Coordination Chemistry Reviews 448 (2021) 214172

Contents lists available at ScienceDirect

ORDINATION

CHEMISTRY REVIEWS

Coordination Chemistry Reviews

journal homepage: www.elsevier.com/locate/ccr

Review
Catalytic systems mimicking the [FeFe]-hydrogenase active site for n
visible-light-driven hydrogen production e

Juan Amaro-Gahete *, Mariia V. Pavliuk ®, Haining Tian °, Dolores Esquivel ?, Francisco J. Romero-Salguero ¢,
Sascha Ott>*

@ Departamento de Quimica Orgdnica, Instituto Universitario de Nanoquimica (IUNAN), Facultad de Ciencias, Universidad de Cérdoba, 14071 Cérdoba, Espafia
b Department of Chemistry, Angstrém Laboratories, Uppsala University, Box 523, 751 20 Uppsala, Sweden

ARTICLE INFO ABSTRACT

Article history: A global hydrogen economy could ensure environmentally sustainable, safe and cost-efficient renewable
Received 18 May 2021 energy for the 21st century. Solar hydrogen production through artificial photosynthesis is a key strategy,
Accepted 16 August 2021 and the activity of natural hydrogenase metalloenzymes an inspiration for the design of synthetic catalyst

Available online 1 September 2021

systems.
[FeFe]-hydrogenase enzymes, present in anaerobic bacteria and green algae, are the most efficient class
Keywords: of biological catalysts for hydrogen evolution. The enzymes operate in an aqueous environment, utilizing
Photochemistry

electrons that ultimately stem from photosynthesis as the only energy source. Functional synthetic mod-
Artificial photosynthesis els of the [FeFe]-hydrogenase enzyme active site have garnered intense interest as potential catalysts for
Light-driven hydrogen evolution the reduction of protons to molecular hydrogen.
Bioinorganic chemistry Herein, we take an extensive journey through the field of biomimetic hydrogenase chemistry for light-
driven hydrogen production. We open with a brief presentation of the structure and redox mechanism of
the natural enzyme. Synthetic methodologies, structural characteristics, and hydrogen generation met-
rics relevant to the synthetic diiron catalysts ([2Fe2S]) are discussed. We first examine multi-
component photocatalysis systems with the [2Fe2S] cluster, followed by photosensitizer-[2Fe2S] dyads
and molecular triads. Finally, strategies for the incorporation of [2Fe2S] complexes into supramolecular
assemblies, semiconductor supports, and hybrid heterogeneous platforms are laid out. We analyze the
individual properties, scope, and limitations of the components present in the photocatalytic reactions.
This review illuminates the most useful aspects to rationally design a wide variety of biomimetic cata-
lysts inspired by the diiron subsite of [FeFe]-hydrogenases, and establishes design features shared by
the most stable and efficient hydrogen producing photosystems.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The depletion of non-renewable energy sources has prompted
the scientific community to search for inexhaustible, economically
viable and environmentally friendly alternative energy supplies
[1,2]. The conversion and storage of energy from sunlight in fuels
is a promising alternative to satisfy the future energy demand of
our society on a large scale [3]. Solar energy applied to the chem-
ical decomposition of water is a key strategy for obtaining hydro-
gen [4-6]. Many future sustainable energy systems are based on
hydrogen as an energy carrier due to its high gravimetric energy
storage density (142 M] kg~'), zero emissions, non-toxicity and
potential to be sourced from water, an abundant resource [7,8].
Hydrogen can be utilized in the presence of oxygen by combustion
or in fuel cells that generate electricity. Hydrogen gas is also essen-
tial to carry out many industrial processes, but it is currently
obtained largely from steam reforming of fossil fuels [9].

Nature uses sunlight to generate chemical energy through pho-
tosynthesis, which consists of sequential chain reactions carried
out in thylakoid membranes of algae, bacteria and higher plants.
The processes of light capture by antenna pigments (mainly
chlorophyll and carotenoid), water splitting, NADP* reduction,
and ATP formation take place in several protein complexes of oxy-
genic organisms [10-13]. The process is driven by absorption of
photons from sunlight by the light-harvesting complexes of photo-
system (PS) I and PSII. Light-driven water oxidation in PSII gener-
ates electrons that pass along an electron-transport chain via

[4Fe4S]

Ferredoxin (FD)

plastoquinone (PQ), cytochrome bg/f (cyt bg/f), plastocyanin (PC),
PSI and ferredoxin (Fd). The photoexcitation of the antenna com-
plex in PSI activates the electron transfer from the ferredoxin-
ADP" oxidoreductase enzyme to NADP* with the subsequent for-
mation of NADPH. The protons released in the oxygen evolution
reaction (OER) are taken up by ATP synthase to produce ATP mole-
cules from ADP. The ATP and NADPH that are generated in the pro-
cess provide the energy needed for the fixation of CO, in the Calvin
Benson cycle to produce sugars- plant fuel- such as glucose and
starch.

Under anaerobic conditions, [FeFe]-hydrogenase enzymes in
the chloroplasts of unicellular green algae catalyze the hydrogen
evolution reaction (HER) [14]. A simplified scheme of the natural
photosynthesis carried out by these systems is presented in
Fig. 1. The reaction cycle begins with the initial absorption of light
by the PSI primary electron donor (P700), ultimately leading to
reduced ferredoxin (Fd). The catalytically active [FeFe] hydroge-
nases accept electrons from reduced Fd which are then used for
the HER [15-17]. [FeFe] hydrogenase metalloenzymes catalyze
the reversible interconversion of protons and electrons into molec-
ular hydrogen (2H" + 2e”~ —H,) at the remarkable rate of up to 9000
hydrogen molecules per second per enzyme [18,19].

The structure of the [FeFe] hydrogenase active site (H-cluster)
was determined by X-ray crystallography to consist of an
organometallic diiron subcluster [2Fe]. The proximal iron (Fep) is
linked to a cubane subcluster [4Fe-4S] by the sulfur of a cysteine
residue (Fig. 1) [20,21]. While Fe, has a saturated coordination

NATURAL PHOTOSYNTHESIS
(PHOTOSYSTEM I)

[FeFe]-hydrogenase
catalytic site

/S ‘\ CN

OC““ Fep— e\CO

]
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Fig. 1. Schematic representation of electron flow from Photosystem I to an [FeFe]-hydrogenase via a ferredoxin redox mediator (Photosystem I).
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Fig. 2. Proposed mechanistic cycle for hydrogen evolution by [FeFe]|-hydrogenase adapted from Lubitz et al. [25] with permission from Elsevier.
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Fig. 3. Number of publications per year in the period (1970-2020) following Web of Science (WOS) database. Column and line correspond to searches with words in title,

abstract or keywords as reported in the inset.

sphere, the distal iron (Feq) provides an available coordination site
for proton or hydrogen binding [22]. The [2Fe2S] cluster contains a
bridging azadithiolate ligand (aza-propane-1,3-dithiolate, adt),
two terminal cyanide and carbon monoxide strong-field ligands
at the low-valent iron sites, as well as a carbon monoxide ligand
bridging both metal centers. The H-cluster is deeply buried within
the protein scaffold in a hydrophobic pocket where catalysis takes
place. This arrangement aids proton and electron transport to and
from the active site and confers a certain degree of O, tolerance
[23,24].

The enzymatic hydrogen formation mechanism as proposed by
Lubitz and co-workers [25,26] is shown in Fig. 2. In the enzyme’s

most oxidized resting system (Hyx), the [4Fe4S] cubane is in a
2 + oxidation state while the catalytic subcluster [2Fe] is a mixed
valence Fe'Fe' state. The first one-electron reduction results in
the formation of the H,eq state where the [4Fe4S] subcluster is
reduced to a 1 + oxidation state. Protonation of the adt-N triggers
an intramolecular charge shift to form H,H* in which the
[4Fe4S] cubane is in the 2 + state and the [2Fe] subsite reduced
to a homovalent Fe'Fe' state. Subsequent one-electron reduction
of the subcluster [4Fe4S] gives rise to the “super-reduced” state
HsreqH', well-characterized by EPR and FTIR spectroscopy [27]. In
the next step of the catalytic cycle, an intermediate hydride state
[Hhya] is formed by an intramolecular proton shift from the adt-N



J. Amaro-Gahete, M.V. Pavliuk, H. Tian et al.

to the distal iron Fq4, a process that is coupled to an electron rear-
rangement in the [2Fe] subsite, leading to a formal Fe'Fe' oxida-
tion state. Recently, this terminal hydride intermediate has been
detected directly by 'H NMR spectroscopy at room temperature
[28]. Addition of a second proton coupled to another charge shift
from the reduced [4Fe4S] to the [2Fe] subsite either in one or
two discrete steps gives rise to [HpygH'] that is characterized by
a formal Fe'Fe!' oxidation state. At this point, there is an equilib-
rium between the Hyy¢H® and Hox[H>] in which the hydride and
the proton are combined to a hydrogen molecule at the distal iron
of the system. The catalytic cycle is closed by H, release, returning
to the initial Hox configuration. For more details on the species
involved in each step of this reaction mechanism as deduced from
X-ray crystallography, spectroelectrochemical studies, EPR and
DFT theoretical calculations, the reader is referred to excellent lit-
erature contributions [29-34].

Hydrogenase metalloenzymes show high turnover rates for
hydrogen production at mild reduction potential in neutral aque-
ous solution [24,35,36], making them competitive with commonly
used platinum-based metal catalysts [37]. However, they exhibit
irreversible deactivation in the presence of oxygen. Detailed stud-
ies on the mechanism of enzymatic inactivation of the dinuclear
subsite by oxygen have been carried out to understand and
improve the resistance against irreversible oxidative degradation
and/or inhibition of the catalytic cycle [38-40]. Similarly, interme-
diate reaction species of [FeFe]-hydrogenases have been character-
ized using spectroscopic techniques and theoretical calculations
[24,41,42]. Progress on O, tolerance in the artificial maturation of
[FeFe]-hydrogenases has been reported to overcome this obstacle
[43,44]. Thus, understanding the chemistry of [FeFe]-
hydrogenases is key to deducing principles essential for the design
of artificial biomimetic systems based on these enzymes.

Due to the low availability of natural hydrogenases, numerous
studies have focused on the development of biomimetic catalysts
that exhibit similar activity as the enzymes, with the aim of
designing an artificial photocatalytic system for light-driven pro-
ton reduction [45,46]. Fig. 3 shows a bibliometric analysis that
highlights how the interest in hydrogenase enzymes in general
(columns) and, [FeFe]-hydrogenases in particular (line), as a
research topic has grown in recent years.

In an artificial light-driven system for solar fuel generation,
light absorption is followed by the separation of electrons and
holes. Electrons are used in the catalytic fuel formation reaction,
and the holes are replenished by electrons from water oxidation.
However, photon absorption leads to the separation of single
electron-hole pairs, while both water oxidation and fuel produc-
tion involve multiproton and multielectron reactions. Therefore,
the accumulation of electrons and holes (accumulative charge sep-
aration) by successive absorption of photons is necessary to com-

‘(\4

Coordination Chemistry Reviews 448 (2021) 214172

plete all the catalytic reactions [47]. Engineering a molecular
system that combines both the fuel production and water oxida-
tion half reactions and that is powered by light-induced charge
separation is still a challenge for the scientific community. Among
others, the following difficulties can be identified: i) charge recom-
bination before catalyst turnover, ii) balancing the rates of the two
half reactions and iii) undesirable secondary reactions, such as, for
example, peroxide instead of oxygen formation.

To address this, the separate half-reactions - water oxidation or
fuel production - have been optimized separately, in particular, by
achieving long-lived high-energy charge-separated states, that can
then be coupled via a redox compartmentalization [47-50]. The
independent half-reactions are powered either electrochemically
or by the use of sacrificial oxidants or reductants [51]. Photochem-
ical catalysis employs a photosensitizer and a sacrificial electron
acceptor or donor to supply the redox equivalents for water oxida-
tion and hydrogen production, respectively. For the light-induced
hydrogen generation catalyzed by [FeFe]-hydrogenase active site
mimics, a schematic representation is shown in Fig. 4. Excitation
of the photosensitizer initiates the photocatalytic process. Photo-
induced charge separation from the excited photosensitizer (PS)
provides electrons in a diffusional process to the [2Fe2S] catalyst
that is responsible for driving proton reduction. The sacrificial elec-
tron donor (ED) must be easily oxidizable to make the overall elec-
tron transfer process (ET) thermodynamically feasible and to
ensure rapid recovery of the PS before charge recombination can
occur. This process has to be repeated twice to accumulate two
electrons in the [2Fe2S] catalyst, which can then reduce two pro-
tons to produce a H, molecule [52].

The concept of artificial photosynthesis in sacrificial half-
reactions was first reported in 1977 by Lehn and co-workers. In
this seminal paper, light-driven proton reduction was achieved in
a photochemical system consisting of Ru(bpy)3" as the visible-
light-absorbing PS, Rh(bpy)3* as the electron mediator, tri-
ethanolamine (TEOA) as the sacrificial agent and colloidal platinum
as the catalyst [53,54]. Similar systems were reported a year later
by Gritzel’s research group, using the same Ru(bpy)3* photosensi-
tizer, methyl viologen as the electron mediator and EDTA electron
donors [55-57]. These early reports have influenced the develop-
ment of model complexes mimicking the structure and function
of natural [FeFe]-hydrogenase enzymes and the optimization of
other components that participate in the photosystem (PS and
ED), as well as other influencing parameters (solvent, pH, excita-
tion wavelength and power), with the aim of maximum efficiency
for light-driven hydrogen evolution.

The electron donor is a sacrificial agent such as triethylamine
(TEA), triethanolamine (TEOA), ethylenediaminetetraacetic acid
(EDTA) or ascorbic acid (AscOH) that can be easily oxidized. This
property ensures the thermodynamic viability of the catalytic reac-
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Fig. 4. Schematic representation of light-driven hydrogen production mechanism. ED: electron donor, PS: photosensitizer and [2Fe2S]: diiron active site (L: CN~, CO or PR3, X:
CH,, CH3R, NH, NHR, O or OR, dashed lines: different linking possibilities in the dithiolate subcluster).
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Fig. 5. Oxidative and reductive quenching pathways for reduction of [2Fe] active
subsite.

tions and prevents unproductive back-electron transfer [58]. In this
context, the pH of the reaction medium of the ED is very important
as it determines the acid-base equilibria. In the case of ascorbic
acid, for example, the anionic ascorbate (AscQO") is a stronger reduc-
ing agent than its protonated form, AscOH, and therefore requires a
pH above 4 (pK,; = 4.17) [59,60]. EDTA contains two amino groups
and four carboxylic acid groups that can act as electron donors at a
more neutral pH between 5 and 7 [61]. If TEA (pK, = 7.9) or TEOA
(10.7) is used as a sacrificial agent, it is essential to work at a pH
close to their pKa values to avoid the excessive protonation of
the free amine that would inhibit its function as ED [61]. The selec-
tion of the most suitable ED is mainly empirical, and depends on
the functional units present in the photocatalytic system. Consid-
erations must be given to the relative redox potentials, solubility,
and the pH of the reaction medium that, in turn, is set to optimize
hydrogen production.

Visible light harvesting by the PS is essential for efficient elec-
tron transfer reactions and to obtain a maximum quantum yield
(QY) in the photocatalytic hydrogen evolution. A wide absorption
range, a redox potential suitable for electron transfer from the
ED to the excited PS, long excited state lifetimes, high photostabil-
ity and appropriate solubility in the reaction solution are all impor-
tant aspects [62]. Organic dyes such as rose Bengal [63] and Eosin Y
[64], among others [65], and metal complexes such as [Ru(bpy)s]**
and [Ir(bpy)(ppy)2]PFs have been extensively studied for several
decades. Metal-free organic dyes are cheap, easily engineered,
environmentally friendly and readily accessible. They feature high
molar extinction coefficients compared to metal complexes but
also suffer from some drawbacks such narrow absorption bands
in the visible region, quenching of the photoluminescence pro-
moted by multichromophoric interactions, photochemical instabil-
ity and sometimes short excited state lifetimes [65-69]. [Ru
(bpy)s]** is the most widely employed PS in photocatalysis for
hydrogen production, presenting a broad absorption band in the
visible light range (Anax = 450 nm) and a relatively long lifetime
of its excited state. A usual problem with this PS is its frequent
instability under experimental photocatalytic conditions [70,71].
In contrast, PSs based on Ir (Ill) are considered highly effective
because they exhibit good stability and excellent excited-state
properties [72]. However, their large-scale application is limited
by Ir scarcity and high cost. These challenges have been addressed
through the investigation of alternative light harvesters, such as
semiconductor nanoparticles (ZnS or TiO;) or quantum dots (CdSe
or CdTe), which exhibit long-term stability and broad absorption
bands in the visible part of the spectrum.

The concentration of both the PS and ED has a crucial influence
on the rate of hydrogen production. Frequently, an excess of ED is
used in a photocatalytic reaction for hydrogen evolution to ensure

Coordination Chemistry Reviews 448 (2021) 214172

the kinetic control and high charge separation yield, while a higher
concentration of PS usually results in faster hydrogen productivity.
In tethered systems, also the distance between the PS and the cat-
alyst or ED must be controlled to avoid competing reaction path-
ways. More details about the use of ED and PS in photosystems
for light-induced hydrogen evolution are discussed in the next sec-
tions of this review.

Concerning the diiron catalyst, the reduction of the active sub-
site [2Fe2S] can be carried out in two different ways, i.e. by follow-
ing an oxidative or reductive quenching pathway of the excited PS
(Fig. 5) [14]. In the first case, oxidation of the excited *PS occurs by
transferring an electron to [2Fe2S]. The oxidized PS is regenerated
by the ED. On the other hand, the ED can perform a reductive
quenching of the excited species *PS. The thereby produced,
photo-reduced PS can successively reduce the catalytic [2Fe2S]
cluster by transfer of an electron, recovering the original state of
the PS. The exact mechanism will depend on the excited-state oxi-
dation and reduction potentials of the PS, the reduction potential of
the catalyst for the reduction of protons and the oxidation poten-
tial of the ED to re-establish the original state of the PS. In the event
that both pathways are thermodynamically feasible, the predomi-
nant mechanism will be the one with the highest quenching rate
[73].

