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Abstract: Energy transition toward sustainable, alternative, and affordable solutions is likely to
be one of the major challenges of the anthropocene era. The oxygen evolution reaction (OER) is
a pivotal electrocatalytic process essential for advancing renewable energy conversion and storage
technologies, including water splitting, artificial photosynthesis, metal-air batteries, and fuel cells.
Electrocatalytic pathways can significantly reduce the overall energy requirements of these
devices, particularly focusing on the energy demands associated with water splitting for hydrogen
production. This review, after introducing the state of the art in heterogeneous catalysis, will be
devoted to the description of molecular water oxidation electrocatalysts (MWOCs), focusing on
the recent advancements on catalysts composed of various metals, including Mn, Co, Cu, Nij,
and Fe, in combination with a range of mono- and multidentate ligands. Critical insights are
presented and discussed to provide readers with suggestions for ligand design in assisted catalysis.
These observations aim to identify synergistic solutions that could enhance technological
maturity by reducing energy absorption while improving stability and efficiency.
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. to be lately used as solar fuel, has attracted considerable
1. Introduction . . iy
attention as a promising approach to address these critical

The growing climate concerns, alongside the rapid rise in
global energy demands, require an acceleration in the energy
transition toward the development of sustainable, alternative,
and affordable energy solutions. In this context, artificial
photosynthesis, able to capture solar energy in chemical bonds
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societal challenges."” This objective has been approached by
photocatalytic and electrocatalytic pathways, looking forward
promising strategies that harness visible light as the primary
energy source to drive water splitting reactions, offering
practical solutions for a clean and sustainable hydrogen fuel
economy.”!

Notably, sunlight-driven water splitting, which involves
two half-reactions that split water into molecular hydrogen
and oxygen, encounters a key limitation in the oxidation of
water to O,, i.e. in the oxygen evolution reaction (OER), due
to the kinetic and thermodynamic cost of this half reaction.”
Therefore, one of the main challenges to become competitive
with this strategy lies in discovering water oxidation catalysts
(WOCs) that are highly efficient, selective, and stable.

Due to the large demand of water splitting technologies,
the cost reduction of catalysts is expected to be one of the
driving forces of new strategies and processes. Low-cost
catalysts, focusing on advancements from the perspective of
heterogeneous (inorganic) materials, primarily feature: low
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loading noble metal catalysts, active materials containing
earth-abundant transition metal, carbon- based and hybrid
catalysts.”) To minimize the use of precious metals, further
advancements in the rational design of electronic structures
and topology are required to enhance both activity and
stability.”! Alloys, oxides, and composites based on Ir and Ru
represent the bases for the most active and stable catalytic
species for OER. Although the activity trends (Ru > Ir =~
RuO, > IrO,) still favour metals and alloys, the reactivity
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trend toward dissolution (Ru > Ir > RuO, > IrO,) highlights
the oxides as more promising in both the acidic and basic
medium. However, further investigations are needed to ensure
suitable stability for large applications.”

Large interest has also been directed toward the low cost
and good corrosion resistance of earth-abundant transition
metal oxides.”’ Indeed, their multivalent oxidation states make
them excellent candidates for OER. Chemical composition,

crystallographic structure, pore structure morphology of the
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fertility in nutrient-deficient regions, con-
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oxygen binding surface, and electronic structure of individual
active sites are among the parameters that influence activity. As
an example, cationic (e.g., Ni, Fe, Co, Mn, Sn) and anionic
(e.g., O, S, OH) regulation has been proven to be a well-being
method to tune the electronic structure improving the
activity.[4b’8] Mixed-metal oxides, like Ni/Co(O),”” Ni/Fe-
(0,)M Li/Co(O),IMV allowing porous and complex structures,
are also stable and efficient due to favorable contact area
between the electrolyte and reactants. On the other hand,
hydroxides (e.g. based on Mn, Fe, Co and Ni with different
morphology), mainly structured as layered hydroxide!” with a
cationic brucite-like layers separated by interlayer anions,
exhibit promising electrocatalytic activity. This performance is
largely attributed to their open structure, with Ni(OH),"”
standing out as the most effective among single hydroxides.
Moreover, binary!"” and ternary™ hydroxides exhibit en-
hanced activity toward OER. Thanks to their flexibility in
structures and compositions, perovskites with general struc-
tures ABO, (with A: alkaline or rare earth metal, B: transition
metal) allow a large variability that is revealed to be useful for
OER with crystal vacancies playing a significant role in the
construction of catalysts. Interestingly
Bay 5Sr; sCoy gFey,0;5 reached higher OER activity compared
to IrO, in alkaline medium."® Higher stability than oxide is
ensured also by transition metal (Ni, Co, Mn) phosphates/
phosphides."” Finally, carbon-based materials, known for their
excellent stability, high conductivity, and large surface area
(e.g. carbon nanotubes (CNTs), graphene, nanocarbons and
mesoporous carbons) are highly appealing in the OER field.
Their geometrical and electrical structure can be further tuned
by doping with third, fifth or sixth group elements in the

active

electrode material decreasing the activation energy for the
process while also enhancing the activity up to overtaking
1rO,.l"®

The importance of tuning the shape and structure of
electrocatalytic materials has driven researchers toward more
intricate domain of hybrid nanostructures, such as carbon
based-, graphene based-, nitride based- materials and more,
obtaining high carrier mobility and long-term durability."” A
must have, for high performance, is a strong bond between the
catalyst materials and the working electrode. As interesting
examples, hybrid cobalt—hydroxide nanowires coated with
graphitic carbon nitride®™ nanosheets allowed better capabil-
ities than Co(OH),, IrO,, RuO,, and g-C;N; with a low
overpotential of 320 mV at 10 mAcm ? for water oxidation;
core-branch hydroxysulfides like Co,NiS, ,(OH),, also exhib-
ited peculiar OER performance (overpotential 279 mV at
10.0 mAcm %), a low Tafel slope (52 mVdec™"), [vide infra
for definition] and a good long-term stability.*"

As extensively known, Nature employs intricate sunlight
driven biochemical systems for water oxidation to O,. The
critical step of O — O bond formation is coupled to the release

of two protons, O, generation and rapid release, followed by a
water-binding event. All these simultaneous processes are
assisted by proper metals in well-defined oxidation states, by
hydrogen bonding networks controlled by aminoacid residues.
Simultaneously, electrons and protons derived from water are
employed to drive the reduction of CO,.””

