual DMF as shown by the IR spectrum of pure
DMF.

13.3 Reloading experiments

To investigate the recyclability of TBA1sNas-{Ni12W27} and TBA1sNas-{Ni12Wa3o}, a solution containing
[Ir(ppy)2(dtbbpy)]* photosensitizer (0.2 mM), TEOA proton donor (0.25 M), and the corresponding POT -
WRC (20 yM) in 2 mL of 11:33:4 CH3sCN/DMF/H20 solvent mixture was irradiated and the Hz evolution
was followed by GC until saturation was reached, indicated by a plateau. The reaction solution was
reloaded with 100 pL of a freshly prepared solution of [Ir(ppy)z(dtbbpy)]* photosensitizer (3.99 mM) in
acetonitrile, 80 yL H20 and 40 pyL TEOA to yield 2.22 mL of a reloaded reaction mixture with 180 uM
[Ir(ppy)2(dtbbpy)]* photosensitizer, ~137 mM TEOA and 18 uM POT, thereby resembling the initial
POT/PS molar ratios of the first reaction cycle. Subsequently, sealing of the reloaded reaction mixture,
de-gassing and irradiation initiated the second reaction cycle (Figure S50).
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Figure S50. Re-loading experiments aiming to reveal the impact of catalytic solution
components on HER performance. For 20 uM (A) TBAisNag-{Ni12W30} and (B) TBA3Nas-
{Ni12W27} after the first 60 min HER cycle (left panels), the reaction volumes were re-charged
with a photosensitizer/TEOA/CH;CN/DMF/water solution (as described above). After
degassing, the second photocatalytic run (red curves) yielded significant Hz evolution close to
that of the first HER cycle for both compounds. When only TEOA was re-loaded (lila curve in
B), the amount of generated Hz only accounted to around a quarter of the original activity value.

13.4 Total X-ray fluorescence (TXRF) experiments

Following the post-catalytic precipitation experiments (see subsection 13.1. Post-catalytic precipitation
of TBA1sNas-{Ni12W3o} and TBA13sNas-{Ni12Wa27}), TXRF analyses of the Ni and W contents present in
the isolated supernatants of the corresponding Ni-PT solutions were conducted to elucidate on potential
leaching and provide a quantitative assessment of the Ni-PTs’ post-catalytic stability (see General

6
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Information section X-ray fluorescence). The TXRF results are summarized in the following Table S15:
The detected Ni/W contents before (2, in ppm) and after HER cycle (4, in ppm) were evaluated with
regard to the theoretical amounts of Ni/W in case complete Ni-PT dissociation/decomposition would
take place (1, in ppm). The part of the Ni-PT that underwent dissociation/leaching before (3, in %) and
after the HER cycle (5, in %) provides a quantitative measure for PT stability. Expressing the Ni/W
amounts found by TXRF in % (consideration of mol. % or wt. % would give identical results) of the total
amounts of Ni/W present in the original catalytic solutions allows to evaluate instability of the Ni-PTs
under the turnover condition.

Results. A detectable amount of Ni and W could be measured in the supernatants before photocatalysis
(3.1% Ni and 5.4% W for TBA1sNas-{Ni12W27}; 4.7% Ni and 4.5% W for TBA1sNas-{Ni12W30}).
Considering the precatalytic stability experiments (see sections 8 Cyclic Voltammetry and 9 UV-vis
spectroscopy), which suggested long-term stability of both Ni-PTs, the observed Ni- and W contents in
the solution before HER indicate incomplete precipitation of the anions during the extraction. Hence, the
observed pre-catalytic Ni/W contents (3, in %) were subtracted from the determined post-catalytic
contents (5, in %) to assess for the degree of Ni-PT leaching/decomposition (6, in %). Table S15 shows
(see column 6) contents of 6.5% for Ni and 10.3% for W for TBA13sNas-{Ni12W27} as well as 5.0% for Ni
and 3.6% for W for TBA13Nas-{Ni12W30} indicating that not more than ~10% of the Ni/W was leached
over the course of the HER cycle. This implies that ~90 % of the polyanions stayed intact allowing for
the long-term photocatalytic stability shown in Figure S50A.

Table S15. Summary of the TXRF results for TBA13sNag-{Ni12W27} and TBA3Nag-{Ni12W30}.

. detected Q 9 o
Ni-PT contents 1 [ppm] 3 [%] 4 [ppm] 5 [%] 6 [%]
Ni 1283 | 0.3975+0.176 | 3.1 1'521%53i 9.6% 6.5
{NitoW27} 14.1605 +
w 9045 | 4.902+ 0442 | 5.4 Jo00E 157% 103
Ni 12.83 | 05985+ 0.108 | 4.7 7'023%—’ 9.7% 5.0
{Ni12Wao} 8.1145 +
w 100.50 = 44725+ 0.269 = 4.5 E 81y 3.6
Pt T V)
9&0 960 Béo 360 7%0 76 I ppml 950 960 BEI)U 860 750 76 I r.lI.'!mI
B) T T T T T T T 1 E) 1 1 ] 1 1 T T 1
550 500 450 400 350 300 ppm 550 500 450 400 350 300 ppm
() R e ——
T 1 T ) | |
100 0 -100 ppm 100 0 -100 ppm

Figure S51. 3'P NMR spectra of TBA13Nas-{Ni12W30} in the range from 1000 to -200 ppm (A —
C) and TBA13Nas-{Ni12W27} from 1000 to -200 ppm (D — F). The absence of signals can be
attributed to the presence of paramagnetic Ni(ll) and the comparably low number of
incorporated P centers.
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3. Photoluminescence (PL) emission spectroscopy

To explore the photocatalytic mechanism of hydrogen evolution reaction (HER), and to understand the
electron transfer kinetics between the reaction solution components, photoluminescence (PL) emission
spectroscopy was employed. The PL properties of [Ir(ppy)2(dtbbpy)]* in N2-deaerated CH3CN:DMF:H20
(11:33:4) solution were observed using a light excitation at 445 nm. Figure $52 demonstrates that the
photosensitizer's PL emission is quenched by TEOA, TBA13Nas-{Ni12W30} and TBA13Nas-{Ni12W27} in a
linear Stern—Volmer behavior depending on the quencher’s concentrations (Figure S$52).

The linear fitting of the Stern-Volmer plot demonstrates that the rate constant for reductive quenching
by TEOA is deduced to be 2.7 x 107 M- s', whereas rate constants of 8.9 x 10° M-'s*' (TBA13sNas-
{Ni12W27}) and 13.2 x 10° M-' s (TBA13Nas-{Ni12W30}) were calculated for the oxidative quenching by
the corresponding Ni-PT suggesting that [Ir(ppy)2(dtbbpy)]*" can undergo both reductive and oxidative
quenching if TEOA and the corresponding Ni-PT are present in equimolar concentrations (Scheme S1).
Considering the 12.5 — fold higher concentration of TEOA (250 pM) as compared to the highest
investigated Ni-PT concentration (20 uM) under turnover conditions, a reductive quenching mechanism
is proposed for the investigated reaction system. This conclusion is further supported by time-resolved
PL experiments allowing to explore the decay kinetics of [Ir(ppy)2(dtbbpy)]*". The PL decay of
[Ir(ppy)2(dtbbpy)]* fitted using a biexponential function gives an excited state lifetime of ~117 ns, which
decreases in the presence of TEOA, TBA13sNas-{Ni12W27} and TBA1sNas-{Ni12W30} to yield lifetimes of
70.4, 107.6 and 108.1 ns, respectively, further illustrating that TEOA accelerates the quenching kinetics
of [Ir(ppy)z(dtbbpy)]* most effectively out of the investigated quenchers and additionally supporting the
proposed reductive quenching pathway.

2.0x10° 2.0x10° 4 i
A) B) ™ Tovawa C) > 1
— 0. [Ni ;W]
- - —10 4 ~ —
5 15x10° 5 1.5x10° | —20 a0 3 1.5x10° { —10
= 8 —30 4l 5 2
3 ER z
< 1010t £ 1oxt0f 50 £ 1m0
z E £
—
o T o
5.0x10° 1 & 5.0x10° 5.0x10°
0.0 - . . . - . 0.0 0.0
B fﬁnn:}m 50 800 45 500 550 600 650 700 750 800 a0 50 5% o0 om 70 Te0 mno
g ‘Wavelength (nm) Wavelength (nm)

Figure S52. PL emission of [Ir(ppy)2(dtbbpy)]* (0.2 mM) excited at 445 nm with the addition of
different amounts of A) TEOA (0-100 mM), B) TBA13sNag-{Ni12W27} (0-60 uM) and C) TBA13Nas-
{Ni12W30} (0-60 uM). K, values calculated from linear fitting of Stern-Volmer plots are (A) 2.7 x
10" M" s, (B) 8.9 x 10° M s and (C) 13.2 x 10° M"' s, respectively (Figure S53).
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Figure S53. Superimposed time-resolved PL spectra of A) [Ir(ppy)2(dtbbpy)]* [0.2 mM] without
added quencher and after addition of TEOA [0.25 M], TBAisNag-{Ni12W27} [20 uM], or
TBA13sNas-{Ni12W30} [20 uM] detected at 590 nm, excited with a laser (A = 377 nm); Stern-
Volmer plots and linear fits for the emission of [Ir(ppy)2(dtbbpy)]* [20 uM] quenched by B)
TEOA, C) TBA13N88-{Ni12W27} and D) TBA13N38-{Ni12W3o}.
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Scheme S2. Proposed mechanism for visible-light-driven hydrogen evolution catalyzed by
TBA1sNag-{Ni12W27} and TBAi3sNas-{Ni12W30}. Upon visible-light driven excitation (I.)
[Ir(ppy)(dtbbpy)]” is excited to [Ir(ppy)(dtbbpy)]**. The excited photosensitizer can undergo
both reductive and oxidative quenching. Oxidative quenching: In a subsequent step,
[Ir(ppy)(dtbbpy)]** is oxidized to [Ir(ppy)(dtbbpy)]?* (Il.) upon reduction of the corresponding Ni-
PT, which is re-oxidized to the initial species by reducing H" and forming H; (lll.). The oxidized
photosensitizer [Ir(ppy)(dtbbpy)]?* is consecutively reduced to [Ir(ppy)(dtbbpy)]* by the
sacrificial agent TEOA (IV.). Reductive quenching: The excited [Ir(ppy)(dtbbpy)]** is quenched
upon reduction by TEOA to give [Ir(ppy)(dtbbpy)] (Il.). In a consecutive lll. step,
[Ir(ppy)(dtbbpy)] is re-oxidized to [Ir(ppy)(dtbbpy)]" by the corresponding Ni-PT which reduces
H* to ultimately form Hz (IV.).
1.

TEOA [ir(ppy)(dtbbpy)]
|V TEOA% oxidative quenching
L
121, [l
2 W
|- [Ir(ppy)(dtbbpy)] * » [Ir(ppy)(dtbbpy)]"*

TEOA
reductive quenchmgX
[Ir(ppy)(dtbbpy)] TEOA'
V. 121, “l.
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My contributions as the first author of this work involve conceptualization of the cluster
deposition, development of the synthetic methodology (cluster synthesis, attachment, post-
treatments), and numerous investigations (FTIR, XPS, PL, HER) as well as data curation,
plotting and writing of the article draft.

The corresponding Supplementary information of the article can be found on page 86.

Reprinted with permission from the American Chemical Society™
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ABSTRACT: Achieving light-driven splitting of water with high
efficiency remains a challenging task on the way to solar fuel
exploration. In this work, to combine the advantages of
heterogeneous and homogeneous photosystems, we covalently
anchor noble-metal- and carbon-free thiomolybdate [Mo,S;;]*"
clusters onto photoactive metal oxide supports to act as molecular
co-catalysts for photocatalytic water splitting. We demonstrate that o /
strong and surface-limited binding of the [Mo,S,5]* to the oxide
surfaces takes place. The attachment involves the loss of the ;—i: %
majority of the terminal S,>~ groups, upon which Mo—O-Ti - ! [MosSqs]* clusters as
bonds with the hydroxylated TiO, surface are established. The o E: mialesuiartly evlution
i . i / co-catalysts
heterogenized [Mo,S,3]*” clusters are active and stable co-catalysts —
for the light-driven hydrogen evolution reaction (HER) with
performance close to the level of the benchmark Pt. Optimal HER rates are achieved for 2 wt % cluster loadings, which we relate to
the accessibility of the TiO, surface required for efficient hole scavenging. We further elucidate the active HER sites by applying
thermal post-treatments in air and N,. Our data demonstrate the importance of the trinuclear core of the [Mo,;S;;]* cluster and
suggest bridging S,>~ and vacant coordination sites at the Mo centers as likely HER active sites. This work provides a prime example
for the successful heterogenization of an inorganic molecular cluster as a co-catalyst for light-driven HER and gives the incentive to
explore other thio(oxo)metalates.

g ._

" as a photosensitizer

= o nr NN~ IR PN "

KEYWORDS: thiometalates, metal sulfides, heterogenization, water splitting, photocatalysis

1. INTRODUCTION chalcogenides—especially those from the MoS, family—have
shown excellent promise for electrochemical H, production
due to the presence of suitable adsorption and catalytic sites.®
After the realization that the basal planes of MoS, are mostly

The ever-increasing energy consumption by our society leads
to the unprecedented need for green and renewable fuels.'
With its high energy density, hydrogen can be seen as a

suitable alternative to gasoline and natural gas;2 however, still inactive toward HER,”™” a class of molecular thiomolybdate
today it is mostly generated from fossil fuels by steam clusters'”'" that mimic the edge sites of MoS, has gained
reforming. Since the ratification of the Paris Agreement, interest for the applications in energy conversion. Over the
alternative methods of hydrogen generation from water have past decade, [Mo0;S,]*,"*"® [Mo0;$,5]>7,"*7"° [Mo,S,,]*7,"
attracted unprecedented attention including those through and their analoguesls—zo have demonstrated exceptional
electrolysis using solar or nuclear power (i, yellow and pink electrochemical H, generation (in terms of stability and low
hydrogen). Among others, photocatalysis is seen as an ultimate overpotentials) associated with the presence of abundant and

sustainable solution that allows direct generation of hydrogen
from renewable sources, such as water and sunlight. However,
the efficiencies of contemporary heterogeneous photocatalytic
systems are still far from the level to contribute substantially to
the world energy demand.” One important issue that requires
urgent attention is the design of earth-abundant and high-
performance co-catalyst able to facilitate the desired redox
reaction at the photocatalyst surface.

Among various alternatives to noble-metal-based hydrogen
evolution reaction (HER) catalytic systems,”” transition-metal

accessible sulfur sites in their molecular structure. Compared
to typical inorganic catalysts reported elsewhere,”’ such
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Figure 1. Cluster structure. (a) Powder XRD pattern of the Na,[Mo;S;5] and (NH,),[Mo;S,;] along with the ICDD 04-021-7028 reference
pattern of the ammonium salt, (b) overlayed ATR-FTIR and Raman spectra of the Na,[Mo;S,;] powder featuring characteristic molecular
vibrations and the corresponding ranges, (c) molecular model of the [Mo,S,5]*~ compared to the edge structure of the MoS, sheet, similar bonding
motifs are highlighted; and (d) UV—Vis absorption spectrum of the 0.025 mM Na,[Mo,S,;] solution in water and water/methanol featuring a

characteristic absorption band.

clusters feature well-defined molecular structures, composi-
tions, and geometries, which may further allow for in-depth
studies and understanding of the active sites, reaction
mechanisms, and dynamic nature of the (photo)catalytic
processes.”” The implementation of these clusters in photo-
catalytic applications has so far been limited to several
examples. On one hand, parallel to each other, two groups
unraveled activity of [Mo,S;,]*~ and [Mo,S;;]*~ toward HER
under strictly homogeneous conditions, when photosensitized
by a molecular [Ru(bpy),]** dye.”*** On the other hand, two
early studies have explored composites of [Mo3S5]*” on
Bi,WO4 and TiO, for the application in light-driven
degradation of methylene blue and acetone, respectively.”>*
Only a few studies so far have employed [Mo,S;5]*” as a
dedicated HER co-catalyst in a combination with non-oxide
supports,”” ~>” however, mainly relying on weak electrostatic
interactions between the two components. To the best of our
knowledge, none of these studies present detailed insights into
the support/cluster attachment modes, structural modifications
and, most importantly, the catalytic sites of these HER-relevant
clusters after immobilization. Beside this, in light of the most
recent record-breaking solar-to-hydrogen conversion efficien-
cies achieved on oxide-based semiconductors,”*™>* exploration
of the thiomolybdate—oxide interface and binding constitutes a
highly relevant yet underexplored research subject.