In recent decades, great efforts have been directed towards the
design of diiron complexes that mimic the structure and function
of natural [FeFe]-hydrogenases, and to include them in schemes
for light-induced hydrogen formation. Biologically inspired func-
tional models of hydrogenases contain first, second, and outer
coordination spheres, each contributing to the photocatalytic pro-
cess [74,75]. The first coordination sphere describes the ligands
directly bound to the diiron core [2Fe] influencing the properties
of the metal center: vacant coordination sites for substrate binding,
modification of redox potentials, electron density, and steric hin-
drance for the accessibility of reactants. Strong-field ligands such
as cyanide (CN7) or carbon monoxide (CO) are present in the
enzyme active site to ensure low-spin complexes. The second coor-
dination sphere includes functional groups of the ligands that react
with the substrate. They play a fundamental role in moving elec-
trons through the [4Fe-4S] cubane and shuttling protons via amino
acids and the amine bridgehead of the active site. The outer coor-
dination sphere of metalloproteins has dimensions normally>4 A
from the metal and encompasses the entire remaining scaffold of
|FeFe]-hydrogenase [76]. Artificial bioinspired diiron complexes
can be fine-tuned by engineering each of these coordination
spheres in the following ways:

a) First coordination sphere: ligand substitutions of the
archetypical dithiolate-bridged hexacarbonyl diiron complexes
are essential for the formation of the mixed-valence state Fe''Fe!,
to reproduce the “rotated conformation” of the enzyme, and the
formation of terminal hydride species [75,77-80]. In general, two
strategies have been taken: i) the replacement of CO with CN~ to
stabilize a specific orientation of the diiron subcluster in the active
site and promote the formation of the hydride intermediates; or ii)
the substitution of CO with electron-rich phosphine ligands,
among others, to provide photostability, higher electron density,
and proton relays.

b) Second coordination sphere: The exhaustive control in the
design of the second coordination sphere is crucial for the protona-
tion mechanism of the complex [81], the creation and stabilization
of hydride species [24], assistance in the heterolytic H, cleavage/-
formation, [82] and proton-coupled electron transfer reactions
(PCET) [83]. In addition, problems intrinsic to most diiron hydroge-
nase mimics such as the large overpotentials required for the cat-
alytic proton reduction process can be addressed. The following
modifications can be beneficial: i) the incorporation of ligands in
the dithiolate bridging group bearing novel features such as pen-
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Fig. 6. Overview of catalytic systems mimicking the [FeFe]-hydrogenase active site:

(1) [2Fe2S] molecular catalysts (Section 2), (2) Photosensitizer-[FeFe]-hydrogenase dyads

(Section 3), (3) Electron donor-photosensitizer-[FeFe]-hydrogenase triads (Section 4), (4) Supramolecular entities (Section 5), (5) Hybrid semiconductor assemblies
(Section 6), (6) Heterogeneous supports (Section 7) and (7) Photocathodes based on [2Fe2S] for PEC devices (Section 8) . The nomenclature used for catalytic systems 1, 2 and
3 is indicated while for catalytic systems 4, 5, 6, and 7, the molecular catalyst and supramolecular entity, semiconductor, support or photocathode will be included following

the nomenclature reported by the authors in the corresponding articles.

dant amine groups or substituted aromatic dithiolate bridgehead;
ii) the addition of functional groups or reactive structures at the
ligands on the [2Fe] core in the first coordination sphere. Modifica-
tion of the secondary coordination sphere can allow the integration
of functionalized amino groups similar to those existing in the nat-
ural enzyme, or the addition of novel functionalities in the bridging
dithiolate, for example, a photosensitizer to allow for intramolecu-
lar photo-induced charge separations.

¢) Outer coordination sphere: most [FeFe] hydrogenase active
site models are only soluble in an organic phase. Supramolecular
control via outer coordination sphere interactions is of vital impor-
tance to create and modulate an analogous protein environment
around diiron catalysts that enables operation in aqueous solvents
[23,36]. Protein scaffolds, supramolecular cage assemblies or
heterogeneous supports can be used to control the hydrophilic/hy-
drophobic catalytic environment of the functionalized [2Fe2S] sub-
unit (isolated or dye-linked).

Considering the primary and extended coordination spheres in
the synthesis of [2Fe2S] complexes provides opportunities to
enhance the performance of light-driven hydrogen production by
promoting electron and proton transfer [84,85], catalyst stability
and reactivity [86], and catalyst solubility in aqueous solutions
[87,88].

Herein, we present a comprehensive review of [FeFe]-
hydrogenase inspired catalysts for light driven hydrogen produc-
tion, highlighting the most recent trends in this topic. The different
systems will be presented in groups by increasing complexity and
their chronological development (Fig. 6). In Section 2, catalysts
inspired by the [FeFe]-hydrogenase ([2Fe2S]) active site will be
described in the presence of PS and ED. The incorporation of PS
in the catalytic system gives rise to photosensitizer-|FeFe]-hydroge
nase active site model dyads [PS-2Fe2S], which will be reviewed in
Section 3. Further, linking ED to the dyads results in triads [ED-PS-
2Fe2S], reported in Section 4. In Section 5, we explore covalent or
non-covalent interaction of [2Fe2S] with different supramolecular
entities. Direct assembly of the catalyst on inorganic materials will
be subject of Section 6 and 7. In Section 6, the inorganic
component is a semiconductor, which acts as photosensitizer,
whereas in Section 7, the inorganic component is simply a support.

In Section 8, photoelectrochemical (PEC) hydrogen evolution cat-
alyzed by photocathodes bearing [2Fe2S] catalysts is addressed.

2. Bioinspired [2Fe2S] catalysts: Bimolecular reactions

In this section, we focus on catalytic systems composed of a
photosensitizer and a molecular catalyst with the [2Fe2S] unit,
abbreviated as PS/[2Fe2S]. Diffusional PS/[2Fe2S] reactions are
considered as bimolecular reactions where electron transfer takes
place between the excited or reduced state of a suitable PS (de-
pending on the quenching mechanism, see above) and an [2Fe2S]
catalytic center. These catalytic systems offer the opportunity to
screen a wide variety of [2Fe2S] catalysts using conventional PSs.
The [PS:2Fe2S] ratio can be tuned to modulate the generation of
reducing equivalents for optimal photocatalytic hydrogen produc-
tion [14]. Additionally, [2Fe2S]-containing molecular catalysts
have the following advantages: i) the synthesis of the biomimetic
model is often relatively simple, following well-established strate-
gies; ii) the redox properties and stability can be adjusted by
replacing ligands in the first coordination sphere or by incorporat-
ing functionalities in the second coordination sphere via the dithi-
olate bridging group [82,86,89]; iii) electrochemical/spectroscopic
characterization and computational elucidation of reaction mecha-
nisms can be applied to well-defined molecular catalysts [24].

Inspired by these features, herein we review bioinspired
[2Fe2S] catalysts that have been used in molecular photocatalysis
systems, the structures of which are shown in Fig. 7. Their perfor-
mance in light-driven hydrogen production reactions, as measured
in turnover number (TON), along with the applied PS and selected
reaction conditions are detailed in Table 1.

In 2007, electron transfer between a PS and a [2Fe2S] active site
was demonstrated by Sun and co-workers. They identified reduced
Ru(bpy); species photogenerated by reductive quenching using a
diethyldithiocarbamate sacrificial agent with a strong driving force
for electron transfer from Ru(bpy)s; to the [2Fe2S] active site {(u-
SCH,),X)}[Fe(CO)3),] (X: CH, or NCH,CgHs). Time-resolved optical
spectroscopy showed a decrease in the lifetime of this strong
reductant Ru(bpy)3 in the presence of the [2Fe2S] complex, con-
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Fig. 7. Structures of biomimetic [2Fe2S]-hydrogenase catalysts that operate in conjunction with a PS reported in literature.

Table 1
Photocatalytic performance of artificial biomimetic [FeFe]-hydrogenase molecular photocatalysts [2Fe2S] in light-induced hydrogen formation and the conditions selected.
Entry [2Fe2S] PS Selected conditions’ Light Time TON?  Ref.
MC
1 1 Ru(bpy)3* H,0/MeCN (1:1), 1 mM 1, 0.1 mM PS, 100 mM AscOH, pH = 3.7 Xe lamp (500 W), A > 400 nm 3 0.78 [91]
2 2 Ru(bpy)3* H,0/MeCN (1:1), 1 mM 2, 0.1 mM PS, 100 mM AscOH, pH = 3.7 Xe lamp(500 W), A > 400 nm 3 4.3 [91]
3 2 [Ir Acetone/H,0 (9:1), 0.05 mM 2, 0.05 mM PS, 140 mM TEA, Xe lamp (500 W), & > 400 nm 8 466 [98]
(ppy)(bpy)]"  pH=11.0
4 3 Ru(bpy)3* H,0/MeCN (1:1), 1 mM 3, 0.1 mM PS, 100 mM AscOH, pH = 3.7 Xe lamp (500 W), & > 400 nm 3 1.7 [91]
5 4 Ru(bpy)3* H,O/THF (1:0.04), 2.1 uM 4, 140 uM PS, 200 mM, AscO", pH =4.5 Hg lamp (power not specified), 2 180 [100]
A > 400 nm
6 5 Eosin Y EtOH/H,0 (1:1, v/v) solution, 0.1 mM 5, 1.0 mM PS, 10% TEA, LED (3 W), A > 450 nm 15 226 [101]
pH =10
7 6 MPA-CdTe Water, 156 uM 6, 50 pM PS, 85.2 mM AscOH, pH = 4.03 Hg lamp (500 W), & > 400 nm 10 505 [103]
8 7 Ru(bpy)3* DMF/H,0 (1:1), 14 pM 8, 140 uM PS, 100 mM AscOH, pH = 5.5 Lamp not specified, & = 455-850 nm 2.5 200 [110]
9 8 Ru(bpy)3* Water, 59 uM 9, 0.5 mM PS, 100 mM AscOH, 1 M acetate buffer, LED (power not specified), A >470nm 2.5 1.7 [111]
pH=5.0
10 9 TPP-GO EtOH/H,0 (1:24), 4.8 uM 10, 44 M PS, 1.8 mM cysteine, Hg lamp, (450 W), » > 380 nm 5 2.82 [112]
pH=15
11 10 Eosin Y MeCN/H,0 (1:1), 0.2 uM 11, 0.2 uM PS, 10 % TEA, pH = 10.0 Xe lamp, (300 W), A > 420 nm 2 224 [114]
12 11 Ru(bpy)3* Water, 0.1 mM 13, 0.4 mM PS, 100 mM AscOH, pH = 4.0 Hg lamp, (500 W), & > 400 nm 4 88 [115]
13 1 CdSe QD Water, 1 uM 13, 5.2 uM PS, 200 mM AscOH, pH = 4.0 LED (power not specified), » >450 nm 12 18,800 [116]
14 12 Ru(bpy)3* Water, 1 uM 14, 0.1 mM PS, 200 mM AscOH, pH = 4.0 LED (power not specified), . >450nm 6 178 [116]
15 12 CdSe QD Water, 1 uM 14, 5.2 uM PS, 200 mM AscOH, pH = 4.0 LED (power not specified), A >450 nm 12 26,500 [116]

! Solvents and reagents abbreviations: MeCN: acetonitrile, THF: tetrahydrofuran, EtOH: ethanol, DMF: N,N-Dimethylformamide, H,O: water, AscOH: ascorbic acid, AscO:

ascorbate, TEA: triethylamine.
2 TON based on [2Fe2S] catalyst.

firming the visible light-driven intermolecular electron transfer
and serving as proof-of-concept for future photochemical hydro-
gen production experiments catalyzed by [2Fe2S] complexes
[90]. Sun et al. later reported the first bimolecular system for
light-induced hydrogen production using AscOH as both a proton
source and reductive quencher [91].

Since most diiron hexacarbonyl complexes are gradually
degraded under light irradiation, resulting in CO-release from the
complexes to the reaction media [92], replacement of CO by com-
mon phosphine ligands improves the photostability and raises

electron density of the [2Fe2S] core. However, functional analogues
of [2Fe2S] active sites with strong electron-donating phosphines
ligands are characterized by cathodically shifted reduction poten-
tials that make electron transfer from the PS to the [2Fe2S]| com-
plex thermodynamically challenging [93-95]. Accordingly,
[2Fe2S] complexes with weaker electron donor N-pyrrolyl phos-
phines (P(Pyr)s) ligands [96,97] were evaluated for photochemical
hydrogen production (Fig. 7: 1, 2 and 3). In water/acetonitrile solu-
tion (1:1), the monosubstituted P(Pyr); diiron complex 2 showed
the highest photostability and catalytic activity achieving a TON
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of 4.3 per catalyst (Table 1, entry 2). This result was justified by the
increased feasibility of electron transfer from Ru(bpy)s to 2 due to
the small cathodic shift in reduction potential (AE = 30 mV) com-
pared to the all-CO diiron complex 1, thus resulting in the highest
rate of hydrogen production (6.7 x 10”7 mol/min) because of the
photostability provided by the P(Pyr)s ligand [91]. However, the
diiron catalyst still decomposed by CO ligand release under light
irradiation, as detected by FTIR spectroscopy, limiting TONs. Nev-
ertheless, this work established and demonstrated the fundamen-
tals of photochemical hydrogen production using bioinspired
[2Fe2S]. Under optimized conditions, catalyst 2, a cyclometalated
iridium (III) PS and triethylamine (TEA) as a sacrificial ED working
at basic pH in acetone/water provided a TON of 466 after irradia-
tion for 8 h [98]. Additionally, it was reported that the performance
of this system is limited by the decomposition of the iridium PS
[99], since the re-addition of cyclometalated iridium complex after
8 h of reaction re-established activity at the initial rate.

Following the structural skeletons of 1, 2, 3 but replacing the
amine in the adt bridge with a methylene resulted in [2Fe2S] com-
plexes 4, 5 and 6 (Fig. 7) with a propyldithiolate (pdt) bridge. Ina-
gaki et al. carried out the synthesis of the [2Fe2S] complex 4
tethered with a maleimide group and all-CO ligands and grafted
it onto a heterogeneous support (see Section 7) [100]. Working
in a homogeneous system using the photosensitizer Ru(bpy)3*
and AscOH as a sacrificial agent in 4% THF aqueous solution under
optimized conditions (Table 1, entry 5), a remarkable TON of 180
was obtained. However, decomposition of the catalyst was
observed after 20 min under irradiation. The bioinspired diiron
complex 5 (Fig. 7) reported by Sun and co-workers was designed
with a simple structure containing a pdt bridge and a CO ligand
replaced by a water-soluble phosphine (P(CH,OH)3) [101]. In this
case, they used an inexpensive xanthene PS, Eosin Y, and TEA as
ED in water-ethanol solution under alkaline conditions (Table 1,
entry 6). This system displayed a great efficiency for hydrogen pro-
duction with a TON of 226 after 15 h of reaction under visible light
irradiation. A unique mechanism for photocatalytic hydrogen for-
mation was proposed in this photosystem because the high reduc-
tion potential of 5 precludes the electron transfer (ET) from the
xanthene dye. EPR, fluorescence transient absorption, time-
resolved UV-Vis and thermodynamic studies elucidated an alter-
native pathway based on the formation of neutral alkyl radicals
Et,NCHCH; [102] by reductive quenching of the triplet excited
state of the PS. This directs ET from these photogenerated TEA rad-
icals towards 5, enabling the hydrogen formation. Using the same
diiron dithiolate catalytic structure as 5, Wu et al. reported the
[2Fe2S] complex 6 (Fig. 7) by exchanging a terminal CO at the
proximal iron by an isonitrile ligand that contains multiple ether
groups [103]. This functionality resulted in a water-soluble molec-
ular photocatalyst that was employed along with a CdTe quantum
dot PS stabilized with 3-mercaptopropionic acid (MPA-CdTe) and
AscOH as a sacrificial ED and proton source. Under optimized con-
ditions (Table 1, entry 7), this three-component system showed
high efficiency for light-induced hydrogen formation achieving a
TON of up to 505 and a turnover frequency (TOF) of 50 h™!, the
highest photocatalytic activity reported using [2Fe2S] thus far
(Fig. 7, 1-5).

An appropriately substituted aromatic dithiolate bridgehead is
a promising design strategy for a bioinspired [2Fe2S] to overcome
the limitations inflicted by the relatively irreversible reductions at
negative potentials that are typical for aliphatic dithiolate bridged
catalysts. Some reviews on aromatic dithiolate-bridges incorpo-
rated in [2Fe2S] mimics have highlighted the interest in these com-
pounds [104,105] due to: i) their structural robustness and rigidity
that enhance the integrity of the reduced [2Fe2S] cluster, stabilize
hydride intermediates and avoid dimerization or degradation by
loss of CO ligands; ii) the tunability of redox properties by sub-
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stituents at the conjugated bridges; iii) the exhibition of reversible
reduction processes in the absence of substrate; iv) the possibility
of incorporation, encapsulation or chemisorption in supramolecu-
lar scaffolds, heterogeneous supports or electrodes for subsequent
application in electro- and photocatalytic processes.

Substituted benzenedithiolate (bdt) bridges incorporated in
diiron complexes have been mainly investigated for their redox-
tunable properties and high synthetic yields [106,107]. In 2008,
Ott et al. investigated the electron-withdrawing effect in diiron
arenedithiolate complexes ([Fe,(u-S,Ar)(CO)g]) that featured dif-
ferent aromatic moieties (Ar), ie. benzene, toluene, 3,6-
dichlorobenzene and quinoxaline. A direct relationship was found
between increased electron-withdrawing character of the bridging
ligands and a lower electron density of the diiron core, resulting in
a decreased applied potential that is needed for electrocatalytic
proton reduction [108]. Electron-withdrawing bridging ligands
however also weaken the Fe-S bonds, leading to a somewhat com-
promised complex stability. Later, Felton et al. [109] corroborated
this study by evaluating analogous diiron bdt systems with chlo-
rine substituents as electron-withdrawing groups.

