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In the last century, humankind has based its energy demand on the extensive exploitation of fossil resources
with the massive emission of CO,, resulting in problems such as pollution, the greenhouse effect, and,
consequently, climate change. However, these resources are limited, and each year, their depletion is
getting closer. Therefore, in the last few decades, scientific efforts have been focused on finding
alternative ways to use and store green energy sources. The purpose of the present review is to present
an overview of the most efficient multinuclear catalytic systems in the field of artificial photosynthesis
based on reductive and oxidative mechanisms. In particular, it emphasizes the most recent
improvements in homogeneous photocatalysis based on multimetallic complexes, illustrating the
advantages of systems consisting of a linked catalyst(s) and photosensitizer(s) that can be employed to

rsc.li/sustainable-energy

1. Introduction

As the earth's population grows and time progresses, the energy
demand cannot be ignored. Since the Industrial Revolution, the
welfare of society has been based on carbon, and later fossil
fuels, with a gradually increasing awareness that this regime of
non-renewable sources cannot sustain both human beings and
the planet in the long term. There are two problems related to
our current lifestyle: (i) the prolonged and excessive exploitation
of finite fossil fuel reservoirs will inevitably lead to their
exhaustion, with a significant overall economic impact due to
the continuous increase in the cost of producing and
purchasing them'™ and (ii) the combustion process to obtain
energy from fossil fuels involves increasing the concentration of
greenhouse gases, such as CO,, in the atmosphere,* as well as
the production of smog, which is harmful to human health (and
other living organisms).

Accordingly, in the last few decades, efforts have been
devoted to making the global energy demand independent of
exhaustible and environmentally toxic fuels. Among the
potential solutions, the use of clean and renewable energy
sources® such as solar energy has been found to be one of the
most promising options. In this case, nowadays, research is
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achieve high-energy demanding processes, such as the reduction of CO, and water oxidation.

focused on the energy-efficient production of H,,*® CO, formic
acid®™ and other solar fuels/energy carriers through reactions
promoted by visible light. Ideally, the simplest ways to achieve
this involve photoinduced water splitting to obtain H, (reduc-
tion process) and O, (oxidation process)” and the photoin-
duced reduction of CO, into CO and/or formic acid. However,
all these reactions are characterized by two common factors:
they are associated with reactants that do not absorb visible
light and involve multi-electron processes. Thus, it is not
possible to realize these processes by simple irradiation. Well-
designed photosensitizers require species that may absorb
visible light to promote electron-transfer processes and cata-
lysts, i.e. species that may accumulate electrons or holes to
achieve the overall redox reaction.” In this regard, mainly
semiconductors (for heterogeneous catalysis) and transition
metal complexes (for homogeneous catalysis) have been devel-
oped as catalytic systems through several methods such as
photocatalysis, electrochemistry and photo-electrochemistry.
This review focuses on the photocatalytic processes to obtain
water oxidation and CO, reduction using multinuclear catalysts
in a homogeneous phase. Fundamentally, transition metals are
in the spotlight of this research field because they are charac-
terized by various oxidation states, which combine perfectly
with the requirement to achieve multi-electron processes;'* in
fact, the photoexcitation of a molecule typically leads to a single
oxidized or reduced species because the excitation with a single
photon can only trigger a one-electron transfer process. There-
fore, to achieve a multi-electron reaction, cyclic processes are
required, where for every photon absorbed, a charge (positive or
negative) is accumulated on the catalyst, eventually leading to

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic of photoinduced catalysis for (a) water oxidation and (b) CO, reduction processes. Reductive and oxidative quenching
mechanisms are illustrated (on the left and right side, respectively). A is the electron-acceptor species, D is the electron-donor species, PS is the

photosensitizer and C represents the catalyst.

a species capable of participating in reactions with high-energy
requirements (Fig. 1a and b).

In addition to the photosensitizer and catalyst, to complete
the catalytic cycle, a species that acts as an electron donor or
acceptor is necessary, depending on the cycle considered,
enabling the excited photosensitizer to be reduced or oxidized.
Ideally, an optimal sacrificial agent would be the solvent itself,
but the Gibbs energy for this type of reaction is generally too
high,"® and thus other compounds dissolved in solution are
usually used, for example, sodium persulfate or pentaammi-
nechlorocobalt(mr)chloride for the oxidative side and BIH (1,3-
dimethyl-2-phenylbenzimidazoline) and BNAH (1-benzyl-1,4-
dihydronicotinamide) for the reduction processes."®

Multinuclear complexes are species in which two or more
metals are connected to each other through bridging ligands."”
If a metal complex catalyst is used, this species may be
considered a “supramolecular catalyst”. Supramolecular pho-
tocatalysis offers the benefit of fast electron transfer processes
between the components, given that diffusion and collision
components between subunits are not required, thereby
enhancing the overall performance of the photocatalytic
system.'®*** Consequently, this results in increased durability of
the photosensitizer subunits. In fact, the more rapidly
consumed excited and/or reduced state leads to the acceleration
of the photocatalytic reaction.*

Based on all these reasons, the aim of this review is to focus
attention on the advantage of connecting two or more catalytic
subunits to increase the photocatalytic performances of an
artificial photosynthetic supramolecular system. Thus, we
explore the development in the last decade of the water oxida-
tion part of the system (the actual bottleneck of the entire
process), and regarding the reducing part, we will investigate
only the processes for CO, reduction, given that the water
reduction to H, is widely discussed.*

2. Multinuclear species in water
oxidation reaction

The bottleneck of all photosynthetic processes is the half-
reaction of water oxidation to O, molecules. The overall water
splitting reaction is represented by eqn (1):

This journal is © The Royal Society of Chemistry 2024

H,O (1) = 30, (g) + Ha (9) (1)

which may be expressed through the following half-reaction
equations:

2H" + 2~ — H, E =0V vs. SHE 2)

2H,0 —» O, +4H" +4e” E =123V ys. SHE (3)

In the last few decades, numerous reports have been pub-
lished on the light-driven production of hydrogen from water,*
and nowadays efforts in this regard are focused on optimizing
the process rather than implementing it.

Alternatively, more efforts are required to achieve oxygen
evolution from water, given that it requires the formation of an
0-0 bond, and simultaneously the transfer of 4 electrons and
4H"; consequently, this leads to substantial energy barriers and
slow kinetics, making the overall process more challenging to
overcome them.>** The result is the potential needed to achieve
oxygen evolution being greatly affected by the high overpotential,
thus requiring a more positive potential than 1.23 Vvs. SHE. This
potential should be quite high to access using energy provided by
light. Therefore, significant effort has been devoted to the reali-
zation of catalysts that can facilitate this reaction.

The catalytic oxidation mechanism of water involves several
steps (Fig. 2), which can be grouped in three stages, as follows:
(i) the formation of a highly-reactive metal-oxo species; (ii) the
formation of O-O bonds; and (iii) O, evolution and catalyst
restoration. In the first stage, a single water molecule is bound
to the metal center of the catalytic subunit and successively
activated in the form of an M=O0 species. The second stage is
crucial, and generally may follow one of two possible paths, i.e.,
water nucleophilic attack (WNA) and interaction of two M=0O
units (I2M). In the WNA mechanism, a molecule of water acts as
the nucleophilic agent, targeting the electrophilic metal-oxo
sites, generating a hydroperoxide species. Instead, in the 12M
mechanism, the radical coupling of two metal-oxo sites occurs,
leading to their dimerization and generation of an M-O-O-M
species. In the case of both mechanisms, the latter step is the
oxidation of the intermediate and the evolution of O,.>¢2°

In the last few decades, research was centered on developing
water oxidation catalysts (WOCs) based on metal oxide

Sustainable Energy Fuels, 2024, 8, 1588-1606 | 1589
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Fig. 2 Schematic representation of the two mechanisms of catalytic
water oxidation.
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materials or molecular transition-metal (Ru, Fe, Mn, Co, Ir, etc.)
complexes to improve the selectivity, efficiency and stability of
the system.*

Although several examples of first-row transition-metal
WOCs have been reported recently, ruthenium complexes are
still the most studied systems due to their long-lived *MLCT
state, redox stability and high absorption in the UV-vis spec-
trum.** In 2009, Sun and group developed an interesting
complex, [Ru(bda)(pic),] (bda = 2,2'-bipyridine-6,6"-dicarbox-
ylate, pic = picoline)* (see Fig. 3), which showed outstanding
efficiency such as TON = 2000 and TOF = 41 s~ ', using cer-
ium(iv) ammonium nitrate (CAN) as the oxidizing agent at pH 1.