With the goal of duplicating this fascinating and compli-
cated process, the synergistic interaction between metals and
their ligand environment can be more precisely tuned in
molecular complexes. This is why homogeneous, heterogenized
and hybrid catalytic systems are receiving increasing attention
due to their higher efficiency, atom economy, well defined
active sites and tunability, although stability often remains
their Achille’s heel.”

In this review the recent advances in design, character-
ization and mechanistic insight on molecular catalysts for OER
(Molecular Water Oxidation Catalysts — MWOC) will be
presented and discussed. Starting from a comparative dis-
cussion on the characterization employed in heterogeneous vs.
homogeneous cases, the review will cover the most recent
developments approaching earth abundant metal complexes.
The huge amount of literature concerning noble metal
complexes, such as Ru based MWOC:s, extensively described

242) will be briefly summarized to

in several review documents
have countability of the gap to be covered to reach
applicability with firsc row MWOCs. Then, manganese,

24 with particular

cobalt, copper, nickel and iron complexes'
accent to recent developments, design and results, will be
critically described to complete the current picture of the state
of the art in the field, and suggest new directions for the

unsolved problem such as instability and kinetic challenges.

2. Assessment of OER Electrocatalysts Performance

OER occurs at the electrode surface and involves a series of
proton-electron coupled processes that convert water into
molecular oxygen.” The efficiency and mechanism of OER
are significantly influenced by the pH and electrolyte of the
reaction medium.”* In acidic and neutral environments, two
water molecules are oxidized to produce one molecule of
oxygen and four protons. Conversely, in basic conditions,
hydroxyl ions are oxidized, resulting in the formation of water
and oxygen.

The processes involved in OER, along with their equili-
brium half-cell potentials, are summarized below:

In an acid aqueous electrolyte

2H,0 > O, |+ 4H" + 4e E=+ 1229V

In basic aqueous electrolyte
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40H — O, T + 2H,0 + 4e E =+ 0401V

Since reaction kinetics are a crucial aspect of oxygen
evolution, significant overpotentials are necessary to achieve
high rates of water-to-oxygen conversion.®” Therefore, the use
of electrocatalysts or electrode materials with high activity is
crucial for minimizing the energy consumption of electro-
chemical devices that rely on this reaction. Heterogeneous
metal oxide catalysts have been employed in water electrolysis
for many years and serve as the industrial benchmark.® As a
result, much of the literature has focused on evaluating the
performance of heterogeneous electrodes for the OER.””
When characterizing  homogeneous electrocatalysts, it is
important to consider the key parameters that define heteroge-
neous catalysts to ensure meaningful comparisons with main-
stream literature. The most important parameters are over-
potential at defined current density, Tafel slope, turnover
frequency (TOF), faradaic efficiency (FE) and stability.®*** %"}
Before assessing the electrocatalytic performance, it is essential
to characterize the electrocatalyst film from a physicochemical
perspective. Key factors to consider include chemical composi-
tion, crystallographic structure, morphology, thickness, con-
ductivity, material quantity in the film, as well as its electro-
properties. Equally important, due to the
heterogeneous nature of the OER process, are the wettability
and aerability of the film.

The electrocatalytic process should be validated through
control experiments that compare the behavior of electrodes
modified with active materials to that of bare electrodes. The
OER should occur at lower potential values on the modified
electrode than on the bare electrode. Typically, the OER wave
overlaps with the redox processes underlying electrocatalysis.
Therefore, it is not possible to carry out an independent
electrochemical characterization of the redox couple of the

chemical

catalyst facilitating this process, as one might in ideal electro-
catalytic scenarios. Although significant research efforts have
been made to study the chemical and morphological structure
of OER catalysts during operation using hyphenated

282939 such as X-ray diffraction, X-ray absorption,

techniques'
Raman spectroscopy, and mass spectrometry (including ESI-
MS),BY electrochemical characterization must be primarily
devoted to identifying specific potential values associated with
the redox process. The onset potential refers to the potential at
which the electrocatalytic process induces a sharp increase in
current.”” Although many papers report values for the onset
potential, a universally accepted definition is not readily
available. To achieve a more rigorous evaluation of the
characteristic potential at which the electrocatalytic process
occurs, the literature often assesses the overpotential measured
when a specific current density is reached. Commonly used
current density values are 10 and 100 mAcm ™, but commer-

cial devices typically require current densities that exceed at
least 500 mAcm 2" This value is usually expressed in
relation to the thermodynamic potential observed for oxygen
evolution in the specific medium.

The Tafel slope and exchange current density are
important parameters that provide valuable insights into the
activity of catalysts, reaction kinetics, and OER mechanisms.
The Tafel equation indicates that the logarithm of the current
is linearly related to the potential. The slope of the linear
portion of this curve is known as the Tafel slope, which
represents the potential change required to increase the
electrocatalytic current by one order of magnitude. A low Tafel
slope value indicates high electrocatalytic performance.”
Another parameter that can be derived from this analysis is the
exchange current density, which is determined by evaluating
the current that would flow when the overpotential is zero. A
high exchange current density indicates good catalytic
activity.”” The kinetics of the reaction can also be assessed
using the TOF, which is ideally defined as the number of O,
molecules produced per active metal site per second. TOF is
calculated from the current density at a specified potential and
the number of active sites on the electrode.*” Overall
electrochemical processes can be influenced by various
phenomena, such as diffusion, solution resistance, mass trans-
port, and charge transfer, which are not strictly related to
chemical kinetics. FE is defined as the ratio of the amount of
O, produced (as measured by an independent analytical
method) to the theoretical amount of O, produced based on
the charge that flows at the electrode. It is crucial to assess the
selectivity of the OER in the specific reaction medium.