Some representative examples of [2Fe2S] with bridgehead aro-
matic substituents applied in hydrogen photoproduction are
shown in Fig. 7 (7-10). Building on their previous findings, Ott
and co-workers reported the use of [Fe,(u-Cl,bdt)(CO)g] (Clybdt =
3,6-dichlorobenzene-1,2-dithiolate) complex 7 with two
electron-withdrawing chloride substituents as catalyst for light-
driven hydrogen evolution [110]. The photochemical system con-
sisted of 7, Ru(bpy)3* as a PS and AscO™ as a sacrificial ED in a
DMF/H,0 mixture to ensure the complete solubility of all reaction
components. Under optimal conditions, a TON of 200 and a TOF of
2.7 min~! was obtained (Table 1, entry 8). DFT calculations and
transient absorption spectroscopy suggested that the catalytic
cycle occurred by intramolecular electron transfer. The delivery
of the second electron to 7 was found to be the limiting step. The
analogous complex 8, i.e. [FeFe]-(dcbdt)(CO)e (dcbdt = 1,4-dicarbox
ylbenzene-2,3-dithiolate), contained two carboxylic groups at the
aromatic ring [111], offering the possibility for incorporation in
heterogeneous system (see Section 7). This photocatalyst was first
evaluated in a completely water-soluble photosystem using Ru
(bpy)3* as PS and AscO™ as ED in an acetate buffer medium at
pH = 5.0, but low TON values were obtained (Table 1, entry 9).

Tolyl-functionalized monophosphine substituted diiron com-
plexes were synthesized by Jang et al. to study how distinct
monophosphine ligands effect the reduction potentials for catalytic
hydrogen production [112]. Using a different photocatalyic system,
tetraphenylporphyrin (TPP) covalently linked to graphene oxide
(GO) as a PS and cysteine were used to further simulate the protein
environment in the [FeFe]-hydrogenase enzyme [113]. The analy-
sis of the diiron complex by UV/Vis, fluorescence emission and
time-resolved fluorescence techniques suggested that the high
absorptivity and electrical conductivity of the GO improved
electron transfer from the photosensitizer to the catalyst. The
tolyl-functionalized diiron complex with a monophosphine ligand
[Fe,(CO)s(L)Y{u-SCsH3(CH3)S}] (L = PhyP(2-CsH4N) represented as 9
in Fig. 7 showed the lowest reduction potential for catalytic H,
evolution. With a TON of 2.82, 9 exhibited superior photocatalytic
results (Table 1, entry 10) compared to the other diiron complexes
synthesized in this work. The experimental results demonstrated
that the presence of the N heteroatom in pyridine plays a funda-
mental role in accelerating proton transfer to the catalytic center,
thereby enhancing photocatalytic hydrogen production.

A new contribution in diiron complexes with substituted
bridgehead aromatic dithiolate compounds was reported in 2016
by Hou et al. who synthesized the biomimetic complex 10
[(u-BNT)Fe,(CO)s] (BNT=(R)-1,1’-binaphthalene-2,2’-dithiol) with
a binaphthalene-derived ligand with a high electron-withdrawing
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capacity [114]. The diiron complex 10 produced hydrogen with
high efficiency under visible light irradiation in a homogeneous
photocatalytic system consisting of 10, Eosin Y xanthene PS
(EY?") and TEA as sacrificial ED in MeCN:H,0 (1:1) solution. Fluo-
rescence experiments elucidated the electron transfer pathway
via the reductive quenching mechanism between the >*EY? triplet
excited state and TEA as reported previously [101]. By optimizing
key photoreaction parameters, a TON of 224 per catalyst was
obtained (Table 1, entry 11), the highest value for [2Fe2S] com-
pounds with bridgehead aromatic substituents applied in light-
driven hydrogen evolution.

Another subset of [2Fe2S] complexes are those with hydrophilic
groups incorporated in the bridging dithiolate ligand. These com-
pounds are more stable and soluble in aqueous solution. Wu and
co-workers designed water-soluble [2Fe2S] complexes by intro-
ducing hydrophilic sulfonate groups into the dithiolate bridge
(Fig. 7,11 and 12). In 2012, they reported complex 11 incorporat-
ing a propane sulfonate group linked to the dithiolate ligand [115].
The photosystem using a Ru(bpy)3* photosensitizer and AscOH as
an ED and proton source was evaluated in aqueous solution,
organic phase or in a mixture of organic solvent and water in order
to observe the effect of reaction media on the efficiency of light-
driven hydrogen evolution. Under optimal conditions (Table 1,
entry 12), the highest photocatalytic performance was obtained
using water as a homogeneous solvent system, achieving a TON
of 88 based on 11. The rationale for the higher activity in water
than in organic solvents was clarified by spectroscopic analysis
and electrochemical studies. The reduction potential of 11 was
more positive in water and so favored the electron transfer (ET)
from the PS to the photocatalytic diiron center. In addition, the
extended lifetime of the reduced state of the PS generated through
reductive quenching and the facile release of protons and AscO"
reducing species from the sacrificial ED further contributed to
the efficiency of the photocatalytic system for hydrogen produc-
tion in water.

Four years later, this research group reported an attractive com-
parative study of light-induced hydrogen production using a
water-soluble homogeneous photosystem consisting of: 1) the pre-
vious [2Fe2S] 11 or a new [FeFe|-hydrogenase active site model
with two sulfonate groups incorporated in the dithiolate site
(Fig. 7, 12) as proton reduction catalyst, 2), cadmium-selenide
quantum dot (CdSe QDs) or molecular Ru(bpy)3* as photosensitiz-
ers and 3) AscOH as the ED [116]. Motivated by the unparalleled
record TON (505) obtained using CdTe QDs (Table 1, entry 7),
Wu et al. selected this type of photosensitizers due to their wide
absorption in the visible spectrum and dispersibility in water
[117,118]. The photocatalytic activity of [2Fe2S] 12 using the Ru
(bpy)3* photosensitizer showed an increase in TON up to 178
(Table 1, entry 14) compared to the TON of 88 obtained for
[2Fe2S] 11 in the earlier work [115]. The oxidative quenching of
the CdSe QDs system by the diiron complexes 11 and 12 with
hydrophilic sulfonate substituents is characterized by a high driv-
ing force for electron transfer, resulting in enhanced photocatalysis
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compared that using Ru(bpy)3* as PS. The TON values of the CdSe
QDs system were as high as 18,800 and 26,500 for 11 and 12,
respectively (Table 1, entry 13 and 15), the best catalytic perfor-
mance reported in bimolecular photocatalytic reactions.

3. Photosensitizer-[2Fe2S] dyads: [PS-2Fe2S]

Biomimetic models of the [FeFe]-hydrogenase active site have
been covalently linked to molecular photosensitizers for light-
induced hydrogen production. Photosensitizer-[2Fe2S] dyads,
|PS-2Fe2S], organize both components with high space and dis-
tance control. These multicomponent complexes promote fast
intramolecular electron transfers and charge separation, and can
avoid recombination between the redox states generated during
the photocatalytic cycle. The initial step for photochemical hydro-
gen production in covalently linked dyads is often the formation of
reduced Fe'Fe® species by oxidative quenching, whereas bimolecu-
lar systems often operate through the reductive quenching of the
excited PS* by an ED [89]. The molecular engineering of [PS-
2Fe2S] is based on two different design strategies: (1) In the first
approach, the PS and the catalytic cluster [2Fe2S] are connected
through the organic dithiolate bridge, or (2) the PS is coordinated
directly to one of the iron centres through a ligand in the first coor-
dination sphere (Fig. 8).

The first example of strategy (1) was reported already in 2003,
when ruthenium (II) bipyridine PS were covalently linked to
[2Fe2S] systems through their organic dithiolate bridges (Fig. 9,
13 and 14). [PS-2Fe2S] 13 [119] was synthesized via palladium-
mediated cross-coupling protocols using an acetylene-
functionalized ruthenium bis(terpyridine) complex with well-
defined geometry [120] and an adt-bridged dinuclear iron com-
plex. Spectroscopic and electrochemical studies of [PS-2Fe2S] 13
revealed that oxidative quenching of the photoexcited *[Ru
(terpy):]** by the diiron complex was uphill by 0.59 eV [121].
|PS-2Fe2S] 14 consisting of an amino-functionalized complex of
the diiron active site linked to a carboxylic acid of a ruthenium
(1) tris-bipyridine PS was prepared by the same group, and laid
out the concept for light-driven hydrogen evolution from dyad sys-
tems [45]. Hydrogen formation by an oxidative quenching mecha-
nism of the Ru excited states was however not feasible due to the
reduction potentials of the [2Fe2S] sites being too negative. Conse-
quently, the free energy change for photo-driven electron transfer
was positive and the reduced state of the [2Fe2S] catalytic unit
thermodynamically out of reach.

Following strategy (1) and based on the synthesis of a [PS-
2Fe2S]| previously proposed by Song et al. [122], Sun and co-
workers prepared the [PS-2Fe2S] assembly 15, consisting of a met-
alloporphyrin (zinc tetraphenylporphyrin) and a pyridyl-
functionalized [2Fe2S] that are tethered through an axial coordina-
tion bond (Fig. 9) [123]. Porphyrins as photosensitizers offer mul-
tiple advantages, including their ability to absorb high
proportions of the solar spectrum, while also having long lifetimes
of their triplet excited states [124,125]. The non-covalent interac-

Fig. 8. Schematic representation of photosensitizer-[2Fe2S]-hydrogenase dyads [PS-2Fe2S] structures for light-driven hydrogen production.
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Fig. 10. Molecular structures of ferrocene-Re(I) complex-[2Fe2S] triad 30 and reference complexes 28, 29 and 31 [145].

tions in this dyad system provide a great opportunity to obtain a out, confirming the intramolecular electron transfer from the

long-lived charge separation, as demonstrated by lifetime fluores- excited singlet state of the molecular metalloporphyrin to the
cence experiments. Both subunits in the dyad remain in dynamic [2Fe2S] center. Based on this, it was found that visible light drove
equilibrium, which is advantageous to effectively avoid fast charge hydrogen evolution using [PS-2Fe2S] 15, 2-mercaptobenzoic acid

recombination after photo-induced electron transfer. Transient (ArSH) as sacrificial ED and trifluoroacetic acid (TFA) in dichloro-
absorption studies by nanosecond flash photolysis were carried methane solution, albeit with low catalytic activity (Table 2, entry

10
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Fig. 11. Molecular structures of ferrocene-Zn metalloporphyrin-[2Fe2S] triad 32 and 33 for photocatalytic H, production [152].

1). Despite of a TON of 0.16, this system gained special interest by
being the first photoactive dyad [PS-2Fe2S] for hydrogen formation
based on the self-assembly principle.

Song and co-workers pursued an alternative design in [PS-
2Fe2S] 16 where a photosensitizing tetraphenylporphyrin was
covalently attached to the nitrogen heteroatom of a diiron adt
complex (Fig. 9) [126,127]. This covalently assembled system
was found to be photoactive for hydrogen production under suit-
able conditions through an intramolecular electron transfer pro-
cess. However, its photocatalytic performance using ethanethiol
(EtSH) as the sacrificial ED and TFA as the proton source
remained low, with a TON of 0.31 (Table 2, entry 2). The [PS-
2Fe2S] 17 (Fig. 9), analogues to 15 and 16, was constructed by
Wasielewski et al. through covalent linking a naphthalene mono-
amide dithiolate ligand of a diiron complex to a zinc porphyrin
PS [128]. Incorporating the strongly electron-withdrawing
naphthalene-imide stabilized the reduced diiron complex. This
resulted in a less negative reduction potential, making the pho-
toinduced electron transfer from the PS to the catalytic center
thermodynamically feasible. Nevertheless, the slight increase in
TON to 0.45 was still low for photocatalytic hydrogen formation
reactions (Table 2, entry 3).

Hou and co-workers recently synthesized the [PS-2Fe2S] dyad
19 (Fig. 9) through covalent interaction of a [2Fe2S] complex with
two organic chromophores through bridging thiolates [129].
Photo-induced intramolecular electron transfer from the photoex-
cited organic chromophores to [2Fe2S] was demonstrated by elec-
trochemical and spectroscopic studies to be thermodynamically
favorable. This inexpensive and easily accessible [PS-2Fe2S] 19
had the highest photocatalytic performance amongst the dyads
synthesized by strategy (1) (Fig. 5), where the PS is connected to
the catalytic center through the dithiolate bridge (Fig. 9, 13-19).
The construct achieved a TON of 31.8 in the presence of EtSH as
sacrificial ED and TFA as proton source under visible- light irradia-
tion (Table 2, entry 5).

Strategy (2) towards [PS-2Fe2S] dyads was first described by
Ott et al. in 2006. In this study, the PS was decorated with a phos-

11

phine functionality which was used as a ligand to one of the iron
atoms of [Fey(pdt)(CO)s] (pdt = propyldithiolate) [130] (Fig. 9,
20). Two years later, Sun and co-workers synthesized [PS-2Fe2S]
dyad 21 by coordination of an aminodiphenylphosphine-functiona
lized [Re(bpy)(CO)s;py]* PS to an azadithiolate (adt)-bridge diiron
complex [Fe,adt(CO)s] [131]. A drawback of the Re complex in
the [Fe,adt(CO)g]-containing dyad 21 was its exclusive absorption
in the UV spectral region, a part of the spectrum that was found
destructive to the diiron site. The presence of the electron-
donating phosphine ligand in the coordination sphere of both
dyads 20 and 21 caused a cathodic shift of the oxidation and reduc-
tion potentials of around 300 mV compared to all-CO diiron com-
plexes, rendering the oxidative quenching from the excited state of
the photosensitizer (*PS) to the [2Fe2S] site thermodynamically
unfavorable. In fact, there is a thermodynamic driving force for
the reverse electron flow, ie. the reductive quenching of the *PS
by the [2Fe2S] center, giving rise to transient oxidized [2Fe2S] sites
that are known to be structurally unstable. The possibility of an
oxidative quenching mechanism in the rhenium-based dyad 21
was similarly difficult, considering the negative reduction potential
of the [2Fe2S] site in this system. Alternatively, electron transfer in
these [PS-2Fe2S] systems could proceed by reductive quenching in
the presence of an easily oxidizable sacrificial external ED to pro-
duce a photogenerated reduced PS. Additionally, the incorporation
of a second electron donor ligand (cyanide or phosphine) in the
[2Fe2S] coordination sphere is suggested to generate protonation
sites and shift the reduction potential to milder values in both
dyads. In this way, structurally similar complexes may be active
in photocatalytic hydrogen generation, while 20 and 21 have not
yet been evaluated in light-induced reactions.

Further studies on rhenium-based dyads were reported in sub-
sequent years. Several [PS-2Fe2S] systems were synthesized by
coordination of various rhenium complexes to one of the iron cen-
ters in [u-Sy(CH,)3]Fex(CO)sCN [132]. The highest TON of 0.14 was
obtained for [PS-2Fe2S] 22 (Fig. 9) in a mixture of solvents (MeCN/
MeOH/H,0) in which MeOH was used as sacrificial ED (Table 2,
entry 6). Spectroscopic studies revealed that the MLCT state of
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the Re(I) complex in the dyad was completely quenched by
intramolecular electron transfer from the diiron catalytic center.
Subsequent studies by Liu et al. showed improved photocatalytic
hydrogen production using rhenium-based dyads. These authors
synthesized [PS-2Fe2S] 18 (Fig. 9) by covalent binding of a rhenium
PS to the pyridyl-attached azadithiolate diiron complex (strategy 1,
Fig. 5) obtaining a TON of 11.8 (Table 2, entry 4) [133].

Another approach by Reek et al. assembled the chromophore-
associated structure [PS-2Fe2S] 23 (Fig. 9) by connecting two dif-
ferent types of zinc(II) porphyrin to a pyridyl-functionalized phos-
phine ligand coordinated to the diiron core [134]. Under certain
reaction conditions (Table 2, entry 7), a TON of 1.96 was obtained
using [NiPr,EtH][OAc] ionic liquid as ED. This study was modular
in design and enabled optimization of photocatalytic hydrogen
evolution efficiency by altering the building blocks while keeping
a controlled distance.

Chen et al. introduced a novel [PS-2Fe2S] dyad system, 24 and
25 (Fig. 9), by covalent anchoring of a photosensitizing iridium
molecular complex to a [2Fe2S] complex via amide bonds [135].
Both molecular photocatalysts, 24 and 25, showed a high yield
for photoinduced hydrogen production under visible light
(>400 nm) with TON values of 82 and 127, respectively, using
TEA as ED in an acetonitrile/water mixture (Table 2, entry 8 and
9). Replacing TEA by TEOA reduced the catalytic activity in the sys-
tem, demonstrating the superior electron donor ability of TEA in
light-driven hydrogen evolution using iridium-based photosensi-
tizers [98,136]. The difference in hydrogen generation performance
by dyads 24 and 25 stems from the addition of an S atom in struc-
ture 25 that changes the coordination configuration and electron
distribution with respect to dyad 24. Density functional theory
(DFT) studies and spectroscopic measurements showed that the
presence of the sulfur atom in the second coordination sphere of
[PS-2Fe2S] 25 reduces the charge density and conjugation in the
diiron core. The resultant greater electron-accepting ability pre-
vents the unwanted back electron-transfer and increases light-
induced hydrogen formation.

In view of the moderate activities for hydrogen production
obtained under light irradiation wusing dyads containing
ruthenium- or rhenium-based photosensitizers or organic fluo-
rophores, a new class of dyads that is based on silicon-containing
[2Fe2S] complexes has emerged in recent years [137,138]. A com-
pact, heavy-metal-free PS in direct proximity to diiron active sites
is an advantageous property of these systems. Silicon-aromatic
compounds have attracted great interest for their broad light emis-
sion and absorption range, electroluminescent properties and
physicochemical characteristics [139-141]. Based on this, Weigand
et al. prepared silicon-containing [2Fe2S] complexes by reacting
1,1-bis-(chloromethy!)-1-silafluorene and the diiron complex [(p-
S)2Fe,(CO)g] affording [PS-2Fe2S] 27 (Fig. 9) [142]. Electrochemical
measurements, electroluminescence studies and DFT calculations
demonstrated that the silicon-aromatic compound promoted
effective photo-induced intramolecular electron transfer to the
[2Fe2S] site. The dyad generated hydrogen photochemically using
TFA as a proton source and TEA as the ED. The TON of 29 after
13 h of irradiation (Table 2, entry 10) can be considered a signifi-
cant improvement compared to many of the other dyads. In
2017, Weigand et al. proposed an enhanced photocatalytic system
using the same [PS-2Fe2S]| 27 and modified concentrations of TFA
and TEA, respectively (Table 2, entry 12) [143]. After 7 h of illumi-
nation, a TON of 539 and a TOF of 77 h™'was obtained under opti-
mal reaction conditions. The TOF is the highest reported catalytic
rate for dyad systems with a diiron complex directly coordinated
to a molecular PS. The same work presented an additional dyad
consisting of a [2Fe2S] complex tethered to an alternative silafluo-
rene unit, affording the [PS-2Fe2S] 26 (Fig. 9). Light-induced hydro-
gen evolution was evaluated under the optimal reaction
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conditions, achieving a TON of 389 (Table 2, entry 11). Addition-
ally, DFT calculations, spectroscopic measurements and electro-
chemical analysis assigned the photocatalytic mechanism in
these systems to an EECC pathway (where “E” represents an elec-
trochemical reduction and “C” a chemical protonation) [73].