Motivated by these factors, here we construct and investigate
a set of promising earth-abundant photocatalysts comprising
various photoactive oxide supports and [Mo,S;3]*” as a model
HER co-catalyst. We show that the clusters undergo strong and
irreversible covalent binding to the model TiO, surface via
Mo—O-Ti bond formation with the surface-hydroxyl groups,
and that this surface anchoring is limited to monolayer
formation and involves oligomerization of the cluster cores at
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high [Mo;S;;]*” surface density. We demonstrate a stable
photocatalytic performance of the heterogenized [Mo,S;5]*~
toward HER as a function of the loading with an optimal value
of around 2 wt %, unravel factors limiting the performance at
higher [Mo,S,;]*~ coverage, and elaborate on the active state
of the [Mo,S,5]*” under turnover conditions. Finally, we
investigate the impact of the cluster structure and integrity on
photocatalytic activity by subjecting it to dedicated heat
treatments. Our results show that both the molecular structure
of the Mo, core and the presence of the bridging S, ligands
are key factors, enabling these clusters to act as efficient HER
co-catalysts.

2. RESULTS AND DISCUSSION

2.1. Cluster Preparation. (NH,),[Mo;S;;] and
Na,[Mo;S,5] were synthesized following reported procedures
with minor modifications (see details in the experimental
section). Their molecular and crystal structures were verified
by a combination of spectroscopic, elemental, and morpho-
logical analyses (see details in Supporting Information, Section
1). X-ray diffraction (XRD) patterns of the as-prepared
thiomolybdate salts indicate high crystallinity compounds
(Figure la) and match well with the database and the data
reported previously.”” SEM of the Na,[Mo,S,;] shows rodlike
crystals, typical of the sodium salt (Figure S1). ATR-FTIR
spectroscopy reveals signature peaks centered at 542 cm™', 505
(510/501 doublet) cm™', and 458 cm™, corresponding to
bridging, terminal, and apical sulfur ligands, respectively
(Figures 1b and S2).”” Complementary Raman spectra (Figure
1b) indicate additional peaks in 400—250 and 210—150 cm™
ranges, which are characteristic of Mo—S and Mo—Mo
vibrations of the [Mo;S;;]*” anion.””** The presence of
Mo—Mo bonding is in line with the relatively short

https://doi.org/10.1021/acscatal.2c00972
ACS Catal. 2022, 12, 6641—6650
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Figure 2. Cluster immobilization. (a) Digital photographs of the xMo;/TiO, samples with 0.1, 2, S, and 7 wt % cluster loadings, (b) difference DRS
spectra of the Mo;/TiO, composites with different cluster loadings (0.1-20 wt %) subtracted from TiO, absorption (see details in Supporting
Information, methods) along with the DRS spectrum of Na,[Mo;S;;] (dashed line), (c) real vs intended loading plot depicting the range of
theoretical monolayer capacity (see details in Supporting Information, Section 6), a linear increase between the real and intended loadings for
loadings <9 wt % and its saturation at higher loadings. (d) XRD pattern of Mo;/TiO, composites (10 wt % loading) and of a physical mixture of
Na,[Mo5S,5] and TiO, (1:9 wt %), (e) EDS-derived elemental mappings of Ti (ii), Mo (iii), and S (iv) in an exemplary 3Mo;/TiO, composite.

intermetallic distances in the cluster.'® Overall, the data
confirm the trinuclear nature of the [Mo;S;3]*~ and the
presence of $*7/S,>” ligands that make it structurally
reminiscent of the MoS,-bonding motif (Figure 1c).

Ion exchange from NH," to Na' (see the experimental
section) renders the compound water and alcohol soluble (see
details in Supporting Information, methods), which allows
circumventing the high-boiling point dimethylformamide for
further deposition and application in water splitting reactions.
UV—vis spectra of Na,[MoS;] aqueous solution (0.025 mM)
reveal an absorption centered at 417 nm (Figure 1d)
corresponding to that of the powdered sample evaluated by
diffuse-reflectance spectroscopy (DRS) in the solid state
(Figure S3). Based on the electronic structure of the
ammonium salt’> and the disappearance of this absorption
band after oxidation (Figure S3), this characteristic absorption
can be assigned to the (S,* ) — d (Mo) ligand-to-metal
charge transfer (LMCT) transitions within the Mo-(S,)
moiety.

2.2. Cluster Anchoring. After confirming the structure of
the targeted Na,[Mo;S;;] compound, we proceeded with
cluster immobilization onto the model photocatalytic TiO,
surface following a wet-impregnation route (details in
Experimental Section). A set of [Mo;S;5]/TiO, composites
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further denoted as xMo;/TiO, was prepared with x—nominal
cluster loading—ranging from 0.1 to 20 wt %.

2.2.1. Loading and Dispersion. The color of the Mo,/ TiO,
composite series corresponds well to the increasing mass
fraction of the [Mo,S,5]*” used for the synthesis (Figure 2a).
DRS of the samples allows for a quantitative assessment and—
after subtracting TiO, spectra—shows a gradual increase of the
characteristic LMCT band for higher cluster loadings (Figure
2b). However, a certain non-linearity of the trend can be seen
at higher nominal loading values (Figure S4), which suggests
an adsorption-limited process. Since our synthetic protocol
involves extensive washing steps to remove loosely attached
clusters, total reflection X-ray fluorescence (TXRF) spectros-
copy was used to unravel the real [Mo;S,5]*” loadings in the
composites.

The data (Table 1) reveal a close-to-linear increase in the
cluster content (ie, real loadings correspond well to the
nominal loadings) up to around 9 wt % at which saturation is
achieved (Figure 2c). Based on the cluster footprint and
surface area of the used TiO, (116 m?/g, Figure SS), we
estimate the theoretical adsorption capacity of our support
(corresponding to a dense monolayer) to be around 9.6 wt %
(see details in Supporting Information, Section 6). This value
is close to that obtained experimentally, which strongly
suggests that [Mo;S,3]>” cluster adsorption follows a

https://doi.org/10.1021/acscatal.2c00972
ACS Catal. 2022, 12, 6641—6650



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 1. Comparison between Intended (Nominal)
[Mo;S,;]>" Loadings and Those Found in the As-Prepared
[Mo,S,;]/TiO, Samples by Means of TXRF Quantification
of Mo Content

nominal [Mo;S;;]*~ loadings (wt %) real [Mo3S,3]*~ loadings (wt %)

0.1 0.14 + 0.01
0.5 0.50 + 0.0S
2.0 1.78 £ 0.18
3.0 2.63 + 0.26
5.0 422 + 042
7.0 522 + 0.52
10.0 8.30 + 0.83
20.0 9.10 £ 0.91

monolayer formation and is thus limited by the surface area of
the support. The complementary XRD pattern of the 10Mo;/
TiO, powder shows no sign of [M03S;3]*~ compound (Figure
2d), which corroborates the molecular dispersion of the
clusters on the support surface and excludes strong cluster
aggregation (Figure S6 and Supporting Information, Section
7).

Elemental maps acquired on the nanoscale through energy-
dispersive X-ray spectroscopy (EDS) further confirm the
homogeneous dispersion of Mo and S elements over the TiO,
surface (Figure 2e); however, some areas with locally higher
Mo/S concentration can also be observed (Figure S7). Close
examination of the Mo;/TiO, composites with high-resolution

transmission electron microscopy (HRTEM, Figure S8)
reveals that while the majority of TiO, surfaces seem to be
smooth and intact, the areas of higher Mo and S content
display structural ordering (up to a few layers), which may
correspond to a certain degree of stacking or polymerization of
the [Mo;S;3]*” clusters due to their proximity and dense
packing at higher loading values.

2.2.2. Surface Structuring. Aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) was employed to provide an atomistic view
on the surface-anchored clusters. Figure 3a shows a high-
resolution micrograph of the 3Mo;/TiO, sample and reveals a
collection of bright spots distributed over the edge of an
individual support nanoparticle. Based on the Z-contrast
difference between Ti and Mo, along with the observed spot
size smaller than 1 A, each spot likely corresponds to an
individual Mo atom, wherein the Mo—Mo distance of 2.8 A
and less (due to the tilted position of the clusters on the
surface) could be measured, in line with that within the
[Mo3S,5]*~ cluster core (2.72 A). Depending on the
orientation of the supported clusters (insets are shown in
Figure 3a), we can identify a number of triangular formations,
which suggests the intact structure of the {Mo,} cluster cores
upon binding, in line with their high structural stability.*®
Figure 3b shows a high-resolution image of an area with
relatively higher Mo/S concentrations according to EDS signal.
It reveals an assembly of bright spots organized in chain-like
meta-structures, as highlighted by circled regions in the filtered
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Figure 3. Cluster attachment. (a,b) HAADF-STEM images of 3Mo;/TiO, composites; Fourier filtered images are shown in the bottom panels;
examples of detected {Mo;} cores are circled and magnified in the insets in (a), where they are compared with the model of tilted [Mo;S,3]*
cluster cores, (c—e) XPS spectra of the Na,[Mo,S;;] and the clusters after attachment to the TiO, surface (c) Mo 3d region, (d) S 2p, and (e) O 1s
regions with corresponding fits; real [Mo,S,5]*~ loading is derived via TXRF to be 2 wt %.
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image. The estimated distance between the spots of 2.7 + 0.4
A strongly suggests that the chains correspond to oligomers
made of Mo atoms originated from the {Mo;} cores. Similar to
the formation of two-dimensional MoS, nanostructures from
[Mo,S;5]*~ on graphite reported previously,'® our HAADF-
STEM data thus suggest that cluster polymerization—Tlikely via
partial loss and sharing of terminal disulfide ligands—takes
place also in the case of the oxide support, however only at
high cluster densities. The restructuring to chain-like structures
shows the tendency of the clusters to organize in a highly
disordered MoS,-like motif similar to that described recently.’’

2.2.3. Adsorption Model. To elucidate the specificity and
strength of the cluster anchoring, we set up a series of
impregnation experiments using concentrated Na,[Mo;S;5]
solutions and a range of alternative substrates including anatase
TiO, with a significantly larger particle size and rutile TiO, and
BiVO, powders (see details in Supporting Information, Section
10). Figure S9 plots real cluster loadings (quantified through
TXRF) and surface areas of the supports used (Table S1). The
trend reveals a strong dependency between the two
parameters: while only 0.19 wt % of [Mo,S,3]*” anchored
onto low-surface area BiVO, (1.11 m*/g), 5.14 wt % of
[Mo,S;;]*” could be accommodated by the surface of rutile
nanopowder (27 m?/g). Based on these data, the surface-
limited [Mo,S;3]*~ deposition seems to be independent of the
composition of the chosen oxides, which allows us to suggest
that the formation of [Mo;S;3]>” monolayer involves
irreversible chemical bonding (chemisorption) with the
support surface. The high strength and durability of the
[Mo,S,5])*" anchoring were further corroborated in a set of
leaching experiments (see details in Supporting Information,
Section 11), which overall strongly suggests that other
semiconducting oxide-based materials will also act as suitable
supports for the cluster deposition.

2.2.4. Binding Modes. The data conclusively show that the
attachment of [Mo,S,5]*>” onto oxide surfaces is irreversible
and surface-limited. For the series of Mo;/TiO, composites
based on anatase nanoparticles (116 m?/g), the maximum
achieved [Mo,S,;]*" loadings of 9.1 wt % thus correspond to a
dense monolayer coverage. Confirmation of the cluster
integrity after immobilization via Raman/ATR-FTIR, however,
renders challenging as only a weak set of characteristic Mo—S,
S—S, and Mo—Mo vibrations could be seen in the 20Mo,/
TiO, sample, that is, with the highest cluster loading (Figure
$10).

Therefore, we employed surface-sensitive X-ray photo-
electron spectroscopy (XPS) to verify the cluster structure
and elucidate their binding modes to the oxide support (see
details in Supporting Information, methods). Quantification of
the relative Mo-to-S ratios from survey spectra (Figure S11)
reveals a strong relative loss of S (around S0%) upon
anchoring (Tables S2 and S3), which provides a first hint for
the binding scenario. Detailed analyses of the Mo 3d edge
(Figure 3c) show that partial oxidation of Mo (original
oxidation state +4) to a mixture of +5/+6 takes place, while the
change in the S 2p edge profile (Figure 3d) implies that
terminal disulfide ligands are mostly affected by the anchoring
process. Considering the additional shift of Mo signals to
higher binding energy, the overall data suggest that [Mo,S,5]*"
loses more labile terminal ligands and establishes a covalent
binding with the strong electron-withdrawing hydroxyl groups
of the oxide surface, likely forming Mo—O—Ti bonds. In line
with this assumption, XPS data of the O 1s edge (Figure 3e)
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indicate a noticeable shift of the prime O signal (Ti—O—Ti) to
higher binding energies (530.1 eV for TiO, to 530.3 eV for
Mo,;/TiO,) accompanied by a decrease in surface-hydroxyl
groups by 5% (see details in Supporting Information, Section
13.2). Both observations corroborate the transformation of
Ti—OH groups into Ti—O—Mo. Observed shifts in binding
energy values further indicate that a considerable degree of
electron density flows from the [Mo;S;;]*” to the titania
support, as expected from the anionic charge of the clusters
(see details in Supporting Information, Section 13.2). Overall,
XPS data show that terminal S,*~ groups get replaced upon
anchoring to allow for covalent binding with TiO,. Although
most of the clusters lose their original [Mo;S-
(S,)5™(S,);™%]>~ composition, the integrity of their tri-
nuclear {Mo,(4-S,);} cores can be confirmed.”® A certain
degree of oligomerization of the {Mo,} cores via remaining
terminal disulfides, however, cannot be excluded based on our
STEM data.

2.3. Photocatalytic Performance. The set of the
prepared xMo;/TiO, composites allows us to evaluate the
prospected co-catalytic function of the [Mo;S;3]*” clusters
toward HER and—considering the structural changes upon
binding—can further provide relevant information regarding
their active sites. Several reports have attempted to identify
catalytic HER sites of thiometalate clusters by examining their
electrocatalytic HER performance. Based on DFT calculations
and experimental evidence, the groups of _]oh,16 Miras,” and
Beyer’ """ agree that terminal sulfides are the preferred sites for
hydrogen adsorption and the most favorable catalytic sites for
electrochemical HER. In contrast to this, the group of Artero
observed a loss of terminal disulfides under the turnover
conditions and thus suggested the unsaturated Mo centers to
act as catalytic sites.'® Joo and colleagues corroborated this
idea and identified Mo-oxo species to play a key role in
generating effective hydrogen adsorption sites.”” Complemen-
tary to these, the group of Streb recently examined the
photocatalytic performance of the [Mo;S;3]*” under homoge-
neous conditions.”> They revealed a dynamic structure of the
cluster that involves the partial exchange of terminal disulfides
with aqua ligands under turnover conditions. All three groups,
however, agree that the formation Mo—H or Mo=0O
intermediate could be possible when Mo centers with
undercoordinated sites are present in the system, which is
the case for our attachment model.

2.3.1. Clusters as HER Co-Catalysts. The as-obtained short-
term H, evolution profiles of the Mo;/TiO, composites are
shown in Figure S12a (experimental section for setup and
reactor description and Figure S12b for reproducibility).
Figure 4a plots the extracted HER rates against cluster loading
(real values from Table 1 are considered) and surface area
coverage (theoretical values assuming monolayer adsorption
are considered). Interestingly, from the point of view of the
proposed monolayer adsorption model, the HER performance
of the Mo;/TiO, photocatalysts follows a volcano trend: the
rate of H, evolution peaks at around 2 wt % value and drops
gradually for higher cluster loadings. We can exclude a
significant contribution of the [Mo;S;;]>” parasitic absorp-
tion™” to the HER decline (Figure 2b) based on the sufficiently
high light flux used in our experiments (Figure S13). However,
this HER trend can be explained by considering the overall
redox cycle: while higher [Mo;S;]*” loadings correspond to
more active HER sites, they may diminish the extent of the
available TiO,/solution interface necessary for an efficient hole
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Figure 4. Photocatalytic performance and active sites. (a) Hydrogen evolution rates plotted against the [Mo,S,3]*~ cluster content and the degree
of surface coverage in %; green area shows the standard deviation of hydrogen evolution rate values obtained from multiple measurements for each
loading value, (b) PL spectra obtained from the catalyst solutions containing TA as OH trap after UV pre-illumination; inset shows intensities of
the peak maximum (ca. 425 nm corresponding to hydroxyterephthalic acid emission) plotted against the real [Mo;S;;]*” loadings, (c) long-term
photocatalytic hydrogen evolution experiments of Mo;/TiO, composites with 2 and 10 wt % loadings and their comparison with Pt/TiO, in terms
of HER stability, (d) comparison of the hydrogen generation rate of Mo;/TiO, composites heat-treated (25—400 °C) under air and the N,

atmosphere; full HER profiles are shown in Figures S12 and S19.

scavenging.' A set of radical trapping photoluminescence
(PL) experiments using terephthalic acid (TA) as a probe
molecule were performed to elaborate on this point (see details
in the experimental section). As depicted in Figure 4b,
compared to neat TiO,, we observe a significant increase in
OH radical generation on Mo;/TiO, samples, especially at
lower cluster contents. This result corresponds to the
enhanced separation of photogenerated charge carriers and
manifests the ability of the thiomolybdate clusters to extract
the electrons from the support, in line with their role as HER
co-catalysts. The inset in Figure 4b, however, illustrates that
higher cluster loadings (i.e., 10Mo;/TiO,) restrict the ability of
Mo;/TiO, to form OH radicals. As a consequence, the
inefficient utilization of photogenerated holes leads to the
acceleration of the recombination rates. These data validate
our assumption and confirm that the extent of the available
TiO,/solution interface becomes a factor that limits the overall
HER performance at higher cluster loading values.