All the kinetic parameters discussed can be correlated with
the mass or volume of the electrocatalyst employed. A crucial
factor in evaluating catalyst performance for the OER is
stability under operating conditions. This is especially
important because the OER can generate highly oxidizing
species that may degrade or cause the solubilization of the
materials comprising the electrocatalysts. Stability is assessed
through experiments that monitor the behavior of over-
potential (or current) while a constant current density (or
potential) is applied."”

The study of homogeneous electrocatalyst performance
should be carefully planned, taking into account the techno-
logical maturity of the compounds being investigated. Charac-
terization procedures developed for heterogeneous systems can
be readily adapted for use in aqueous environments. Control
experiments are essential for effectively demonstrating the
electrocatalytic properties of these materials. The potential
formation of heterogeneous active materials on the electrode
surface is a crucial factor to consider during the character-
ization of homogeneous electrocatalysts.*”’ Acquiring voltam-
mograms at various scan rates and in electrolytes with differing
pH levels can yield valuable insights that further support the
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electrocatalytic ~ properties  of  the  materials under

examination.”

In the early stages of study, demonstrating the electro-
catalytic properties in the OER reaction plays a key role and
can also occur in solvents other than water. In this case, the
redox couple responsible for the electrocatalysis can be easily
studied in the absence of OER, allowing for a characterization
that is closer to that of a traditional electrocatalytic system.
The addition of H,O or aqueous solutions to the reaction
environment leads to an increase in the peak current of the
anodic wave and a decrease in the peak cathodic current, as
expected for a traditional electrocatalytic process.’® The
characterization of these systems usually involves identifying
kinetic parameters such as the catalytic constant and TOF,

through specific procedures for homogeneous catalysts.””

3. Ruthenium MWOC:s: A Brief Overview

As mentioned above, there is already a considerable number of
reviews concerning noble metal complexes, especially ruthe-
nium-based MWOCs.2*? Nevertheless, even if the focus of
the present review is first row transition metal MWOG:s, it is
mandatory to give a brief overview of noble metal molecular
species able to act as valuable catalysts. This indeed can help
discuss the advances with Earth abundant metals and their
efficiencies.

Ruthenium systems have been studied since 1982 mainly

B8 and then moved to most active

with dinuclear complexes
mononuclear species,”” and they absolutely dominate the
OER field because of their high stability and adaptability with

U0 Further-

more, ligands can stabilize various oxidation states from II to

consequent extraordinary turnover frequencies.

V through changes in their geometrical and electronical
features,”" a key point to carry out the demanding 4e /4H ™
water oxidation.

Neutral nitrogen-donor heterocyclic systems first appeared
as  promising ligands  for
complexes,[m’] followed by their functionalization with carbox-
ylate, sulphonate or phosphonate moieties reaching outstand-
ing TONs and lower catalytic potentials compared to neutral
counterparts,*? either electrocatalytic or employing sacrificial
oxidants.  [Ru"(tda/bda)(L),]-type  complexes  (H,tda=
[2,2":6",2"-terpyridine]-6,6"-dicarboxylic acid, H,bda=12,2"-
ancillary

mononuclear  ruthenium

bipyridine]-6,6"-dicarboxylic  acid, ligands L=
pyridine, picoline, etc.) possess sufficient flexibility on the
ligand side to allow intramolecular proton transfer with
concomitant low activation energy. Furthermore, proton-
coupled oxidation behavior is observed, with pK, around 3—4
for [Ru"-OH,] " intermediates, which start the catalytic cycle
and evolves into hydroxido ruthenium(IV)
ruthenium (V) species.“s]
moieties with phosphonate and sulfonate groups in the bda

and oxido
The substitution of carboxylate

scaffold is supposed to act as proton relays either in the first or
second coordination sphere, enabling the proper orientation
for reactivity. Other secondary sphere modifications, such as
pendant nitrogen bases, also make an important contribution.
TONSs can exceed 1,000,000 in some cases, Electrocatalytic
TOFs goes up to 16,000 s ' at neutral pH when phosphonates
are present,'®
600 mV, but also with examples as low as about 130 mV by
inserting isoquinoline-based ligands." !

Catalytic [Ru"(tda/bda)(L),]-type species have been also
engineered to form oligomeric assemblies through the use of
bridging ditopic ligands like 4-4’-bipyridine, ready to be

adsorbed over supports like multiwalled carbon nanotubes due

! and overpotential are usually between 400 and

to their aromatic terpyridyl or bipyridyl scaffold,””” but they
can also be anchored into triazine-based frameworks function-
alized with pyridyl tails able to coordinate ruthenium™® or
incorporated into iron-based metal-organic frameworks
(MOFs) for the realization of integrated devices for artificial
photosynthesis.

An interesting advancement is also given by ruthenium
complexes with redox-active polypyridyl ligands that can be
electronically modulated by inserting electron donating or
withdrawing substituents on their scaffold. This class of
ruthenium MWOCs displays water oxidation reactivity with
Ru(IV)=(O) intermediates at reasonable rates and with low
overpotentials between 110 and 300 mV depending on the
substituent.””

Finally, Ru complexes provide valuable insights into the
potential mechanisms of O—O bond formation.”" These
mechanisms for Ru complexes can be broadly categorized into
two pathways: 1) the water nucleophilic attack (WNA)
pathway, in which a water molecule attacks an oxygen atom of
high-valent metal-oxo species, and 2) the radical coupling
(RC) pathway, which involves the coupling of two metal-oxo

units possessing radical character.

4. First Row Complexes for Electrochemical Water
Oxidation

4.1. Manganese Complexes for Electrocatalytic Water
Oxidation

As outlined in the introduction, manganese-based WOCs have
drawn extensive attention due to their ability to mimic the
oxygen-evolving complex (OEC) in photosystem II (PSII), a
critical system in natural photosynthesis. It consists of a
Mn,CaOs cubane cluster that facilitates the four-electron
oxidation of water to molecular oxygen with exceptional
efficiency and high TOF (100-400s™") and serve as a
blueprint for synthetic WOCs, enabling mechanistic insights
and structural inspiration.[zsa] Research on manganese based
molecular electrocatalysts range from 1983 to date. Recent
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developments have focused on the design of mononuclear or
multinuclear complexes, which have proven to be the most
promising.