4. Molecular triads based on [2Fe2S] complexes [ED-PS-2Fe2S]

Triad systems [ED-PS-2Fe2S] integrate the electron donor, the
photosensitizer, and the [2Fe2S] cluster, and thereby constitute
the closest functional mimics to the natural [FeFe]-hydrogenase
enzyme. The realization of fully functional artificial triad systems
however presents numerous challenges. Apart from the obvious
synthetic challenges, the main objective is to develop molecular
building blocks that promote rapid electron transfer between the
different functional units of the triad system. Competitive photo-
physical phenomena such as the recombination of charges in the
sequential steps of photo-induced electron transfer (PET) must be
avoided to achieve long-lived charge separation for photocatalytic
hydrogen evolution.

Considering the design requirements, Wu et al. synthesized a
molecular triad [ED-PS-2Fe2S] 30 consisting of a [2Fe2S] complex,
[144] a Re-based PS and a ferrocene donor, together with the refer-
ence [2Fe2S] complex (28) and the rhenium (I) complex (29)
(Fig. 10) [145]. The three components were chosen to exhibit a
strong driving force for photo-driven electron transfer, while the
long distance between the terminal ferrocene and the [2Fe2S] site
as well as the weak electronic coupling between them were antic-
ipated to prevent charge recombination during the photocatalytic
reaction. Triad 30 and diiron complex 28 exhibited similar
UV/Vis absorption bands characteristic of [2Fe2S] complexes at
300-400 nm and 450-600 nm and typical infrared vibrations
corresponding to the CO ligands coordinated to the [2Fe2S] core.
In contrast, complex 29 showed only two weak absorption peaks
common to rhenium-based complexes at < 350 nm
and > 400 nm attributed to ligand-to-ligand charge transfer (LLCT)
and the dm(Re) — m*(N-N) 'MLCT state, respectively [146]. These
results indicated that the ferrocene-appended rhenium(I) complex
did not have significant electronic interaction with the [2Fe2S]
cluster in the ground state. Electrochemical studies [147] corrobo-
rated the thermodynamic feasibility of a photo-induced electron
transfer (PET) cascade to form the fully charge separated state with
a reduced diiron site and an oxidized ferrocene donor. The PET
dynamics were further examined by time-resolved absorption
spectroscopy and electrochemical data. For the reference system,
addition of the [2Fe2S] complex 28 to a solution of 29 resulted in
a new transient absorption at 400 nm very similar to that observed
also for the triad 30. This absorption band is characteristic for [Fe!-
Fe] species, and agrees well with reference spectra obtained by
electrochemical reduction of diiron complexes [148-150]. A signif-
icantly longer lifetime of the [Fe'Fe®] species was shown for the
triad 30 (>2 ms) compared to that of the combination of 28 and
29 (708 ps), highlighting the stability of the formed species.
Accordingly, a decreased rate for back electron transfer was
observed (keg = <0.5 x 10% s71) for triad 30 compared to that of
the combination of 28 and 29 (ke = 1.41 x 10° s~'). Thus, the
|ED-PS-2Fe2S] 30 was anticipated to be a powerful photosystem
candidate for light-induced hydrogen evolution. Indeed, triad 30
showed a higher TON (TON = 0.35 based on [2Fe2S] catalyst con-
centration) than the combination of 28 and 29 (TON = 0.04) for
hydrogen evolution using AscOH as a proton and electron source.
Despite not being a catalytic process (TON < 1), a multistep PET
chain was established by assembling a ferrocene donor, a rhenium
chromophore and a diiron catalyst for light-assisted hydrogen
production.
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The same group reported dyad 31 (Fig. 10) by fusing [2Fe2S] 28
with a complex derived from 29 without the ferrocene group.
Characteristic transient absorptions of [Fe'Fe®] species analogous
to those shown in the triad 30 could be observed upon laser exci-
tation [151]. Hydrogen evolution experiments with 1,4-
dihydropyridine as sacrificial ED and proton source were carried
out with improved photocatalytic performance, resulting in a
TON of 34 for dyad 31 and up to 47 for triad 30.

In parallel, Wasielewski and co-workers developed [ED-PS-
2Fe2S] systems 32 and 33 (Fig. 11) composed of a naphthalene
monoamide (NMI) diiron complex [NMI-Fe,S,(CO)g], and a fer-
rocene electron donor that is covalently linked to a zinc metallo-
porphyrin (ZnTPP) via one or two phenyl groups, respectively
[152]. In these triads, the lifetime of the charge separated state
was envisaged to be longer as compared to that in the previously
reported dyad 17 [128] (see Section 3, Fig. 9). Interestingly, upon
laser excitation to form the PS excited state, two competing path-
ways are observed. While in 32, the main deactivation pathway for
"ZnTPP was energy transfer to ferrocene, the extra phenyl spacer
in 33 decreased the electronic coupling between ferrocene and
ZnTPP, thereby promoting the productive electron transfer to the
diiron site instead. Consequently, the quantum yield for the fully
charge separated state differ dramatically, amounting to 13 and
71 % for 32 and 33, respectively. Owing to the extra phenyl spacer
in 33, also the lifetime of the charge separated state is considerably
longer with to Tcg = 67 + 2 ns as compared to that of triad 32 (to
Tcr = 9 £ 1 ns). The increased charge separation lifetime was the
main factor for triad 33 to catalyzed photo-driven hydrogen pro-
duction (100 W Xe lamp, A = 500-800 nm light). Unfortunately, a
TON (based on catalyst) of only 0.56 was obtained after 14 h in
CH,Cl,, which was explained by the decomposition of the photo-
system, as evidenced by the detection of CO using gas chromatog-
raphy (GC) and ESI-MS. When 2-mercaptobenzoic acid was tested
as sacrificial ED, hydrogen generation did not increase as the oxida-
tion potential of this ED is nearly identical to that of ferrocene
[153].

The research papers discussed above show that a biomimetic
[FeFe]-hydrogenase active site model can be covalently linked to
a molecular PS and ferrocene ED. The resultant triads form an inte-
grated artificial photocatalytic system with a multistep PET chain
that can sustain long-lived reduced states at the [2Fe2S] site, which
is key for efficient light-driven hydrogen production.

5. Supramolecular assemblies of [FeFe]-hydrogenase active site
mimics

The assembly of supramolecular systems relies on non-covalent
interactions between substrate and receptor molecules [154-157].
Molecular recognition, supramolecular catalysis and selective
transport processes as concepts in these systems opened the door
for chemists to gain precise control over matter and information at
the supramolecular level [158]. With appropriate subunits inte-
grated into a supramolecular comple, efficient and selective cat-
alytic reactions could be carried out. Analogous to an enzyme’s
extended coordination sphere, supramolecular assemblies could
be used to precisely create substrate and product channels, redox
tuning, and specially tuned microenvironments for optimized
catalysis.

With this goal in mind, supramolecular strategies have been
implemented in the design of biomimetic models of the [FeFe]
hydrogenase active site through non-covalent intermolecular
interactions. Structural and electronic considerations in the con-
struction of a supramolecular assembly for [2Fe2S] clusters are:
1) solubility and/or functionality in water, 2) buried sites for the
diiron catalyst to avoid deactivation by oxygen, 3) proton-
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coupled electron transfer pathways in the outer coordination
sphere. The scientific community has developed numerous
approaches to analyze the influence of a protein matrix or
supramolecular structure on [FeFe]-hydrogenase active site
mimics.

5.1. Physical entrapment of [2Fe2S] active sites in supramolecular
assemblies

5.1.1. Confinement of [2Fe2S] complexes in oligosaccharides and
polysaccharides.

The enzymatic conversion of starch produces cyclodextrins
(CyD), cyclic oligosaccharides consisting of macrocyclic rings of 6
(o), 7 (B), and 8 (y) subunits of D-glucose linked by a-(1,4) glyco-
sidic bonds giving rise to toroidal and rigid molecular structures
with specific volumes. The hydrophobic interior cavity allows the
inclusion of smaller molecules forming host-guest complexes, in
which the guest molecule is encapsulated in the host CyD. The
hydrophilic exterior renders the system water soluble while pro-
tecting the trapped complex in its interior.

Darensbourg and co-workers pursued the approach to insert
molecular [2Fe2S] complexes into CyD macrostructures, and
demonstrated the self-assembly of a sulfonate-functionalized
[2Fe2S] complex 34 (Fig. 14) and B-CyD by spectroscopic studies
and X-ray diffraction analysis. The resulting complex was stable
in water. However, there was a decrease in electrocatalytic perfor-
mance for proton reduction compared to that of the free com-
plexes. Hindered by the insulating layer of B-CyD, large cathodic
potentials were required to drive electron transfer processes
[159,160]. Further studies by Sun et al. were reported for host-
guest complexes with the same sulfonate-functionalized diiron
complex 34 encapsulated into -CyD and y-CyD (Fig. 12a). Halo-
genated organic dyes were included as photosensitizers for photo-
catalytic hydrogen production in aqueous solution [161]. The
diffusion and interaction of the xanthene-derived dye with the
macromolecular cyclodextrin was intended to increase their elec-
tronic interaction. Under light irradiation using Eosin Y as PS and
TEA as sacrificial ED at pH = 10, the B-CyD supramolecular system
(34/p-CyD-EY) showed the best photocatalytic performance
obtaining a TON of 75 after 24 h (Table 3, entry 1). This system
resulted in 9-fold increase in TON, 16-fold improvement in quan-
tum efficiency and 3-fold extension in lifetime compared to the
system lacking cyclodextrin for light-induced hydrogen generation
in aqueous medium.

This research group further used the same [2Fe2S] complex 34
and CdSe quantum dots (QDs). Both components were embedded
on a thiolato-functionalized B-cyclodextrin (B-CyD-6-SH), estab-
lishing close proximity for the diiron catalyst and the PS
(Fig. 12b) [162]. The incorporation of the diiron catalyst into the
B-CyD-6-SH cavity improved the photocatalytic process and stabil-
ity of the water-soluble hybrid system. Photocatalytic H, evolution
experiments for the 34/g-CyD-6-S-CdSe QDs supramolecular sys-
tem using AscOH as ED demonstrated a maximum TON of 2370
after 30 h (Table 3, entry 2) and a TOF of up to 150 h~! in the initial
10 h of the reaction. Maintaining a close distance between the CdSe
QDs and the diiron complex through B-CyD-6-SH resulted in opti-
mal electron transfer and charge separation between both func-
tional units.

In acidic medium, the natural chitosan polysaccharide provides
a chelating capacity through its polycationic character arising from
the protonation of primary amines. The [2Fe2S] complex 1 (see
Section 2, Fig. 7) and 3-mercaptopropionic acid (MPA)-capped
CdTe quantum dots (MPA-CdTe QDs) with negative surface charges
were incorporated into cationic chitosan (Fig. 12c¢) [163]. The
supramolecular hybrid system was evaluated for photocatalytic
hydrogen production using AscOH as ED in a methanol/water mix-
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Fig. 12. (a) Cyclodextrin host-guest inclusions formed by incorporation of [2Fe2S] complex 34 and an organic halogenated xanthene dye (reproduced and modified from Ref.
[161] with permission from The Royal Society of Chemistry), (b) Hybrid assembly of [2Fe2S] complex 34 and CdSe quantum dot linked through a thiolato-functionalized -
cyclodextrin for photocatalytic hydrogen evolution (reproduced and modified from Ref. [162] with permission from The Royal Society of Chemistry), and (c) chitosan-
confined [2Fe2S] complex 1 and CdTe quantum dots for hydrogen photogeneration (reproduced and modified from Ref. [163] with permission of Springer Nature).

ture (1:3) at pH = 4.5. In addition, AscOH was crucial as proton
source for the amine groups of chitosan and the catalytic interme-
diate of the diiron photoreduced complex. The self-assembled sys-
tem (1/chitosan-MPA-CdTe QDs) showed a TON of up to 52,800
(Table 3, entry 3) and an initial TOF of 1.40 s~'. Improvement in
stability and catalytic performance from 8 to 60 h was especially
dramatic, showing a 4160-fold increase in TON compared to the
same system without chitosan.

5.1.2. Confinement of [2Fe2S] complexes in micelles.

Micelles are spherical macromolecular structures with an apo-
lar interior that are formed from amphipathic molecules with sur-
face polar groups. In the past decade, aqueous micelles prepared
from surfactants have been used to simulate cell membranes to
disperse [FeFe]-hydrogenase active site mimics in water. Some
common surfactants used to form these micelles were sodium
dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB),
and dodecyltrimethylammonium bromide (DTAB), all featuring a
charged surface and a hydrophobic cavity. Aqueous SDS-based
micelles with negatively charged surfaces encapsulating water-
insoluble diiron bdt complexes 35 (Fig. 14) were reported to be
electrocatalytic for proton reduction in aqueous solutions
[164,165]. Another study examined the molecular environment
of complex 38 (Fe,(pdt)(CO)s, pdt = propanedithiolate) (Fig. 14)
encapsulated in an aqueous DTAB-based supramolecular structure
by infrared spectroscopy techniques. The results suggested that the
diiron complex 38 was found in two environments: one that
hydrogen bonds with water molecules penetrating the surfactant
layer and the second similar to that of the complex in heptane
solution. Additionally, this study revealed that water access to
the interior of the hydrophobic micellar cavity was limited by
the micelle size [166].

In 2010, Wu et al. carried out the first attempt at photocatalytic
hydrogen evolution using an aqueous SDS-based micelle to incor-
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porate the hydrophobic [2Fe2S] complex 1 (see Section 2, Fig. 7)
and a rhenium-based PS [167]. Although the micelles promoted
water solubility of the diiron complex, a very low TON value of
0.13 was obtained for the photosystem 1/SDS-Re(1) in presence
of AscOH as sacrificial ED (Table 3, entry 4). Diiron benzenedithio-
late complexes [(Fe,(bdt)(CO)4(L),, L = P(OMe)s] relevant to [FeFe]
hydrogenases (35-37) (Fig. 14) were tested in combination with
organic xanthene photosensitizers in aqueous SDS-based micelles
for photochemical hydrogen production using TEA as the ED under
alkaline conditions [168]. The supramolecular micellar photosys-
tem 35/SDS-EY achieved a TON of up to 117 and a TOF of 1.1 min ™!
(Table 3, entry 5).

Recently, Wu and co-workers prepared a novel amphiphilic
polymeric micelle (APM) from a polynorbornene random
copolymer based on a hydrophobic alkyl chain (C;;) and three
oligo(ethyleneglycol) chains with hydrophilic moieties [169].
This self-assembled macromolecular structure was used as a
microreactor to confine the hydrophobic diiron propanedithio-
late complex 38 [(Fey(pdt)(CO)s]. Under optimized reaction
conditions, the photosystem 38/APM-Ru(bpy)3* achieved a
TON of 133 using Ru(bpy)3” as a PS and AscOH as ED in acidic
aqueous solution at pH = 4.0 (Table 3, entry 6). The amphiphi-
lic polymeric micellar system promotes interaction between
the PS and the diiron catalyst in the microreactor pocket,
improving the proton migration rate and thereby the efficiency
of the photocatalytic process.

In another approach, [2Fe2S] complexes were tethered to a
silafluorene sensitizer 27 (see Section 3, Fig. 9) and encapsulated
in micelles formed by SDS (27-SDS) or CTAB (27-CTAB) [143].
The construct was evaluated for photochemical hydrogen genera-
tion in aqueous solution, using TEA as a sacrificial ED and TFA
(2:1). The TONs of 139 and 148 achieved for 27-SDS and 27-
CTAB, respectively, were the highest reported for micellar systems
(Table 3, entries 7 and 8).
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5.1.3. Adsorption of [2Fe2S] complexes into self-assembled vesicle
membranes.