In addition to the overall HER trend, Figure 4a reveals that
the composites with the cluster content below 3 wt % show
mild deactivation (i.e., decrease in the H, evolution rate with
time, Figure S12a) over the first 60 min of illumination, while
those with the [Mo,S,5]*” content above 3 wt % exhibit stable
HER performance. This result hints toward a coverage-
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dependent stabilization of {Mo;Ss} cores and their active
sites, which may be related to the oligomerization of the closely
packed clusters under turnover conditions.'® Lastly, both types
of composites feature robust H, evolution over a long-term
reaction (Figure 4c). The performance of 10Mo;/TiO, can
even be compared to the benchmark HER photocatalyst
couple of Pt on TiO, tested under identical conditions (see
details in Supporting Information, methods), which manifests
these thiomolybdate clusters as efficient and stable noble-
metal-free HER co-catalysts. The catalytic nature of H,
evolution can be further confirmed by comparing the number
of H, molecules generated (0.88 mmol) with the number of
Mo atoms present in the exemplary 2Mo;/TiO, photosystem
(0.75 umol).**

Post-catalytic characterization of the Mo;/TiO, composites
uncovers several key points. As revealed by EDS mapping
(Figure Sl4a) and TXRF (Figure S14b) of the catalyst
recovered after HER, we observe neither change in Mo
distribution nor leaching of the Mo content from the TiO,
surface. This is in strong agreement with the stable HER rates
discussed before. Detailed XPS spectra, however, show that a
mild transformation of the clusters upon turnover conditions
takes place: following the oxidation of Mo centers and the loss
of terminal S,>” upon cluster anchoring (see previous
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discussions), even more of the Mo*" turns into Mo
(Figure S15a), while a part of bridging S, disappears from
the structure (Figure S15b). Both changes can be indicative of
the active HER state of the clusters and are in line with the
dynamic exchange of the disulfide ligands with aqua/hydroxo
ligands under catalytic conditions.”

2.3.2. Active Sites. In order to verify the impact of the
molecular composition and structure of [Mo;S;;]*” on its
HER activity, we subjected the as-prepared Mo;/TiO,
photocatalysts to a series of heat treatments. Thermogravi-
metric analysis (TGA, Figure S16) performed in air and N,
reveal that the clusters undergo structural changes in the
temperature range of 250—450 °C. Earlier reports suggested
that apical $*~ is most thermolabile,”® while terminal and
bridging disulfides require higher temperature for decom-
position/restructuring.16 Moreover, according to in situ XRD,
heating of [Mo;S5]>~ in N, yields 2H—MoS, (Figure S17),*
while calcination under ambient air ultimately results in the
formation of MoO; (Figure S18). Importantly, for the
following discussion, heat treatments in air tend to degrade
the clusters more rapidly (i.e., at lower temperatures) due to
facilitated ligand oxidation.

HER tests were performed on 2Mo;/TiO, after respective
heat treatments in air and N, up to 400 °C (full HER profiles
in Figure S19). Figure 4d shows that the H, evolution rates
start to decline in both cases after a certain temperature is
reached. Importantly, for the treatments in air, the activity
drops sharply—close to zero—already at 200 °C, which is
likely related to the oxidation (ligand cleavage) of the {Mos (-
S,);} cores facilitated by the O-rich support surface via the
Mars-van Krevelen mechanism.**** In the case of N,-treated
samples, the activity is unaffected at 200 °C but drops
strongly—by 60%—when 300 °C treatment is applied. Both
trends conclusively show that the molecular composition of the
cluster and the presence of sulfur ligands in its original
structure are crucial structural factors that allow for high HER
performance.

In conjunction with our observation that the majority of
terminal S,>~ ligands tend to be displaced upon [Mo,S;5]*~
attachment, these activity trends correlate well with previous
reports,'¥*”** suggesting that both accessible Mo centers
(either undercoordinated or oxo species) and bridging S,
ligands constitute essential structural motifs, rendering these
clusters as high-performance and stable HER co-catalysts.*
The contribution of the remaining terminal S,*” as proton
adsorption or catalytic HER sites can, however, not be entirely
excluded considering their persistent presence in the Mo,/
TiO, catalyst before and after catalysis. Finally, in light of our
post-catalytic studies, the active HER state of the [Mo;S5]*~
formed under turnover conditions seem to involve a more
complex and dynamic interplay between available Mo sites,
partially replaced ligands, and oligomerized {Mo;} cores;
dedicated operando studies will be required to unravel
individual contributions of these factors.

3. CONCLUSIONS

In this contribution, we demonstrate the immobilization of an
all-inorganic thiomolybdate [Mo,S,5]>” cluster on various
metal oxide surfaces and investigate its function as a co-catalyst
for photocatalytic HER. The results indicate that the
attachment of the [Mo,;S;;]>” on TiO, is strong and
irreversible and that it follows monolayer adsorption, whereas
the surface coverage is directly proportional to the cluster
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loadings. Elemental mappings confirm that the majority of the
[Mo;S;]*” species distribute homogeneously over the support
surface. STEM-HAADF images allow us to resolve individual
{Mos} cores attached to the surface and also indicate the
formation of chain-like structures presumably made of
oligomerized cluster cores. Detailed XPS analyses show that
the attachment involves partial oxidation of Mo centers and
partial loss of the terminal S, ligands, which we assign to the
formation of covalent Ti—O—Mo bonds at the support—
cluster interface. We further demonstrate stable, loading-
depended HER performance of the prepared Mo;/TiO,
photocatalysis, which reaches an optimum at around 2—3 wt
% cluster loading—value limited by the hole utilization
efficiency. Post-catalytic studies confirm no leaching of the
Mo species (in line with strong bonding) but strongly indicate
a further milder transformation of the clusters upon turnover
conditions involving ligand exchange. Finally, by subjecting our
composites to stepwise thermal decomposition, we demon-
strate that both the molecular structure of the Moy cores and
the presence of the bridging S,>” ligands in the parent structure
are responsible for the excellent HER performance. This work
serves as an important example of the implementation of
[Mo;S;3]*” clusters as co-catalysts for photocatalytic applica-
tions and provides insights into their active states and
structures, which will be of interest to other molecular systems
and applications. Exploration of visible-light active supports
and other all-inorganic clusters such as polyoxometalates®” is
envisioned to develop tunable photosystems for eflicient
sunlight-driven generation of H, and other solar fuels.

4. EXPERIMENTAL SECTION

A detailed overview of the used chemicals, analytical
instrumentation, characterization methods, supplementary
figures, and discussions are provided in the Supporting
Information. Synthetic protocols and photocatalytic activity
measurements are detailed below.

4.1. Synthesis of (NH,),[Mo;(us-S?")(u7%-S,2 )30
S,27)31'H,0. The precursor for the synthesis of
Na,[Mo,S,;]-H,0 was pregared using a modified procedure
reported by Miiller et al*® A solution of (NH,),[Mo,0,,]-
H,O (3.2 mmol) was prepared in water (20 mL) in a round-
bottom flask followed by the addition of (NH,),S, (25 wt %,
120 mL). The resulting red-colored solution was heated at 96
°C for 5 days under continuous stirring. The dark red colored
product was obtained by filtration and thoroughly washed with
water, ethanol, carbon disulfide, and diethyl ether. The product
was dried at 60 °C in the air (yield: 90%).

4.2, Synthesis of Nay[Mo;(u5-S27) (i, n?-S,2 )3 (1%-S,2 )51
H,0. The sodium salt was synthesized following a reported
method by Weber et al.*>* Briefly, 250 mg of (NH,),[Mo5S,5]-
H,O was added to a 1% NaOH solution (40 mL) followed by
stirring under vacuum for 2 h. The mixture was then filtered in
10% NaCl solution and kept for 12 h in order to precipitate
out the desired Na,[Mo;S,3]-H,O (yield: 70%).

4.3. Synthesis of Na,[Mos(u3-527) (,n?-5,2 )3 (1?-5,%)5]
H,O/TiO, Composites. The Na,[Mo,S,;]-H,0/TiO, com-
posites having different weight contents (0.1, 0.5, 2, 3, S, 7, 10,
and 20%) of thiomolybdate clusters were synthesized. TiO,
powder was dispersed in MeOH (100 mg in 28 mL) by
ultrasonication for 10 min. The clusters (amount correspond-
ing to the nominal loading) were dissolved in methanol, added
to the TiO, suspension, and again sonicated for 15 min. The
mixture was then kept on stirring for 24 h to allow for
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adsorption, followed by filtration and repeated washing with
methanol to remove unattached clusters and those attached
loosely (e.g, in a layer-by-layer fashion). Filtration and washing
of the powders with lower intended cluster loadings (e.g,
below 10 wt % for TiO,) resulted in colorless filtrates.
Filtration of the powders with higher intended loadings (e.g,
above 10 wt % for TiO,) gave colored filtrates, while washing
was repeated until the filtrates turned colorless to ensure the
removal of excess clusters. The final powders were dried at 60
°C and are denoted as xMo;/TiO, throughout the manuscript,
where x stands for the nominal (intended) mass content of the
clusters.

4.4. Photocatalytic Experiments. The hydrogen evolu-
tion experiments were carried out using a top-down irradiation
gas-flow slurry type custom-built reactor (total volume of 100
mL) equipped with a monochromatic UV LED light source
with an incident light intensity of 0.49 W centered at 365 + 6
nm (196 mW/cm?, Thorlabs SOLIS). In the reaction setup, 10
mg of the powdered photocatalyst was introduced into the
reactor containing 40 mL of 1:1 vol % MeOH/H,0O mixture
(activity vs catalyst mass curves are presented in Figure S13).
The reaction mixture was dispersed evenly by ultrasonication
for 10 s. During the experiment, the reactor was continuously
purged with argon carrier gas at a flow rate of 30 mL min~’,
which is controlled by a mass flow controller (MCC-
instruments); the reaction solution was stirred at S00 rpm.
The gaseous H, was detected directly in the stream by an
online gas analyzer (X-stream, Emerson Process Management)
equipped with a thermal conductivity detector. H, concen-
trations were deduced based on a multilevel calibration. The
temperature of the reactor was maintained at 15 °C using a
water-cooling system (Lauda). In a single experiment, the
reaction mixture was stirred for 20 min before starting the
illumination to attain a stable signal baseline, followed by a 60
min light-on cycle and a 40 min resting in the dark. A typical
H, evolution profile (e.g, as shown in Figure S12) obtained
with our flow reactor includes an “induction” period
(increasing H, evolution rate during the first S—10 min) that
is due to the fact the H, gas first needs to fill the dead volume
(e.g, reactor volume and tubing volume) to reach the detector.
After this “induction,” H, evolution reaches a stable rate, which
speaks for stable HER performance. In contrast, when the rate
changes over time, (de)activation of the photocatalytic system
can be deduced.*® When the illumination is stopped, the
signal returns to its baseline.

4.5. PL Measurements. The photocatalytic mechanism
was investigated using radical-trapping PL emission spectros-
copy employinsg TA as an OH radical scavenger following
earlier reports.”’ In a single experiment, 1 mg/mL aqueous
suspension of the catalyst (TiO, and Mo;/TiO, composites)
was prepared and diluted with 3 X 107> M TA solution in 0.01
M NaOH. The suspension was illuminated for 40 min with UV
light (for conditions, see above), followed by centrifugation at
5600 rpm for 30 min to separate the catalyst from the solution.
PL emission of this solution was probed with an excitation
wavelength of 315 nm (see details in Supporting Information,
methods). According to the method, photoexcited holes
generated during the illumination of the photocatalyst
suspensions form OH radicals at the catalyst/solution
interface; the OH radicals in the solution can be next
effectively scavenged by the TA molecules, resulting in the
formation of 2-hydroxyterephthalic acid (TA-OH). As TA-OH
is highly fluorescent, PL can be used to quantify the amount of

so-generated OH radicals and thus can be used to assess the
extent of electron—hole separation and the effectiveness of
hole utilization.
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1. List of chemicals and methods
Chemicals

All the chemicals used for the synthesis were purchased from commercial suppliers and
include ammonium molybdate tetrahydrate ((NH)s[M07024]-4H.0O, Sigma-Aldrich, 99.98%
trace metals basis), ammonium sulfide solution (NH4).S,, Sigma-Aldrich, 20 wt.% in H-0),
carbon disulfide (CS;,, Sigma-Aldrich, 99.9%), sodium chloride (NaCl, Carl Roth), sodium
hydroxide (NaOH, Carl Roth), ammonium metavanadate (NH4VOs, Carl Roth, 99.8%),
bismuth (Ill) nitrate pentahydrate (Bi(NO3)3-5H20, Riedel de Haen, 98%), titanium (IV) oxide
anatase nanopowder (TiO., Sigma-Aldrich, 99.7%, <25 nm particle size) and titanium (IV)
oxide rutile nanopowder (TiO2, Sigma-Aldrich, 99.7%, <100 nm particle size). The solvents
used for the synthesis were deionized water, ethanol (EtOH, from Chem-Lab NV), HPLC-
gradient grade methanol (MeOH, from VWR), diethyl ether (from Sigma-Aldrich), N,N-
dimethylformamide (DMF, from Acros Organics, 99.8%, extra dry over the molecular sieve,
acroseal).

Characterization techniques

UV-Vis spectroscopy was performed on a Jasco V670 UV-Vis spectrometer. The samples
were prepared in methanol and aqueous methanol (1:1 vol.) solution with a concentration of
0.025 mM; UV-Vis spectra were recorded in absorbance mode. Absorption spectra of
powdered samples were measured in solid-state via diffuse-reflectance spectroscopy (DRS)
using MgSO. as a reference. The Mos/TiO, composite samples were measured using TiO; as
a background.

ATR-FTIR spectra of the samples were recorded via PerkinElmer FTIR Spectral UATR-TWO
with a spectrum two Universal ATR (Single Reflection Diamond) instrument. Powdered
samples were directly loaded onto the sample holder and the spectra were recorded in the
region of 4000-400 wavenumbers (cm™'). Raman measurements were performed with a WiTec
alpha 300 RSA+ Raman microscope equipped with a 632 nm excitation laser maintaining the
laser intensity at 1 mW.

The quantitative elemental analysis of the samples was performed with X-ray photoelectron
spectroscopy (XPS) using a custom-built SPECS XPS-spectrometer equipped with a
monochromatized Al-Kq X-ray source (4 350) and a hemispherical WAL-150 analyzer
(acceptance angle: 60°). To improve the sensitivity of the measurements, Mos/TiO2 samples
were prepared and investigated in the form of thin-films (see Additional Methods in Sl). This
was followed by wet impregnation of the Naz[Mo3S+3] clusters from methanolic solutions. For
a single XPS measurement, a slide containing the sample film was placed on the sample
holder using a conductive clip. Pass energies of 100 eV and 30 eV and energy resolutions of
1 eV and 100 meV were used for survey and detail spectra, respectively (excitation energy:
1486.6 eV, beam energy and spot size: 70 W onto 400 um, angle: 51° to sample surface
normal, base pressure: 5 x 107'° mbar, pressure during measurements: 2 x 10™° mbar). Data
analysis was performed using CASA XPS software, employing transmission corrections (as
per the instrument vendor's specifications), Shirley and Sh Tougaard backgrounds and
Scofield sensitivity factors. Charge correction was applied so the adventitious carbon peak
(C-C peak) was shifted to 284.8 eV binding energy (BE). All content values shown are in units
of relative atomic percent (at.%), where the detection limit in survey measurements usually
lies around 0.1-1 at.%, depending on the element.

Quantitative determination of the [MosS13]* cluster loadings was performed by X-ray
fluorescence spectroscopy in total reflection geometry (TXRF) using an ATOMIKA 8030C X-
ray fluorescence analyzer (Atomika Instruments GmbH, Oberschleissheim, Munich,
Germany). The excitation source employed was a Wolfram X-ray tube (continuous spectrum)
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at 50 kV and 47 mA. The samples were excited for 100 s and a Si(Li)-detector was used for
X-rays acquisition. The samples were prepared by fixating 200 ug of the powders at the center
of polished quartz glass reflectors with 5 uL of a 1 % polyvinyl alcohol (PVA) solution and
drying on a hot plate for 5 min. Quantification of Mo (in wt.%) was done relative to Ti. The real
loadings of [Mo3S13]* on TiO, were determined considering the stoichiometry of the clusters
and the support.