Mn,CaO; Cubane Analogues: Synthetic efforts to repli-
cate the Mn,CaOs cluster have included heterometallic cubane
compounds. For example, Zhang etal.”” synthesized a
biomimetic MnCaOy cluster with a dangling Mn ion. The
inclusion of calcium proved critical for bio-assembly, solvent
+

interactions, and catalytic activity. Replacing Ca’" with heavy
metals like Gd** modulated ligand basicity, offering strategies
for constructing multinuclear analogs. These studies elucidated
spectroscopic and magnetic properties across different S-states
preceding O—O bond formation.

Manganese Adamantane Structures: Tetranuclear manga-
nese adamantane complexes, such as those developed by
Wieghardt et al.,® featured [Mn'V,O(*" aggregates coordi-
nated with 1,4,7-triazacyclononane ligands. Armstrong and

B4 synthesized variants using tridentate amine and

others
iminodicarboxylate ligands, broadening the understanding of
ligand influences on reactivity.

Phosphine-Based Cubane Complexes: Dismukes® re-
ported p-oxo bridged Mn"™,Mn", cubane complexes with
phosphine ligands, showcasing unique structural characteristics
and catalytic properties.

Nonplanar Butterfly Complexes: Vincent et al.’® devel-
oped non-planar butterfly-type complexes ([Mny(ps-O),(p-
O,CR),(bpy),]" "), capable of Mn",Mn", to Mn"; oxidations.
These systems displayed diverse redox behavior, emphasizing
the impact of coordination geometry.

Heterometallic Mn-Ca Complexes: Agapie’s”” group
studied Mn;Ca cubane models, emphasizing calcium’s role in
achieving high oxidation states. Variants incorporating heavy
metals (Gd®>") or silver ions revealed modulation effects on
ligand properties: inclusion of these ions modulate the basicity
of the coordinating p-oxo ligands and exerts a rational strategy
for the construction of multinuclear OEC analogues.

Binuclear Manganese Systems: Naruta et al.”® explored
bio-inspired manganese triphenylporphyrin (TPP) systems
linked via phenylene-amidic bridges, both in mono or
dinuclear metal center system, where the metal center can be
easily oxidized to high valence state. This group also reported
TPP complexes via o-phenylene bridges, achieving significant
reactivity (TON 9.2) despite higher oxidation potential.
Mechanistic studies confirmed oxygen evolution from solvent
water using mass spectrometry and isotope labeling. Similar
complexes bearing ligands containing xanthene and corrole by
Akermark et al,”” allowed a more rapid oxygen generation
from the addition of Bu,NOH. Both gave rise anyway to small
amounts of molecular oxygen. Other multidentate N/O
ligands by Styring and co-workers'® were reported in a
systematic screening of the ability of dinuclear manganese
complexes to serve as MWOCs, with a different mechanism

suggested by full incorporation of labeled water. Finally, a
more recent dinuclear manganese terpyridine-based complex
was employed as a catalytic precursor in an aqueous medium
by Raj and Padhi in 2022.1°" Nevertheless, at pH 6.0, redox
responses led to the electrodeposition of heterogeneous species,
identified as MnO,, which facilitated the oxidation process as
confirmed by not diffusion control and XPS analysis. The
oxidation process occurred at an applied potential of 0.99 V
versus SCE, resulting in the release of 50.2 pmol/L of O, with
FE of 97%. This example underline the importance to be
aware of the final destination of the molecular catalyst to
understand the real active species.

Mn-Oxo Clusters: Christou®” reported a fascinating
Mn,,-oxo  cluster [Mn,,0,,(0,CC¢H;(OH),),((H,0),]
(Mn,,DH), highly soluble and stable in water. Prepared from
cheap and environmentally friendly precursors, it well
performs as a stable homogeneous water oxidation electro-
catalysts with an interestingly low overpotential (334 mV)
under slightly acidic conditions (pH=6). This behavior
highlights the influence of multinuclear arrangements on
catalytic efficiency.

Mononuclear Manganese Systems: Li et al.'” described a
multidentate mononuclear Mn-based systems (Figure 1 — Mn
1) capable of electrochemical water oxidation to O, at
pH 12.2 applying 1.23 V in aqueous solution with TON of
20. The most recent mononuclear Mn complex active as
electrocatalyst in water oxidation is from J. Lin group.'” They
reported on a water soluble, stable clathrochelate complex with
the formula of [Mn"(L-¢H)]* (Figure 1- Mn 2), that showed
a high stability, an onset overpotential of 540 mV and a TOF
of 0.3 s~ working in phosphate buffer solution at pH 8.0.

This work usefully underlines the critical importance of the
multidentate hydrazide ligand for the stabilization of higher
oxidation states on the Mn center, which forms as active
intermediates during the catalytic reaction.

4.2. Cobalt Complexes for Electrocatalytic Water

Oxidation

Cobalt-based complexes also range from mononuclear to
multinuclear systems, representing a promising direction in
water oxidation catalysis due to their diverse structural motifs
and remarkable electrochemical performance. Their history is
more recent compared with manganese, ranging from 2011 to
date, with the largest work devoted to mononuclear complexes
where ligand design has an important role to control both
stability and activity of catalytic species and reaction inter-
mediates.

Cobalt based Cubane Analogues: Dismukes and
collaborators'®” synthesized a Cubane [Co;04(OAc),(py)s
complex with four bidentate acetate and four monodentate
pyridine ligands, analogous to the Mn-based oxygen-evolving
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Figure 1. On the left: Mn 1, Tetradentate mononuclear Mn complex from Li group; on the right: Mn 2, Hexadentate Mononuclear Mn complex from Lin

group.

complex previously described. This system undergoes photo-
chemical and electrochemical oxidation, with Density Func-
tional Theory (DFT) studies highlighting Co' intermediates
as pivotal species during catalysis.* Furthermore, putative
Co"V=0 intermediate was spectroscopically measured in
Co40, system under catalytic conditions by Ezhov and co-
workers.'*”!