Functionalized vesicles with membrane-incorporated photo-
sensitizers and [FeFe]-hydrogenase active site mimics have been
developed for catalysis in aqueous solutions [170]. Kénig et al. pre-
pared self-assembled phospholipid vesicles with functionalized
membranes by adsorption of the diiron complex 34 (Fig. 14) and
[Ru(bpy)3]Cl, photosensitizer onto the membrane (Fig. 13a). In a
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second approach, the amphiphilic ruthenium bipyridine photosen-
sitizers  ([Ru(bpy)2(bpy(CONHC15H35)2)ICl,  or  [Ru(bpy)a(bpy
(CONHC;3H55),)]PFs) (Fig. 13b) were embedded in the membrane,
while keeping 34 as the catalyst [171]. The integration of the PSs in
close proximity to the diiron complex at the vesicular interface
promoted strong electronic interaction, enhancing light-induced
hydrogen production. Membrane functionalization with the
catalytic subunit 34 and the photosensitizer [Ru(bpy)s;]Cl, was

OA-CdSe QD Cat —

DOPC R=CjH,,
DSPC R =Cy;Hys

o 0
? = R”'\O’\,(\O-QI*O\»N.-
RIO H O ™~

Fig. 13. Schematic representation of functionalized vesicular supramolecular systems prepared from (a) photosensitizer [Ru(bpy)s]Cl, and diiron complex 34, both adsorbed
to the phospholipid membranes, (b) embedded ruthenium-based photosensitizers and adsorbed diiron complex 34 into phospholipid membranes, and (c) oleic acid capped
CdSe quantum dots (OA-CdSe QDs) and proton reduction catalysts 39 incorporated into phospholipid membranes for light-induced hydrogen evolution. Reprinted and

modified from Refs. [171,172] with permission from John Wiley and Sons.
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Fig. 14. Molecular structures of diiron compounds used in supramolecular systems.
Table 2
Photosensitizer-[2Fe2S]-hydrogenase dyads [PS-2Fe2S] in light-induced hydrogen formation and the selected conditions.
Entry [PS-2Fe2S]  Selected conditions' Light Time (h) TON?  Ref.
1 15 DCM, 25 uM 15; 5 mM ArSH, 1 mM TFA Xe lamp (500 W), & > 400 nm 2 016  [123]
2 16 DCM, 0.1 mM 16, 10 mM EtSH, 10 mM TFA Hg lamp (500 W), A > 400 nm 1 0.31 [127]
3 17 Toluene, 1 mM 17, 1 M TFA Xe lamp (100 W), » = 500-800 nm  Unspecified time  0.45 [128]
4 18 MeCN, 18 (concentration value not available), 500 eq TEA Xe lamp (500 W), & > 400 nm 6.5 11.8 [133]
5 19 MeCN, 2.5 mM 18, 0.01 M EtSH, 0.01 M HOAc Xe lamp (500 W), & = 355 nm 4 31.6 [129]
6 22 MeCN/MeOH/H,0 (3:2:1), 0.33 mM 21, 0.10 mM HOAc (10 mM) ~ Hg lamp (500 W), & > 400 nm 2 0.14  [132]
7 23 Toluene, 1 mM 22, 10 mM ionic liquid [N'Pr,EtH][OAc] Xe lamp (180 W), A > 390 nm 13 1.96 [134]
8 24 MeCN/H,0, 0.2 mM 26, 5 % TEA, pH = 10 Xe lamp (500 W), & > 400 nm 4 82 [135]
9 25 MeCN/H,0, 0.2 mM 26, 5 % TEA, pH = 10 Xe lamp (500 W), & > 400 nm 4 127 [135]
10 27 MeCN, 0.15 mM 27, 0.25 mM TEA, 0.25 mM TFA Hg lamp (15 W), & = 254 nm 13 29 [142]
11 26 MeCN, 10 M 26, 100 mM TEA, 50 mM TFA, pH = 10 Hg lamp (15 W), » = 254 nm 7 389 [143]
12 27 MeCN, 10 M 27, 100 mM TEA, 50 mM TFA, pH = 10 Hg lamp (15 W), A = 254 nm 7 539 [143]

1 Solvents and reagents abbreviations: DCM: dichloromethane, MeCN: acetonitrile, MeOH: methanol, H,0: water, ArSH: 2-mercaptobenzoic acid, EtSH: ethanethiol, TFA:

trifluoroacetic acid, HOAc: acetic acid, TEA: triethylamine.
2 TON based on [2Fe2S] catalyst
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studied for the production of hydrogen in acetonitrile/water (1:1)
or pure water, with a TON of 4.2 and 3.5, respectively. In contrast,
a TON of 20 was obtained using DOPC vesicles (dioleoyl-sn-
glycero-3-phosphocholine) to encapsulate the catalyst and PS.
The highest catalytic activity was achieved for the photosystem
34/DMPC-Ru(bpy)3* composed of [Ru(bpy).(bpy(CONHC1,H>5)5)]
PFs) and the diiron complex 34 adsorbed on the vesicle prepared
from the lipid DMPC (1,2-dimyristoyl- sn-glycero-3-
phosphocholine). A TON of 59 was achieved using AscOH as sacri-
ficial ED in acidic water (pH = 2.6) (Table 3, entry 9). Strongly acidic
conditions favor the protonation of photoreduced [Fe'Fe°] species,
a crucial intermediate in the catalytic cycle for hydrogen evolution,
but decrease the formation of the AscO™ (pK, 1 = 4.17), which is key
in regenerating the PS. The highly acidic pH of 2.6 in this study was
due to the change in pKa and polarity values at the aqueous lipid
interface, suggesting some influence on the electron-proton trans-
fer features of AscOH which shifted the optimal pH to more acidic
values.

In parallel, the same research group functionalized DOPC and
DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) vesicles by
co-embedding hydrophobic oleic acid-capped cadmium selenide
quantum dots (OA-CdSe QDs), known for their excellent light-
harvesting properties, and the sulfonate-functionalized [2Fe2S]
complex 39 (Fig. 14) [172]. Under optimized conditions, the bio-
inspired photosystem 39/DOPC-0A-CdSe QDs (Fig. 13c¢) exhibited
exceptional light-driven hydrogen evolution, achieving a maxi-
mum TON of 651 in purely aqueous AscOH solution (Table 3, entry
10).

5.1.4. Immobilization of [2Fe2S] complexes into hydrogels.

Hydrogels have shown promise in addressing the challenge of
introducing [FeFe]-hydrogenase mimics to aqueous solutions using
a non-covalent strategy. Commonly known as polymer gels, hydro-
gels have a wide range of applications due to their low cost, struc-
tural tunability, and high surface area. They possess a stable
internal network that is compatible with the immobilization of
[2Fe2S] active sites, facilitating the dispersion of these hydropho-
bic complexes in water [173]. Pickett et al. reported a self-
supporting supramolecular gel by non-covalent encapsulation of
the diiron active site complex 40 [(pt-pdt)Fe;(CO)4(PMes),]
(Fig. 14) in an Fmoc-Leu-Leu dipeptide hydrogel. This group stud-
ied the effect of the chemical environment and the interaction of
the [2Fe2S] cluster with the polymer gel peptide side chains in
the hydrophobic cavity [174]. Compound 40 was chosen as the
[2Fe2S] complex since the replacement of CO by two
trimethylphosphine ligands (PMe); provided an electron-rich
metal center that promotes facile protonation [175,176]. This
investigation showed the potential scope of this system to form a
rigid H-bonding network and prevent isomerization processes
caused by CO ligands in the gel.
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Considering the relevant properties of hydrogels as macro-
molecular supports for artificial enzyme complexes, Li and co-
workers used polyvinylpyrrolidone copolymer (PVP) to create a
chemically inert amphipathic hydrogel by UV-induced self-
crosslinking to non-covalently incorporate [2Fe2S] complex 41
(Fig. 14) [177]. This resulted in a photocatalytic hydrogen produc-
tion system fabricated from the initial preparation of a composite
catalyst 41/PVP followed by the subsequent addition of the Ru
(bpy)3" PS and AscOH as ED. The amphipathic PVP hydrogel pro-
vided a suitable scaffold to keep the diiron complex 41 and the
ruthenium PS close, thus facilitating intermolecular electron trans-
fer. The photosystem (41/PVP-Ru(bpy)3*) photocatalytically pro-
duced hydrogen in aqueous solution at pH 4 with an
outstanding TON of 780 after 12 h and a TOF of 214 h~! in the first
hour of irradiation (Table 3, entry 11).

5.2. Covalent attachment of [2Fe2S] complexes on supramolecular
assemblies

5.2.1. [2Fe2S] complexes covalently anchored on peptide and protein
scaffolds

Inspired by nature, artificial metalloenzymes are hybrid cata-
lysts constructed by incorporation of a catalytically active metal
complex into a biosupramolecular scaffold [178-180]. [FeFe]-
hydrogenase active site models have been successfully incorpo-
rated into peptides and protein matrices with the aim of enhancing
water compatibility and catalytic performance in terms of selectiv-
ity, specificity and efficiency [181]. The synthetic procedure con-
sists of covalently attaching the diiron complex to a peptide
chain through cysteine-derived amino acids with thiolate ligands
or by introducing artificial amino acids containing bridging dithio-
late groups into the polypeptide backbone.

In 2007, Jones et al. were the first to report the coordination of a
diiron entity Fe,(CO)s to the surface of an a-helical peptide
through the thiol group of cysteine in the CXXC motif (C = cysteine
and X = any amino acid) [182]. Construct 42 (Fig. 15) was the first
protein-organometallic hybrid system based on synthetic models
of the [FeFe]-hydrogenase active site, inspiring further peptide
engineering to fine-tune the properties of such systems.

Hayashi and co-workers developed two methodologies to syn-
thesize artificial metalloenzymes with catalytically active diiron
complexes incorporated into appropriately positioned CXXC pep-
tide fragments that established a dithiolate bridge. The group
designed a hybrid system by constructing the [2S2Fe] complex in
the native CXXC motif using Cys14 and Cys17 in the cytochrome
¢ protein matrix affording 43/cytochrome c [Fe,(p-S(Cys))(CO)s]
(Fig. 15)[183]. Simulating electron transfer in the respiratory mito-
chondrial system, the water-soluble intermolecular photosystem
(43/Cytc-Ru(bpy)3*) was evaluated for photocatalytic hydrogen
production yielding a TON of 80 over 2 h with a maximum TOF
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Fig. 15. Molecular structures of diiron complexes anchored within peptide and protein scaffolds.

16



J. Amaro-Gahete, M.V. Pavliuk, H. Tian et al.
of 2.1 min~! in the presence of Ru(bpy)3" and AscO~ at pH = 4.7
(Table 3, entry 13). An alternative route was reported by the same
group in the construction of a peptide platform containing both a
datively anchored [Fey(pu-S(Cys))(CO)e] diiron complex 42 and a
Ru-based PS [184]. The octadecapeptide Pep-18 (YIGKACGNCH-
ENFRDKEG) contained in the sequence of cytochrome c556
(Rhodopseudomonas palustris) was selected as the matrix. The
[2Fe2S] cluster was attached to the cysteine thiols and the ruthe-
nium complex to a histidine within the CXXCH peptide fragment.
Photochemical hydrogen evolution experiments demonstrated
intramolecular electron transfer from the photoexcited ruthenium
species to the [2Fe2S] core within photosystem 42/Cytcss¢@Ru
(bpy)(tpy), obtaining a TON of 9 and a TOF of up to 0.19 min~"! cal-
culated from the initial rate of hydrogen production (Table 3, entry
12). When the photocatalytic reaction was performed using 42/
Cytcsse and externally incorporating [Ru(tpy )(bpy)(Im)]?* (Im = im-
idazole) as a PS under similar experimental conditions, H, evolu-
tion was not observed, verifying the crucial role of the ruthenium
complex residing within the cavity of the protein matrix.

To investigate the engineering of the outer coordination sphere,
Jones et al. reported a new route using an artificial amino acid for
immobilization of a diiron complex on the peptide chain. The syn-
thetic procedure involved modifying the primary amine functional
group with a 1,3-dithiol moiety via on-resin coupling in solid-
phase peptide synthesis to covalently anchor the [2Fe2S]| 44
(Fig. 15) [185]. This synthetic strategy provided a general method-
ology for the covalent binding of a [2Fe2S] entity to any peptide
framework with a primary amine group. However, the selectivity
for the targeted amino acid during the multistep process was not
ideal. In subsequent work carried out by the same group, an anal-
ogous diiron complex was incorporated into the above peptide
sequence by coordination through a phosphine ligand incorporated
at the distal iron atom. The synthesized structure 45 (Fig. 15) with
phosphine-containing peptides was useful to increase the water
solubility and served as a model strategy for the synthesis of a
wide variety of biomimetic peptide-based models of [FeFe]-
hydrogenases [186].

Inspired by this approach, Ghirlanda et al. prepared an artificial
amino acid bearing a 1,3-dithiol moiety to covalently anchor the
[2Fe2S] cluster 46 (Fig. 15) and the C terminal lysine 19 at the i
and i + 3 positions of a helical peptide scaffold (46/pepK16Dt), sim-
ulating the H-cluster in Clostridium pasteurianum hydrogenase
[187]. The hydrophobic protein environment promoted the stabi-
lization of the catalytically active “rotated” structure of the
[2Fe2S] cluster. In the presence of the Ru(bpy)3" and AscO-, the
photosystem 46/PepK16Dt-Ru(bpy)3* showed catalytic activity
for photo-driven hydrogen production with a TON of 84 after 2 h
reaction at pH = 4.5 (Table 3, entry 14).

In 2014, Hayashi and co-workers reported a biomimetic model
of the [FeFe]-hydrogenase active site supported on a protein scaf-
fold. The [2Fe2S] complex Fe,([1-S),(CO)s with a maleimide moiety
attached to the dithiol bridgehead 4 (see Section 2, Fig. 7) was
covalently embedded into the cavity of a B-barrel nitrobindin
(NB) protein matrix by maleimide coupling to cysteine residues
[188]. Photochemical hydrogen production experiments were per-
formed in the presence of a Ru(bpy)3" with excess AscO™ in an
aqueous acidic solution of Tris/HCI at pH = 4. A high photocatalytic
activity was obtained using the hybrid system 4/NB-Ru(bpy)3*,
yielding a TON of 130 after 6 h and an initial TOF of 2.3 min~!
(Table 3, entry 15). The rigid NB protein support provided an iso-
lated specific site for the diiron complex to operate in aqueous
solution and maintain the photostability of the [2Fe2S] cluster.
However, the catalytic activity of the system after 2 h was slightly
lower compared to that of the free diiron compound under near-
identical experimental reaction conditions. Nonetheless, the pro-
tein environment maintains catalytic activity for a longer time.
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Another challenge to be addressed is the inaccessibility of the
ruthenium PS within the rigid cavity of the NB protein where the
[2Fe2S] site is located, causing a decrease in photocatalytic hydro-
gen production rate.

Recently, Feng and co-workers prepared a supramolecular pho-
tosystem that integrates a ruthenium-based PS Rudpqp ([Ru
(bpy)o(dpgp)]?*), containing bipyridine and phenanthroline
ligands, and the diiron catalyst 47 (Fig. 15) within the inner
hydrophobic cavity of a single apoferritin (apo-HSF) via noncova-
lent interactions [189]. This biomimetic system presented the fol-
lowing advantages: stability and dispersibility in aqueous solution,
tuneable 47:PS ratio within the protein structure and close prox-
imity of both units to promote electron transfer. The nanocompos-
ite 47/apo-HSF@Rudpqp synthesized with a Rudpqp:47
concentration ratio of 2.79:1 exhibited the highest H, generation
rate without significant leaching, providing a TON of 5 per catalyst
over 4 h under visible light irradiation (Table 3, entry 16), which is
tenfold that of the protein-free homogeneous photocatalytic
system.

5.2.2. Polymer-supported [2Fe2S] systems

Metallopolymers have been developed in which [2Fe2S] clus-
ters are incorporated in polymeric macrostructures either by cova-
lent binding or intermolecular non-covalent interactions. These
studies are based on knowledge from polymer chemistry that pro-
vides perspectives on suitable design and functionalization meth-
ods to tune and isolate the [2Fe2S] clusters. Appropriate
macromolecular engineering of the metallopolymers by tuning
the outer coordination sphere of the [2Fe2S] complex enables the
construct to operate in an aqueous medium, increases the stability
under experimental reaction conditions, and improves charge
transport in photocatalytic processes. Various approaches have
been developed using polymer-supported [2Fe2S] systems, but
only a few have succeeded in designing a functional [2Fe2S]-
polymer conjugate for light-driven hydrogen production.

5.2.2.1. Poly(acrylic acid) (PAA) and polyethylenimine (PEI) poly-
mers.. Poly(acrylic acid) (PAA) is a commercial hydrophilic poly-
mer with carboxylic acid groups along the polymeric chain that
promote water solubility and offer modification sites for function-
alization. Wu and co-workers reported the incorporation of the
amine-modified [2Fe2S] 48 on the PAA polymer [190]. This func-
tionalized polymer 48/PAA (Fig. 16) was evaluated for photocat-
alytic hydrogen production in water using 3-mercaptopropionic
acid (MPA) stabilized CdSe QDs (MPA-CdSe QDs) as PS and AscOH
as source of protons and electrons (Table 3, entry 17). Under these
conditions, the system achieved a splendid TON of 27,135 for 8 h
and a TOF of up to 3.6 s~'. Besides promoting water solubility for
the diiron complex 48, the carboxyl groups of the grafted-
polymer 48/PAA coordinated the cadmium ions of CdSe QDs, pre-
venting the formation of QD aggregates and maintaining the cata-
lyst close to the PS. This proximity boosted photoinduced electron
transfer (kgr = 6.15 x 10'> M~! s71) from photoexcited *MPA-CdSe
QDs to 48.

In subsequent work, Wu'’s group designed the metallopolymer
49/PEI (Fig. 16) by grafting a carboxylate-functionalized diiron
complex 49 onto the side chains of a branched polyethylenimine
polymer (PEI, MW = 600 g mol~!) [191]. The branched PEI is a
water-soluble polymer capable of simulating the environment of
biological systems. It contains a large number of amino groups that
can be protonated over a wide pH range and covalently coordinate
[2Fe2S] model complexes. The 49/PEI system was stable in aque-
ous solution even in neutral conditions, showing high photocat-
alytic H, production with a TON of up to 10,600 after 44 h of
reaction time in the presence of a MPA-CdSe QD PS and AscOH
as the sacrificial ED and proton source (Table 3, entry 18). Although
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Fig. 16. Structures of water-soluble [2Fe2S]-metallopolymers for the light-induced hydrogen generation. Adapted from Refs. [192] with permission from Springe Nature.

a higher rate was obtained under acidic conditions at pH = 4 in the
first 4 h, the system showed durable hydrogen production for pro-
longated times at neutral conditions, as is the case of the enzy-
matic active site that is buried within the [FeFe] hydrogenase.
The high degree of protonation of the amine groups increases the
self-buffering capacity and stabilizing ability of PEI that protects
CdSe QDs from aggregation over a broad pH range to enhance pho-
tocatalytic activity.

Wau and colleagues have delved into the investigation of these
[2Fe2S] catalysts and CdSe QDs based multi-component systems.
In their previous study [190], they found that the grafted 48 on
the PAA chain suffered from poor stability since the hole transfer
rate was slower than the electron transfer rate. The hole electron
transfer rate from CdSe QDs to AscOH was threefold slower than
the electron transfer rate from CdSe QDs to 48, slowing down
hydrogen evolution as holes accumulated in the valence band of
CdSe QDs. To overcome this, this research group combined the
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branched PEI and the previous 48/PAA system, creating a sec-
ondary coordination sphere and taking advantage of the
supramolecular interaction of both polymers. This resulted in a
30-fold acceleration of the hole transfer without affecting the elec-
tron transfer rate, improving the stability and catalytic activity
[192]. The photocatalytic hydrogen evolution system (48/PAA-
PEI-CdSe QDs) (Fig. 16) exhibited an excellent TON of 83600,
which is so far the highest performance obtained from the use of
[2Fe2S] complexes as catalysts for photocatalytic hydrogen pro-
duction (Table 3, entry 19).