Scanning electron microscopy (SEM) images were acquired using a FEI Quanta 250 FEG
scanning electron microscope to obtain visual information on the morphology of the samples.
Typically acceleration voltage of 10 kV and secondary electron detection mode were used.
High-resolution transmission electron microscopy (HRTEM) images were obtained using FEI
TECNAI F20 transmission electron microscope equipped with a field emission gun in bright
field mode using 200 kV acceleration voltage. The sample was prepared from powdered
samples directly on a copper holey carbon-coated grid (Plano, 200 mesh). Energy-dispersive
X-ray spectroscopy (EDS) was performed using scanning TEM (STEM) mode to obtain
elemental maps.

High-angle annular dark field (HAADF) STEM imaging and energy dispersive X-ray
spectroscopy (EDS) were performed by using Titan Cubed G2 60-300 (TEM/STEM, FEI Co.,
now Thermo Fisher Scientific) operated at 300 kV. This microscope has an aberration
corrector for STEM (DCOR, CEQOS), four-quadrant windowless super-X SDD (silicon drift
detector) system. The probe current was ~60 pA for STEM observation as well as EDS. The
convergence semi-angle of the electron probe was 18 mrad. The typical probe diameter was
less than 0.1 nm. Forward scattered electrons of an angular range from 38 to 184 mrad were
detected by a HAADF detector for STEM imaging.

Thermogravimetric analysis (TGA) was carried out with a PerkinElmer Thermogravimetric
Analyzer TGA 8000. The samples were loaded onto Al.Os crucibles and heated at the rate of
5°C min" under air and N, atmosphere from 25-600°C.

Powder X-ray diffraction (XRD) was performed using an XPERT II: PANalytical XPert Pro MPD
(©6-0 Diffractometer) for the ex situ experiments, and an XPERT Ill: PANalytical XPert Pro
MPD (©-0 Diffractometer) for the in situ XRD experiments. The sample was placed on a Si
sample holder and irradiated with a Cu X-ray source (8.04 keV, 1.5406 A). The signals were
then acquired with Bragg-Brentano ©/O-diffractometer geometry ranging from 5° to 80°
degrees using a semiconductor X'Celerator (2.1°) detector. The in situ XRD experiments were
performed from 5° to 45° degrees under Nj/air flow through the sample holder, and
temperatures ranging from 25 to 800°C.

The physisorption measurements were carried out on a Micromeritics ASAP 2010 by
Micromeritics GmbH. The degassing procedure was set to 150-200°C overnight and the
isotherms were obtained at 77K using nitrogen as the adsorbate. Surface areas of the
supports have been estimated based on the Brunauer—-Emmett—Teller (BET) theory.

Steady state photoluminescence (PL) measurements were performed using PicoQuant
FluoTime 300 spectrophotometer. Xe arc lamp (300 W power) was the excitation source,
coupled with a double-grating monochromator. The detection system comprised of a PMA
Hybrid 07 detector along with a high-resolution double monochromator. The excitation
wavelength utilized for all the steady state measurements was 315 nm (3.94 eV photon
energy). The data was collected and later fitted using EasyTau2 software.
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Additional methods

Solubility of the Naz[Mo3S+3] was checked by preparing 1 mg/mL solutions in water, methanol,
ethanol, isopropanol, 1-butanol and phenol. Assisted by light ultrasonication, stable molecular
solutions could be obtained in every of these solvent, but 1-butanol and phenol.

BiVO4 was synthesized according to the following procedure. 1 mmol of Bi(NO3)3.5H.0 were
added to 2.5 ml of water, followed by the addition of 100 yl of HNO3 (67%) — noted as
solution A. 1 mmol of NH4VO3 were dissolved in 2.5 ml of boiling water— noted as solution B.
Solution B was then added dropwise to solution A, forming an orangish-yellow suspension.
The pH of the solution was then adjusted to 0.8 using ammonia solution, followed by 15 min
of stirring. The suspension was transferred to a 30 ml microwave vial and treated at 150°C for
30 min. After the microwave treatment, the product was washed 3 times with distilled water
and ethanol followed by drying at 60°C overnight. XRD confirmed the formation of BiVO..

Thin-film models systems have been developed on a par with the investigations of powdered
Moa/TiO2 samples. For this, original anatase TiO. powders were filmed through spin-coating.
In a single preparation, 400 mg of TiO2> was added to a mixture of 2 g of 10 wt.% ethanolic
solution of ethyl-cellulose and 1.75 ml of terpineol. The mixture was then sonicated for 30 min
followed by stirring for 6 h to obtain a homogenous suspension. 500 pl of this suspension was
spin-coated onto a 1 x 3 cm FTO glass at 1500 rpm for 30 sec. The spin-coated samples were
then annealed at 550°C for 30 min yielding pure anatase films. The films were then immersed
in Naz[Mo3sS13] solutions overnight following by thorough washing to obtain Moa/TiO> films.
Cluster loading was verified with TXRF (see Characterization techniques in Sl) to be 2 wt.%.

Reference Pt/TiO; HER experiment was performed by using Pt photodeposition method."
While the general HER procedure described in Methods was followed (i.e. 10 mg of TiO2 was
taken as a photocatalyst), the reaction solution was additionally loaded with H2PtCls aqueous
solution to account for 10 wt.% of Pt with regard to the TiO, amount to allow for a comparison
with the 10Mo3/TiO2 sample.
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2. SEM images

Na,[Mo;S,;]

Fig. S1 | Representative SEM images of Naz[Mo3S13] powder showing the typical morphology.

3. Additional ATR-FTIR spectra
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Fig. S2 | ATR-FTIR spectra of the Naz[Mo3S13]-H20 featuring OH bending and stretching vibrations of the water
of crystallization. The boxed region containing characteristic S-ligand bands is described in the main text.
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4. Additional DRS spectra and analysis
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Fig. S3 | DRS spectra of the Naz[Mo3S13] and the product of its oxidation in ambient air at 400 °C. The latter
product is likely MoOx featuring an absorption edge corresponding to its band gap. The characteristic [M03S13]*
absorption feature at 417 nm vanishes after oxidation.
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Fig. S4 | Absorption of the Mos/TiO2 composites at 417 nm (after subtracting absorption of TiOz) plotted against
the intended (nominal) cluster loadings. The data correspond to Figure 2b.
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5. BET measurements

a 2004
= Ads.

180 4

® Des.

— "

m;, 160 - "

& 140 4 *u

=

D 120 1 oo

2 n

O 100~ o

k4 L

< 3D .n'

£ oy

= 60 L

S

> 4 ¥

@ IIII-.-.....
"
20 "
0 T T T T
0.0 02 0.4 0.6 0.8 1.0
Relative Presssure / P/P°
100
b C
= Ads. .. 2.5 = Ads.
® Des. a ® Des. L
- 80 -
=) =)
NE mE 2.0 -
[&] u [&]
- 60 [ ] - o
3 B s :
— —
=] (=] [ ]
3 S
< 404 » < <
@ ™ o 104
£ £ -
=2 n = 1
G 3 &)
> 20 o > 054
AREES B mE ee
LasssmEsEpEsEEEgES I“OOO'M l"".....-
U T T T T UU T T T T
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 04 06 08 1.0

Relative Presssure / P/P? Relative Presssure / P/P?

Fig. S5 | N2 adsorption-desorption isotherms measured for the (a) TiO2 anatase sample originally used as a
support, (b) commercial rutile TiO2 and (¢) home-made BiVO4 powder. Details on the supports are in Sl sections
of Methods and Chemicals. Values of the BET surface areas for the samples are presented in Table S1.
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6. Estimation of the theoretical surface coverage

Using STM analysis, Besenbacher et al.? found the {Mo3;S+3} footprint to be ~ 0.7 nm?for a
single cluster adsorbed onto the flat surface of highly-oriented pyrolytic graphite. However,
this value only corresponds to the geometric area that a free-standing cluster occupies on a
flat surface. Based on the solid-state crystal structure of the (NH4)[Mo3S+3] salt, a single
[Mo3S13]* cluster in a close-packed lattice takes up around 0.96 nm? (see scheme below).

In the case of high coverages of the >3
clusters over the TiO; surface in our g
composites, however, steric and
coulombic repulsions of the anionic  [#* &b+ <ire b b G e e D

[Mo3S+3]% species will contribute to a b Sbe Fhe Jbe e Fhe P o She JP Jb
further spread of the clusters e %
attached to the surface. We estimate |
the average surface area occupied o
by a single cluster to increase to [+~ <G+ <fr Dee Db Dee Db D Do Db
around 1.2-1.5 nm?. From the
physisorption data of TiO,, the BET
surface area of the supportis around ST
116 m?/g. The ratio of the two values

gives us the maximum number of clusters that could be loaded onto the TiO, surface
considering dense monolayer adsorption. Further dividing this value with the Avogadro’s
number and multiplying by the molecular weight of the cluster (only the anion is considered)
gives us the cluster loading (i.e. weight of the cluster on 1 g of TiO>).
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The final calculation yields a loading value range of 8.7 to 10.6 wt.% (average is 9.6 wt.%).
This range represents a more realistic scenario when a dense monolayer of [MosS+3]* clusters
the entire support surface.
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7. Extended XRD patterns

Na,Mo_S, (10wt %)@TiO,

Auw

NaZ[M 03813]»’Ti02 (physical mixture)

Intensity / a.u

Na [Mo,S, J+H,0

26 / degrees

Fig. S6 | Powder XRD patterns of Naz[Mo3sS+3] clusters, anatase-TiOz2, physical mixture of clusters and titania,
and Mos/TiO2 composite synthesized by the wet impregnation method.

To elucidate on the state of the [MosS13]* inside the Mos/TiO, composites, we performed
powder XRD of the 10Mos/TiO2 sample (real cluster loading of 8.3 wt.%) and compared it to
that of a relevant physical mixture of the Nas[Mo3S13]-H2O and TiO2 (1:9 wt.%).

As Figure S6 shows, XRD spectra of the physical mixture of Nax[MosS13]-H2O clusters and
TiO2 exhibits some of the peaks overlapping with the XRD pattern of pure Naz[MosS+3]. This
corresponds to the presence of thiomolybdate crystals or agglomerates of clusters on the
surface of the titania support. Contrary to this, the 10Mos/TiO2> composite prepared via
impregnation shows no peaks corresponding to the XRD pattern of pure Naz[MosS13]. All of
the peaks observed are matching well to the XRD pattern of anatase TiO» suggesting a good
dispersion of the [Mo3S+3]* clusters over the support surface and the absence of larger cluster
aggregates.
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8. Additional EDS maps

Fig. S7 | Large-area EDS elemental mappings of Ti (ii), Mo (iii) and S (iv) in an exemplary 10Mos/TiO2 composite.
The arrow highlights an area of higher Mo/S concentration. Judging from the lower Ti signal arriving from the
area, it can be assumed that the surface of TiOz2 is covered with the MoSx species.
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9. TEM images

Fig. S8 | HRTEM images of the exemplary 3Mos/TiO2 composite. (a) A collection of TiO2 nanoparticles
corresponding to the original anatase powder (average size between 20 and 30 nm) can be visible, typically no
surface aggregates can be observed, (b) arrows indicate seldom areas that feature the formation of
ordered/layered nanostructures. These areas also correspond to higher elemental contents of S and Mo,
suggesting a certain degree of multilayer adsorption and layering. The average interlayer distance is measured to
be around 0.7 nm. It is substantially larger of that found in bulk MoS2 (0.615 nm) and corresponds well to the size
of a single {Mo3S13} anion.
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10.Deposition of [M03S13]> on alternative supports

In order to verify the assumption that the cluster deposition follows a monolayer adsorption
model (i.e. the maximum loading values are limited by the surface area of the support) and to
further elucidate whether this model is only applicable to anatase TiO: (i.e. it is specific to its
surface chemistry and charge), we performed similar wet-impregnation of three alternative
nano- (faceted TiO2 and rutile TiO2) and micron-sized (BiVO4) powders using concentrated
Na,[Mo3S13] solutions that corresponded to 20 wt. % cluster loadings (i.e. mimicking the
preparation of 20Mos/TiO2 described in the main text). In all three cases, after allowing for 24
h adsorption and equilibrium, first washing resulted in strongly red-coloured filtrates, which
indicated that a big portion of the original [Mo3sS+3]* clusters has not been anchored strongly
to the support surface. TXRF allowed to quantify real [Mo3S13]* loadings and revealed support-
dependent values in the range between 0.19 and 5.14 wt.% (Table S1). According to BET
measurements (Figure S5), all three supports feature low surface areas in the range between
2 and 27 m?/g (Table S1). When real loadings are plotted against the BET area (Figure S9),
a clear trend can be seen. The result is thus in good agreement with the proposed attachment
model.

Table S1. Alternative oxide supports used for impregnation, their BET surface areas and the corresponding
[Mo3S13]? derived from TXRF measurements.

Maximum [Mo3S13]* loading

Sample measured by TXRF / wt.% BET surface area
BiVO4 0.19 1.11
faceted TiO2 3.14 13.423
rutile TiO2 5.14 27.03

* N, physisorption isotherms are presented in Figure S5
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Fig. S9 | Correlation between BET surface areas and maximum cluster loadings achieved for a series of oxide
supports.
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11.Leaching experiments

The irreversible attachment of [MosS13]* clusters onto TiO, and their stability towards turnover
conditions were confirmed by HER leaching experiment. In a single experiment, as-obtained
Mos/TiO2 composite was dispersed in methanol/water (1/1) solvent by ultrasonication for 15
seconds. The resulting cloudy solution was then filtered and the filtrate was collected. In order
to verify if the filtrate contained any [MosS+3]* detached from the original Mos/TiO2 composite
upon ultrasonication, the filtrate solution was charged with 10 mg of anatase TiO-
nanoparticles. This solution was then stirred for 1 hour to allow for equilibrium (adsorption)
and tested for photocatalytic hydrogen evolution reaction using the same procedure followed
for normal HER experiments (see Methods section in the main text). The hydrogen evolution
performance of so-obtained solution was similar as obtained for bare anatase TiO,, which
suggests that only a negligible amount of [Mo3S13]* clusters (< 1 % of the initial amount loaded)
leached from Mos/TiO,. This result was further confirmed by analyzing [Mo3S13]* loadings of
the Mos/TiO2 samples before and after conducting HER tests. Negligible change in Mo
contents could be detected.

14
96



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

12. Additional Raman spectra
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Fig. S10 | (a) Raman spectra of 20Mos/TiO2 composite as well as anatase TiO2 along with the magnified plot
from showing the shift of the TiO2 Eg band; the absence of Mo=0 vibration around 800 cm-' suggests that no
oxidation of clusters occurred upon attachment. (b) Zoomed-in data with arrows highlighting the features
characteristic of the [Mo3S13]% cluster.
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13. XPS discussion
13.1 XPS quantification
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Fig. S11 | XPS survey spectra of (a) Naz[MosS13]-H20 powder and (b) Mos/TiO2 composite (real cluster loading
of 2 wt.%) prepared as a thin film, see Methods in SI.

Table S2. Survey quantifications of Naz[Mo3S+3]-H20 and Mos/TiO2 samples. Values indicate at.% of the
elements derived from the survey spectra quantification.

Samples Mo 3d S 2p Cis O1s Na 1s Ti2p
Naz[Mo3S+3]-H20 6.4 17.0 59.6 15.1 2.0 -
Mo3/TiO2 5.0 6.5 53.9 9.9 0.9 23.8

Table S3. Atomic % of S:Mo ratio calculated from XPS data.

Samples S:Mo
Naz[Mo3S13]-H20 2.7
Mos/TiO2 1.3
16
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13.2 XPS discussion

O 1s peak undergoes a considerable shift to higher binding energies upon [MosS13]?
attachment (Figure 3e). This shift is related to the main O component (often called “oxide”
component of the “surface bulk” TiO2, red fitted line) and originally corresponds to Ti-O-Ti
binding motif of the titania. Upon the [MosS13]? attachment, Mo binds to some of the Ti-OH
groups forming Ti-O-Mo bonds at the cluster/TiO: interface. This results in a new minor “oxide”
component (Ti-O-Mo) contributing to the O 1s peak after attachment, which shifts the major
Ti-O-Ti peak to higher binding energies due to the higher electronegativity (i.e. lower ability to
donate elections) of Mo (2.16) compared to Ti (1.54). Experimentally, we observe a 0.18 eV
shift, which aligns well with the surface sensitivity of XPS.

In addition to the Ti-O-M (M stands for Ti or Mo) peak shift, O 1s XPS data also shows a
significant drop in the amount of surface-hydroxyls (Figure 3e, blue fitted line) that takes place
upon cluster deposition. This observation goes in line with the proposed attachment model,
which involves surface Ti-OH groups to covalently bind Mo centers by displacing terminal S;*
ligands (see discussion in the main text). The decrease of the Ti-O-H signal (ca. 5% based on
the relative peak area) corresponds well to their conversion into Ti-O-Mo groups.