Dinuclear cobalt systems:
developed a dinuclear cobalt complex with a p-1,2-peroxo
motif stabilized by bis(2-pyridyl)-3,5-pyrazolate (bpp~) and
terpyridine (trpy) ligands; [Co™,(trpy),(u-bpp) (-1,2-O,)]° .
This system, inspired by the structural complexity of the Ru-
based Blue Dimer, demonstrated distinct vibrational features
in resonance Raman spectroscopy, confirming the formation

€8 Tlobet and co-workers

of superoxide intermediates. This design emphasizes the
thermodynamic and kinetic benefits of multinuclear arrange-
ments. The same group expanded the scope introducing
electronically rich bis(N-methyl-imidazolyl)-pyridine
(Me,bimpy) ligands, which enabled water oxidation at
significantly reduced potentials. Lately in 2014, an N-donating
cobalt-based dinuclear complex, [Co,(p-
OH),(OH,),(DPEN)](NOs)4 was studied in Na,[B,O5(OH),]
or NaBF, buffer. It caused a shift in the observed redox events,
providing evidence of the interaction between the electrolyte
and the metal complex. Additionally, a pH-dependent
characteristic was observed for the complex: above pH 6.5,
two overlapping irreversible 1le”/1H" oxidation events were
recorded. These results suggested the potential conversion of
one Co™ metal center to a higher oxidation state, Co".
However, when the pH was lowered to acidic conditions, the
current dropped to zero, indicating that the catalyst was only
active under basic conditions.

Mononuclear Cobalt Complexes: Nocera et al.®! re-
ported cobalt corrole complexes that enable single-site water
oxidation. Functionalized with B-octafluoro and meso-penta-
fluorophenyl substituents, these complexes exhibit enhanced

catalytic properties due to their ligand environment. The
“hangman” effect, which involves pendant groups facilitating
proton-coupled electron transfer (PCET), and ligand fluorina-
tion (Co 2 in Figure2) contribute to an overpotential of
580 mV and TOF of 0.81 s™".

This hangman effect was revisited by Cao et al.”” tuning
proton-accepting ability in cobalt corroles by employing
different acid/base pendants including Br, COOH, PO(OH),
CH,PO(OH),.

In line with the hangman effect, the catalytic performance
of those cobalt complexes for water oxidation has the order of
Co 6>Co 5>Co 4>Co 3, indicating that the rate
determining step of O—O bond formation during the electro-
catalytic water oxidation process is enhanced by basic pendant
groups that can facilitate proton transfer.

Berlinguette and collaborators”" introduced a cobalt
complex coordinated by the Py5 ligand (2,6-[bis(bis-2-
pyridyl)methoxy-methane]pyridine) (Co 7), also known as
[Co(Pys)(OH,)]**, which displayed distinct redox waves
corresponding to Co™/Co" and Co"“/Co" couples. This
species can then undergo further reaction to release O, and
regenerate the starting Co' aqua species. This system involves
a PCET process, with a notable pH dependency that under-
scores its mechanistic intricacies. Quantum chemical models
revealed an intermediate-spin quartet state in the Co' -oxo
species, providing insights into its high catalytic efficiency. At
pH >10.3, the redox event shifts toward a PCET process of
the [Co"_OJ**/[Co™_OHJ*" couple. This results in a
nucleophilic attack of water or OH™ on the Co"-oxo
intermediate (Figure 3).

Additional examples include Das’ Biuret-modified tetraa-
midomacrocyclic cobalt complexes (Co 8-10 in Figure 2),"”
which operate efficiently at basic pH, forming high-valent Co-
oxo intermediates.

Porphyrin ligands were employed also to develop cobalt
MWOCs, specifically the homogeneous cationic cobalt por-
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Figure 2. Mononuclear Co complexes Co 1-17, bearing nitrogen donor ligands, active in the electrocatalytic oxidation of water.

phyrin Co'"-TDMImP TDMImP s
5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-yl) porphyrin,
was studied by Groves and colleagues” and exhibits interest-
ing chemical and electrochemical characteristics: it is water
soluble, stable under catalytic conditions, pK, of the buffer
significantly affects the onset potential for water oxidation.
Buffers with higher pK] values reduce the required oxidation
potential. Kinetic studies identified PCET during the O-O
bond formation as the rate determining step in the catalytic
process. This catalyst generates molecular oxygen at a rate of
170 nmol cm® min™" (k,,=1.4x10° s7') with FE close to
90 %.

Cobalt(IlI) complexes derived from various redox-active
non-innocent tetraamido(4—) macrocyclic ligands (TAML)
Co 11-13 (Figure 2) recently demonstrate to electrocatalyze
water oxidation at neutral pH."*

The redox-active ligands within these complexes assist in
the muldelectron transfer process by facilitating PCET.
Mechanistic insights were provided through a combined
approach of DFT calculations and kinetic analyses. The
proposed mechanism initiates with a ligand-centered (2¢ /H)
PCET oxidation to form Co"™-OH, followed by another
PCET step to generate the active Co'' =0 intermediate. This
intermediate then combines with water to form a peroxide

complex (where

intermediate, which undergoes oxidation to release dioxygen
and regenerate the catalyst (Figure 4).

As previously stated, confirming that the molecular
complex is the real active species, discrediting the possibility of
heterogeneous deposition on the electrode, is relevant for

understanding the real mechanism and the actual role of the
complex as catalyst or pre-catalyst. In recent advances, a nice
study from Hetterscheid’s group reported on a deep character-
ization that demonstrates that the MWOC Co 15 (Figure 2),
namely [Co(HL)] (HL =N,N-bis(2,2'-bipyrid-6-yl)amine), ac-
tually works as a stable molecular catalyst.””’ The catalyst
revealed reversible and irreversible redox behaviors in a pH 7
phosphate buffer. Cyclic Voltammetry (CV) analysis indicated
a Co"/™ redox couple at 0.54 V and an irreversible oxidative
wave at 1.28 V ascribable to redox activity of the ligand itself,
followed by a catalytic wave. The process was found to be
diffusive. A comparison between [Co(HL)] electrocatalytic
data with those previously reported by Nocera group,”® which
employed a Co’* (Co(NOy), in a sodium phosphate buffer) as
source for heterogeneous Co—Pi formation. Although Co—Pi
deposition demonstrate to be better in electrocatalytic
efficiency, recording a 10 times higher current at 1.6 V versus
NHE and FE of 100% (overpotential 410 mV, 1 mAcm ),
[Co(HL)] FE of 83+6%, is in agreement with homogeneous
Co- based catalysts, for which it is more difficult to achieve
complete FE due to the diffusion of partly oxidized species
before these can turnover. These findings, together with bulk
UV-vis measurements and electrochemical quartz crystal
microbalance (EQCM) experiments combined with Chro-
noamperometry, X-ray Photoelectron Spectroscopy (to check
the absence of Co—Pi electrode deposition), *'P NMR experi-
ments or trapping experiments with the addition of ethyl-
enediaminetetraacetic acid (EDTA) (to check the presence of
free Co’") highlight that [Co(HL)] remains intact after
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Figure 3. Mechanism for the electrocatalytic oxidation of water catalyzed by Py5 Cobalt complex Co 7.

extended electrolysis, supporting its stability as a homogeneous
catalyst for water oxidation.