5.2.2.2. Dendritic macropolymers. Dendrimers, three-dimensional
hierarchically branched macromolecules of tree-like structure,
can be used for a wide variety of applications. Their high water sol-
ubility and ability to form host-guest systems, among other rele-
vant properties, have made them attractive candidates for
applications in catalysis, artificial enzymes and biomedicine
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Fig. 17. Structures of dendritic hydrogenase mimics (50/DendrimerGn, Gn = Generation Number; n = 1-4) with the diiron active site 50 [(u-S),Fe,(CO)s]. Reproduced and

modified from Refs. [199] with permission from John Wiley and Sons.
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[193-195]. Several investigations have also demonstrated the
light-harvesting ability of dendrimers for photoenergy conversions
[196-198].

Li and co-workers reported an elegant strategy to stabilize a
simple [2Fe2S] complex in a hydrophobic pocket within a macro-
molecular dendritic architecture [199]. Four generations of benzyl
ether-based Fréchet-type dendrons (Gn; generation number;
n = 1-4) were attached to the [(u-S);Fe(CO)s] diiron core 50 by
covalent interaction of the sulfide ligands with the ether groups
in the dendrite (Fig. 17). Dendrimer catalysts functionalized with
[2Fe2S] were then evaluated in a photocatalytic system containing
a molecular complex of Ir(Ill) [Ir(ppy)2(bpy)]PFs] as a PS and TEA as
a sacrificial ED in an acetone/water mixture (9:1, v/v) to solubilize
all components. 50/dendrimerGn-Ir(III) showed excellent hydro-
gen productivity under visible-light irradiation with TONs of up
to 18100, 19000, 21,500 and 22,200 after 8 h, initial TOFs of up
to 6190, 6360, 7000, and 7240 h™!, and quantum efficiencies of
0.18%, 0.21%, 0.24% and 0.28% for the dendritic diiron complexes
of generations 1-4, respectively (Table 3, entry 20). Hydrogen gen-
eration increased with the size/generation of the dendritic metal-
lopolymer architecture. The highest value of TOF and total TON
was found for the system with the largest dendritic structure
(50/DendrimerG4-Ir(Il)), which also exhibited the longest life-
time of the [2Fe2S] intermediate (86.3 ps estimated from transient
absorption spectroscopy). Thus, the dendritic framework encapsu-
lating the [2Fe2S] complex protects the active sites similarly to
enzyme microenvironments that regulate electron transfer and
provide effective charge separation. Although this experimental
procedure is a promising approach in the design of enzyme-
based artificial photocatalysts towards the conversion of solar
energy into hydrogen, future advances should aim to incorporate
modifications in the dendritic periphery to improve water
solubility.

6. Direct assembly of [2Fe2S] compounds on inorganic hybrid
semiconductor nanoparticles

Artificial photosynthetic systems using semiconductors as
light-harvesters in combination with a fuel-forming catalyst such
as biomimetic models of the [FeFe]-hydrogenase active site
(Fig. 18) are promising candidates for solar fuel conversion.

The assembly of an appropriate catalyst onto a semiconductor
can promote highly efficient charge separation, a fast electron
transfer rate and decreased activation energy or overpotential, all
key aspects to enhancing performance in light-driven hydrogen
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production. Functional groups on the catalyst are often essential
for increased loading and reliable assembly on the semiconductor.

The interaction of Clostridium acetobutylicum [FeFe]-
hydrogenase (Cal) with quantum dots of CdTe or CdS [200,201],
or Clostridium perfringens SM09 [FeFe]-hydrogenase (CpHydA) with
TiO, semiconductors [202] has been investigated for photocatalytic
hydrogen formation. Even [NiFeSe]-hydrogenases from Desulfomi-
crobium baculatum (Db-[NiFeSe]) attached to TiO, nanoparticles
[203] or organic polymeric carbon nitride (CNy) [204] have been
used as photosystems showing excellent performance in the
light-assisted hydrogen generation. However, only a few studies
have demonstrated the combination of [2Fe2S] complexes on
semiconductor or semiconductor nanoparticles and their subse-
quent application in photocatalytic hydrogen production.

Wu and co-workers used CdSe QD semiconductors to build a
water-soluble system by interface-directed assembly of the
[2Fe2S] complex 50 onto MPA-CdSe nanocrystals [205]. The ideal
characteristics of CdSe QDs such as light-harvesting, charge separa-
tion, effective quantum confinement, rich chemistry for surface
functionalization and large surface-to-volume ratio [206,207]
make them potential candidates in combination with [2Fe2S] com-
plexes for hydrogen evolution in aqueous solution. Under opti-
mized reaction conditions, the 50/MPA-CdSe photosystem in
combination with AscOH (pH = 4) exhibited a TON of 8781 after
82 h of visible-light irradiation in water, with a TOF of up to
596 h™! in the first 4 h (Table 4, entry 1). This study demonstrated
that the interface-directed assembly facilitated electron transfer
from the excited *CdSe to the [2Fe2S] cluster 50 and allowed the
catalytic center to operate in water. Both benefits, together with
the strong interaction and direct contact between the functional
units, were crucial to obtain high photocatalytic hydrogen
performance.

Zinc sulfide (ZnS) nanoparticles are wide-band-gap II-VI semi-
conductors (3.6-3.8 V) commonly used as light-harvesters in pho-
tocatalysis. However, their photocatalytic applicability has several
restrictions such as fast recombination of electron/hole pairs and
light absorption only in the ultraviolet region [208]. Several strate-
gies have been used to improve catalytic activity using these nano-
materials, such as increasing the surface area, changing the
morphology to mediate closer contact with reagents, promoting
the absorption of visible light through doping processes, and form-
ing heterojunctions with a cocatalyst (semiconductors or metals)
to reduce the electron-hole recombination rate [209,210]. Li and
colleagues reported a noble-metal-free hybrid photocatalytic sys-
tem made by physical adsorption of the amino groups of the
organometallic diiron hydrogenase catalyst 51 [(u-SPh-4-
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Fig. 18. Schematic representation of light-driven hydrogen production in artificial photosynthetic system using semiconductors.
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Fig. 19. Schematic representation of hybrid photocatalytic systems engineered by (a) integrating ZnS semiconductor nanoparticles and the [2Fe2S] complex 51 (reproduced
and modified from Ref. [211] with permission from John Wiley and Sons), (b) assembling biomimetic diiron complexes 52 and 53 on the surface of ZnS (reproduced and
modified from Ref. [212] with permission from John Wiley and Sons), and (c) anchoring betanin (B) and the synthetic diiron catalyst 54 to ZnO-OEG, for photocatalytic
hydrogen evolution (reproduced and modified from Ref. [213] with permission from The Royal Society of Chemistry).

NH,),Fe,(CO)s] onto ZnS semiconductor nanoparticles for photo-
catalytic hydrogen evolution using AscOH as ED (Fig. 19a) [211].
Efficient transfer of the photogenerated electrons from ZnS to the
[2Fe2S] cluster was achieved in the 51/ZnS photosystem resulting
in a TON of 2607 for 38 h and an initial TOF of 100 h~! (Table 4,
entry 2). These results demonstrate the remarkable performance
and stability of this catalytic system, which showed an even higher
catalytic rate than a platinum ZnS (Pt/ZnS) reference system. In
2014, Chen et al. assembled the two structural analogues 52 and
53 to the surface of a ZnS nanomaterial [212]. While 52 is directly
coordinated to the unsaturated Zn ions on the surface of ZnS
through a carboxy linkage, complex 53 is physically adsorbed
through the dangling S atoms at the ZnS interface (Fig. 19b). Pho-
tocatalytic experiments were carried out using TEOA as ED in
organic alkaline solution (DMF/H,0, 9:1), with a 3- and 5-fold
improved catalytic activity upon addition of 52 and 53, respec-
tively, compared to pristine ZnS. Under irradiation for 38 h, a
TON of 3400 was obtained by the carboxy-functionalized mimic
52 in combination with ZnS (52/ZnS). A TON of 4950 was achieved
for the diiron complex 53 without carboxyl group incorporated in
the same ZnS nanomaterial (53/ZnS) (Table 4, entry 3 and 4). The
TOFs shown in the first 4 h were 151 and 282 h~! for 52/ZnS and
53/ZnS, respectively. The disparity in the hydrogen production rate
by the hybrid photosystems was attributed to the different absorp-
tion modes of each [2Fe2S] catalyst on the ZnS nanoparticles.
Another type of zinc-based nanoparticulate semiconductors
incorporating an [2Fe2S] complex has recently been reported by
Sa and co-workers [213]. Ultra-stable ZnO nanocrystals, modified
with an oligoethylene carboxylate glycol shell (ZnO-OEG), pro-
vided extended electron lifetime and stabilization of the photo-
generated hole, thereby slowing down charge recombination in
aqueous solution [214]. The nano-hybrid photocatalytic system
Zn0-OEG@B-54 was created by anchoring the natural light-
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harvesting pigment betanin (B), capable of injecting two electrons
per adsorbed photon into the conduction band of ZnO in a few
picoseconds, and 54 [FeFe(mcbdt)(CO)s] (mcbdt = 3-carboxyben
zene-1,2-dithiolate) (Fig. 19b) [213]. Hydrogen evolution experi-
ments under visible-light irradiation using TFA as a proton source
demonstrated a TON of 11 in 4 h (Table 4, entry 5). FTIR spec-
troscopy revealed the construct is remarkably stable, with>95% of
the initial [FeFe(mcbdt)(CO)s] catalyst remaining intact after one
day of photocatalysis. A second reaction cycle resulted in approxi-
mately 70% of the initial hydrogen production under the same
experimental conditions for 4 h. Therefore, the ZnO-OEG nanohy-
brid semiconductor was an effective scaffold for achieving accu-
mulative charge separation and prolonging the stability of the PS
and [2Fe2S] 54.

7. [FeFe]-hydrogenase active site models anchored onto
heterogeneous supports

The use of a heterogeneous matrix for the immobilization of
[2Fe2S] clusters via their outer coordination sphere is an appealing
approach to increase structural stability of all reaction partners.
These supports can provide well-ordered tailorable pores or chan-
nels, very high internal surface areas, well-defined structures, elec-
trostatic microenvironments and hydrophobic cavities. Water-
insoluble [2Fe2S] catalysts can be isolated in specially designed
sites that are accessible throughout the matrix and capable of
operating efficiently in aqueous media. The precise design of these
platforms allows the creation of solid heterogeneous photocat-
alytic systems with enhanced stability, simple separation after
reaction and efficient recycling for light-induced hydrogen produc-
tion processes.

Metal-organic frameworks (MOFs), mesoporous molecular
sieves (MCM-41), periodic mesoporous organosilicas (PMOs), silica
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nanoparticles and graphene-based supports have been used as
matrices for the incorporation of diiron catalysts, PSs and/or EDs
to be applied in hydrogen evolution schemes.

7.1. Metal-organic frameworks platforms for [2Fe2S] complexes

MOFs are 3D porous coordination polymers formed from metal
clusters and organic linker molecules. Almost limitless combina-
tions of metal nodes and available organic linkers have sparked
the use of MOFs in a wide variety of fields such as gas storage, sep-
aration, heterogeneous catalysis, drug delivery, and chemical sens-
ing [215-218]. The use of MOFs as a support in photocatalytic
applications is particularly interesting because they have well-
defined structures, exceptionally high internal surface areas,
remarkable chemical stability, structural flexibility and tunability
[219-221]. MOFs as enzymatic platforms for hydrogen production
must: i) be water stable under catalytic conditions in a wide pH
range, and ii) have functional sites where the molecular catalyst
can be incorporated during the framework synthesis, or through
postsynthetic modification (PSM) or postsynthetic linker exchange
(PSE) [222,223]. In addition, iii) the MOF must either possess pore
diameters that are sufficiently large to allow transport of the PS
and the ED to the active sites, or be capable of electron transport
to wire catalytic sites in the interior of the crystals [224]. In the lat-
ter scenario, electrons may be generated in a light-driven process
in solution, and then transferred into the MOF through the crystal
surface [225].

Catalyst-containing MOFs offer improved stability, especially if
organic co-linkers in the MOF backbone contain functional groups
that can interact with the catalyst to enhance its selectivity and/or
activity [226,227]. Photocatalytic MOFs can be built using several
approaches: a) immobilization of the catalyst and external incor-
poration of the PS in solution, b) incorporation of a photoactive
MOF with light-harvesting organic ligands or metallic clusters
and external incorporation of the catalyst in solution, ¢) combina-
tion of both functional units in the MOF or d) creation of active
hetero-junctions in MOF composite materials [226]. Only a few
examples of [2Fe2S] complexes immobilized in heterogeneous
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MOF platforms have been reported, mainly designed following
approaches a) and c).

In 2013, Cohen and Ott et al. incorporated the [2Fe2S] catalyst 8
([FeFe]-(dcbdt)(CO)e) into a thermally robust Zr(IV)-based UiO-66
MOF by PSE of 1,4-benzenedicarboxylate (bdc) ligands [111].
Ui0-66 is a highly crystalline framework with a large surface area
(Sger = 1475 m? g7') and tetrahedral and octahedral cages with
pore widths of ~8 and ~11 A, respectively. Proton nuclear magnetic
resonance spectroscopy ('H NMR) and energy-dispersed X-ray
spectroscopy (EDX) confirmed a degree of bdc linker exchange of
14%. The resulting 8@Ui0-66 demonstrated enhanced photocat-
alytic hydrogen production when combined with the [Ru
(bpy)s]?* PS and AscO~ as ED in aqueous acetate buffer at pH = 5
(Fig. 20a). ATON of 5.9 (Table 5, entry 1) was obtained, higher than
that of the molecular catalyst 8 in homogeneous phase (TON = 1.7,
see Section 2). The homogeneous reference decomposed by releas-
ing the coordinated CO ligands from the diiron core under photoir-
radiation conditions. The UiO-66 matrix served to increase the
stability of the catalytic diiron unit 8 within the MOF crystals, thus
achieving higher TONs than the homogeneous photosystem.

The reactivity of the confined molecular catalyst 8 in a UiO-66
MOF was modified by replacement of CO ligands by phosphines
of different sizes (Fig. 20b) [228]. Small phosphines (PX3, X
= Me, Et) can be introduced to the diiron complex within the
MOF structure in yields of 50-80%. These [FeFe-(dcbdt)
(CO)4(PX3);] complexes in the UiO-66 platform were reduced at
more cathodic potentials than the analogous [FeFe-(dcbdt)(CO)s]
and formed hydride species under acidic conditions. Recently,
Hammarstrom et al. proposed intra-crystal linker scrambling in
the photochemical hydrogen evolution with 8@Ui0-66 [229].
Under the reaction conditions shown in Table 5 (entry 1), hydrogen
production ceased after a period of 3 h under visible-light irradia-
tion. However, the molecular catalyst 8 in the MOF maintained its
structural integrity after the reaction and the photocatalytic activ-
ity could be restored after a resting period of 60 min. Interestingly,
recovered 8@Ui066 showed similar catalytic activity as the origi-
nal photocatalysis experiment during 9 reaction cycles with
45 min of light irradiation (Fig. 20c).

Phosphine ligands

@ = smaller ligands
@ = big ligand
@ = exchange positions
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Fig. 20. (a) Reaction scheme of photochemical hydrogen evolution using 8@Ui0-66 catalyst (adapted from Ref. [111]. Copyright (2013) American Chemical Society), (b)
schematic representation of CO ligand exchange with different phosphine ligands in 8@Ui0-66 (reprinted from Ref. [228] with permission from The Royal Chemical Society),
(c) self-recovery of photocatalytic hydrogen production with 8@Ui0-66 by intra-crystal linker scrambling (reprinted from Ref. [229] with permission from John Wiley and
Sons), and d) structures of diiron mimetic compounds 55 and 56 incorporated into ZrPF and UiO-MOF, respectively.
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Table 3
Supramolecular assemblies for [FeFe]-hydrogenase active-site mimics evaluated in light-driven hydrogen production.
Entry SA! Supramolecular Selected conditions? Light Time TON?  Ref.
photocatalytic system (h)
1 Oligo- and 34/p-CyD-EY Water, 0.5 mM 34; 0.5 mM EY, 10 equiv. B-CyD, 10% TEA, Xe lamp(500 W), 24 75 [161]
polysaccharides pH=10 A > 450 nm
2 34/-CyD-6-S-CdSe QDs  Water, 1 uM 34, 100 uM B-CyD-6-S-CdSe QDs, 0.28 M Xe lamp (300 W), 30 2370 [162]
AscOH, pH = 4.5 X > 400 nm
3 1/chitosan-MPA-CdTe MeOH/Water (1:3), 1 uM 1, 1.71 uM MPA-CdTe QDs, 1 g/L  LED, A = 410 nm 60 52,800 [163]
QDs chitosan, 0.2 M AscOH, pH = 4.5
4 Micelles 1/SDS-Re(1) Water, 0.18 mM 1, 0.18 mM Re(I) complex, 0.1 M AscOH, Hg lamp (300 W), 2 0.13 [167]
0.166 M SDS % > 400 nm
5 35/SDS-EY Water, 0.1 mM 35, 0.2 mM EY, 10% TEA, 10 mM SDS, LED (0.3 W), 4.5 117 [168]
pH=10.5 A =455 nm
6 38/APM-Ru(bpy)3* Water/APM, 0.03 mM 36, 0.3 mM Ru(bpy)3*, 45 mM AscOH, LED, A = 450 nm 2 133 [169]
pH = 4.0-4.1
7 27-SDS Water/SDS, 10 uM 27, 100 mM TEA, 50 mM TFA, pH =10 Hg lamp (15 W), 4 139 [143]
A =254 nm
8 27-CTAB Water/CTAB, 10 uM 27, 100 mM TEA, 50 mM TFA, pH = 10  Hg lamp (15 W), 4 148 [143]
A =254 nm
9 Vesicle 34/DMPC-Ru(bpy)3* Water, 0.1 mM 34, 0.1 mM Ru(bpy)3*, 100 mM AscOH, LED (91 mW/cm?), 1.5 59 [171]
membranes 0.9 mM DMPC, pH = 2.6, 19 °C A =455 nm
10 39/DOPC-0A-CdSe QDs  Water, 50 uM 39, 0.2 1M OA-CdSe QDs, 200 mM AscOH, LED (91 mW/cm?), 72 651 [172]
0.9 mM DOPC, pH = 4, 19 °C A =455 nm
11 Hydrogels 41/PVP-Ru(bpy)3* Water, 1 uM 41, 0.5 mM Ru(bpy)3*, 0.2 M AscOH, 10 mg PVP,  Xe lamp (300 W), 12 780 [177]
pH=4 % = 400-780 nm
12 Peptides and 42/Cytcss6@Ru(bpy) Water, 140 uM 42/Cytcsss@Ru(bpy)(tpy), 100 mM AscO', Xe lamp (500 W), 2 9 [184]
proteins (tpy) 50 mM Tris/HCl, pH = 8.5, 25 °C ) =410-770 nm
13 43/Cytc-Ru(bpy)3* Water, 14 uM 43/Cytc, 140 uM Ru(bpy)3*, 100 mM AscO", Xe lamp (500 W), 2 80 [183]
50 mM Tris/HCl, pH = 4.7, 25 °C % =410-770 nm
14 46/PepK16Dt-Ru Water, 9.33 uM 46/PepK16DT, 150 uM Ru(bpy)3*, 50 mM  Xe lamp (450 W), 2.3 84 [187]
(bpy)3* AscO", 50 mM citrate buffer, pH = 4.5 L =410-770 nm
15 4/NB-Ru(bpy)3* Water, 7.8 uM 4/NB, 140 uM Ru(bpy)3*, 100 mM AscO", Xe lamp (500 W), 6 130 [188]
50 mM Tris/HCl, pH = 4.0, 25 °C L =410-770 nm
16 47[/apo-HSF@Rudpqp Water, 11.3 uM 47, 31.6 uM Ru(bpy)3*, 100 mM AscOH, Xe lamp (300 W), 4 5 [189]
pH=53. A > 420 nm
17 Metallopolymers 48/PAA-MPA-CdSe QDs Water, 0.25 mg/mL 47/PAA, 0.08 mg/mL MPA-CdSe QDs, LED, » = 450 nm 8 27,135 [190]
0.1 M AscOH, pH = 4.0
18 49/PEI-MPA-CdSe QDs  Water, 1.46 uM 48/PEI, 0.08 mg/mL MPA-CdSe QDs, 0.125M LED (3 W), 44 10,600 [191]
AscOH, pH = 6.5 A =410 nm
19 48/PAA-PEI-CdSe QDs  Water, 0.25 g/L 47/PAA, 5.8 uM CdSe QDs, 0.46 g/LPEL, 0.1 M LED (3 W), 28 83,600 [192]
AscOH, pH = 4.1 L =450 nm
20 50/DendrimerG4-Ir(Ill)  Acetone/Water (9:1), 1 uM 49/DendrimerG4, 0.5 mM Ir(Ill) Xe lamp(300 W), 8 22,200 [199]