Detailed analysis of the XPS data further allows us to clarify the process of charge transfer at
the [Mo3S13]?/TiO; interface. The primary evidence for the electron flow is based on Mo 3d
XPS data, which suggest that a part of Mo centers get oxidized upon the attachment. We
believe that one or two out of three of the Mo atoms in each of the [Mo3sS+3]? clusters —
primarily those that undergo covalent binding with O atoms of the surface — change their
oxidation state from +4 to +5/+6 depending on the binding scenario. This oxidation implies
electron flow across the interface i.e. charge transfer. Besides this, a consistent strong (ca.
1 eV) shift of Mo XPS peaks to higher binding energy (Figure 3c) also implies a general
displacement of electron density from the cluster. This may be related to the overall negative
charge of the [Mo3S13]2 anion, which in this case acts as a strong electron donor. What is
interesting, however, we do not observe any simultaneous XPS shift of Ti 2p or O 1s to lower
binding energy. In contrary, as discussed before, O 1s shifts to higher binding energy
(although, to a far lower extent, 0.18 eV) the reason for which was discussed above. Overall,
this situation allows us to conclude that the charge transfer from the cluster to the support is
in place, however, the transferred electrons do not localize at the (sub-)surface of TiO, but
rather tend to dissipate into the bulk.
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14. Supplementary photocatalytic performance data
80 80
o Mo,/TiO, =i Mo,/TiO,

~
e
1

70

o
e
1

60

o
=
1

50 ~

B
e
1

40 -

w
=
1

30 4

LY
=
L

20

Rate of H, generation / ymolh™
s

Rate of H, generation / umolh™!

=
Il

L
=
.

e
~
=]
a
o
@
e
@
=1
a
>
=1

120 0 20 40 60 80 100 120
Time / min Time / min

Fig. $12 | (a) The rate of hydrogen generation in umol/h displayed by Mos/TiO2 composites with 0.1-20 wt.% of

cluster loading, (b) Reproducibility test for photocatalytic HER performance of Mos/TiO2 composites with 0.5, 2,

and 10 wt.% of cluster loading. Conditions: 0.25 mg/mL photocatalyst in MeOH:H20 (1:1) illuminated by 365 nm

LED source for 1 hour; see Methods for details. The photocatalytic performance plot in the main manuscript was
constructed using the activity value reached after 60 minutes of light illumination.

In order to validate our photocatalytic setup, we performed blank and reference experiments,
including those without light, without Mo3/TiO- catalyst, using neat TiO, and neat [M03S13]?
cluster solution. In all the cases, we observed no H: evolution, which demonstrates that
Mos/TiO2 serves as an active HER photocatalyst.
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Fig. S13 | The rate of Hz evolution plotted as a function of photocatalyst amount used.* Standard conditions used
in this work correspond to 1 mg/mL suspensions of the 2Mos/TiO2 powders (details in Methods section of the
main text). At this concentration, we ensure that sufficient photon flux is available for the absorption by the TiO2,
which allows minimizing the impact of [Mo3S13]* parasitic absorption on the obtained H2 generation rates.
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15.Post-catalytic characterization
TXRF and EDS data
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Fig. S14 | (a) EDS elemental mappings of Ti (ii), Mo (iii) and S (iv) of an exemplary 3Mos/TiO2 composite after the
HER run showing the presence and homogeneous distribution of the relevant elements. (b) TXRF spectra of the
Mos/TiOz2 before and after HER run showing the unchanged content of Mo.

Quantification of the TXRF data (see Sl section Characterization techniques) and relative
Ti:Mo ratios reveals cluster loading values of 5.06 wt.% (before reaction) and 4.90 wt.% (after
reaction), which suggest that only a minor amount of leaching took place over the course of
the photocatalytic reaction.

15.2 XPS data
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Fig. S15 | XPS spectra of the Mos/TiO2 composites before and after HER run showing (a) Mo 3d, (b) S 2p and
(c) Ti 2p regions with relevant fits.
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16. Thermal treatments (TGA and in situ XRD) and HER performance
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Fig. S16 | TGA profiles of (a) (NH4)2[Mo3S13] and (b) Naz[MosS13] powders — used here to represent the behavior
of [Mo3S13]? anion — obtained under air (black and green) and N2 (red and blue). Oxidation (in air) or
transformation (in N2) of the [Mo3S13]? clusters take place in the temperature window of 250-450 °C.

Decomposition of the cluster is facilitated in air compared to Na.
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Fig. S$17 | in situ XRD patterns obtained upon (NH4)2[Mo3S13] — used here to represent the behavior of [Mo3S13]*
anion — heating under inert N2 atmosphere (see Characterization techniques). The intact structure of the
[Mo3S13]? can be observed till at least 300 °C. Transformation to MoS:-like pattern (broad peaks indicate small

areas of structural order) takes place within the temperature window of 300-400 °C. Note: in situ XRD datasets of
the Naz[Mo3S13] are more convoluted and were thus omitted for clarity.
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Fig. $18 | in situ XRD patterns obtained upon (NH4)2[MosS13] heating under ambient air. The intact structure of

the [Mo3S13]% can be detected till at least 200 °C. In contrast to the treatment in N2 (see above), XRD pattern at
300 °C manifests a strong loss of crystallinity, likely related to the facilitated oxidation and transformation of the
original structure. The appearance of MoOs pattern takes place within the temperature window of 300-400 °C.
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Fig. S19 | The hydrogen evolution rate in pmol/h displayed by 2Mos/TiO2 photocatalyst heat-treated at different
temperatures (150-400 °C) in (a) air and (b) N2.

21

103



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

(1)

(2)

3)

(4)

17. List of references

Wenderich, K.; Mul, G. Methods, Mechanism, and Applications of Photodeposition in
Photocatalysis: A Review. Chem. Rev. 2016, 116 (23), 14587—-14619.
https://doi.org/10.1021/acs.chemrev.6b00327.

Kibsgaard, J.; Jaramillo, T. F.; Besenbacher, F. Building an Appropriate Active-Site
Motif into a Hydrogen-Evolution Catalyst with Thiomolybdate [Mo3S13]?~ Clusters. Nat.
Chem. 2014, 6 (3), 248-253. https://doi.org/10.1038/nchem.1853.

Kashiwaya, S.; Olivier, C.; Majimel, J.; Klein, A.; Jaegermann, W.; Toupance, T. Nickel
Oxide Selectively Deposited on the {101} Facet of Anatase TiO2 Nanocrystal
Bipyramids for Enhanced Photocatalysis. ACS Appl. Nano Mater. 2019, 2 (8), 4793—
4803. https://doi.org/10.1021/acsanm.9b00729.

Qureshi, M.; Takanabe, K. Insights on Measuring and Reporting Heterogeneous
Photocatalysis: Efficiency Definitions and Setup Examples. Chem. Mater. 2017, 29 (1),
158-167. https://doi.org/10.1021/acs.chemmater.6b02907.

22

104



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.2.4 Article #4

"Thiomolybdate Cluster for Visible-Light Driven Hydrogen Evolution:
Comparison of Homogeneous and Heterogeneous Approaches"

Samar Batool, Jasmin S. Schubert, Pablo Ayala, Hikaru Saito, Maria J. Sampaio, Eliana S.
Da Silva, Cliudia G. Silva, Joaquim L. Faria, Dominik Eder, Alexey Cherevan
Sustainable Energy & Fuels, Accepted
DOI: https://doi.org/10.1039/D3SE01658G

As the primary author of this work, my contributions concentrate on optimizing the conditions
for the hydrogen evolution reaction involving thiomolybdate clusters in both homogeneous and
heterogeneous phases. Additionally, I conducted extensive investigations, including FTIR, XPS,
PL, and HER analyses, and was responsible for data curation, plot generation, and drafting of
the article.
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Roberto Frias, 4200-465 Porto, Portugal

Abstract:

This study investigates the hydrogen evolution reaction (HER) efficiency of two photosystems
incorporating an all-inorganic molecular thiomolybdate [Mo;S;3]% cluster as HER catalyst.
First, we delve into the performance of a homogeneous [Mo3S13]>/[Ru(bpy)s]?* (Mos/Ru), dyad
which demonstrates high turnover frequency (TOFs) and apparent quantum yields (AQYs) at
445 nm approaching the level of 0.5%, yet its performance is marked by pronounced
deactivation. In contrast, a heterogeneous approach involves anchoring [Mos;S;3]* onto
graphitic carbon nitride (GCN) nanosheets through weak electrostatic association with its
triazine/heptazine scaffold. The [M03S13]2/GCN (Mos/GCN) displays effective H, generation
under visible light, with TOF metrics on par with its homogeneous analog. Although substantial
leaching of [Mo3S+3]* species from the Mosz/GCN surface occurs, the remaining {Mos}-based
centers demonstrate impressive stability, leading to enduring HER performance, starkly
distinguishing it from the homogeneous Mos/Ru photosystem. Photoluminescence (PL)
quenching experiments confirm that the performance of the Mos/GCN is not limited by the
quality of the inorganic interface, but could be optimized by using higher surface area supports
or higher concentration of [M03S43]% sites. Our findings showcase complexities underlying the
evaluation and comparison of photosystems comprising well-defined catalytic centers and
pave the way for developing analogous surface-supported (photo)catalysts with broad use in
energy applications.
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1. Introduction

Photocatalysis is often cited as one of the most sustainable and straightforward methods for
producing solar fuels from renewable energy resources. Despite decades of research,
however, only a limited number of efficient and stable photosystems for water splitting have
been identified,>¥ indicating that the path towards developing high-performance
photocatalysts is far from straightforward.[l As a result, the scientific community continues to
search for a set of comprehensive design principles that can guide the synthesis of selective
and stable photocatalysts, enabling the efficient conversion of solar energy into chemical
energy.5-8l
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Direct capture of sunlight energy and its use to facilitate the desired chemical reaction can be
accomplished using either a homogeneous or heterogeneous photosystem that by definition
bear pronounced differences in terms of their structure (molecules vs. solids), composition
(mostly organic vs. mostly inorganic), solubility characteristics (molecular solutions vs.
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suspensions), underlying charge transfer and separation processes as well as the nature of< 20
the catalytic sites. Many homogeneous photocatalytic systems enjoy high turnover
frequencies (TOFs), however — compared to their heterogeneous counterparts — often suffer

from low turnover numbers (TONs) on account of photosensitizer degradation, catalyst self-
aggregation, or formation of colloidal oxide species. Heterogeneous photocatalysts, on the
other hand, benefit from adjustable absorption characteristics and superior stability towards
harsh redox conditions of the photocatalytic reaction but face complications associated with

their poorly defined catalytic surface, which limit the degree of control over the processes of
charge extraction and interfacial charge transfer.

In light of these challenges and prospects, a hybrid approach that combines the advantages
of both homogeneous and heterogeneous photocatalytic systems emerges as a promising
solution. Several important avenues of this combination have been explored by the community
over the past decades. One example involves single-metal-site and single-metal-atom
catalysts which allow the creation of robust all-inorganic photosystems with unparalleled atom-
utilization efficiency.l®-'1 Another strategy exploits stabilization of the well-defined molecular
catalysts on the surface of solid-state (photoactive) supports, such as in the case of Co-based
(Co404) water oxidation catalyst (WOC) recently embedded within the pores of a rigid
coordination network,['? or in the field of surface organometallic chemistry which relies on the
immobilization of complexes onto structurally-controlled inorganics surfaces.['314 Additionally,
metal-organic frameworks (MOFs) can be regarded as a promising hybrid photosystem due
to their ability to merge molecular units (ligands and metal nodes) into a crystalline solid-state
material, thus incorporating the benefits of both molecular and inorganic approaches to
(photo)catalysis.!'9l Despite these and many other combinations of the molecular and solid-
state photosystems have been explored, only rare studies were able to directly compare the
photocatalytic performance of similar photocatalytic systems under homogeneous and
heterogeneous conditions.['®! Nevertheless, by investigating the effects of molecular catalyst
immobilization, one can gain insights into the factors that contribute to or restrict the
performance of the heterogenized catalysts. This type of investigation enables a more
comprehensive understanding of the underlying mechanisms and provides valuable
information for the design and optimization of highly efficient and stable hybrid photosystems.
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Aiming to complement this knowledge gap, we turned our attention to an inorganic
thiometalate cluster [Mo3S3]%, which recently emerged as promising noble-metal-free
catalysts for hydrogen evolution reaction (HER).I'1 This trinuclear cluster features all the
advantages of a molecular catalyst — including the defined geometry, structure and
composition — which together allow to shed light on its active sites and elucidate the reaction
mechanisms.['8-201 Qver the past years, examples of [M03S13]%> immobilization onto visible-
light-active carbon nitride have been reported confirming the ability of surface-attached
[M0o3S43]* to act as a HER co-catalyst.[?'22 Additionally, two recent works reported that the
encapsulation of [Mo3S+3]* clusters into porous heterogeneous scaffolds — such as covalent
organic frameworks (COFs)23 and MOFsl? — vyield stable photocatalytic systems, which
further emphasizes the benefits of the heterogenization strategy. Most recently, our group
reported surface-anchoring of [Mo3S43]% on a carbon-free support, i.e. TiO,, which involved
covalent binding and resulted in high and stable HER rates comparable to those of the
benchmark Pt/TiO,.[25

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.
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This work sets to provide a more comprehensive understanding of the benefits and limitations
of heterogenization strategy. Specifically, we aim to directly compare the activity, stability, and

[ 3ibliothek,
Your knowledge hub

108



Page 3 of 16 Sustainable Energy & Fuels

other important performance indicators of surface-anchored [Mo;S+3]* clusters with theit:s o
performance towards HER under strictly homogeneous conditions. Our data reveal that
despite [M03Sy3]> is able to deliver excellent HER performance under homogeneous
conditions, strong and rapid deactivation is imminent for this photosystem. In contrast to this,
heterogenized [Mo3S13]?> shows much more stable HER performance with no apparent cluster
degradation. Our photoluminescence spectroscopy quenching studies further compare redox
pathways in both the photosystem and quantitatively compare their charge transfer kinetics.
The data reveal that the performance of the heterogenized [MosS+3]* can be strongly limited
by the degree and effectiveness of the electron-hole separation and that an increase of the
[Mo3S43]% loading or support surface area available for cluster immobilization may play crucial
role in unravelling full potential of this and other relevant thiomolybdate catalysts.?"

2. Results and Discussion

We start by describing two photosystems — a homogeneous and a heterogeneous — involving
thiomolybdate [Mo3;S;;3]% cluster as an HER catalyst. On one hand, we evaluate HER
performance of the cluster under strictly homogeneous conditions — denoted here as Moz/Ru
— which involves the use of a state-of-the-art molecular dye, tris(bipyridine)ruthenium (ll)
([Ru(bpy)s]?*), as a visible-light photosensitizer (Figure 1a left).['8261 On the other hand, we
explore the performance of the heterogenized [MosS;;]% cluster following its deposition on
thermally-exfoliated graphitic carbon nitride (GCN, details on synthesis are in Experimental
section). This photosystem is denoted here as Mo;/GCN. As shown in Figure 1a (right), GCN
sheets take the role of the light absorber (i.e. photosensitizer), while the [M0sS43]* clusters
anchored on the surface act as a formal co-catalyst,[2:22 i.e. they extract the photoexcited
charge carriers from GCN bulk and promote the reaction of interest by reducing H* to H..
Compared to our previous work in which [M03S13]> was anchored onto titania surface,2 the
use of narrow-band gap GCN enables absorption of visible-light photons and thus allows a
direct comparison of Mos/GCN with the homogeneous Vvisible-light-driven Mos/Ru
photosystem (Figure 1b and Section 2 ESI).

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 1 | Photocatalytic HER mechanisms on (a) Moz/Ru (homogeneous) and Mos/GCN (heterogeneous)
photosystems (brown: C; blue: N; purple: Mo; yellow: S) showing their main components as well as the
photoexitation and charge transfer pathways; LUMO and HOMO stand for the lowest unoccupied and the highest
occupied molecular orbitals of [Ru(bpy)s]?*; CB and VB stand for the conduction and valence bands of GCN; Ny,
N, and N correspond to three types of N atoms building the heptazine unit of the GCN framework, (b)
Absorption spectra of [Ru(bpy)s]?* (in methanol, 10-5 M) and GCN (via diffuse-reflectance spectroscopy, DRS,
details in Experimental section) used to construct the photosystems overlaid with the emission spectrum of the
narrow-band LED lamp (center wavelength of 445 nm, details in Experimental section) used in the photocatalytic
studies.
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The heterogeneous Mo;/GCN will be first described from the point of view of its composition
and structure. Following this, photocatalytic HER results — in terms of activity, mechanism and
stability — of Mos/Ru and Mos/GCN will be presented and compared aiming to reveal factors
that control or limit their catalytic performance.
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2.1 Heterogenized Mo;/GCN photosystem DOl 10.1039/D3SE 016586

Na,[Mo3S43] and graphitic carbon nitride (GCN) were synthesized according to previously
established methods (see Experimental section) and their purity and structure were confirmed
using powder X-ray diffraction (XRD) and IR spectroscopy (Figure S1). Diffuse reflectance
spectroscopy (DRS) of as-obtained GCN nanosheets reveal pronounced absorption in the
visible range (absorption tail beyond 500 nm) corresponding to the expected optical band gap
of 2.75 eV (Figure S2a and b), which confirms the capability of the supporting GCN to absorb
in the range of the molecular [Ru(bpy)s;]?* sensitizer.?”l The [Mo03S3]*/GCN composite
(Mo3z/GCN) was synthesized following a wet-impregnation route (for more details see
Experimental section). Compared to the DRS spectrum of bare GCN, the DRS spectra of the
Mos/GCN show an additional broad band centered at 456 nm (Figure S3), which can be
ascribed to characteristic ligand-to-metal charge transfer transition of [M03;S13]% suggesting
successful deposition of [M03S;3]> onto GCN surface.l?8 Total reflection X-ray fluorescence
spectroscopy (TXRF) further confirms the presence of Mo in the composite and allows to
estimate the real [Mos;S;;]* loading to be around 3.9 wt.% (Table 1, details in Experimental
section). Interestingly, this value is significantly lower compared to the intended loading of
10 wt.% and - in contrast to oxide-based supportsi?® — indicates a weaker nature of the
interaction between organic GCN and [Mo3S;3]%>. A similar actual-to-expected loading is also
attained for 1 wt.% nominal loading value (Table 1), which further corroborates that the
adsorption of [M03S13]> on GCN is not governed by the presence of suitable adsorption sites
on the GCN surface, but is rather defined by the adsorption/desorption equilibrium.