Since then, numerous new systems based on
[Ru(bda)(pic),] have been studied, trying to achieve better
efficiency. Looking to nature (the multimetallic Mn,CaOs
oxygen evolving center) and to the first reported catalysts, such
as the so-called “blu dimer”** and others,** an interesting
approach involving the assembly of multinuclear structures,

133

Fig. 3 Chemical structure of the [Ru(bda)(pic),] catalyst.
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which include multiple catalytic centers. The positive aspects
of type kind of design are the increased stability of the cata-
Iytic units, which are now bound together (thus the decom-
position of the ligand, one of the most common deactivation
pathways of catalysts, is more difficult). Others positive
aspects are the increased efficiency due to the electronic
communication between the components of the system and
the possibility to modulate the shape of this structure and the
way they interact each other and with other subunits in the
system. Moreover, a multinuclear catalyst sometimes can use
a different mechanism from the mononuclear one. This is the
case of [Ru(bda)(pic),], which when free in solution, oxidizes
water through an I2M mechanism, and in multinuclear
complexes, the mechanism reaction can shift to WNA. The
catalytic and photocatalytic performances (with the respective
experimental conditions) of all the catalyst metal complexes
for the oxygen evolution reported in this review are summa-
rized in Table 1. The comparison with the homologue mono-
meric species is reported in the main text.

2.1 Multinuclear catalysts based on Ru(bda) moieties

An interesting example of a system that connects two or more
catalytic subunits with a suitable bridging ligand can be found
in the report published by Sun in 2016. Briefly, Sun compared
the efficiencies of di- and trinuclear catalysts based on Ru(bda)
units linked by bis- or tris(pyridylethyl)benzene® (1 and 2 in
Fig. 4, respectively).

These systems have been tested for both the chemical and
photochemical water oxidation. In the first case, CAN was used
as the chemical oxidant agent in aqueous solution at pH 1 for
triflic acid. Good performances were recorded for both systems,
where dinuclear catalyst (1) exhibited a turnover number (TON)
of 22 206 and turnover frequency (TOF) of 34 s~* per Ru center,
while the trinuclear catalyst (2) exhibited a TON of 28 832 and
TOF of 42 s~ per Ru unit. Each catalytic unit of these multi-
nuclear complex catalysts shows better performances than the
mononuclear catalyst used as the reference (TON of 1460 and
TOF of 3.8 s™'). This can be explained by hypothesizing the
advantageous cooperation between two metal centers. To
collect more information about the catalytic mechanism,
kinetic studies have been carried out to monitor the CAN
consumption with UV-vis spectrometry. The results obtained by
these experiments confirmed a first-order reaction for each the
binuclear and trinuclear systems, even if it is not clear whether
the pathway is I2M between two metal centers linked together
or WNA type. These multinuclear systems have also been tested
for light-driven water oxidation using [Ru(bpy),(4,4’-EtOOC,-
bpy)](PFs), as the photosensitizer and Na,S,0; as the sacrificial
oxidant. The binuclear catalyst showed a TON of 369, while that
of the trinuclear catalyst was 535.

A new way to build multinuclear catalysts consists of
assembling many catalytic units in a polymeric arrangement,
which are more stable and often easier to produce than
mononuclear catalysts. In this frame, Wirthner designed,
synthesized and studied new oligomeric chains based on
Ru(bda), in which the metal centers are linked by 1,4-di(pyridin-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Chemical structures of dinuclear (1) and trinuclear (2) catalysts

4-yl)benzene substituted with oligoethylene glycol groups to
enhance the solubility of the oligomeric species (3 in Fig. 4).>¢

By tuning the synthetic conditions, researchers have been
able to build three different categories of species, which differ
by the length of their chain. It is difficult to precisely determine
the number of units in the chains because different character-
ization techniques presented contrasting results due to the
different methods used to collect the data. These species have
been tested for photocatalytic water oxidation using
[Ru(deeb),(bpy)]Cl, (deeb = diethyl 2,2'-bipyridine-
4,4'dicarboxylate, bpy = 2,2’-bipyridine) as the photosensitizer
and Na,S,05 as the sacrificial oxidant in an aqueous solution of
phosphate buffer (pH 7.2) and CH3CN as the co-solvent in
various ratio. It has been observed that the performances of all
three categories of compounds improved with a decrease in the
concentration of CH3;CN. Moreover, the efficiency of the oligo-
mers increased with chain length, resulting in a TOF of ~14 s *
and TON of >1000 for the larger categories of compounds in
pure water. Under the same conditions, the smallest
compounds showed a lower efficiency with the TOF of 9.5 s~*
and TON of 640. Kinetic investigations were conducted and the
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Fig. 5 Chemical structures of different macrocyclic catalysts.
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results indicated an I2M pathway due to the intra-assembly
aggregation of oligomeric fibers, especially with a low amount
of CH;CN or in pure water. These materials are very promising
due to their high stability and simplicity of their synthesis due
to the self-assembly mechanism.

2.1.1 Macrocyclic systems based on Ru(bda) moieties. In
recent years, another interesting approach that has been used to
improve the performances of [Ru(bda)(pic),] involves incorpo-
rating it in a supramolecular macrocycle. In 2016, Wiirthner
reported the preparation and study of [Ru(bda)bpb]; (bpb = 1,4-
bis(pyrid-3-yl)benzene),*” a trinuclear macrocycle (4 in Fig. 5).

This macrocycle was tested as catalyst for water oxidation
using CAN as the chemical oxidant in aqueous solution at pH 1.
The best performance was achieved using 59% of CH;CN,
which is necessary to allow good solubilization. Under these
conditions, the efficiency gave a TON of 7400 (~2500 per Ru
unit) and TOF of 155 s~ . These values were compared to that
one resulting from the same experiment using the mononuclear
[Ru(bda)(pic),] as a reference, which showed a TON of 970 and
TOF of 8.4 s, indicating that in the macrocyclic structure, the
Ru(bda) units have enhanced activity and increased stability

N~
OEG

OEG

This journal is © The Royal Society of Chemistry 2024
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due to the scaffold of the ring. Computational studies displayed
the presence of up to ten water molecules preorganized inside
the cavity, and this supramolecular effect probably contributes
to the improved efficiency of each catalytic unit. These
computational studies together with the kinetic studies showed
that the mechanistic pathway followed by this macrocycle is
WNA instead of 12M. This macrocycle was also tested for pho-
tocatalytic water oxidation jointly with [Ru(bpy)s;]*" as the
photosensitizer and Na,S,0; as the sacrificial oxidantina 1:1
acetonitrile/phosphate buffer (pH 7.2). This system appeared
to also be efficient when diluted, e.g. with a concentration of
the catalyst of 90 nM, showing a TON of ~1.255 and TOF of
~13.1s .

In 2017, Wiirthner modified this macrocycle substituting a -
CH,NMe, group and triethylene glycol in the meta position of
all pyridines (5 and 6 in Fig. 5)** to increase the solubility of the
macrocycle in water and avoid the use of large amounts of
CH;CN as the cosolvent, which is one of the principal ways for
the deactivation of the catalyst.

Chemical water oxidation with different CH;CN/H,O ratios
was tested using CAN as the oxidant. In the case of the macro-
cycle substituted with triethylene glycol, the CH;CN concen-
tration could be reduced to 30%, obtaining a TOF of 147 £ 95"
and TON of 5.2 x 10°. The macrocycle with a -CH,NMe, group
was investigated in water without cosolvent (pH 1 for triflic acid)
and a TON of 2.2 x 10 and TOF of 72 4+ 6 s~ ' were recorded.