In 2023 Lin and co-workers,”” employed pentadentate
amine-pyridine cobalt complexes Co(N2Py3), (Co 16 in
Figure 2) and Co(N;Py,)(OH,), (Co 17 in Figure 2) with
slightly different stabilizing ligands in order to reveal their
peculiar role. Complex Co 16 with three-pyridine ring
structure, exhibited high FE and good stability. On the other
hand, complex Co 17 bearing an azaalkyl substituent instead
of one pyridine showed lower catalytic activity. Electro-
chemical studies in phosphate-buffered saline at pH 11.0
demonstrated that complex Co 16 undergoes a ligand
oxidation process, forming a [L,(Co"-O)]*" intermediate,
which can then be converted to the [L;(Co"=0)]*" species.
In comparison, complex Co 17 required a mechanism that
does not involve the ligand with a redox role. Thus,
consecutive oxidations of the cobalt center to form active
[L,(Co™=0)]*" intermediates is needed. CV measurements

of complex Co 17 showed an oxidation peak at 0.79 V vs.
NHE and a catalytic wave at 1.28 V, with a corresponding
onset overpotential of 700 mV for water oxidation. Complex
Co 17 exhibited a weaker catalytic current under similar
conditions, reinforcing the superiority of complex Co 16 in
this reaction. Long-term electrochemical tests, such as con-
trolled potential electrolysis (CPE), revealed that complex Co
17 maintained a stable catalytic current density of approx-
imately 0.65 mAcm * after initial fluctuations, indicative of
its robust catalytic performance. In contrast, complex Co 17
exhibited a significanty catalytic current of
0.11 mAcm 2, further confirming its reduced activity. The FE
for oxygen production was 96% for complex Co 16, with a
total oxygen yield of 22.1 mmol. Complex Co 17, on the
other hand, exhibited FE of 97%, but with a significantly
lower oxygen yield of 4.5 mmol. Differential pulse voltamme-
try (DPV) was employed to clarify the redox processes and
catalytic mechanisms of both complexes. For complex Co 16,

lower
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Figure 4. Proposed mechanism for Co-TAML (Co 11-13) complexes.

the first oxidation step corresponded to the Co"/Co™ couple
at 0.69V, followed by ligand oxidation at 1.15V. For
complex Co 17, the first oxidation occurred at 0.61 V, with
the second step at 1.17 V, attributed to the oxidation of the
Co" center rather than the ligand.
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The study underscores the importance of ligand structure
in modulating the redox properties of cobalt complexes and
their catalytic efficiency in water oxidation. The redox-
innocent N,Py; ligand in complex Co 16 enables efficient
electrochemical water oxidation via a ligand-assisted mecha-
nism, whereas the similar NPy, ligand in complex Co 17
leads to less reactive intermediates and lower catalytic activity.
This work contributes valuable insights into how ligand design
can be optimized to enhance the stability and catalytic activity

of MWOC:s.

4.3. Copper Complexes for Electrocatalytic Water
Oxidation

Dinuclear copper complexes: A recent study from Wang
etal. analyses the comparison between mononuclear and
dinuclear copper complexes bearing tetradentate nitrogen
ligands (Figure 5)."¥ The superior activity of the dinuclear
complex Cu 2 — Figure 5 (TOF of 144 s vs. 4.86s™' for Cu
1 — Figure 5 - at pH 12) has been ascribed to a unimolecular
two-site mechanism, where both copper centers cooperate to
stabilize the charge and facilitate the formation of the O-O
bond complex. XPS data suggest that a small amount of CuO,
may form on the electrode during prolonged electrolysis,
although SEM images show no clear deposition.

A Similar dinuclear catalyst Cu 3 was previously reported
by Zhang et al.”” who already stated its competitive stability
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| .
N__~
n=780mv
TOF=0.7s"
_] 3+
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N i X N
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Figure 5. Mononuclear Cu 1 and dinuclear complexes Cu 2-Cu 5. Counteranion for complexes Cu 4-5 is ClO,".
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and catalytic activity (overpotential 780 mV, TOF 0.7s™")
under neutral conditions (phosphate buffer — pH 7). Even in
this case O—O bond formation occurs via cooperative
bimetallic activation of the copper centers, unlike mononuclear
systems, which require high oxidation states for copper (Cu'’
or Cu") (Cu 1(CF;S80;); at pH 7 overpotential of 970 mV
and a lower TOF of 0.1 s7).

Recently, research interest in dinuclear copper complexes
for water oxidation has been revitalized by the group that
pioneered and elucidated Cu 3 reactivity."™”

Comparison between Cu 3-Cu 5 show an enhancement in
catalytic activity strictly related with the increased rigidity. In
phosphate buffer solution (PBS, 0.1 M, pH7.0), electro-
catalytic behaviour of Cu 4, bearing a 1,2-di(pyridin-2-
ylethane linker, corresponds to a lower TOF of 0.17 s
(0.7 5" for Cu 3). On the other hand, the dicopper center
with the most rigid pyridazine linker (Cu 5) exhibits
significantly faster catalytic rate (2.01 s™'). Mechanistic inves-
tigations show that O—O coupling takes place between a
terminal Cu"-OH and a bridging p-O* radical, nicely
demonstrating the critical role of spatial geometric needed to
align with the O—O bonding,.