complex, 0.6 M TEA

X =400-800 nm

! Supramolecular assembly; 2Solvents and reagents abbreviations: MeOH: methanol, AscOH: ascorbic acid, AscO™: ascorbate, TFA: trifluoracetic acid, TEA: triethylamine.

2 TON based on [2Fe2S] catalyst.

The same group reported a functionalized MIL-101 (Cr) MOF
with a larger pore diameter (29-34 A) compared to that in UiO-
66 (8-11 A) for the covalent attachment of the diiron compound
54 [FeFe(mcbdt)(CO)s] affording 54@MIL-101 [228]. The easy
accessibility to these pores with windows of 12-14.5 A, compared
to the 6 A in Ui0-66, enabled increased catalyst loading throughout
the entire MOF matrix. The pore size of MIL-101 allows chemical
reduction of the catalyst by stabilizing the reduced catalyst inter-
mediate in the MOF structure for hours. However, ion pairing phe-
nomena were observed between the reduced species [FeFe]*” and
oxidized cobaltocene reducing agent [Cp,Co]* that clogged MOF
channels and limited fast and efficient accessibility to the catalyst.
This effect was less pronounced in MIL-101 with a lower loading of
54. The performance of three 54@MIL-101 materials with different
catalyst loadings was evaluated in photochemical hydrogen evolu-
tion experiments, demonstrating better catalytic activity than the
homogeneous reference system with the diiron compound 8
([FeFe]-(dcbdt)(CO)s). The hydrogen productivity was linearly
dependent on the loading of 54 within the MOF and showed a sim-
ilar TON for the three systems, although the highest value was
obtained for the medium loading 54@MIL-101 catalyst, reaching
a TON of 18.5 after 2.3 h (Table 5, entry 2).

Feng and co-workers took the alternative strategy c) consisting
of simultaneous incorporation of the PS and the diiron catalyst into
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the MOF support [230]. The group used a light-harvesting zinc por-
phyrin complex (ZnTPP) that was linked to Zr (IV)-based metal
cluster nodes. The [2Fe2S] complex 55 with a pendant pyridyl
group (Fig. 20d) was anchored to the zinc center in the porphyrin.
The direct coordination of both functional units provided intimate
contact between the PS and the diiron catalyst, facilitating the
visible-light-driven intramolecular electron transfer from singlet
excited state ''ZnTPP to 55 without the need for an electron medi-
ator. The heterogeneous 55@ZrPF system showed high efficiency
for photochemical hydrogen production, yielding 3.5 umol of H,
after 2 h in an aqueous acetate buffer solution (pH = 5) with AscO~
as a sacrificial ED (Table 5, entry 3). The MOF matrix provided
improved stability for the anchored [2Fe2S] cluster, as the homo-
geneous system was stable for only 40 min under the same pho-
toreaction conditions.

In another effort to simultaneously immobilize the PS and
[2Fe2S] complex in a MOF platform, Yuan and colleagues designed
the 56@Ui0-MOF consisting of a mixture of [Ru(bpy)s;]**-derived
dicarboxylate linkers as light harvesters and azide-modified dicar-
boxylate ligands that provided covalent anchor sites for the diiron
catalyst 56 (Fig. 20d) by a facile click reaction [231]. The closeness
of both functional units in the MOF support led to an enhancement
of the electron transfer efficiency and a decent photocatalytic
hydrogen evolution performance. The incorporation of 56 in the
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Table 4
Inorganic hybrid semiconductor systems with attached [2Fe2S] complexes for light-driven hydrogen production.
Entry Semiconductor photocatalytic hybrid ~ Selected conditions' Light Time TON?  Ref.
system (h)
1 50/MPA-CdSe Water, 2.3 M 49, 6.3 yM MPA-CdSe, 85 mM AscOH, ~ LED (160 mW/cm?), A > 405 nm 8 8781 [205]
pH =40
2 51/ZnS DMF/H,0 (9:1), 3.9 uM 50, 0.2 g ZnS, 85.2 mM AscOH  Xe lamp (300 W), & = not avaliable 38 2607 [211]
3 52/ZnS DMF/H,0 (9:1), 4 uM 51, 10 mg ZnS, 2.5% (v/v) TEOA, Xe lamp (300 W), A = not avaliable 30 3400 [212]
pH =11
4 53/ZnS DMF/H,0 (9:1), 4 uM 52, 10 mg ZnS, 2.5% (v/v) TEOA, Xe lamp (300 W), 2 not specified 30 4950 [212]
pH =11
5 Zn0-OEG@B-54 Zn0-OEG@B-53, TFA. Concentration data not Continuous wave (CW) laser, 4 11 [213]
available A =532 nm

T Solvents and reagents abbreviations: DMF: N,N-dimethylformamide, AscOH: ascorbic acid, TFA: trifluoracetic acid, TEOA: triethanolamine.

2 TON based on [2Fe2S] catalyst

UiO framework promoted the stability of the [2Fe2S] catalyst in
water. Using AscOH as the sacrificial ED, the 56@UiO-MOF photo-
system exhibited decent catalytic activity, reaching a TON of up to
16 for 50 h of reaction time in an acetate buffer (pH = 5) (Table 5,
entry 4).

7.2. Silica-based heterogeneous supports for [FeFe]-hydrogenase active
site mimics

Silica-based mesoporous molecular sieves offer tunability of the
pore size (2-50 nm), high surface area, simple synthesis, an elec-
trostatic microenvironment, water stability, and the ability to sta-
bilize charge-separated states in catalytic processes [232,233]. An
ordered mesoporous K*-exchanged molecular sieve MCM-41 has
been used to immobilize hydrophobic [2Fe2S] complexes, improv-
ing the stability of the diiron catalyst in photochemical hydrogen
evolution experiments in aqueous solution. This work by Li and
Yu et al. incorporated the diiron complex 57 [{(p1-SCH;),N(CH,-
CeHs)}Fe,(CO)sP(Pyr)s] into K*-exchanged molecular sieve MCM-
41 via electrostatic interactions [234]. The resulting 57@MCM-41
system catalyzed light-induced proton reduction in water by using
an iridium-based photosensitizer ([Ir(ppy),bpy]Cl) and TEA as a
sacrificial ED (Fig. 21a). Under optimized reaction conditions, a
TON of 18.3 was achieved during 1 h of irradiation under visible
light (Table 5, entry 5), demonstrating that this strategy can stabi-

lize and disperse a hydrophobic diiron catalyst in aqueous solution.
The photochemical hydrogen evolution was limited by the degra-
dation of the PS, since re-addition of more iridium PS led to recov-
ery of the catalytic activity. In an advanced approach, the same
group reported the electrostatic immobilization of a PS-[2Fe2S]
dyad (58-Ir) into the ordered mesoporous K*-exchanged molecular
sieve MCM-41 (Fig. 21b) [235]. The heterogeneous system 58-
Ir@MCM-41 exhibited an enhanced photocatalytic activity, 3-fold
higher than that of the dyad 57-Ir without the MCM-41 matrix,
obtaining a TON of 5 in MeCN/H,0 (9:1) under visible-light irradi-
ation (Table 5, entry 6). This enhanced catalytic performance was
attributed to the stabilization of the diiron catalyst in the molecu-
lar sieve, which was further confirmed by transient absorption
studies.

Periodic mesoporous organosilicas (PMOs) are a class of silica-
based hybrid materials prepared by the combination of a surfac-
tant as template and a silsesquioxane as the organosilica precursor.
PMOs exhibit the typical ordering of mesoporous silicas, and the
diversity of synthetic procedures provides a range of functionali-
ties which suggest these systems for applications as catalysts,
adsorbents (metal ions, toxic organic compounds and even gasses),
chromatography phases, and biological/biomedical supports,
among others [236]. In 2018, Inagaki and co-workers designed a
heterogeneous photochemical system by covalently anchoring a
[2Fe2S] complex tethered with a maleimide group (4) on the pore

Table 5
Biomimetic models of the [FeFe]-hydrogenase active site anchored on heterogeneous supports for light-driven hydrogen production.
Entry Heterogeneous Selected conditions’ Light Time TON? Ref.
photocatalytic system (h)

1 8@Ui0-66 Water, 5 mg 8@Ui0-66 (0.59 pmol 8), 0.5 mM [Ru(bpy)s]**, LED (850 ME), A > 470 nm 2.5 59 [111]
100 mM AscO7, 1 M acetate buffer, pH = 5.0

2 54@MIL-101 Water, 1.5 mg 53@MIL-101 (0.15 pmol 53), 0.5 mM [Ru(bpy)s]**,  LED, A > 470 nm 23 185 [228]
100 mM AscO’, 1 M acetate buffer, pH = 4.9

3 55@MOF-ZrPF Water, 54@MOF-ZrPF (2 uM 54), 20 mM AscOH, 1 M acetate buffer, Xe lamp (300 W), 2 Insufficient data [230]
pH=5.0 A > 420 nm for calculation

4 56@Ui0-MOF Water, 15 mg 55-Ru@UiO-MOF (2 pmol 55), 100 mM AscOH, 1 M Solid-state white light 50 16 [231]
acetate buffer, pH = 5.0 source, A > 420 nm

5 57@MCM-41 Water, 4.5 mg 56@MCM-41 (43 umol/g 56), 0.25 mM [Ir Xe lamp (300 W), 1 183 [234]
(ppy)2bpy], 0.28 M TEA A = 400-800 nm

6 58-Ir@MCM-41 MeCN/H,0 (9:1), 5.5 mg 57-Ir@MCM-41 (19.1 ymol/g 57), 0.8 M Xe lamp (300 W), 8 5 [235]
TEA, pH = 10 ) = 400-800 nm

7 4@SH-PMO Water, 0.3 mg 4@SH-PMO (21 nmol 4), 140 uM [Ru(bpy)s]**, Hg lamp, (A > 400 nm) 2 310 [100]
200 mM AscO", pH = 4.5

8 4-Ru@SH-PMO Water, 0.5 mg 4-Ru@SH-PMO (250 pmol/g 4, 115 pmol/g Ru), Hg lamp, (A > 400 nm) 2 1.3 [100]
200 mM AscO", pH = 4.5

9 38@nanosilica MeCN/H,0/TEA (7:1:2), 30 mg 38@NanoSilica (1.86 umol 38), Xe lamp (300 W), 5 324 [238]
0.9978 mM [Ir(ppy).(bpy)|PFs % > 400 nm

10 38-Fc-TPP@GO Water, 0.1 mg 38-TPP@GO (12 uM 3Fe2S, 5.8 uM TPP), 1.8 mM Hg lamp (450 W), 5 3.9 [239]
cysteine, pH = 1.0 A > 380 nm

! Solvents and reagents abbreviations: MeCN: Acetonitrile, TEA: triethylamine.
2 TON based on [2Fe2S] catalyst.
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Fig. 21. Schematic illustration of the light-driven hydrogen production by (a) 57@MCM-41 (reproduced and modified from Ref. [234] with permission from John Wiley and
Sons), (b) 58-Ir@MCM-41 (reproduced and modified from Ref. [235] with permission from The Royal Society of Chemistry), (c) 4@SH-PMO (reproduced and modified from
Ref. [100] with permission from John Wiley and Sons), and (d) 38@nanosilica (reproduced and modified from Ref. [238] with permission from Elsevier).

38-Fc-TPP@GO

Fig. 22. Synthetic route towards a graphene-based [2Fe2S] system for photocatalytic hydrogen evolution in aqueous solution. Schematic representation adapted from Ref.

[239] with permission from Elsevier.

surface of a thiol-functionalized PMO (SH-PMO) [100,237]. The
4@SH-PMO showed photocatalytic hydrogen production
(Fig. 21¢) without the decomposition of the diiron center, achiev-
ing a high TON of 310 over 2 h in an aqueous solution containing
the photosensitizer [Ru(bpy)s]** and the AscO~ ED (Table 5, entry
7). This heterogeneous system had higher photocatalytic activity
than the corresponding homogeneous reference complex 4
(TON = 180, see Section 2) under analogous experimental condi-
tions. It also out-performed the [2Fe2S] systems immobilized on
MOFs and mesoporous silica MCM-41 (TON = 6-19), described ear-
lier in this section. The enhanced hydrogen generation rate was
attributed to the periodic mesostructure of the PMO that provided
a robust and rigid solid matrix to stabilize the immobilized 4, over-
coming water solubility and photostability issues associated with
the [2Fe2S] catalyst. This work was extended by co-immobilizing
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diiron catalyst 4 and a [Ru(bpy);]?* photosensitizer functionalized
with a maleimide on PMO via covalent coupling by thiol groups
affording 4-Ru@SH-PMO. This all-solid-state photocatalyst with
a loading of 250 and 115 pmol/g of 4 and Ru, respectively, showed
photoinduced hydrogen production with a TON of 1.3 (Table 5,
entry 8,). This was higher than the 4@SH-PMO reference system
(TON = 0.6) with the homogeneous [Ru(bpy)s;]*" photosensitizer
in solution, even with a Ru/4 ratio analogous to that of 4-
Ru@SH-PMO. Indeed, the difference in TON obtained for the
heterogeneous 4@SH-PMO and 4-Ru@SH-PMO systems was
attributed to vastly different Ru/4 ratios in the two systems of 67
and 0.46, respectively.

Recently, the use of nanosilica as a solid support for anchoring
diiron catalysts has been reported by Wang et al [238]. The hetero-
geneous system 38@nanosilica consisting of complex 38, [Fe,(-



J. Amaro-Gahete, M.V. Pavliuk, H. Tian et al.

pdt)(CO)g], immobilized on modified nanosilica was used in a photo-
catalytic system in conjunction with [Ir(ppy)(bpy)]PFs as a PS, TEA
as a sacrificial ED, H,0 as a proton source and MeCN as the solvent
(Fig. 21d). After irradiation for 5 h with visible light, a TON of 324
per catalyst was achieved (Table 5, entry 9). The degradation of the
catalyst after the reaction was demonstrated by IT spectroscopy.
Furthermore, a decreased iron content (1.18%) with respect to the
original loading (1.39%) on the nanosilica was observed by atomic
absorption spectroscopy (AAS), thus corroborating the decomposi-
tion and associated leaching of the diiron complex.

7.3. Graphene-based [FeFe]-hydrogenase active site model
nanohybrids

In recent years, a novel approach for the preparation of a
heterogeneous photosystem containing a [2Fe2S] catalyst and a
molecular PS immobilized on graphene oxide (GO) was reported
[239]. GO has extraordinary physicochemical and structural prop-
erties used in wide-ranging applications such as photocatalysis,
energy conversion or biosensing [240]. Surface oxygen-
containing groups (carboxylic, hydroxy and epoxy) provide high
water solubility and reactive sites for chemical modification. Jang
and colleagues developed a graphene-based nanohybrid (38-Fc-
TPP@GO) composed of the [2Fe2S] complex (38) bound to a fer-
rocene group (Fc) forming (38-Fc) and a porphyrin light harvester
(TPP). Both functional units were anchored on the GO nanosheets
to assemble a photocatalytic system in aqueous solution (Fig. 22)
[239]. The 38-Fc unit operates at mild redox potentials and mimics
the [4Fe4S] cubane cluster present in the [FeFe]-hydrogenase
enzyme [241]. Photochemical hydrogen production experiments
were carried out with 38-Fc-TPP@GO, and a light-induced electron
transfer was demonstrated by emission fluorescence data. A vari-
ety of common sacrificial EDs were evaluated (AscOH, TEOA, glu-
cose or Na,S,03) but the best efficiency for hydrogen generation
was found in cysteine, an amino acid present in the natural metal-
loenzyme. Under visible light irradiation, the 38-Fc-TPP@GO
nanohybrid system exhibited a TON of 3.9 over 5 h in the presence
of cysteine in an aqueous solution at pH = 1 (Table 5, entry 10). This
catalytic activity surpassed that of the intramolecular (38-Fc-TPP)
or intermolecular (38-Fc + TPP and 38-Fc + TPP@GO) photocatalytic
reference systems. These results corroborated the crucial role of
GO for enhancing electron transfer to increase the photoinduced
hydrogen productivity in water. The stability of 38-Fc-TPP@GO
was studied by reusing the material in repeated photoreaction
experiments. Hydrogen evolution was maintained at 86.5% of the
initial value after the third reaction cycle with a remaining
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[2Fe2S] content of 81.7% calculated by ICP-AES, confirming the
reusability of this nanohybrid system.