In 2021, the photocatalytic performances for the water
oxidation of the latter macrocycle were investigated and
compared with [Ru(bda)bpb]; (4 in Fig. 5) using different
substituted [Ru(bpy);]** as the photosensitizers,* as shown in
Fig. 6.

In the same year, Wiirthner published a study on new mac-
rocycles similar to [Ru(bda)bpb]; but containing two and four
catalytic units each, [Ru(bda)bpb], and [Ru(bda)bpb], (8 and 9
in Fig. 5), respectively.”® Each linker between the catalytic units
of these supramolecular systems was differently substituted in
the ortho position with oligoethylene glycol groups to improve
the solubility of the system in water. In this paper, the authors
compared the catalytic activity of these systems for water

PS1: Ry=Hand Ry=H, X=CI
PS2: Ry = H and Ry= COOEt, X'= PFg
PS3: Ry = COOH and R,= COOH, X=CI

Fig. 6 Different substituted photosensitizers.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Sustainable Energy & Fuels

oxidation, focusing on the dependence of the efficiency on the
size of the ring. For the first time, the efficiency of these systems
toward chemical water oxidation was tested using CAN as the
sacrificial oxidant in a solution containing 50% of CH;CN at pH
1 for triflic acid. The kinetic studies proved first-order kinetics
according to the WNA mechanism. Macrocycles 7, 8 and 9 in
Fig. 5 (with two, three or four catalytic subunits) showed a TOF
of12s ", 26s ', and42s " (6s %, 8.7s ', and 10.5 s ' per Ru
unit), respectively. These results show that the performances
increased with the size of the ring but not only because there are
more catalytic units but also because each unit enhances the
efficiency. The three systems were tested for photocatalytic
water oxidation using [Ru(bpy);]** as the photosensitizer and
Na,S,0s as the sacrificial electron acceptor in a solution phos-
phate buffer/CH;CN 1: 1 at pH 7. The macrocycles with 2, 3 and
4 Ru(bda) units showed a TOF of 1.1 5", 10 s, and 23 s~* (0.6
s',3.3s ! and 5.8 s~! per Ru) and TON of 36, 400, and 500
respectively. All these systems showed a higher TON per Ru unit
than that of [Ru(bda)(pic),] (under the same experimental
conditions, the turnover number was 13), demonstrating the
increased stability of the catalyst when it is organized in
a supramolecular structure.

In the same year, Wiirthner tried a different approach for the
realization of a new type of supramolecular catalyst using two
calix* arenes, functionalized with oligoethylene glycol groups to
enhance the total solubility of the system, and two Ru(bda)
units using 2-phenilpyridine as linkers to realize a macrocycle
(10 in Fig. 5).*

Photocatalytic experiments were performed using [Ru(bpy)s]
Cl, as the photosensitizer and Na,S,Og as the sacrificial electron
acceptor in phosphate buffer with 40% of CH;CN at pH 7. These
tests were performed at different concentrations of the catalyst
in the range of 12-200 nM, and the TOF of 15.5 (7.5 per Ru unit)
and TON of 460 were reported.

2.2 Catalyst with helicate structure

A global process for the conversion and storage of energy should
involve abundant, easily available and economic materials to be

Fig. 7 Chemical structure of cobalt helicate [Cox(spy)2l(ClO4) 4.
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sustainable from all points of view. In this perspective, recently,
new catalysts have appeared in literature based on earth
abundant transition metals, which represent a valid alternative
for applications in future technologies, although they usually
show lower performances than catalysts made of ruthenium.

One of the most studied elements for water oxidation is
cobalt. It is now well established that CoO, constitutes a good
example of a water oxidation heterogeneous catalyst. Many Co
complexes have been developed to act as homogeneous cata-
lysts, but they usually act as just pre-catalysts because they are
not active themselves but decompose into CoO,. A very
intriguing exception is represented by [Co,(spy),](ClO,), (spy =
2,2:6/,2":6" 2":6" 2/""":6"" 2'""""-sexipyridine), a double-helical
dicobalt(u), as shown in Fig. 7.*

[Co,(spy).] is constituted by two Co(u) units linked together
by two spy ligands (each metal center is bound to a 2,2":6',2"-
terpyridine fragment). This structure leads to a distorted octa-
hedral geometry with an N-C-N angle of about 150°, unlike the
ideal 180° that allows the coordination of a water molecule. This
was tested as catalyst for water oxidation using [Ru(bpy)s](-
ClO,); as the oxidant at pH 8, obtaining a TON of 56 and TOF of
0.8 s~ . It has also been tested for light-driven water oxidation
using [Ru(bpy);](ClO,), as the photosensitizer and Na,S,0; as
the sacrificial agent, obtaining a TON of 150. These results are
promising if we consider that analogous Co complexes such as
[Co(tpy).]** showed no activity under similar conditions.
Further investigations were conducted to exclude that this
molecule acts as a precatalyst and the results showed that more
than 97% of oxygen was produced by the homogeneous catalyst
and not by CoO,.

2.3 Polyoxometalate (POM) catalysts

A new category of species that can be used as water oxidation
catalysts is represented by polyoxometalates (POMs), which are
completely inorganic species based on earth abundant
elements. These structures are composed of a transition metal
core linked to inorganic ligands. They show great solubility in
water due to their high negative charge and high thermal and
chemical stability due to the absence of organic moieties that
usually oxidize or degrade.

The first paper dealing with POMs in oxygen evolving catal-
ysis was reported in 2004** when Shannon et al.** observed
electrochemical oxygen generation at low potentials (E, =
0.756 V vs. NHE), from a 2 uM aqueous solution of Naj,[Ru,-
Zn,(H,0),-(ZnW403,),] in phosphate buffer at pH = 8.0 using
pulsed voltammetry. In 2008, simultaneously and indepen-
dently, two groups reported the preparation of a tetraruthenium
POM  {Ruy(u-OH),(1-0)4(H,0)4[ v-SiW10036}'°~ (Ru,POM) as
a high-efficient water oxidation catalyst.** The Ru,POM species
has also been extensively studied in light-driven water oxida-
tion, which is an interesting approach to enhance the photo-
catalytic performances of POMs by coupling this type of catalyst
with efficient photosensitizers. One of the most fascinating
examples in this field is the assembled system containing the
Ru(n) tetranuclear dendrimeric photosensitizer [Ru{(u-dpp)
Ru(bpy),}s](PFe)s (dpp = 2,3-bis(2’-pyridyl)pyrazine)** and
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a POM.*® This system was tested for light-driven water oxidation
in phosphate buffer with Na,S,0g and Na,SO, as sacrificial
oxidants. Very good performances were registered with
a photoreaction quantum yield of 0.3 (excitation wavelength 550
nm), which means that 60% of the photons absorbed was used
for oxygen production. This interesting value was achieved due
to the fast hole scavenging, which prevented the decomposition
of the antenna system. In 2019, an ‘artificial quantasome’ was
reported, which was specifically designed by the template
association of light-harvesting perylene bisimides with the
polyoxometalate WOC, Ru,POM.* The resulting [PBI|sRu,POM
complex, taking advantage of the electrostatic interactions and
hydrophobic properties of the molecular building blocks,
showed interesting oxygen evolution in the presence of the
persulfate anion as a sacrificial agent.

An important example of a POM for water oxidation is
[Co4(H0),(PWo034),]"°", which was reported in 2014 by Hill
and group.*® Hill tested its catalytic activity for the water
oxidation reaction using [Ru(bpy);]’" as the oxidant. This
system achieved a yield (4 [0,]/[Ru(bpy)s]*") of about 70% =+
5% and an outstanding TOF in the range of 1600-2200 s~ *. A
system for photocatalytic water oxidation was assembled using
[Co4(H,0),(PWs034),]'° to act as the catalyst, [Ru(bpy);]** as
the photosensitizer and Na,S,0g as the sacrificial electron
acceptor. Many investigations were conducted to study the
stability of this complex. This POM was also unchanged after
photocatalytic water oxidation, confirming its excellent
features.