This study, which also presents a comparative analysis of
the distinct behavior of analogous iron complexes (examined
in the dedicated iron further underscores the
significance of rational design, with a particular focus on

section),

geometric  considerations, in enhancing water oxidation
efficiency.

Mononuclear copper complexes: First appearing in 2012,
with Mayer work®"! a Copper(Il)-based 2,2"-bipyridine water
oxidation catalyst [(bpy)Cu(p-OH),] demonstrated pH-de-
pendent catalytic activity, operating effectively within an
alkaline range of pH 11.8 to 13.3. A promising TOF of
100 s is accompanied by high overpotential of around
750 mV and poor stability. Later on, Lin and Papish explored
multiple modified versions of Mayer’s complex using 06,6’
dihydroxy-2,2'-bipyridine ligands. Hydroxy functionalization,

although lowering the overpotential (477-530 mV) and favor-
ing the overall stability, was detrimental for the turnover of the
reaction (TOF 0.4 s71).

Other mixed ligands bearing nitrogen and oxygen donor
sites are also suitable for stabilizing Copper(II) complexes
allowing further variations in electronic properties of electro-
catalytic water oxidation catalysts. In 2015 [Cu(pyalk),] (Cu 6
in Figure 6, with pyalk=2-pyridyl-2-propanocate, KNO,/
KOH at pH 10.4) complexes, have been prepared by
deprotonation and bind directly to the copper.®” This
chelation effect helps stabilize the metal in high oxidation
states, crucial for electrocatalysis. Cu 6 exhibits electrocatalytic
water oxidation with an overpotential of 580 mV and TOF of
0.7 s7'. Notably, the complex remains stable for over 12 h
during bulk electrolysis at 1.1 V vs. NHE.

Deprotonatable 2-(2’-pyridyl)-imidazole copper complex
Cu 7 developed by Warren et al. in 2017% exploits the non-
innocent nature of the 2-(2’-pyridyl)-imidazole (pimH) ligand,
which enhances the electron density at the copper center,
facilitating its oxidation. Working in 0.1 M NaOH/NaOAc at
pH 12, the system results in a catalytic rate of 355" and an
overpotential of 300 mV for electrocatalytic water oxidation,
making it an efficient catalyst.

Lately Ghosh’s report® on peptide-based copper WOCs
(0.1 M phosphate buffer at pH 11.5), such as Cu 8,
emphasized the importance of intramolecular cooperative
catalysis. Indeed, Cu 8 showed an impressive FE of 91 % over
15h of bulk electrolysis, despite the high overpotential of
800 mV and a relatively low TOF of 5.8s™' the overall
efficiency makes this complex of interest for future ligand
design and development. Indeed, hydroxyl group in the second
coordination sphere is likely to stabilize high-valence inter-
mediates and support efficient PCET during the reaction.

Interesting behavior was also demonstrated by Reglier et al.
in 2018 for the tridentate bis-acqua complex [(RPY,)Cu-
(H,O0),] (Cu 9 in figure 6).%5) This complex operates in
NaNO; at pH 7 at a relevantly low overpotential of 280 mV
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Figure 6. Copper complexes bearing nitrogen and oxygen donor ligands Cu 6-10.
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in neutral aqueous solutions, although with limited efficiency.
Nevertheless, this report exemplifies how in-depth character-
ization can elucidate complex reactivity and catalytic mecha-
nisms. Indeed, potentiometric titrations, spectroscopic studies
(F NMR, UV-vis) and DFT calculations allowed to follow
the complex speciation, its pH dependency and stability
constants. At pH 3.0, free copper is predominant (80 %).
Then, increasing the pH, the copper complex with a
monoprotonated ligand is likely to occur. At pH > 5, the fully
deprotonated ligand is bound to Cu' with three nitrogen
donor atoms (Cu 9). This species, being predominant between
pH 5 and 7 (>80 %), is the one active in electrocatalytic water
oxidation, which proceeds via mononuclear copper species,
with a 1H"/2e” process identified as the rate determining
step. At pH > 7.0, another species, probably deriving from loss
of one proton from a bound water molecule, is identified. The
last deprotonation was finally above pH 8.5 again derived
from an external copper-bound water molecule. At pH>9.0,
precipitation occurs. For further details on the interesting
reactivity of the different species identified inactive in WOC,

the reader is invited to examine in dept the Reglier’s group
work.

A pentadentate bis-pyridyl dicarboxamide ligand, intro-
duced in 2014, by Meyer® and colleagues in a new copper(Il)
complex, (Cu"- N,N-bis(2-(2-pyridyl)ethyl)pyridine-2,6- di-
carboxamidate [Cu'-Py;P]) operates in phosphate buffer
(pH 8) via a single site mechanism, with the formation of a
Cu" intermediate involved in the oxidation process (over-
potential 640 mV, TOF 30s™'). Same group also explored a
copper(II) complex based on a triglycylglycine (TGG) macro-
cyclic ligand (Cu 10 in Figure 6),%" [(TGG,)Cu"—OH,]*~
(pH 11, overpotential 520 mV, TOF 33s™') The complex
showed excellent stability during electrolysis, with FE of nearly
100 % over extended periods, highlighting its potential for use
in sustained electrocatalytic water oxidation. This complex
demonstrated a well-defined catalytic cycle, beginning with the
oxidation of Cu" to Cu"™, followed by oxidation to Cu" and
the formation of peroxide, which subsequently decomposed to
yield molecular oxygen as depicted in Figure 7.
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Figure 7. Proposed catalytic cycle for Copper(II) molecular electrocatalyst Cu 10.
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In 2015 Llobet and colleagues[gg] expanded the research on
the use of copper tetradentate complexes featuring o-phenylene
bis(oxamidate) ligands (tetraanionic amidate ligands, N1,N1’-
(1,2-phenylene)bis (N2-methyloxalamide)) Cu 11-14 in Fig-
ure 8. Remarkably, these complexes (working in phosphate
buffer at pH 11,5) allowed a large tunability of overpotential
which range from 700 mV for Ry=R,= H (Cu 11) to
170 mV for R;=R,=0OMe (Cu 14) and of, on the other way
around, turn over frequencies (3.56 s for Cu 11 vs 0.16s~"
for Cu 14), demonstrating a non-innocent behaviour of the
tetradentate ligand. Additionally, in the same vein, pyrene-
functionalized copper catalyst,® such as Cu 15 (Figure 8),
although  demonstrating an  intermediate
(538 mV), better performs with an enhanced catalytic activity
(TOF=1285"") due to the increased m-delocalization pro-
vided by the pyrene modification. Interestingly, the pyrene