Table 1: Quantification of real loadings of [M03S43]? cluster in Mos/GCN composites derived from TXRF data.

Composites Nominal loadings Real loadings
P [M0o3S+5]% (wt.%) [M03S13]> (Wt.%)
10 3.9
Mos/GCN
1 0.36
Mos/H-GCN 10 5.1

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra of
the pristine GCN (Figure S4) match well with literature, confirming the formation of heptazine-
based scaffold (Figure 1a, right).2”] Notably, the results for Mos/GCN composites show no
vibrations corresponding to [Mo3S13]%, as expected from the low cluster loadings. Therefore,
scanning transmission electron microscopy (STEM) was used to provide evidence for the
presence of [M03S;3]> on GCN surface. Energy dispersive X-ray (EDX) maps acquired on the
nanoscale (Figure 2a and b) confirm chemical identity of the elements and reveal an even
distribution of Mo and S over the entire surface of the GCN aggregates. High-resolution Fast-
Fourier transformed (FFT) image in Figure 2c focuses on the edge of a typical GCN flake and
shows the presence of multiple bright spots. Considering the high Z-contrast between Mo and
C/N atoms, these spots likely correspond to heavy Mo atoms dispersed on GCN and their high
density further indicates close proximity of the clusters. Interestingly, a closer look on Figure 2c
also reveals the formation of chain-like structures suggesting the possibility of partial cluster
oligomerization, in line with MoS,-based nanostructuring observed on similar carbon-based
surfaces.[?
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Fig. 2 | STEM micrographs of the Mo;/GCN composite (a) High-resolution high-angle annular dark field
(HAADF) STEM image of Moz/GCN composite showing an aggregate of GCN nanoflakes along with its (b) EDS-
derived elemental mappings featuring the distribution of (i) C, (ii) Mo, (iii) N, and (iv) S elements, (c) FFT-
transformed magnified region of one of the GCN flake’s edges (see selected area in (a)), showing collections of
bright spots that correspond to the heavy Mo atoms.

Surface-sensitive X-ray photoelectron spectroscopy (XPS) was further used to verify the
structure of [Mo3Sy3]% after attachment. The survey spectra confirm the presence of all
elements expected from the Mos/GCN composition (Figure S5). The detailed Mo 3d profile of
Mos/GCN in Figure 3a only shows peaks corresponding to Mo** with an overall profile that
resemble that of the free [M0o3Si3]% cluster. This indicates the preference for a trinuclear
structure of the cluster cores and further suggests that neither oxidation nor decomposition of
the central {Mogs} units of the cluster occurred upon anchoring. Importantly, we also observe a
shift of the Mo 3d peaks maxima by 1.2 eV to higher binding energies, which is indicative of
electronic interactions involving charge transfer from the cluster to the support, in line with the
anionic nature of [Mo3Si3]>. The S 2p signal profile of the Mos/GCN undergoes a more
significant change upon attachment, which suggests a restructuring of the S-containing
ligands. A closer look at the deconvoluted profiles (Figure 3b) indicates partial loss of bridging
disulfides, which can be linked to the partial transformation of the clusters into more complex
MoS, fragments, in line with cluster oligomerization observed in STEM.% Detailed analysis of
the N 1s edge (Figure 3c) further allows to evaluate the nature of the cluster binding and the
degree of [M03S+3]?/GCN interactions from the support point of view. In the case of Mos/GCN
composite, we observe a strong drop in the major C=N-C component (N,) and a concurrent
rise of the quaternary N-(C); signal (N,), which suggests that the cluster attachment causes
the disruption of the GCN framework — specifically its heptazine/triazine units — in line with
electrostatic binding model (Figure 1a, right). Overall, the data suggest successful
heterogenization of high-density thiomolybdates on the surface of exfoliated GCN nanosheets
and confirm their homogeneous deposition along with intact nature of their {Mos} cores.
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Fig. 3 | XPS spectra of the Mo3/GCN cluster. The [Mo3S+;]* clusters before (Moz powder) and after (Mos/GCN)

attachment to the GCN surface (a) Mo3d, (b) S2p, (c) N1s (N;: Pyridinic nitrogen; No: Quaternary nitrogen; Nj:
Secondary amine), with corresponding fits.

2.2 Optimization of HER conditions

Homogeneous photosystem. We first established experimental HER protocols for the Mos/Ru
molecular catalyst/absorber dyad. Two works have recently reported photocatalytic HER
performance of NH;[Mo3Si3] clusters under homogeneous conditions, which laid the
foundation for our study. Dave et al.l'® performed visible-light-driven HER experiments using
a custom-built reactor filled with 2 mL of reaction mixture consisted of 0.3 yM [Mo03S;;]* as a
catalyst, 20 uM [Ru(bpy)s]?* as a sensitizer and 0.1 M ascorbic acid (H.A) as an electron donor
using methanol:water (MeOH:H,O, 9:1) as a mixed solvent system. In parallel, Lei et al.l?
evaluated HER performance of [M03S13]> with [Ru(bpy)s]PFe as a sensitizer, using 0.1 M of
H.A as sacrificial agent in a acetonitrile:water (ACN:H,0, 9:1) solvent mixture. Considering
the relatively similar set of conditions reported in these works, we first validated our Mos/Ru
photosystem by using both MeOH:H,O and CH3;CN:H,O solvent mixtures with various
sensitizer-to-catalyst concentration ratios: 65-to-1 (similar to conditions by Dave et al.) and 13-
to-1 (similar to conditions by Lei et al.) — details in Experimental section. Table S1 shows that
the Mos/Ru couple could generate H, in both solvent systems with apparent quantum yield
(AQY) values of up to 0.5%, whereas a 5-fold decrease of [M03;S;3]> concentration only
resulted in 2-fold drop in H, amount generated. This non-correlated behavior indicates that the
HER performance of this homogeneous photosystems is rather limited by light capture
efficiency i.e. photosensitization.

Next, aiming for the ultimate comparison of homogeneous Moz/Ru and heterogenized
Mos/GCN samples, apart from the ascorbic acid previously employed as an electron donor,
we also considered methanol (MeOH, being a representative alcohol) and triethanolamine
(TEOA, being a representative tertiary amine) commonly used as sacrificial agents in literature
(details in Section 3 in ESI). Two important results can be highlighted. Firstly, since the use of
MeOH/H,O solvent mixture originally proposed by Dave et al. yielded much higher HER
performance of the Mos/Ru couple (4-fold increase), we aimed to verify if MeOH additionally
acts as an electron and proton donor.[F1 HER experiments in MeOH solutions with and without
the addition of sacrificial donor (H,A) in Figure S6 show that no H, could be generated in
absence of H,A, confirming that MeOH acts only as a solvent. Secondly, we observed that the
replacement of H,A with TEOA yielded no H, (see Table 2), which we relate to the inability of
[Ru(bpy);]?* to oxidize the amine due to its low-lying redox potential. Based on these results,
we continue the benchmarking of the Mos/Ru performance obtained from methanolic H,A
solutions.
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Table 2: Amount of H, produced by [M03S13]% in homogeneous (Mos/Ru) and heterogenous (l\é%%@cl%l ‘%“é‘é&%g'g”é
photosystems after 60 min of visible light illumination with 445 nm. Turnover frequencies (TOFs) are calcu ated
based on the real [Mo3S13]% loadings derived from TXRF (Table 1). Blank experiments in the absence of

[Mo3S+3]% resulted in negligible (<0.1 nmol) amount of H, generated.

Phase Catalyst Sacifcel Solvent  Photosensitizer H. TOF1
donor (nmol) (min-)
H,A 0.1M 390 0.065
MeOH:
[Mo3S13]* [Ru(bpy)s]PFe
Homogeneous 50 UM (I;i;ﬁ)) 0.645 MM
TEOA 0.1M <0.1
H,A 0.1M 52 0.062
Mos/GCN 10 wt.%
TEOA 0.1M 197 0.237
Heterogeneous H,O none
Mos/GCN 1 wt.% TEOA 0.1M 9 0.117
Mos/H-GCN 10 wt.% TEOA 0.1M 241 0.221

Heterogenized photosystem. The HER performance of Mos/GCN was evaluated with an
identical photocatalytic setup (description in Experimental section) using 0.5 mg/mL of
Mos/GCN photocatalyst suspensions in water. The choice of the sacrificial agent, however,
becomes a crucial aspect for the comparison: while our data show that H,A yields highest
HER rates for Mos/Ru under homogeneous conditions (Figure S6), the overwhelming majority
of literature employs tertiary amines (such as triethanolamine, TEOA) for GCN-based
photocatalysts to allow for efficient hole scavenging at the GCN/solution interfaces. On one
hand, TEOA acts as an amphiphilic surfactant allowing to bridge the relatively non-polar
surface of GCN with water molecules;*2 on the other hand, it helps the dispersion of GCN
nanostructures (often two-dimensional sheets) in the solution,33 which in turn facilitates the
extent of charge separation and transfer. In view of these factors, for further benchmarking,
the HER performance of Mos/GCN is discussed using both sacrificial agents: H,A and TEOA.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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HER performance. Table 2 provides an overview of the photocatalytic performance of the
homogeneous Mos/Ru and the heterogeneous Mos/GCN. While substantially more H, could
be generated by [Mo3S43]* under homogeneous conditions by using H,A (390 umol/h vs 52
umol/h, for Mos/Ru and Mos/GCN, respectively), both conditions reveal similar activity per
thiomolybdate cluster when considering the number of [M05S+;]* species present (TOFyo3ry
is 0.065 min-' and TOFe3/aen is 0.062 min-'). This result shows that heterogenized [Mo3S13]*
clusters are able to deliver HER performance on par with that of their homogeneous
counterpart. The use of TEOA for the Mos;/GCN composite — as a more reactive electron donor
— further results in a substantial boost of its TOF values reaching as much as 0.237 min-,
which suggest that the HER performance of the Mos/GCN composite could be limited by the
inefficient (slow) scavenging of the holes photoexcited in GCN rather than by H* reduction.

of thi

Limiting factors. We next probed other factors that could be in control of the HER performance
of the Mos/GCN composite by examining the impact of [M03S43]*> loading and its attachment
strength on the photocatalytic activity. First, we compared the HER performance of Mo;/GCN
samples loaded with 3.9 and 0.36 wt.% of [M03S;3]* (refer to Table 1 for nominal values) and
revealed that the higher loading yielded a 22-fold increase in H, amounts generated (i.e. 197
vs 9 nmol). This strong activity-loading correlation suggests that the overall performance of
the heterogeneous Mos/GCN is restricted by the number of catalytic sites — [M03S3]% —
available on the GCN surface. Second, we prepared a composite using protonated GCN (H-
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GCN) with positively charged surface which offers more favorable interactions with.the apiohic:; 2o
[Mo3S43]% (for more details, see Methods).[21343% As expected, impregnation of H-GCN with
[M03S43]* resulted in 5.1 wt.% thiomolybdate loading, a 30% increase compared to the case

of bare GCN (3.9 wt.%, see Table 1). Nevertheless, when normalizing HER performances of

both composites to the number of [Mo3S3]% present (Table 2), similar TOF values are obtained

for Mos/GCN (0.237 min-') and Moz/H-GCN (0.221 min-'). This strongly suggests, that the
kinetics of the interfacial charge transfer from GCN to [M03S43]* is not a factor that restricts
charge separation and utilization.

These performance-related findings indicate that: (a) the number of electrons taking part in H*
reduction (i.e. HER) is directly proportional to the amount of [Mo3S3]> on the surface,
suggesting that the overall HER performance can be improved by having more [Mo3S3]% sites
present. (b) The transfer of photoexcited electrons from GCN to [M03S13]% is rapid with respect
to H* reduction (i.e. HER) and is not improved when a stronger [Mo3;Si3]> to GCN
interaction/interface is created. (c) The effective scavenging of photoexcited holes can be seen
as a performance-limiting factor, which needs to be addressed possibly by introducing other
sacrificial agents or appropriate oxidation co-catalysts to aid in efficient charge extraction,
separation and utilization.

HER mechanism. Photoluminescence (PL) emission spectroscopy quenching studies were
conducted to get further insights into the mechanism of photocatalytic HER by Mos/Ru and
Mos/GCN systems. For Mos/Ru photosystem, the addition of different amounts of H,A
quenched the PL emission of [Ru(bpy)s;]?* (Figure 4a) with a rate constant (Kgreq) of 1.2%107
M- s' when calculated from a linear Stern-Volmer fitting assuming the dynamic quenching
mechanism (Figure S8a). This is in line with H,A acting as an electron donor as its ascorbate
anion (HA") can reductively quench the excited *[Ru(bpy)s]** to [Ru(bpy)s]*. When using
different concentrations of [M03S13]%> (Figure 4b), we can also observe oxidative quenching of
the excited state of *[Ru(bpy)s]?* with a rate constant (K, .x) of 1.8x10'° M- s' (Figure S8b),
which is three orders of magnitude higher than that measured for H,A. Since our photocatalytic
system includes both the H,A (1 mM) and [Mo3S13]> (50 uM), both oxidative and reductive
quenching mechanisms (/ and /I in Figure 4d) take part in the electron transfer processes.
However, given the much higher K, .« compared to K, 4, the oxidative quenching (extraction
of the electron by thiomolybdate cluster) is likely to dominate the process under turnover
conditions, which can be in part explained by the strong electrostatic interaction (ion pairing)
between cationic [Ru(bpy)s]?* and anionic [Mo3S13]%>. These data allow to suggest the following
mechanism for the Mos/Ru photosystem (Figure 4d): excited *[Ru(bpy)s]?* state formed after
light absorption undergoes rapid oxidatively quenching by the transfer of electrons to
[M03S43]> catalyst where H* are reduced to H,. Meanwhile, the oxidized [Ru(bpy)s]®* is
reductively quenched to its ground state by the H,A present in solution, thereby completing
the catalytic cycle.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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For Mos/GCN, PL spectra of the composites feature two absorption maxima at around 440
and 480 nm that correspond to the T—11* and n—11* transitions within GCN (Figure 4c).?"]
Compared to the emission of the bare GCN, the deposition of [M03;S;;]* leads to a strong PL
quenching which can be associated with the facilitated charge separation that highlights the
role of [Mo3S43]> as a reductive co-catalyst capable of effective extraction of photoexcited
electrons. Following the idea of concentration-dependent quenching studies of our Mos/Ru,
we also observed that heterogenized Mos/GCN composites with different loadings of [M03S;3]%
exhibit different emission intensities. As can be seen in Figure 4c, increasing the cluster
content from 5 wt.% to 10 wt.% (nominal values) results in more pronounced PL quenching
indicating that charge transfer at the [M03;S3]2/GCN interface is further facilitated when higher
number of [Mo3;S3]% is present at the surface. Analyzing the Mos/GCN quenching datasets
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based on three [M03S;;]? loading values — and assuming that Stern-Volmer relationship’ Eg;g)S‘SG
be applied to describe the kinetics of the GCN quenching — yields a quenching constant K o«
of around 4.1x10” M-! s (Figure S8c). This value is several orders of magnitude lower than
the one obtained for the homogeneous Mos/Ru case (1.8x10'° M- s'), which is expected for
the solid/liquid Mos/GCN interface. In conjunction with HER discussion above, these insights
suggest that the use of photoactive supports with higher surface area available for [Mo3S45]*
immobilization could lead to further optimization of the Moz/GCN photosystem’s performance.
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Stability under turnover conditions. Long-term visible-light-driven HER experiments were
performed using Mos/Ru and Mos/GCN photosystems (details in Experimental section).
Figure 5a reveals that the homogeneous Mo3s/Ru couple, despite exhibiting outstanding HER
performance (i.e. high TOF values) at the initial stage of the illumination, experiences strong
and rapid deactivation, which leads to 8-fold drop in activity after 5 hours. Detailed re-loading
experiments confirm that this deactivation is not related solely to the photosensitizer or
sacrificial agent depletion, but rather indicate gradual degradation of the [M03S13]> species
(for more details, see ESI section 5 and Figure S9).

of hiOrend
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In contrast to this, the heterogenized Mos/GCN (Figure 5b) shows no pronounced deactivation,
but rather stable performance — despite with lower average TOFs — over the time course of 5
hours illumination. XPS of the Mos/GCN composites recovered after the HER run indicates
that partial loss (dissolution/leaching) of the clusters takes place during the reaction, which is
also suggested by the recovered C=N-C contribution of the GCN observed in the N1s edge
(see Figure S10 for more details). This result is further in agreement with elemental analyses
using TXRF (Table S2), which indicates that only 50% of the original [Mo3S;;]* species are
present in the Mos/GCN after HER. In view of the relatively stable HER performance observed
for the Mos/GCN composites (Figure 5b), however, we can propose that this partial leaching
of the [M03S;3]? takes place at the initial stages of the reaction and does not affect long-term
HER performance. In fact, detailed Mo 3d and S 2p XPS profiles look qualitatively similar to
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those of the as-prepared Mos/GCN composite (Figure S10), suggesting that no trapsformation: 22+
of the surface-bound Mos-species takes place. These remaining [Mo3S13]% clusters (1.7 wt.%
compared to the original 3.9 wt.% loading) likely constitute stable and active catalytic sites for

HER that are able to effectively extract the electrons photogenerated in the GCN support and

drive stable H, generation.