Another interesting paper reported a study about the catalytic
efficiency of POMs with a huger number of atoms,* where
[Coo(H,0)6(OH)3(PW034)5]"° 7, [Co6(H,0)30{C0oCl,(OH);-
(H0)0(SiW3031)s}~ (ref. 52) and [{Co,(OH);PO,}4(PWoO34)4]*%~
(ref. 53) were tested for the water oxidation reaction using
Na,S,05 as the sacrificial electron acceptor and [Ru(bpy);]*" as
the photosensitizer in phosphate buffer at pH 8. These
complexes, due to their polyanionic nature, could interact with
[Ru(bpy)s]*", associating in ion pairs that enhance the efficiency
of the system.

The mechanistic studies showed that the three systems
investigated do not act in the same way. The cluster with 9 Co
units can be considered to be composed of three {Coz(m-
OH);(H,0)s} triads linked together by two HPO,>~ bridges and
six external water molecules. The POM with 16 Co units is made
up of four {Co,(m-OH);} distorted cubanes connected through
the phosphate linkers. In these two catalysts, a mono-electron
transfer occurs from the cobalt core. The POM with 15 Co
units had a different structure, in which three {Cos(u-
OH)(H,0);} triads are bound with six Co"(H,0); groups posi-
tioned on the surface of the POM. In this catalyst, overall
oxidation from Co(u) to Co(iv) was shown. Moreover, this
configuration facilitated the proton-coupled electron transfer of
the water molecules in the core and the external units. These
considerations can explain the better performance of the latter
complex than other ones analyzed and the great values of TON
and TOF reported. Recently, molybdenum-based poly-
oxometalates containing mono and dicobalt(m) catalyst cores,
[CoMo060,4He]* ™ and [Co,Mo4,033H,]®", were also investigated

This journal is © The Royal Society of Chemistry 2024
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as photocatalysts in the presence of Na,S,05 as the sacrificial
electron acceptor and [Ru(bpy)s;]>" as the photosensitizer in
borate buffer solution at pH 8. In this case, the presence of two
cobalt centers did not increase the photocatalytic perfor-
mances.* Indeed, in the case of [CoMo0¢0,4H¢]*", there is a 0-O
coupling among the oxygen atoms in the structure, leading to
an increase in its photocatalytic performances.*

Other earth abundant-based POMs have been studied, and
among them, those containing manganese are of particular
interest. In 2017, Zheng reported a study on photocatalytic
water oxidation using [Mn;(H,0);(SbWs033)1,]">” as the cata-
lyst at different concentrations.* This species, formed by two
identical Nag[SbW,03;3] Keggin portions, was firstly reported by
Krebs.”” Tests were conducted using [Ru(bpy)’]**, Na,S,05 as
the sacrificial oxidant and sodium borate buffet (pH 9). The best
performance was recorded with a catalyst concentration of
10 mM (O, yield of 13.2% corresponding to a TON of 103).
Exceeding this amount of catalyst led to a decrease in the effi-
ciency of the system due to the formation and subsequent
precipitation of the couple Dye-POM. After the photocatalytic
experiments, the catalyst was reused to run other experiments
and it was observed that the O, yield decreased from 13.2% to
8.0%. The robustness of this catalyst towards hydrolysis and
oxidation was tested in different ways and the results of these
measurements confirmed the high stability of this POM.

Another earth abundant metal that can form poly-
oxometallates able to catalyze light-driven water oxidation is
vanadium. The first attempt reported in the literature®® is
related to the [(V'VsV¥1)0,(OCH;);,]” species.™

The peculiarity of this cluster is that the polyoxometalate
framework is the active catalytic center itself, while the poly-
oxometalate is usually a scaffold used to stabilize the metal,
acting like the actual catalyst. This species was tested as a light-
driven water oxidation catalyst in a system with [Ru(bpy)*]*" as
the photosensitizer and Na,S,05 as the sacrificial oxidant in
phosphate buffer at pH 7. Under these conditions, the system
reached a photochemical quantum yield for O, production of
0.2 (this is a very high value considering that the theoretical
yield is 0.5 because the absorption of two photons is needed to
obtain one O, molecule). The rate constant of the hole-
scavenging reaction (the electron transfer between the cata-
lyst and the oxidized photosensitizer) was also determined and
the calculated value is 2.5 x 10® M~ ' s™'. Furthermore, elec-
trochemical water oxidation experiments clarified that

[(V'V5vY)0,(OCH;)1,]” is not convert into vanadium oxides
- OH
y \\ HQ
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Fig. 8 Chemical structures of cubane catalysts.
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during the reaction, and thus it is an homogeneous catalyst
itself.

2.4 Cubane-like catalysts

An interesting research line focuses on the development of
water oxidation catalysts mimicking the oxygen evolving center
(Mn,CaOs) of Photosystem II, which contains an Mnz;CaO,
cubane structure.®® Many attempts have been made to repro-
duce the design and the performances of this species using
earth abundant metal.

One of the most notable, which appeared recently in the
literature, is [Cug(dpk-OH)g(OAc),](ClO,4), (dpk-OH = the mon-
oanion of the hydrated, gem-diol form of di-2-pyridyl ketone).**

This structure, 12 in Fig. 8, is formed by two [Cu(u),0,4] units
linked by two acetate groups. It was used as a catalyst for water
oxidation using [Ru(bpy);](ClO,) as the photosensitizer and
Na,S,05 as the sacrificial electron acceptor in a borate buffer
solution at pH 9. The reported results showed an oxygen yield of
38%, TON of 178 and TOF of 3.6 s . Cyclic voltammetry, UV-vis
absorption spectrometry, capillary electrophoretic analysis and
other techniques were used to exclude the possibility that the
cubane catalyst was not the active species but it decomposed
into CuO,. The results of these investigations confirmed that
[Cug(dpk-OH)s(0OAc),](Cl0O,), acts as a homogeneous molecular
catalyst itself.

A cubane catalyst for water oxidation can also be coupled
with photosensitizers to build a more complex and efficient
supramolecular species. One important example in this field
was designed and studied by Sun and coworkers in 2014.%> They
assembled Co,04(OAc)y(py)s with [Ru(bpy), (4-methyl-4'-
carboxy-bpy)] (see 13 in Fig. 8) to enhance the electron transfer
between the two components of the system. This species was
tested as a catalyst for water oxidation in a system composed of
NaHCO; buffer at pH 7.0 containing and persulfate as the
sacrificial oxidant. The reported TOF was 0.4 min~ ', which is
much greater that showed by an analogous system in which the
cubane unit is not linked to the photosensitizer. The better
result of the former is due to the greater stability of the
photosensitizer, easily transferring electrons intramolecularly
to the cubane, thus avoiding one of the principal degradation
pathways. Another system studied was a macrocycle constituted
by two cubane units alternating with two photosensitizers (14 in
Fig. 8). This structure displayed a better performance than the
linear structure with a TOF of 1.4 min~" and five times greater
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O, production. This data can be explained by the additional
stability given by the macrocyclic configuration.

A hypothesis sustained by some researchers involves
considering that cubane catalysts are not molecular catalysts
themselves but are just a precatalyst that turns into oxides,
which act as heterogenous catalysts. Scientists have been
debating for a long time about the real catalytic species and
a study conducted in 2015 finally answered this question, clar-
ifying that the catalytic activity is conducted by a molecular
species.® In this paper, researchers conducted many experi-
ments on [Co404(OAc)4(py)a] (OAC = acetate, py = pyridine),***
which they used as an example for all the family of Co-cubanes.
In this structure, the alle metal centers are Co(m), cat in Fig. 8.

The test reported the enhanced efficiency of this catalyst with
an increase in aging time, which may due to the formation of
a more active species. A hypothetic pathway is the hydrolysis of
the compound and the consequent release of the Co aqua ions,
but *'P-NMR denied this explanation. Kinetic investigations
reported a more efficient electron transfer from this new species
to [Ru(bpy),]** (hole scavenging), which is about 40 times faster
than the same process from [Co,04(OAc)4(py)s] to [Ru(bpy)s]*™.
The great velocity of regeneration of the photosensitizer led to
the greater stability of the latter and increased catalytic perfor-
mance of the system. The photocatalytic system under illumi-
nation was also studied using continuous-wave EPR. This
analysis showed the formation of Co(v) in the metallic core due
to the photogenerated [Ru(bpy);]**. After 20 min of irradiation,
the formation of a Co(u), concomitant with a decrease in the
Co(wv) signal, was registered. This new species could be the
resting state of the active species originating from the cubane.