8. Photocathodes based on [FeFe]-hydrogenase active site
mimics

Water-splitting photoelectrochemical (PEC) cells are comprised
of two electrode compartments in which the oxidation and reduc-
tion half-reactions occur. The energy for the thermodynamically
uphill half-reactions comes from the absorption of photons from
visible light, potentially complemented by an external applied bias.
Light absorption is ensured by semiconductor materials that either
absorb visible photons directly through band gap excitation, or
that are decorated with PS molecules for light absorption. In the
latter case, electron or hole injection from the PS excited state into
the conduction and valence band of the semiconductor, respec-
tively, will produce oxidized or reduced PS that drive the half-
reactions. While, in principle, only one of the two electrodes need
to be light-driven to qualify as a PEC device, tandem PEC devices in
which both electrodes are photo-active offer higher theoretic effi-
ciencies (Fig. 23) [242]. In analogy to the examples in the previous
sections, photoanode and photocathode are often investigated sep-
arately in the laboratory. An electrochemical potential can be
applied to complement the available energy from the photo-
electrodes, and such systems thus omit the need for sacrificial
reagents.

For optimal function, precise engineering of the catalyst/semi-
conductor interface is crucial to achieve decent performance of
molecular PEC devices. Factors to consider in particular include
interfacial stability, suitable light-absorptivity of the semiconduc-
tor electrode, efficient charge separation and electron transfer
enhanced at the interface [243-245].

In this section, we focus on photocathodes for H, evolution
based on catalysts that mimic the [FeFe] hydrogenase active site.
Photocathodes for CO, reduction and photoanodes for water oxida-
tion are reviewed elsewhere [246-250]. [2Fe2S] complexes have
been used as catalysts at photocathodes in which the photoactive
component is either a light-absorbing p-type inorganic semicon-
ductor (Section 8.1) or a molecular PS deposited on a p-type semi-
conductor (Section 8.2).

8.1. [2Fe2S] catalysts immobilized on light-absorbing p-type inorganic
semiconductors

Molecular catalysts based on the [2Fe2S] motif anchored
directly on the surface of a light-harvesting p-type solid-state inor-
ganic semiconductor constitutes a first group of photoelectro-
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Fig. 23. Schematic representation of a tandem PEC device. Reprinted from Ref. [242] with permission from John Wiley and Sons.
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Reproduced and modified from Ref. [256] with permission from John Wiley and Sons.

chemical architectures for hydrogen evolution [251]. Typically,
these photoelectrodes use low bandgap p-type semiconductors
that absorb visible-light (InP, Si, GaP or Cu,0, among others) and
have a conduction band potential below the equilibrium thermo-
dynamic potential of the H*/H, couple to provide effective transfer
of the excited electrons in the conduction band to the [2Fe2S] cat-
alyst [242,252].

The first example of this design by Nann, Pickett and co-
workers in 2010 reported a photocathode that was composed of
a gold substrate with indium phosphide (InP) nanocrystals that
were cross-linked by 1,4-benzenedithiolates and decorated with
the [2Fe2S] catalyst 50 through interactions with the sulfide
groups (Fig. 24a) [253]. The driving force for electron transfer
between the conduction band of the InP semiconductor and cata-
lyst 50 was found exergonic by 0.1 V. Photoelectrochemical hydro-
gen production was performed in a three-electrode system
(Fig. 24b) under irradiation at 395 nm using a LED array with a bias
potential of —0.4 V versus Ag/AgCl, reaching photocurrents of
250nA/cm? in 0.1 M NaBF, electrolyte solution. After 1 h of light-
driven electrolysis, a Faradaic efficiency of 60 % was obtained.

Subsequently, Ott, Kubiak and co-workers prepared a photo-
electrochemical system for homogeneous catalytic proton reduc-
tion based on p-type silicon (p-Si) photocathode with a narrow
band gap of 1.8-2.2 eV, diiron benzenedithiolate catalyst 35
[(bdt)Fe,(CO)g], and HCIO4 as a proton source [254]. Reduction of
the [2Fe2S] complex was achieved at an illuminated p-type Si at
a reduction potential 0.5 V less negative than that at a glassy car-
bon electrode. Homogeneous photocatalytic reduction of protons
to molecular H, was achieved with 100 % Faradaic efficiency, a high
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current density of 38 mA cm 2, and a light conversion efficiency of

8 % under illumination at A = 661 nm for five hours at —900 mV
versus Fc*/Fc°.

Further work based on p-Si in combination with [FeFe] hydro-
genase active site mimics by Nann, Voelcker and co-workers
reported hierarchically nanostructured photocathodes in which a
porous p-Si electrode was sensitized with InP quantum dots and
[2Fe2S] complex 50 [255]. The obtained photocurrent density
was —1.2 mA/cm? at low bias potentials of 0.5 V. The applied bias
photo-to-current efficiency (ABPE) was calculated to 0.63%. Unfor-
tunately, the photocurrent density was lower compared to the
results previously obtained by Ott et al. [254] although hydrogen
generation and the protection of the electrode surface against pos-
sible oxidation processes were demonstrated.

Recently, Gu et al. investigated the activity and electrochemical
decomposition pathways of catalyst 59 covalently attached to a p-
Si photocathode [256]. Contact angle measurement and GATR-FTIR
were used to monitor the modifications on the semiconductor-
catalyst interface in the different synthesis steps in order to con-
firm the effectiveness of the grafting procedure and to analyse
the distribution of [2Fe2S] 59 along the surface of the p-Si
(Fig. 25). The integration of this molecular catalyst passivates the
silicon interface for>300 h, preventing the growth of undesirable
SiO,, and thus improves the stability of the device. Photoelectro-
chemical hydrogen production of the electrode under illumination
was as high as 2.31x10™ mol h™! cm~2 at —0.78 V versus RHE.
Compared to the unmodified hydrogen-terminated Si photoelec-
trode, the presence of the [2Fe2S] catalyst gives rise to a reduced
overpotential of 100 mV to reach a current density of 10 mA cm—2
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Fig. 26. Schematic drawing of dye-sensitized NiO photocathodes integrating [2Fe2S] mimics.

under illumination. Spectroscopic surface analysis techniques (XPS
and GATR-FTIR) were useful tools to reveal structural rearrange-
ments on the photocathode due to degradation of the catalyst by
dissociation of the Fe-S bond after 1 h of electrolysis. This study
enables the detailed elucidation of the decomposition pathways
for the photoelectrode-catalyst interface which will allow the
preparation of more active and efficient photocathodes in the
future.

8.2. [2Fe2S] catalysts anchored on dye-sensitized NiO photocathodes

p-Type dye-sensitized solar cells (p-DSSCs) have served as
inspiration for the design of dye-sensitized p-type semiconductor
HER photocathodes [242,252,257]. In analogy to the working prin-
ciple of p-DSSCs, excitation of the PS on the photocathode results
in hole injection into the valence band of the metal oxide. The
thereby generated reduced PS transfers an electron to the hydro-
gen generation catalyst. An alternative mechanism includes charge
separation between excited photosensitizer and the catalyst prior
to hole injection into the VB of the semiconductor. In the last dec-
ade, p-type NiO semiconductor has been commonly used as elec-
trode substrate to anchor both photosensitizer and [2Fe2S]
catalysts.

In 2012, Hammarstrém, Ott and co-workers made the first
attempt in this field with the development of a dye-sensitized pho-
tocathode by co-adsorption of the Coumarin-343 (C343) photosen-
sitizer and a mononuclear iron dithiolate complex on the surface of
mesoporous NiO films [258]. Light-driven electron transfer from
the reduced PS to the proton reduction catalyst was spectroscopi-
cally demonstrated. The reversible reduction of the catalyst after
dye excitation occurred within 50 ns, while the interfacial charge
recombination between the reduced HER catalyst and the valence
band holes in NiO occurred on a 100 ps time scale following non-
exponential kinetics. This research represented an essential
proof-of-concept for the preparation of dye-sensitized NiO photo-
cathodes by a co-grafting strategy and its application for photo-
electrochemical hydrogen evolution in the absence of sacrificial
donor reagents.

Subsequently, an advanced study reported by the same group
showed ultrafast electron transfer from the reduced C343 dye to
the [2Fe2S] catalyst 60 (Fig. 26) on the co-sensitized surface of p-
type NiO films [259]. Transient optical spectroscopy revealed that
hole injection occurred on a femtosecond time scale (200 fs) from
NiO to the excited dye followed by rapid surface electron transfer
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from reduced dye to the [2Fe2S] catalyst (t;2 ~ 10 ps). Charge
recombination between the reduced catalyst 60 and the NiO holes
was considerably slower (several tens of pis) compared to previous
research. The obtained long-lived charge separation state and the
resulting ultrafast electron transfer between dye and catalyst, both
co-immobilized on NiO, were crucial for the subsequent design of
efficient photocathodes incorporated into p-DSSCs for the electro-
chemical reduction of protons to H.

Based on these works, Hammarstrom’s group reported the first
dye-sensitized solar fuel device (DSSFD) based on a [2Fe2S]| com-
plex. The employed [2Fe2S] complex 61 (Fig. 26) has a molecular
structure analogous to that of complex 60 but with a pendant
phosphonate group binding on the C343-sensitized NiO photocath-
ode [260]. Subpicosecond hole injection from the excited dye to
NiO mesoporous films (tsoy ~ 6 ps) followed by ultrafast surface
electron transfer led to catalyst reduction with an approximate
yield of 70% as verified by femtosecond transient absorption spec-
troscopy. The slow charge recombination of the reduced catalyst
(2 us — 20 ms) made protonation and second reduction step of
the catalyst feasible. The device containing the C343:61/ NiO pho-
tocathode showed a photoelectrochemical hydrogen production
activity with a Faradaic efficiency of ~50%. Unfortunately, catalyst
degradation and desorption from the NiO surface were observed
by infrared spectroscopy and gas chromatography techniques.

More recently, the same group analysed the viability of the
charge transfer reactions between dye/catalyst 61 co-adsorbed
on NiO photocathode by femtosecond mid-infrared transient
absorption spectroscopy [261]. An organic push-pull dye (E2)
and C343 dye were used as molecular photosensitizers indepen-
dently. Spectroscopic signatures of the reduced 61 were monitored
upon photo-excitation of the dye at a few picosecond time scales
although kinetic differences were observed in the first reduction
step of the catalyst depending on the dye co-adsorbed into NiO
films. In the C343-sensitized NiO films, hole injection into NiO
occurred prior to the catalyst 61 reduction with a lifetime
T > 5 ns. In contrast, direct electron transfer occurred between
the excited E2 * and the catalyst in E2-sensitized NiO films with
a decreased lifetime (t = 50 ps) of the singly reduced catalyst.
These mechanistic changes were attributed to the different
arrangement of the dye and diiron catalyst 61 on the surface of
the NiO films, highlighting the importance of the dye/catalyst
packing on the efficiency of co-sensitized NiO photocathodes.

An alternative approach that includes utilization of a QD-
sensitized NiO photocathode was proposed by Wu, Li and co-
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workers. CdSe QDs and [2Fe2S] complex 50 loaded onto a NiO sub-
strate resulted in efficient proton reduction to H, at a bias ~0.3 V
vs. NHE in neutral water [262]. A high photocurrent density of —56
pA cm~2 at —0.1 V (vs. NHE) under visible-light illumination was
obtained, making this photoelectrode a promising candidate to
enhance the performance of PEC cells.

9. Summary and outlook

Photocatalytic systems based on biomimetic models of the
[FeFe]-hydrogenase active site have evolved substantially during
the last two decades. Chemical engineering to reproduce architec-
tures analogous to those found in the natural hydrogenase enzyme,
mechanistic elucidation of the role of the hydride, and electro-
chemical investigation of the [2Fe2S] complexes had a decisive
impact on their application as catalysts in visible-light-driven
hydrogen production. The basic molecular [2Fe2S] catalysts have
the general formula Fe,S;RLs, where the two sulphur atoms are
part of a bridging unit that tethers together the Fe cations, each
of which is further coordinated by three ligands L, often carbon
monoxide. These metallic clusters can be precisely modified by
replacing the L ligands or the dithiolate bridge, allowing the tuning
of electronic and photophysical properties of the complex for opti-
mal employment in photocatalysis.

The wide range of reaction conditions for photocatalysis using
hydrogenase active site mimics precludes a direct comparison
between the catalytic performances of different [2Fe2S] com-
plexes. Nevertheless, some conclusions can be drawn from this lit-
erature review. First, the performance of [FeFe|-hydrogenase active
site mimics can clearly be modulated through the first and second
coordination sphere. The replacement of CO ligands in the [2Fe2S]
cluster by phosphines renders the reduction potential of the diiron
species more negative, and increases the stability of the catalyst
under photoreaction conditions. Aromatic bridges stabilize the
complex and anodically shift the reduction potential for proton
reduction, while sulfonates in the bridgehead promote water solu-
bility. These strategies have resulted in [2Fe2S] complexes with
improved catalytic performance.

The intermolecular electron transfer between [2Fe2S] and
appropriate photosensitizers can produce hydrogen using light in
the presence of electron donors by a reductive quenching mecha-
nism. Intramolecular electron transfer processes can be carried
out using molecular dyads bearing photosensitizers directly linked
to [2Fe2S] compounds. Furthermore, triads with an electron donor
appended to PS-[2Fe2S] complexes have demonstrated a strong
driving force for photoinduced electron transfer from the photo-
sensitizer to the diiron center via oxidative quenching. The
enhanced charge separation combats undesirable recombination
processes, providing a longer lifetime of the reduced Fe'Fe® species
essential for hydrogen evolution. Future efforts in the design of
dyads and triads should offer production of strong reducing equiv-
alents, optimized redox properties, enhanced electron transfer effi-
ciency, and photostability.

Supramolecular assemblies incorporating synthetic [2Fe2S]
clusters have been used to tune the outer coordination sphere
and promote strong interactions and efficient electron transfer
between the PS and the diiron compound in an environment mim-
icking that of the native metalloenzyme. Supramolecular platforms
provide hydrophobic hydrogenase-like isolation sites that stabilize
the charge-separated state and/or reactive intermediates, and
improve water solubility. Particularly, the elegantly designed arti-
ficial hydrogenases immobilized on polysaccharides and metal-
lopolymers in combination with quantum dot light harvesters
exhibit significant stability and high photocatalytic activity for
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hydrogen production in aqueous solution under visible light
irradiation.

Hybrid photocatalytic systems consisting of the biomimetic
diiron catalyst assembled on semiconductor nanoparticles have
been successfully applied in light-induced hydrogen generation
reactions. In addition, the anchoring of [2Fe2S] catalysts on the
surface of QD constitutes an alternative strategy for the design of
a water-soluble artificial photosynthetic [2Fe2S] system. Outstand-
ing hydrogen productivity rates have been achieved due to the
broad and tunable spectral absorption range of these materials,
as well as the structural stability of the molecular catalyst and
the effective electron transfer and charge separation from the pho-
toexcited semiconductor to the diiron cluster [2Fe2S].

Novel pathways have been pursued using ordered heteroge-
neous structures for embedding or immobilizing [2Fe2S] com-
plexes, raising the possibility to increase the stability of the
diiron molecular catalyst for large-scale applications. Metal-
organic frameworks (MOFs), silica mesoporous platforms and
graphene-based supports are easily separable and recyclable
hybrid materials. Regarding MOFs, their well-ordered structures
can provide the appropriate hydrophobic environment for anchor-
ing [2Fe2S] sites, while promoting accessibility to the catalyst
through facile diffusion of reactants and products through the
framework pores. The development of future catalytic MOFs
requires further catalyst design and precise engineering of trans-
port channels. The appropriate distance between the catalytically
active unit and the photosensitizer within the framework is essen-
tial for efficient charge transfer in the photocatalytic process. It is
not always clear where catalysis occurrs in a MOF since the sub-
strate, reducing equivalents and protons may not always be acces-
sible to all catalytic units, in particular those that are deeply buried
in the MOF crystals, thereby decreasing overall efficacy. Silica-
based heterogeneous supports with immobilized [2Fe2S] com-
plexes provide catalyst photostability and long-lived charge-
separated states, crucial factors to increase photocatalytic hydro-
gen generation activity. The use of graphene-based materials to
immobilize both photosensitizer and diiron catalyst is a promising
alternative strategy to design a suitable electronic and stable con-
figuration that improves intramolecular electron transfer between
anchored functional units and thus enhances photoinduced hydro-
gen production.

The synergistic hybridization of catalysts based on [2Fe2S] com-
plexes and solid supports in the correct environment is a promising
research avenue to develop enhanced photocatalytic systems for
hydrogen production by harnessing inspiration from nature.

The challenge in the future of biomimetic catalysis is coupling
reductive and oxidative half-reactions to build complete artificial
photosynthetic water-splitting systems for the conversion of solar
energy to chemical fuels. The rational combination of a synthetic
hydrogenase photosystem capable of carrying out proton reduc-
tion together with a system capable of catalyzing the water oxida-
tion half-reaction is being evaluated in whole cell conditions and in
photoelectrochemical devices [263-266]. In this field, PEC cells
containing photocathodes based on p-type semiconductors with
immobilized H,-evolving [2Fe2S] catalysts have emerged in recent
years as potentially inexpensive, robust and non-toxic devices for
photoelectrochemical proton reduction. These efforts will put for-
ward new inspiration and technologies based on the fascinating
world of photocatalysis and biomimicry.
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