T T T T T b e T T T o - T
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Fig. 5 | Long-term HER profiles (in H,A) of (a) Mos/Ru system, and (b) Moz/GCN system. TONs for Mo3/GCN
system were calculated based on real loadings of [M03S+3]% clusters on GCN mentioned in Table 1. The
experiments were conducted using LED 445 nm lamp (see Methods section 4.4.1 for more details).

3. Conclusions

Here, we compared HER performances of homogeneous and heterogeneous photosystems
involving all-inorganic molecular [Mo3S13]%> cluster as an HER site. On one hand, we explored
a prototypical homogeneous Mos/Ru couple in which visible light excitation leads to a rapid
oxidative quenching of *[Ru(bpy)s]?* (PS*) by the anionic [M03S13]>. When combined with H,A
hole scavenger, this photosystem delivered high TOFs and AQY s values up to 0.5%; it
however suffered from rapid photo-degradation. On the other hand, we demonstrated that
[Mo3S+3]* can be immobilized onto the surface of GCN by relying on electrostatic interactions
with its triazine/heptazine framework. We show that this heterogenized Mos/GCN photosystem
could generate H, under visible-light with TOF values close to those measured for its
homogeneous counterpart. Despite significant leaching of the [Mos;S;;]* species from the
surface of Mos/GCN, the rest of the {Mos}-based centers remain structurally intact. They are
able to deliver stable long-term HER performance, which is in strong contrast to that of the
Mos/Ru, which showed photodegradation after 1 hour of photocatalytic reaction. Mechanistic
and photoluminescence quenching studies further demonstrated that the performance of
Mos/GCN may still be largely limited by the extent of the Mos/GCN interface and the efficiency
of electron-hole separation. These results provide valuable insights into the challenges in
activity evaluation and comparison for photosystems that involve well-defined catalytic centers
(be it clusters or single-metal-atoms or sites), which will help develop similar surface-
supported (photo)catalysts for various energy applications.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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4. Experimental section
4.1 Chemicals
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The approved original version

The chemicals used for the synthesis were obtained from commercial suppliers and include
ammonium molybdate tetrahydrate ((NH4)s[M0;04]-4H,0O, Sigma-Aldrich, 99.98% trace
metals basis), hydroxylamine hydrochloride (NH,OH.HCI, Sigma-Aldrich, 98.0%, ACS
Reagent), ammonium sulfide solution ((NH,4),S,, Sigma-Aldrich, 20 wt.% in H,O), carbon
disulfide (CS,, Sigma-Aldrich, 99.9 %), sodium chloride (NaCl, Carl Roth), sodium hydroxide
(NaOH, Carl Roth) and dicyandiamide (C,H4N4, 99%, Sigma-Aldrich). The solvents used for
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the synthesis were deionized water, ethanol (EtOH, from Chem-Lab NV), HPLC-gradjent:: on
grade methanol (MeOH, from VWR), diethyl ether (from Sigma-Aldrich), N,N-
dimethylformamide (DMF, from Acros Organics, 99.8%, extra dry over the molecular sieve,
acroseal).

4.2 Synthetic procedures

Synthesis of (NH,;),[Mo3sS3]. Following the original works[®*!, we developed microwave-
assisted synthesis where 250 mg of ammonium molybdate tetrahydrate ((NH4)s[M0;024]-4H,O
and 187.5 mg hydroxylamine hydrochloride (NH,OH.HCI) were added to 5 mL of ammonium
sulfide solution in 30 mL microwave vial. This mixture was stirred for 30 minutes followed by
heating at 150°C for 20 min at a stirring rate of 600 rpm in a microwave furnace set at a
pressure of 20 bars. The bright red product was filtered, washed with 50 mL of water, ethanol,
CS, and ether and dried in air at 60 °C.

Synthesis of Na,[Mo3S;3]. The as-prepared (NH;);[Mo3Sq3] was used to synthesize
Nay[Mo3S;3] following a reported method®], wherein 250 mg of (NH,;),[M03S;3] was dissolved
in 40 mL of 1% NaOH solution and stirred for 2 hours under vacuum. This solution was then
filtered into 10% NaCl solution and kept for 12 hours to allow for the formation of Nay,[M03S;]
precipitate. The bright red product was dried in air at 60 °C and stored in desiccator.

Synthesis and protonation of GCN. This work employed thermally expanded graphitic carbon
nitride (GCN) reported and characterized previously.?7:38 Briefly, a certain quantity of
dicyandiamide was loaded into a sealed quartz crucible and placed in a Microwave Muffle
Furnace Phoenix™ (CEM Corporative). The temperature was then gradually raised at 2 °C
min-! until it reached 450 °C and kept for 30 min. Subsequently, the temperature was further
increased from 450 °C to 550 °C at the same rate (2 °C min-') and held for 60 min under air
atmosphere. The collected sample (labeled as bulk) was washed and dried at 100 °C. To
enhance the specific surface area of the photocatalyst, a second thermal treatment at 500 °C
was applied for 2 h to the bulk material, resulting in GCN photocatalyst with nearly 15-fold
increase in the specific surface area (from 7 to 105 m?/g).
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The protonation of GCN was carried out following a procedure already reported®*¥! wherein
GCN was dispersed in 10 mL of 37% HCI solution and stirred for 4 hours at room temperature.
The solution was then filtered and washed with water until neutral pH was achieved. The so-
modified sample denoted as H-GCN was dried in air at 105°C overnight.

of thi

Synthesis of Mos/GCN composites. The composites of Na[Mo3;S43] cluster with GCN was
synthesized by a method reported previously.?? Briefly, the GCN was dispersed in methanol
and sonicated for 2 h. The Na,[Mo3S43] solution in methanol (10 wt.% with respect to GCN
mass) was then added to the GCN suspension and kept for stirring overnight. After 24 h the
composites were filtered and washed with excess of methanol followed by drying in air at
60 °C.

4.3 Methods
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UV-Vis spectroscopy was performed on a Jasco V670 UV-Vis spectrometer. The samples
were prepared in methanol and aqueous methanol (1:1 vol.) solution with a concentration of
0.05 mM; UV-Vis spectra were recorded in absorbance mode. Absorption spectra of powdered
samples were measured in solid-state via diffuse-reflectance spectroscopy (DRS) using
MgSO, and GCN as a reference.
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ATR-FTIR spectra of the samples were recorded via PerkinElmer FTIR Spectral H&Iﬁa@%@é&%&”&
with a spectrum two Universal ATR (Single Reflection Diamond) instrument. Powdered
samples were directly loaded onto the sample holder and the spectra were recorded in the
region of 4000-400 wavenumbers (cm-'). Raman measurements were performed with a WITec
alpha 300 RSA+ Raman microscope equipped with a 488 nm excitation laser (532 nm)
maintaining the laser intensity at 5 mW.

The quantitative elemental analysis of the samples was performed with X-ray photoelectron
spectroscopy (XPS) using a custom-built SPECS XPS-spectrometer equipped with a
monochromatized Al-K, X-ray source (J 350) and a hemispherical WAL-150 analyzer
(acceptance angle: 60°). To improve the sensitivity of the measurements, Mos/TiO, samples
were prepared and investigated in the form of thin-films (see Additional Methods in Sl). This
was followed by wet impregnation of the Na,[Mo3S;3] clusters from methanolic solutions. For
a single XPS measurement, pass energies of 100 eV and 30 eV and energy resolutions of 1
eV and 100 meV were used for survey and detail spectra, respectively (excitation energy:
1486.6 eV, beam energy and spot size: 70 W onto 400 um, angle: 51° to sample surface
normal, base pressure: 5 x 10710 mbar, pressure during measurements: 2 x 107 mbar). Data
analysis was performed using CASA XPS software, employing transmission corrections (as
per the instrument vendor's specifications), Shirley backgrounds and Scofield sensitivity
factors. Charge correction was applied so the adventitious carbon peak (C—C peak) was
shifted to 284.8 eV binding energy (BE). All content values shown are in units of relative atomic
percent (at.%), where the detection limit in survey measurements usually lies around 0.1-1
at.%, depending on the element.

Quantitative determination of the [Mo03Si3]> cluster loadings was performed by X-ray
fluorescence spectroscopy in total reflection geometry (TXRF) using an ATOMIKA 8030C X-
ray fluorescence analyzer (Atomika Instruments GmbH, Oberschleissheim, Munich,
Germany). The X-ray tube was employed at 50 kV and 47 mA and the selected excitation
source was the continuous spectrum of tungsten monochromatized at 35 keV. The samples
were excited for 100 s and a Si(Li)-detector was used for X-rays acquisition. The samples
were prepared by suspending 1 mg in 1 mL H,O for 10 minutes (c = 1 mg/mL). 10 yL of a
1000 ppm Yttrium internal standard (for quantification) were added to the suspension, which
was subsequently vortexed for 1 min. 5 yL of the suspension with internal standard were drop
casted onto a clean quartz reflector, which was then dried for 5 minutes on a hot plate. After
this time, the residue was sealed with 5 uL of a 1% PVA solution and dried for further 5 minutes
on a hot plate. The absolute amounts of Mo with respect to Y were then quantified based on
the calibration curve and the proportion of Mo (K-line) and Y peak (K-line) areas. This
calculation yielded real [MosS43]* loading values presented in Table 1, considering the
undisturbed stoichiometry of Mo to S.
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Scanning electron microscopy (SEM) images were acquired using an FEI Quanta 250 FEG
scanning electron microscope to obtain visual information on the morphology of the samples.
Typically, acceleration voltage of 10 kV and secondary electron detection mode were used.

High-angle annular dark field (HAADF) STEM imaging and energy dispersive X-ray
spectroscopy (EDS) were performed by using Titan Cubed G2 60-300 (TEM/STEM, FEI Co.,
now Thermo Fisher Scientific) operated at 300 kV. This microscope has an aberration
corrector for STEM (DCOR, CEQOS), four-quadrant windowless super-X SDD (silicon drift
detector) system. The probe current was ~60 pA for STEM observation as well as EDS. The
convergence semi-angle of the electron probe was 18 mrad. The typical probe diameter was
less than 0.1 nm. Forward scattered electrons of an angular range from 38 to 184 mrad were
detected by a HAADF detector for STEM imaging.
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Powder X-ray diffraction (XRD) of (NH,):[M03S+3] and Nay[Mo3S;3] was performed, using & s coas
XPERT II: PANalytical XPert Pro MPD (©-0 Diffractometer) for the ex situ experiments. The
sample was placed on a Si sample holder and irradiated with a Cu X-ray source (8.04 keV,
1.5406 A). The signals were then acquired with Bragg—Brentano ©/@-diffractometer geometry
ranging from 5° to 80° degrees using a semiconductor X'Celerator (2.1°) detector. XRD
analysis of GCN powder was carried out in a PANalytical X'Pert MPD equipped with an
X'Celerator detector and secondary monochromator (Cu Ka A =0.154 nm, 50 kV, 40 mA; data
recorded at a 0.017° step size, 100 s/step).

Steady state photoluminescence (PL) measurements were performed using PicoQuant
FluoTime 300 spectrophotometer. Xe arc lamp (300 W power) was the excitation source,
coupled with a double-grating monochromator. The detection system comprised of a PMA
Hybrid 07 detector along with a high-resolution double monochromator. The PL properties of
homogeneous solutions were observed using 445 nm excitation wavelength whereas 370 nm
light excitation was used to probe the PL spectra of heterogeneous catalysts suspended in
water; the concentration of each reaction component was set to mimic those from the
corresponding HER experiments. The Moz/GCN samples were prepared by dispersion of
composite in water (0.5 mg/mL), sonication for 30 min, and centrifugation for 30 min. The
supernatant solution was diluted with water and 0.1M ascorbic acid. The data was collected
and later fitted using EasyTau2 software. The Stern-Volmer treatment was applied to extract
the bimolecular rate constant based on the [Ru(bpy)s]?* lifetime of 198.58 ns measured at
615 nm.

4.4 Photocatalytic experiments

The visible-light-driven hydrogen evolution experiments were carried using a 5 mL batch
reactor equipped with a monochromatic LED light source (44513 nm, Thorlabs SOLIS). For
the experiments in homogeneous phase, the reactor was filled with a 2 mL of reaction mixture
which comprises of 1:1 MeOH/H,0 containing [Ru(bpy)s]?* (bpy stands for 2,2'-Bipyridine) as
a photosensitizer (0.645 mM), L-ascorbic acid (H,A) as a proton donor (0.1 M), and the
corresponding catalyst Na;[Mo3S43]-H,O (50 uM). For the heterogeneous hydrogen evolution
experiments the reactor was filled with 2 mL of water containing 0.5 mg/mL of Mos/GCN
photocatalyst and 0.1M sacrificial donor (0.1M L-ascorbic acid (H,A) and triethanolamine
(TEOA), details in Figure S7 and S8d). Exposure to ambient light was minimized during the
solution mixture preparation and transfer to the reactor. The reaction volume was purged with
Ar (15 mL/min) for 10 min to ensure the removal of headspace and dissolved oxygen prior to
reaction start. The temperature of the reactor was maintained at 15 °C with a water-cooling
system. The reaction mixture was stirred at 600 rpm. The H, produced was monitored by
sampling the reactor headspace (200 pL) and analyzing its composition via gas
chromatography (Shimadzu GC 2030) equipped with a barrier ionization discharge detector
and a Micropacked-ST column using helium as a carrier gas. Injections were done with an
interval of 30 minutes. The calibration was done using a range of H, in argon gas mixtures. A
set of blank experiments in the absence of [M03S;3]% was conducted otherwise mimicking the
conditions of both the homogeneous and heterogeneous HER tests resulting in negligible
(<0.1 nmol) amounts of H, generated.
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441 HER stability experiments

Long-term HER experiments for both homogeneous (Moz/Ru) and heterogeneous (Mo3;/GCN)
systems were performed using purging-degassing method to investigate and compare stability
of both. For both the systems, the photocatalytic reaction solutions (for Mos/Ru, 50 uM of Mos,
0.45 mM of [Ru(bpy)s]?*in 0.1 M of H,A and for Mos/GCN, 10Mos/GCN in 0.1 M H,A) were

13

[ 3ibliothek,
Your knowledge hub

119



Sustainable Energy & Fuels Page 14 of 16

purged with Ar for 10 min. The reaction mixture was then illuminated for 1 h with LED, 443¢ifics 20
and the sampling was done from the headspace for H, quantification. The headspace was

then degassed and purged again for 10 min before illuminating for 1 more hour. This process

was repeated five times to monitor the stability of both the systems.