3. CO, reduction

The mass consumption of “fossil fuels” has led to an increasing
amount of atmospheric CO,, causing serious environmental
problems, e.g. global warming®® and the greenhouse effect.**
These problems have affected our planet for over a century. In
this case, reducing CO, to obtain energy-rich chemicals, such as
CO and HCOOH, can be a solution to shortage of carbon
resources environmental problems.* Although CO, may be
reduced through a one-electron process (eqn (4)), this reaction
requires a very low potential (—1.9 V vs. SHE) to be realized,
becoming effectively of no interest for the intended purpose.

CO,+e —COy~ E°=-19Vys. SHE(atpH7) (4)

CO, +2H* +2¢~ — CO+ H,0 E = —0.52 V ys. SHE
(at pH7) (5)

2C0, +2¢~ — CO + (CO3)*>~ E = —0.64 V vs. SHE
(at pH 7) (6)

CO, +2H" +2¢~ — HCOOH E = —0.61 V vs. SHE
(atpH7) (7)

Conversely, the CO, reduction reactions that involve two-
electron transfer processes (eqn (5)-(7))° can be effectively
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employed at significantly more positive potentials with respect to
eqn (4), and also the two-electron product of CO, reduction are
mainly carbon monoxide (CO) and formic acid (HCOOH). CO can
be easily converted into liquid hydrocarbon by the Fischer-
Tropsch synthesis;”* however, formic acid has been investigated
as a potential H, storage material in recent years, given that it is
liquid at room temperature and can be easily converted to CO,
and H, with suitable catalysts under moderate conditions’ or
used directly as fuels in direct formic acid fuel cells (DFAFCs).”

The catalytic cycle to reduce CO, may follow two different
paths, depending on whether the excited photosensitizer
undergoes a reductive quenching process or an oxidative
quenching process. The starting step of each pathway is the
absorption of a photon by the PS subunit with the formation of
the excited state of the photosensitizer. In the reductive mecha-
nism, a sacrificial electron donor reduces the excited photosen-
sitizer, and subsequently the reduced photosensitizer transfers
the electron to the catalyst to collect negative charges (Fig. 1b). In
the oxidative mechanism, excitation of the photosensitizer is fol-
lowed by a charge separation process, leading to the formation of
the oxidized form of photosensitizer and the reduced form of the
catalyst; eventually, the photosensitizer is restored by an electron
transfer process that involves a sacrificial electron donor (Fig. 1b).

The first studies on photocatalytic CO, reduction were con-
ducted by Lehn and co-workers in the early 1980s. They
employed fac-Re(bpy)(CO);Cl complexes as photocatalysts™”.
This type of compound has been proven to be selective and
efficient for CO, reduction but showed some drawbacks such as
limited absorption in the UV region, low abundance of
rhenium, low turnover number and necessary presence of an
electron donor.” Thus, to maximize the efficiency of photo-
catalysis, it is crucial to introduce a sensitizer to the previously
known catalysts. To use visible light as best as possible, in
recent years the aim of research has been the introduction of
a link (a bridging ligand) between the photosensitizer and the
catalyst. Regarding this goal, the photocatalytic reduction of
CO, is performed using multinuclear metal complexes
combined with redox photosensitizers (PS), which can mediate
photoinduced electron transfer from a reductant (D) to a cata-
lyst, and the catalyst (C) itself, the so-called supramolecular
photocatalyst, has been extensively investigated.”””®

In supramolecular photocatalysts, faster electron transfer
occurs between the PS and C subunits, which leads to an
improvement in the performances of these systems with respect
to the separated species in solution due to the increase in the
photocatalysis speed and higher durability of the photosensi-
tizer subunit, given that the unstable intermediate state is
consumed faster than in separated mixed systems. The photo-
catalytic performances with their experimental conditions of all
the catalyst metal complexes suitable for CO, reduction re-
ported in this review are summarized in Table 2.

3.1 Integrated systems: multinuclear species with different
functionalities

One of the advantages of multinuclear complexes is the possi-
bility to link various units with different functions within the

This journal is © The Royal Society of Chemistry 2024
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Table 2 Photocatalytic performances of the reported catalysts for CO, reduction

Catalyst TON

TOF Experimental conditions

17 671

21 315

22 286

31-34 —

35 60

Co(1) cryptate 16 896

Co(u)-Zn(u) cryptate 65 000

Cu(1)-Co(u) cryptate 2305

36 829

37 766

38 255
Ni(i) S,N,-type complex 120
[Cos(btz)s(NO3)4(H,0),] 2748

[CoZn(bpbp)(CH;COO0),](CH;CO0) 6680

[Fe,Naj;(1,2-ox0-4-hydroxyanthracene-9,10-dione)s|(TBA); 2625

39 14956

system with topological control, usually resulting in better
overall stability and predetermined photosensitizer/catalyst
ratios (due solely to the synthetically-determined structure of
the system).

Ishitani and co-workers™ synthesized and studied several
Ru(u) multinuclear complexes (Fig. 9), where based on the
ligands, the Ru(u) centers may act as catalytic subunits (through
fragments of the type of [Ru(dmb),(CO),]**) or as photosensi-
tizer subunits ([Ru(dmb);]*"). They synthetized and investigated
four different integrated systems by varying the number of
photosensitizers or catalyst moieties, including species 15 (one

This journal is © The Royal Society of Chemistry 2024

11.6 min~* HCOOH formation
BNAH as sacrificial agent
DMF/TEA (4:1, v/v)
— CO formation
BNAH as sacrificial agent
DMF solution
— CO formation
BNAH as sacrificial agent
DMA/TEOA(5 : 1, v/v)
CO formation
TEOA as sacrificial agent
CH;CN as solvent
CO formation
TEOA as sacrificial agent
CH;CN as solvent
CO formation
TEOA as sacrificial agent
CH,CN/H,0 (4:1, v/v)
PS: [Ru(phen);](PF),
CO formation
TEOA as sacrificial agent
CH;CN/H,O (4:1, v/v)
PS: [Ru(phen);](PF),
— CO formation
TEOA as sacrificial agent
CH;CN/H,O (4:1, v/v)
PS: [Ru(phen);](PF),
— CO formation
Phenol as sacrificial agent
CH;CN as solvent
— HCOOH and CO formation (60 and 28% selectivity)
CH;CN as solvent
PS: [Ru(phen);](PF),
See ref. 96
See ref. 98
CH;CN as solvent
TEOA as sacrificial agent
PS: [Ru(bpy);]Cl,
CO formation
CH;CN/H,0 (4:1, v/v)
TEOA as sacrificial agent
PS: [Ru(phen);](PFs),
— CO formation (91% selectivity)
BIH as sacrificial agent
DMF as solvent
CO formation
TEA as sacrificial agent
PS: CzIPN

12-29 h™*

21h™?

0.47 871

0.87 min*

019"

276 min '

catalyst and one sensitizer moiety), species 16 (one sensitizer
and two catalyst subunits), species 17 (one catalyst and two
photosensitizer moieties) and species 18 (one photosensitizer
and three catalyst subunits). Studying the CO, photocatalytic
reduction, it was observed that the outcome product of the
catalytic cycle is strongly dependent on the ratio between the
catalyst and the photosensitizer units, resulting in the favorable
formation of HCOOH with a high Ru(photosensitizer)/
Ru(catalyst) ratio, and vice versa, obtaining CO as the major
product with a low Ru(photosensitizer)/Ru(catalyst) ratio. The
experiments were performed in a mixture of DMF/TEOA (v/v =
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15 16

17 18

Fig. 9 Different integrated systems with the Ru(i)-based photosensitizer and Ru(i)-based catalysts. Charge is omitted for clarity.

4:1), with BNAH as the sacrificial reductant, under irradiation
at 480 nm. The authors highlighted the important role of TEOA
in the catalytic cycle, which was also supported by previous
works.* Specifically, TEOA does not serve as an electron donor,
but it acts as proton-acceptor for the one-electron oxidation
process involving BNAH, simultaneously suppressing the back-
electron transfer process between the reduced photosensitizer
and the oxidized BNAH. In addition, it results in the more
favorable reduction of CO, to HCOOH. It was reported that the
most efficient photocatalytic system was the complex formed by
a single Ru(catalyst) subunit bound to two Ru(photosensitizer)
subunits, promoting the formation of HCOOH with a TON of
671 and TOF of 11.6 min~ .

Rieger and co-workers®" reported a trinuclear complex con-
sisting of a photosensitizer subunit, [Ru(dmb);]**, bound to two
catalyst subunits, [Re(dmb)(CO);Cl] (21 in Fig. 10). It was studied
in comparison with model systems incorporating one Ru(u)
center and two Re(i) centers with different bridging modes (19
and 20 in Fig. 10). The performance of these trinuclear mixtures
was assessed in the photocatalytic reduction of CO, to examine
the influence of covalent bounds connecting each of the indi-
vidual complexes. The catalytic performances were tested in
a DMF solution, with BNAH as the sacrificial electron donor,
assisted by TEOA, under 520 nm irradiation, obtaining a TON of
315 for CO. The authors found that the photocatalytic perfor-
mance of the trinuclear complex is enhanced in comparison with

23

Fig. 10
omitted for clarity.
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Integrated systems with different ratios and bridging ligands with the Ru(i)-based photosensitizer and Re()-based catalysts. Charges are
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the model systems, facilitating a faster CO, reduction due to
a dinuclear reduction mechanism. Moreover, the covalent
bounds between the subunits enable intramolecular electron
transfer processes, which lead to a shortened lifetime of the one-
electron reduced photosensitizer, making the complex less
susceptible to deactivation caused by photobleaching resulting
from the excitation of the reduced photosensitizer. Besides, the
covalent linkage of the system enabled the Re(i) subunits to act as
light antennae, improving the system in its entirety.

Ishitani and co-workers® designed and synthesized a trinu-
clear complex consisting of an Ru(u)-based photosensitizer
subunit linked to two Re(i) catalyst subunits through ethylene
chains (22 in Fig. 10) and compared its photocatalytic behavior
with related mono- and dinuclear Ru- and Re-based complexes,
in solution with defined molar ratios. CO, photoreduction tests
were conducted in a DMA/TEOA solution (v/v =5 : 1) with BNAH
as the sacrificial reductant and an irradiation wavelength of
>500 nm. In comparison with the model systems, the trinuclear
complex showed enhanced behavior and the decomposition
rate of the Ru unit in the 21 system during the photocatalytic
reaction occurred at a slower pace, with a TON of 286 and CO
formation selectivity of 90%. The better stability, and thus the
higher selectivity for CO evolution, was correlated to the
suppression of the photochemical ligand substitution, which
appears to occur only to the detriment of mononuclear Ru-
units, while leaving the ruthenium subunits of the trinuclear
and dinuclear complexes intact. This was also associated with
the lower localization of the photochemically added electron in
the ruthenium subunit caused by the electron transfer process
to the two rhenium subunits.

Other developments by the same research group consisted of
increasing the distance between the photosensitizer and the
catalyst subunits by using different bridging ligands compared
to the simplest alkyl chain reported to date in the literature.*® In
particular, they used a tris-chelating polypyridine ligand
composed of a phenylene ring connected at the 1, 3, 5 positions
to the 2,2"-bypiridine moieties by an ethylene chain. This
bridging ligand is suitable for the synthesis of trinuclear
complexes with different ratios between the photosensitizer
(based on Ru(dmb);-type chromophore) and catalyst (based on
Re(dmb)(CO);-type) subunits (23 and 24 in Fig. 10), respectively.

H.i2
H/ \T Trﬁl:lﬁl?
OIr(:A/IrQ o \H/ S
26 27 28 29: X=CI
30: X=1

Fig. 11
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All these systems showed a negligible electronic interaction
between the subunits in the ground state, and thus the metal
subunits also presented their own photophysical and redox
properties in the supramolecular assemblies. These systems
were tested in DMA/TEOA solution (v/v = 5:1) with BNAH and
BIH as the sacrificial electron donor and an LED (530 nm, 4
mW) as the light source. The results showed that the assemblies
presented quite efficient visible light-induced catalytic CO
formation with high a turnover number, selectivity and dura-
bility when BIH was employed as the sacrificial agent. The
better performance obtained by the use of BIH can be ratio-
nalized because BIH donates both electrons to the photo-
catalytic systems required for CO, reduction.*®

The results also showed the better performances in terms of
selectivity and turnover number of the system with 2 catalytic
and 1 photosensitizer subunits compared with the system with
only 1 catalyst and 2 photosensitizers.

Further investigations®** were performed on these systems,
where on the catalytic subunits contained the CO,TEOA adduct
(known to be an effective catalytic subunit) instead of chloride,
which showed an increase in the turnover number and selec-
tivity. This result could be rationalized considering the different
distributions of the one-electron reduced form of the supra-
molecular photocatalysts on the Ru-subunit(s) (leading to
decreased CO formation due to a poisoning ligand loss process)
and on the Re-subunit(s) and to the presence of chloride ions in
solution (inevitable for the species with a chloride ligand),
which could interfere with the formation of the CO,TEOA
adduct, a requisite for CO-forming catalysis. These results also
confirmed the better performance of the 2:1 -catalyst-
photosensitizer assembly analogously to that observed for the
precursor species with the chloride ligand.

Inagaki and co-workers®® achieved the photoinduced hydro-
genation of CO, using a trinuclear iridium hexahydride complex
(26 in Fig. 11) as a photo-switchable catalyst. Each Ir center is
also complexed by a diphosphine ligand, which acts as
a photosensitizer. For comparison, two other analogue
complexes were also studied (27 and 29 in Fig. 11). Their pho-
tocatalysis performances were evaluated in MeOH, under LED
irradiation at 395 nm, in an atmosphere of CO,/H, (1:1 ratio)
and a total pressure of 10 atm. Tests were also performed under

31:

n=1, | 35
32:n=1,
33: n=4,
34: n=7

Iridium-based photocatalytic systems. Charge and counter anions are omitted.
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dark and light conditions to evaluate the switchability of the
complexes. Among the several bases used to achieve HCOOH
formation, DBU, thanks to its high basicity, exhibited the
highest activity. Overall, the trinuclear complex showed the best
catalytic performance, which was enhanced by light irradiation.
The authors reported that irradiation facilitated the H, activa-
tion process, which is considered one of the rate-determining
steps in the involved reactions and confirmed under a D,
atmosphere by evaluating the H-D exchange reaction. It was
explained that the possible effect of light could be the dissoci-
ation of the coordinated hydrides, thus leaving unsaturated
coordination sites for complexation by CO,. In fact, the CO,
insertion process was also found to be enhanced by light
irradiation.

A different type of integrated systems is shown below, which
was structured not as connected subunits, with some acting as
a catalyst and others as a photosensitizer, but as multinuclear
complexes, where each unit can act not only as a catalyst but
also as a photosensitizer.

Herdtweck and co-workers,*® based on the work of Ishitani
et al.,”” designed several dinuclear Ir(m) complexes, whose
metallic centers are connected through bis(2-phenylpyridin-4-
yl) bridging ligands (from 31 to 34 in Fig. 11). The four dinu-
clear complexes differ from each other based on the coordi-
nated halides and/or the length of the bridging ligand. Catalytic
activity for CO formation was investigated under a 450 nm light
source, in CH3;CN, with TEOA as sacrificial reductant. No
photosensitizer was used because the iridium complexes
themselves can act as one. In comparison with analogous Ir(i)
mononuclear complexes reported in the same work and shown
in Fig. 11 (29 and 30 respectively), the stability of the dinuclear
systems appeared to be highly improved, and among the four
complexes, TON values in the range of 80-135 were achieved,
calculated per molecule of catalyst, and TOF in the range of 12—
29 h™". The difference of catalytic capabilities was attributed to
the length of the bridging ligand, which only enabled a weak
interaction between the Ir(m) centers for the shortest alkyl
chains and no interaction for the longest ones, and to steric
hindrance. Besides, differently from the previous work by Ishi-
tani, where the catalyst deactivation was attributed to dimer-
ization processes,” the authors considered these processes or
their minor relevance and believed that the deactivation may be
ascribed to the oxidation products of TEOA.