4.5 TON, TOF, and AQY Calculation

The H, concentrations in ppm (derived from the chromatograms) were converted to pmol and
turnover numbers (TONs — expressed per [MosS43]* species) based on reactor parameters
and the ideal gas equation. Initial turnover frequencies (TOFs) were calculated after 10
minutes of illumination (in most of the cases a close to linear H, evolution trend within the first
60 minutes of HER was observed). The calculation of the apparent quantum yield (AQY)
values considered the ratio between the number of reacted electrons and the number of
photons absorbed by the reaction solution.3%4% The latter was extracted using a power meter
PM100D (Thorlabs) by measuring photon flux at the reactor position (12 mW/cm?). To estimate
the number of photons absorbed by the reaction solution we first measured intensity of light
that reach the detector after passing through the reactor filled with pure solvent, and then
measured intensity of light that reached the detector after passing through the reactor filled
with Moz/Ru photocatalyst dissolved within the solution. The difference between the values
indicated amount of light that has been trapped by Mos/Ru.
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1. Materials characterization

XRD and FTIR of the Mo-Clusters

Successful formation of [Mo3S13]* clusters was confirmed using FTIR spectroscopy.
Figure S1a shows the FTIR spectra of Naz[Mos3S13] revealing three peaks at
542 cm™, 505 (510/501 doublet) cm™, and 458 cm in the fingerprint region that
correspond to bridging, terminal, and apical sulfur ligands in the cluster framework.!-?
Additionally, only OH bending and stretching vibrations are observed at ~1600 cm’
and ~3300 cm-', which correspond to residual and crystalline water. The purity of the
product (e.g. complete cation exchange) is manifested by no extra peaks observed in
the IR spectrum. The purity and crystallinity of the (NH4)2[M03S13], Naz[Mo3S13], and
GCN were further confirmed by powder XRD spectra (Figure S1b) that match well with
the literature and the database.['-3l
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Figure S1 | (a) IR Spectra of Na2[Mo3S13], and XRD spectra of (b) Naz[Mo3S13] and (NH4)2[Mo3S13], (c) GCN
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DRS

Optoelectronic properties of as-prepared (GCN) and protonated (H-GCN) carbon
nitride (details in Experimental section) have been investigated using diffuse-
reflectance spectroscopy (DRS). Figure S2a shows as-obtained profiles that highlight
strong absorption of both GCN materials in visible-light range (400-700 nm). Tauc
analyses (Figure S2b) reveal the band gap of ca. 2.75 eV, which corresponds well to
the literature.!

a b 30
GCN _ GCN

AR H-GCN —
- HGCN  apG
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1 T 1 . I " 1 2
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Wavelength / nm Energy / eV

Fig. S2 | DRS plots of (a) GCN and H-GCN powders, (b) Tauc plots of bare GCN and H-GCN. Shaded area
corresponds to the range of visible-light absorption (i.e. >400 nm).
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Fig. S3 | DRS plots of [M03S13]* (Mo3) and 10Mo3/GCN composite, the latter is measured taking GCN as a

baseline. The broad peak centered at ~456 nm is the qualitative indication for the presence of Mos on the surface
of GCN. The quantitative assessment of the loading values is performed via TXRF (Table 1).
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shows the comparison of signature bands of [M03S13]* (Mos) with GCNs and Mo3/GCNs.
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XPS of Mos and Mo3/GCN
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Fig. S5 | XPS spectra (a) O1s, (b) C1s, of pure [MosS13]?> (Mos) clusters, bare GCN, and Mos/GCN system. and
(c) Survey spectra of Mos/GCN (see details in experimental section).

2. Choice of photosensitizers and illumination conditions

Comparison of Mo3s/GCN and Mos/Ru in terms of excitation source

First, we verified if the heterogenized [Mo3S13]* clusters of the Mos/GCN composite are able
to promote the desired HER under visible-light illumination. Figure 1b compares absorption
spectra of the GCN (measured in reflectance mode) and [Ru(bpy)s]** (measured in
transmission mode) compared to the output spectrum of the visible-light emitter used in this
work to evaluate light-driven HER performance of both Mos/GCN and Mos/Ru. The band gap
value of GCN can be estimated to around 2.75 eV (see Figure S2), which allows 445 nm
photons to trigger band-to-band excitation (C 2p to N 2p) and generate an electron-hole pair.
We note, however, that — compared to the extent of the [Ru(bpy)s]?* absorption — only edge-
to-edge transition in GCN is likely to be triggered by the light source leaving the generated
electron-hole pairs with little-to-no overpotential for further reaction.

3. Optimization of HER conditions

Table S1. Optimization of parameters for hydrogen evolution reaction under homogeneous conditions. The
concentration of [Ru(bpy)s]PFs photosensitizer was kept 0.645 mM for all the experiments mentioned in the table
and the reaction mixture was illuminated for 30 min with LED lamp 445 nm.

[Mo3S13)* Solvent Sacrificial donor H2 produced Apparent quantum yield
concentration (ppm) (AQY, %)
10 uM ACN/H20 247 0.086
50 pM (9:1) Ascorbic acid 515 0.178
10 uM MeOH/H20 (0.1M) 1100 0.380
50 uM (9:1) 1508 0.520

*ACN : Acetonitrile, MeOH : Methanol
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Fig. S6 | Homogeneous HER experiments with and without the addition of electron donor in the
photocatalytic system. Conditions: 50 uM [Mo3S13]%, 0.645 mM [Ru(bpy)s]?>*, 0.1M H2A in MeOH:H20 (9:1)
and ACN:Hz0 (9:1) solvent system which is illuminated for 30 min by LED lamp 445 nm.

Overall, several factors are in control of hole scavenging capability of these electron donors
(MeOH, TEOA, H:A): their polarity, which defines the degree of interaction with the
photosensitizer (be it a molecule, ion or heterogeneous surface) and their redox properties,
which define the thermodynamics of their oxidation.®™”! However, ascorbic acid (H2A)
produces an intermediate during the hole scavenging process which is reported to oxidize Ru-
based PS and therefore reduces the overall hydrogen evolution performance.®8 This makes
the stability of the Mos/Ru photosystem questionable as Ru-PS degrades with increase in
ilumination time as well as it recombines with oxidized intermediate of ascorbic acid promoting
charge recombination. However, when assessing overall HER performance of the
photosystem, one should also consider other less direct contributions. First of all, the choice
of the solvent system and the associated dielectric constant of the reaction medium affect the
final availability of sacrificial donor as well as the efficiency of the charge transfer process.®
Besides this, the mechanism of electron donor oxidation (via hole trapping) often involves
intermediate species that may affect the reaction in a number of ways e.g. act as
recombination centers.
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4. Photoluminescence emission spectroscopy

Role of sacrificial agent

To verify the role of H.A as an electron donor in our HER experiments performed with the
Mos/GCN photosystem, we conducted PL quenching experiments using [MozS13]*-free and
[MosS+3]%-loaded GCN suspensions in water in and without the presence of H-A. The reason
for this is that the two-electron oxidized species of ascorbate (i.e., dehydroascorbate) as well
as radicals generated from H.A are known to react with the reduced from of the ruthenium
dye. Despite the first reaction is slowed by its bimolecular nature, we still consider both being
relevant under our reaction conditions.? As summarized in Figure S7, the addition of 0.1M
H.A to the GCN suspensions ([MosS13]*-free in a, with 1 wt.% [MosS+3]* in b and with 10 wt.%
[MosS13]* in ¢) reduce the PL intensities in all cases compared to those obtained in pure water.
This result confirms the role of H,A as an efficient hole acceptor, which leads to a better
separation of charge carriers photoexcited in GCN under our reaction conditions.

a 23 b c
s GCN |7, 1Moy/GCN-T | 3 ] 10Moz/GCN-T
24
3 ] 0,8
g 2,0_- Solvents SOIVZMS 0.2 4 v‘ Solvents
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Fig. S7 | PL spectra of (a) GCN, (b) 1Mos/GCN, (b) 10Mos/GCN, mimicking the photocatalytic HER
experiment (see details in experimental section).

Choice of H2A concentration

To further justify the choice of H2A concentration (0.1 M) used in our HER experiments
performed with the Mos/GCN photosystem, we conducted additional PL quenching
experiments. Figure 8d shows that the addition of low concentrations (0-0.05 M) of H2A to
Mo3s/GCN gradually reduces the PL emission intensity of GCN, which suggests that reductive
quenching mechanism is in place and it leads to improved electron/hole separation (i.e. thus
affording higher HER performances). It is noteworthy, however, that higher concentrations of
H.A (> 0.05 M) do not lead to further quenching (i.e. saturation is reached). This result
indicates that hole extraction by H2A is not a performance-limiting factor at H.A concentrations
above ~0.1 M and that the use of this H2A concentration can be justified when conducting
HER studies.
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(d) Mo3/GCN system with varying H2A concentration.
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5. Reloading experiments

To investigate the stability of Nax[Mo3sS+3] in Mos/Ru photosystem, a solution containing 2 mL
(4.5:4.5:1) of [Ru(bpy)s]** photosensitizer (PS, 0.645 mM in MeOH), the [Mo3S+3]* catalyst (50
MM in MeOH), and H2A proton donor (0.1 M in H20) solvent mixture was irradiated and the H»
was detected by gas chromatography until saturated, indicated by a plateau (red curve in
Figure S9, the point of 120 min). After this point was reached, the reaction mixture was
recharged with 100 L of a freshly prepared solution of [Ru(bpy)s]** photosensitizer (0.645
mM) and 100 pL HA to yield 2.2 mL of a reloaded reaction mixture with 545 mM [Ru(bpy)s]?*
PS, 0.9 mM H,A and 45 uM [Mo3S13]*, thereby mimicking the initial Mos/Ru (1:13) molar ratios
of the first HER cycle. Afterwards, sealing, de-gassing and irradiation of the reloaded reaction
mixture initiated the second HER cycle (blue curve in Figure S9). In another experiment, after
the first HER cycle, the solution was recharged with just the PS (grey curve in Figure S9). Both
secondary datasets (grey and blue curves) show that the original activity of the freshly-made
Moas/Ru photosystem can not be reached when PS (or PS and H.A) are reloaded. This, in turn,
indicates that at least partial degradation of [MosS13]* takes place along with PS and SA
depletion.

T T T T T T T T T T T T
1,2 4 —®— Fresh PSand H,A 4
| —*—Reload PS and H,A

0,9 - —®— Reload PS i

0,7 -

0,3 -

Amount of H, detected / pmol

0,1+ _

—7r r 1 r 1 - 1 * 1T 7
0 20 40 60 80 100 120 140
lllumination time / min

Fig. S9 | Reloading experiments showing the effect of catalytic components on the HER performance. The
reaction solution (50 pM [Mo3S13]%, 0.645 mM [Ru(bpy)s]** (PS), and 0.1 M HzA) after the first HER cycle (red)
was recharged with [Ru(bpy)s]?* (PS) and H2A (blue) as described above. After purging, the second HER cycle
didn’t recover the original HER activity. Reloading only the PS after the first HER cycle (grey) accounted for the

quarter of original HER activity.
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6. Postcatalytic characterization
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Fig. S10 | XPS spectra (a) Mo3d, (b) S2p, (c) N1s, of the Mos/GCN system before and after HER in 0.1M H2A
(see details in experimental section).

Table S2. TXRF of Mos/GCN composites before and after hydrogen evolution reaction in ascorbic acid and
TEOA sacrificial donors to quantify remaining cluster loadings in wt.%.

Composite Loading before HER Loading after HER
P (wt.%) (Wt.%)
0.1M H2A 0.1M TEOA
Mos/GCN 3.9 17 06
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4.3 Contributions in other publications

During my Ph.D., I developed collaborations on other projects, in which my main contribution
was to do the PL measurements of liquid and solid samples, data acquisition, evaluation,
discussion, and preparation of the corresponding manuscript parts. The publications of the
collaborated work are listed below:

1. Lisa Eisele, Wilaiwan Chaikhan, Samar Batool, Alexey Cherevan, Dominik Eder, Katha-
rina Bica-Schroder™; Photocatalytic COs reduction co-catalyzed by ionic liquids, Chem-
CatChem, accepted.

2. Stephen Nagaraju Myakala, Hannah Rabl, Jasmin S. Schubert, Samar Batool, Pablo Ay-
ala, Dogukan Hazar Apaydin*, Alexey Cherevan®, Dominik Eder; MOCHAs: An Emerg-
ing Class of Materials for Photocatalytic Hy Production, advanced energy materials, under
revision.
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Conclusions and outlook

This thesis was focused on the synthesis of structurally well-defined molecular clusters (Ni-
based polyoxometalates and thiomolybdates) and their utilization as catalysts/co-catalysts for
photocatalytic hydrogen evolution reaction. The efficiency of these catalysts was investigated
under homogeneous and heterogeneous conditions to highlight the advantages and disadvan-
tages of both approaches. This consequently led us to develop a highly stable and entirely
inorganic photosystem to curb the limitations and combine the advantages of homogeneous
and heterogeneous photocatalysis.

In this thesis, I first presented a review on the recent developments in experimental and
theoretical aspects of thiomolybdates catalysis such as the evaluation of reaction mechanisms,
investigation of active sites, heterogenization on different substrates, and their prominent ap-
plications. I also discussed the studies that inspect the HER performance of thiomolybdates
transitioning from the solution-phase to surface-supported, with particular attention towards
their application in electrocatalysis and photocatalysis. After thorough analysis and exploration
of the pertinent literature, I performed a case study employing Ni-based POMs as catalysts for
hydrogen evolution reaction under rigorous homogeneous conditions. The HER performance
was shown to be dependent on the number of NiyO4 cubane cores present in the POM struc-
ture. Therefore, the high quantum yield exhibited by these Ni-POMs was the highest value for
Ni-POMs reported to date. While these POMs demonstrated high stability and recyclability,
the overall stability of the system is affected by the use of degradable Ru-dye. Therefore, I
designed a model photocatalyst consisting of a solid-state titanium oxide support for stabilizing
the molecular thiomolybdate cluster (Mogz) anchored on its surface. These clusters are attached
to the titania surface via hydroxyl groups forming a strong Mo-O-Ti bond. The loading of Mog
clusters was limited by the surface area of the oxide support. These clusters acted as highly
efficient and stable co-catalyst for hydrogen evolution reaction with performance close to that
of the benchmark platinum co-catalyst. It additionally showed a high stability when illumi-
nated for a longer time. The HER activity significantly declined for Mos clusters thermally
treated under nitrogen and oxygen atmosphere. This suggested that the structural coherence
of Mogs clusters plays a crucial role in high HER performance. The loss of most of the termi-
nal disulfide ligands during attachment suggested that the bridging disulfide ligands and the
under-coordinated Mo-sites could be the potential active sites for hydrogen evolution reaction.
To allow for visible-light-driven hydrogen evolution reaction, I replaced UV-absorbing titania
support with graphitic carbon nitride (GCN) for the adsorption of Mog clusters. I used such
a configuration for the direct comparison of HER performance with that of the homogeneous
counterpart comprising ruthenium photosensitizer. I optimized the hydrogen evolution reac-
tion conditions for both homogeneous (Mos/Ru) and heterogeneous systems (Mos/GCN). 1
showed that for Moz/Ru system, there is a strong correlation between the activity and the
concentration of catalyst as well as the type of sacrificial donor used. However, for Mos/GCN
system, the activity is influenced by the loading of Mos co-catalyst, the surface area of GCN
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support, and the kind of sacrificial donor used. The highest amount of cluster loaded was 3.9
wt.%, however, I successfully achieved a higher loading of clusters by protonating the GCN
surface (H-GCN). Despite the different Moz loading values, both Moz /GCN and Mos/H-GCN
photocatalysts displayed similar turnover frequencies (TOFs) of 0.237 min ' and 0.237 min .
These results suggested that the kinetics of interfacial charge transfer does not limit the charge
extraction from GCN. In addition to these studies, the Moz /GCN system showed a stable per-
formance over time. On the contrary, the HER activity for Mos/Ru system decreased over
time. Hereby, this thesis highlights that the heterogenization of molecular clusters on different
supports results in the development of stable, robust, and highly efficient photocatalysts for
hydrogen evolution reaction. Several factors impact the efficiency of such systems such as the
cluster content on the support surface, the strength of binding between the cluster and the
support, the surface area of support, and the nature of the sacrificial donor used. Despite care-
ful and extensive investigation of diverse factors and parameters, numerous unresolved issues
remain and need to be understood and inquired.

Finally, I present a brief overview of potential future investigations aimed at a more insight-
ful comprehension of photosystems. The replacement of some of the disulfide ligands in Mog
with oxo-ligands is capable of affecting the attachment, performance, and active sites. There-
fore, I propose the investigation of other complex molecular systems such as thiotungstates,
oxothiometalaes, and selenide-containing derivatives other than Mos prototype used in this
thesis. Since carbon nitride (GCN) used in article # 4 can only absorb a fragment of the
visible light spectrum, the use of substrates capable of absorbing most of the visible spectrum
is desirable. Furthermore, being aware of the challenges in the evaluation of HER performance,
a photosystem with optimized components can be designed to improve the overall efficiency
of reaction. Additionally, thiomolybdates can be merged with functional substrates such as
metal-organic frameworks (MOFs), narrow bandgap semiconductors, and polymers, leading to
the development of sophisticated composites. In the domain of MOFs chemistry, one study
successfully reported the formation of porous frameworks based on thiomolybdates, demon-
strating the hydrogen evolution reaction (HER) performance of these innovative materials.??
Furthermore, another research group developed 2D WS, based photoelectrodes immobilizing
thiomlybdate and oxothiomolybdate clusters for photoelectrocatalytic water splitting.”® T am
convinced that there is a huge potential for the exploration of a greater variety of functional
molecular, hybrid, and solid-state materials through the utilization of thiometalates and their
derivatives.
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