Rieger and co-workers,* continuing the work of Herdtweck
et al.,’ synthesized a trinuclear Ir(i) complex, whose properties
and photocatalytic behavior were compared with mono- and
dinuclear analogue complexes (35 and 31 in Fig. 11), respec-
tively. The authors reported the selective reduction of CO, to CO
with no other reduction products formed. Photocatalysis tests
were performed in CH;CN, with TEOA as the sacrificial electron
donor, by irradiating at 450 nm, and similar to the previous
work,*® no photosensitizer was added. Among the three
complexes, the highest TON value (60, calculated per Ir(ur)
center) was obtained for the trinuclear complex, with a TOF of
21 h™'. Because both the TOF and quenching constant are sit-
uated between the respective values of mono- and dinuclear
complexes, it is assumed that there is a strong correlation
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between the photocatalytic performance and the effect of
intramolecular quenching.

3.2 Cryptands

Metal cryptate complexes have received some attention in the
field of photocatalysis given that their space orientation allows
synergistic catalysis between the coordinated metal centers,
leading to a more efficient CO, reduction with respect to
mononuclear systems in terms of efficiency, yield and
selectivity.

Lu and co-workers® realized a dinuclear Co(u) cryptate to
achieve the photocatalytic reduction of CO, to CO, investigating
the kinetic properties to evaluate the synergistic effect between
the two cobalt metal centers. It was found that only one of the
two Co(u) ions acts as the actual active site for the catalytic
process; the second Co(u) ion reduces the energy barrier for CO,
reduction, with respect to an analogous mononuclear
compound, by facilitating the removal of the hydroxyl group in
the C-OH fragment that is formed within the catalytic process.
These results were supported by the experimental analysis and
DFT calculations. In a mixture of CH3;CN/H,O (v/v = 4:1) and
under 450 nm LED light irradiation, the authors reported a TON
of 16 896 and a TOF of 0.47 s~ ', with a CO selectivity of 98%.
[Ru(phen);](PFe), was used as the photosensitizer and TEOA as
the sacrificial reductant.

Lu and co-workers® continued their work studying a dinu-
clear heterometallic cryptate based on a Co(u) ion and a Zn(u)
ion. This complex is equivalent to the homonuclear one studied
previously.®® In reference to their precious work, the authors
reported an increase in the photocatalytic performances, oper-
ating under the same conditions.?*® This catalyst achieved CO,
reduction with a TON of 65 000, TOF of 1.8 s~ " and selectivity of
98%. The increased efficiency of the process was attributed to
the stronger binding affinity of the Zn(n) ion to the hydroxyl
group compared to the Co(u) ion, thus enhancing the whole
process. Referring to the mechanism, the Co(u) center was re-
ported to act as the actual catalyst site, whereas the Zn(u) center
is the assistant catalyst site.

Martinho and co-workers®* realized three dinuclear Co(u)
octaazacryptate catalysts, which have well-known photophysical
behavior, and studied the influence of the electron-withdrawing
and -donor effect of the functionalized in the aromatic rings.
They reported that the photocatalytic reduction of CO,, under
blue visible light (492-455 nm), was only successful using
[Ru(phen);](PFs), as the photosensitizer and TEOA as the
sacrificial electron-donor, using a solution of CH;CN/H,O (v/v =
4:1) as the solvent. This behavior was attributed to the stronger
oxidizing power of the photosensitizer/sacrificial agent pair
compared to the other ones tested. Beyond that, it was reported
that at a low catalyst concentration, solely CO was produced but
increasing the catalyst concentration or the light-exposure time
(30 h), a mixture of CO and CH, was evolved. A TON of 27 311,
TOF of 0.25 s~* and CO selectivity of 92% were achieved.

Su and co-workers®* studied a cryptate trinuclear Re(i) cata-
lyst. A higher catalytic performance compared to the analogous
mononuclear Re-bpy complex was recorded, which was

This journal is © The Royal Society of Chemistry 2024
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attributed to (i) the easier adsorption of CO, and, consequently,
the easier contact between catalytic sites and substrate due to
the structure of the cryptands themselves and (ii) to the
bridging ligands, which are capable of achieving a faster elec-
tron transfer process (point supported by cyclic voltammetry
studies). Photocatalysis tests were conducted in a DMSO/H,0
solution by using Ir(ppy)s; as the photosensitizer and BIH as the
sacrificial electron donor, with an LED light source at a wave-
length of >420 nm.

Apfel and co-workers® synthesized an asymmetric ([(CH,),-
SCH,(m-C¢H,)CH,NH(CH,),]5N) dinuclear cryptand based on
Cu(1) and Co(u) centers based on the work of Lu et al.* and taking
inspiration from CO,-converting enzymes to opt for a sulphur-rich
coordination site. Photocatalytic experiments were performed in
CH;CN/H,0 (v/v = 4:1) with [Ru(phen);](PFs), as the photosen-
sitizer and TEOA as the sacrificial electron donor, under an LED
light (450 nm). Photoinduced reduction tests resulted in a TON of
2305 and CO selectivity of 98%. The authors emphasized the
importance of the synergistic effect arising from the presence of
the two metal centers, which was proven by comparison with
analogue mononuclear complexes and computational studies.
The importance of the metal-metal distance was also specified: in
fact, increasing this distance led to a lower synergistic effect,
resulting in a process catalyzed only by the Co(u) center.

3.3 Multinuclear catalysts using a xanthene bridge

Similarly to metal cryptates, dinuclear complexes based on
a molecular structure have been reported, enabling synergistic
catalysis, namely, two chelating moieties connected by
a xanthene bridge.

Robert and co-workers® reported a dinuclear Co(u) bisqua-
terpyridine complex (36 in Fig. 12) capable of the visible light-
induced selective formation of formate ion or CO. The solvent
used for the photocatalysis tests was CH3;CN. Although the
authors reported that DMF is a better solvent to be used for
formate production, they also cited studies where it was
affirmed that traces of water or amine may cause hydrolysis
products that can poison the catalytic cycle,” and thus they
preferred CH3;CN. Besides, several combinations of photosen-
sitizers and sacrificial reductants were involved under 460 nm
LED irradiation. It was found that adding phenol, a weak acid,
to the solution it was possible to obtain CO formation selec-
tively; according to the authors, this dual activity is caused by
the synergy of the two Co centers, which are capable of
controlling the two-electron/two-proton CO, reduction. In the

View Article Online

Sustainable Energy & Fuels

absence of weak acid, formate with a selectivity of 97% and
a TON of 821 were obtained; conversely, in the presence of weak
acid, CO was highly produced with a selectivity of 99% and TON
of 829. Mechanistic studies were also conducted by DFT calcu-
lations to propose the catalytic cycle scheme.

Robert and co-workers®® continued their previously reported
study® using an analogue dinuclear Cu(u) bisquaterpyridine
complex (37 in Fig. 12) in CH3CN under irradiation at 420 nm. In
this study, a fundamental synergy was also found between the
two metallic centers, which in the presence of water as a proton
donor, generates a bridging metal-hydride intermediate (M-H-
M), thus achieving photoinduced CO, reduction to formate ion.
CO is also produced, derived from CO, forming an adduct with
the reduced catalyst, which was restored following the reduction
of CO, to CO. However, the amount of water did not seem to
affect the selectivity of the catalyst, according to the authors,
implying that the initial charge transfer steps to the catalysts
limit the overall rate. A TON value of 766 was reported, with
a selectivity of 60% for formate and 28% for CO, using
Ru(phen);>" as a photosensitizer. The authors also reported
a comparative study with an analogous mononuclear Cu complex
(Fig. 10b), indicating that by using thus complex as a CO, cata-
lyst, only CO is formed, and thus the authors hypothesized the
presence of the above-mentioned bridging hydride.

Tschierlei and co-workers®” studied a dinuclear Re(i) complex
based on Re(bpy)(CO);Cl units bound to each other through
axanthene bridge (38 in Fig. 12). The authors previously reported
a study focused on the related mononuclear complex
(Re(bpy)(CO)3Cl),*® and found that a dimer of the mononuclear
Re(1) complex is a crucial intermediate for CO, reduction to CO,
and the studies were continued, investigating the aforemen-
tioned dinuclear Re(1) complex. Environmentally friendly
photosensitizers were used, specifically [Cu(xant)(bcp)](PFs) and
[Ir(dFppy)s]. Besides, photocatalysis tests were performed using
several sacrificial electron donors (TEA, TEOA and BIH) in
various combinations. It was reported that the dinuclear complex
exhibited better CO, activation in comparison with the mono-
nuclear complex, with a higher TON of up to 45 times (255).

3.4 Catalysts based on earth abundant metals

Great efforts have also been devoted in the last decade to
synthesizing complexes based on low-cost earth-abundant
metals, e.g. Ni, Mg, Fe, Na, Zn and Co, to go beyond the use
of noble metals, which are more expensive due to their low
abundance and difficult extraction.

36

Fig. 12 Structures of different systems using the xanthene bridge.

37
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Kojima and co-workers® synthesized an Ni(u) complex
bearing an S,N,-type tetradentate ligand and two pyridine
pendants, which may act as coordination sites for Lewis acids. In
this instance, the two pyridine fragments coordinate with an
Mg>" ion, which enhanced the production of CO by photoin-
duced CO, reduction in comparison to the Ni(u) complex with no
coordinated Lewis acid. The authors supported the idea that the
Mg>" ion greatly helps to trap CO,, leading to easier CO,~metal
intermediate formation and efficient catalytic behavior even at
a low CO, concentration. In addition to Mg**, they reported the
dependence of CO evolution related to other Lewis acids (Li',
Na®, Ca”**, zn**, S¢*" and Y**), but only Ca®" and Zn>" ions were
capable of exhibiting photocatalytic behavior similar to that
recorded for the Ni(u)-Mg(un) complex. All the photocatalysis
experiments were performed in a mixture of DMA/H,O (v/v=9:
1) under a 450 nm LED lamp, using [Ru(bpy);]Cl, as a photo-
sensitizer and BIH as the sacrificial electron donor. In the case of
the Ni(u)-Mg(r) complex, it was reported to show a TON of 120,
TOF of 0.87 min™" and a selectivity value for CO of 99.7%.

Su and co-workers'® explored a pentanuclear Co(ir) complex,
[Cos(btz)s(NO3)4(H,0),], for CO, conversion to syngas (CO and
H,). Photocatalysis tests were carried out under a pure flux of
CO, in CH;CN, with [Ru(bpy);]Cl, as the photosensitizer and
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TEOA as the sacrificial reductant, under irradiation from
a xenon lamp at 420 nm. Compared with a mononuclear cobalt
complex with a similar structure, the syngas produced was 212
times higher, with a TON value of 2748 within 70 h. The catalytic
cycle also showed the advantage of granting a wide adjustability
of H,/CO ratio by varying the solvent component and the
amount of TEOA, ranging from 16:1 to 2: 1. The good perfor-
mance of the complex for syngas evolution was also confirmed
for a diluted CO, flux. DFT calculation was also conducted,
showing a low energy barrier for the formation of the photo-
catalytic intermediate, which supported the experimental
evidence of the efficiency for CO, reduction.

synthesized and studied the photo-
catalytic behavior a Co(u)-Zn(n) heterometallic dinuclear
complex [CoZn(bpbp)(CH;COO0),](CH;CO0) and a Co(u) homo-
metallic dinuclear complex [Co,(bpbp)(CH;COO),](CH;COO)
using [Ru(phen);](PFe), as the photosensitizer and TEOA as the
sacrificial reductant, in several solvents and solvent mixtures,
obtaining the best performance with CH;CN/H,O (v/v = 4:1) as
the solvent. The irradiation was conducted for 10 h under
a 450 nm LED light. The authors reported that both complexes
acted efficiently as a catalyst for the photoinduced reduction of
CO, to CO, highlighting that the heterometallic complex

Chen and co-workers**

39

Fig. 13 Fe() macrocyclic catalyst for CO, reduction.
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exhibited the best performances. Based on the DFT studies, they
ascribed this result to the lower energy barrier related to the
coordination for CO, from the heterometallic complex with
respect to the energy barrier related to the homometallic coor-
dination. In fact, they found that the Co center of the hetero-
metallic complex showed a higher electron density than the Co
centers of the homometallic complex, leading to the easier
coordination of CO,, which was the rate-limiting step. The TON,
TOF and CO selectivity values were reported to be 6680, 0.19 s~
and 98%, respectively, for the Co-Zn complex.

Han and co-workers'” reported a heterometallic purpurin
complex based on earth-abundant elements ([Fe,Nas(1,2-0x0-4-
hydroxyanthracene-9,10-dione)s](TBA);), which was capable of
reducing CO, to CO under irradiation from a 450 nm light with
no additional photosensitizer. In fact, photoinduced electron
transfer was reported from the excited ligands to the iron
centers, which acted as catalytic sites for CO, reduction. This
system achieved a TON of 2625 and 91% selectivity for CO
production in DMF, with BIH as the sacrificial electron donor.

Chao and co-workers'® reported a cyclic complex based on
six Fe(u) centers with terpyridine-based bridging ligands
(Fig. 13).

They studied the catalytic performances by coupling the
complex to 4CzIPN (an organic photosensitizer) and TEA as the
sacrificial reagent, under irradiation from a white LED light (420-
650 nm). This complex showed catalytic activity for CO evolution
with a TON of 14 956, TOF of 276 min~' and CO selectivity of
99.6%. The authors emphasized the importance of the ligands,
given that they are redox-active, and consequently contribute
significantly to CO, photoreduction. In fact, they demonstrated
that the photosensitizer could reduce the terpyridine fragments,
leading to an electron reservoir, and therefore achieving an
easier and highly efficient CO, reduction process.

4. MOFs and COFs as multinuclear
photocatalysts

Metal-organic frameworks (MOF) and covalent organic frame-
works (COF), in particular show numerous interesting applica-
tions such as gas separation and absorption,'** environmental
treatment, catalysis'® and energy conversion. In the last decade,
a particular class of multinuclear catalysts for artificial photo-
synthesis is represented by MOFs and COFs.

MOFs exhibit a regular crystalline lattice, which is
composed of metal ions or metal ion clusters and bridging
organic linkers conveniently assembled, leading to a well-
defined porous structure, which is the principal responsible
for their interesting properties.'® Also, COFs show a crystalline
polymeric organic structure with high porosity, in which their
building blocks are covalently linked in a giant covalent
structure.'” Due to the covalent nature of their intramolecular
bonds, COFs present also high stability and high tunability of
their properties by changing the building blocks and due to the
diversity of their covalent linkage topology.'*® Indeed, MOFs
and COFs are characterized by the tunability of their properties
by changing their base components, offering the opportunity

This journal is © The Royal Society of Chemistry 2024
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to increase their properties by anchoring active sites inside
their pores.

To date, there are many reviews in the literature on the use of
MOFs and COFs in photocatalytic water oxidation, CO, reduc-
tion'” and the overall water splitting process**® and this topic is
too vast to be exhaustively debate here.

5. Conclusion

In the last few decades, many metal complexes with multiple
catalytic subunits have been reported in the literature. The aim
of this review was exploring catalysts for oxygen evolution and
CO, reduction, which are composed of multinuclear metal
centers. Herein, were discussed multinuclear systems with only
catalytic centers and integrated systems with more than one
catalytic subunit and photosensitizer moieties. In almost all the
reported compounds, both in oxidation and reduction
processes, according to the comparison with the homologous
mononuclear species, it is possible to observe that there is an
increase in stability, durability and overall photocatalytic
performances in the presence of more than one active unit.
Moreover, in integrated systems, the connection between the
catalysts and the photosensitizers leads to a further increase in
the photocatalytic performances.
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