overpotential

functionalization has been exploited in order to support the
catalyst on graphene support. Indeed, the immobilized catalyst
showed a significant increase in TOF (k_cat (TOF)=540s""),
underlining the importance of n-n stacking interactions for
improving catalytic efficiency in heterogeneous systems.
Reactivity studies and DFT calculation allowed to propose
the catalytic stages of the reaction, as summarized in Figure 9.
Recent developments identify an updated interest in
oxamidate complexes, introduced above with the pioneering
work of Llobet and coworkers,***” as promising ligands for
the copper catalyzed MWOCs. In fact in 2021, Chattopad-
hyay and colleagues,”” extended the family of Cu 11-14
copper(Il) complexes with tetraanionic amidate ligands to
derivatives with electron-donor substituents (Cu 16-17)
stabilized by PPh,™ counteraction. In this latter work
previously proposed catalytic cycle reactive intermediates

e
Cu'

2e+2H"+0,
(Lh* e’
© 3
_| g 0.63/0.42 Cuitda 083V .
HO___OH C AN
o 3 U
AY /’
. -I'_ il
CH (L1}4_
(Lh*
(4) _
SET 5 OH
4.1 keal/imol i
24 ) e
HO-- —OH—I (3) OH_l
NS ISET |
LY+ OH- (L")
-4 4 kcal/mol 0.0 keal/mol

Figure 9. Calculated catalytic cycle for Llobet’s copper complexes Cu 11-14
active in electrocatalytic water oxidation. Free energy changes for steps at the
electrode are in volts (red) and for steps in solution in Kcal/mol (blue).

species, has been verified by spectroscopic signature by means
of in-situ electron paramagnetic resonance (EPR), FT-IR, and
tR (resonance Raman) spectroelectrochemical studies accom-
panied by further DFT calculation. This nicely helped to
confirm the elementary chemical and electrochemical events
toward the O, formation. The copper(ll) o-phenylene bis-
oxamidate complexes reactivity has been thus definitely
recognized as a function of the substitution pattern on the
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periphery of the aromatic ring with a ligand-centered oxidation
(to a radical species) preferred over metal-centered one. rR
spectroelectrochemical study revealed a superoxide species,
under catalytic conditions, which provides the evidence for the
O —O bond formation during OER. CV analysis and DFT
studies confirmed that the rate determining step concerns the
generation of the radical oxidized ligand species and its
reaction with OH"™.

Nitrogen tetradentate ligands based Cu" complexes were
concurrently developed in 2015 by Pap, Szyrwiel, Malinka
etal.”" exploiting tetrapeptide ligands as for Cu 18 and Cu
19 complexes (Figure 10).

Investigated at pH 11 (phosphate buffer), the positioning
of the equatorial histidine in the copper complex Cu 19
enhances the TOF to 53s' (vs 24s ' for Cu 18), while
maintaining a similar overpotential, likely due to a favorable
proton—7 interaction. In particular, the substitution of glycine
in the ligand of Cu 18 with a proton-accepting histidine in Cu
19 is likely to facilitate PCET pathways during redox processes
thanks to the interaction of protons with the lone pair of the
amine group in the terminal histidine residue. Following the
promise of tetradentate copper complexes, in 2016 Cu"
tetraazacyclotetradecane complexes were tested by Sun et al.””
Working under neutral conditions, the macrocyclic ligand
stabilizes copper-oxo intermediates, although with lower
performances if compared with other complexes above
described.

Promising results have been instead found exploiting a
tetradentate  porphyrin  based Cu" Indeed,
Tetrakis(4-N-methylpyridinium) Cu'-porphyrin complex (Cu
20 in Figure 10),”” demonstrates electrocatalytic water oxida-
tion at an overpotential of 313 mV and a current density of

complex.

(0]
NH
NH 2
Do ot

NH NH

Cu 18 Cu19
n =620 mV n =620 mV
TOF =24 57! TOF =53 s

0.1 mAcm™ working phosphate buffer at pH 7. Furthermore,
under acidic conditions (pH 3), the complex shifts from
oxygen to hydrogen peroxide production, indicating a unique
two-electron transfer pathway for peroxide formation.

Later on, in 2023 Hetterscheid extended his research to
polypyridyl ligands previously employed in cobale MWOC
active complexes, to develop a novel tetradentate copper
complex, which also favors a radical-oxo coupling during
catalysis.” Although the efficiency of the catalytic system is
not specified, the study stated that the use of redox-active
ligands facilitates electron delocalization within the ligand‘s =
system.

In 2024, Naskar etal.”” reported highly efficient Cu"
complexes with bis-amide ligands of o-phenylene diamine

complexes [Cu'(L1)],[Cu"(L2)(H,0O)], and [Cu"(L3)] [bis-

amidetetradentate ligands: L1=N,N’-(1,2-
phenylene)dipicolinamide,L2 = N,N’-(4,5-dimethyl-1,2-
phenylene)bis(pyrazine-2-carboxa-mide), L3=N,N’-(1,2-

phenylene)bis(pyrazine-2-carboxamide)], which work at
pH 13. Although affected by a high overpotential 697 mV, the
catalytic system achieves a TOF values as high as 1462 s™" for
[Cu"(L2)(H,O)]. The enhanced performance was attributed to
the stabilization of the Cu™
state, facilitated by electron-donating groups in the ligand,

-ligand radical cation transition

which lowered the activation barrier for water oxidation. This
finding further demonstrated the potential for high-efficiency
copper-based catalysts with fine-tuned ligand structures for
electrocatalytic applications.

In a very recent inspiring paper, Llobet and coworkers
exploited, as an evolution of their own work previously
explored on the importance of 7- m stacking for heterogeniza-

[89]

tion techniques, polypyrene amidate copper complexes

(OTH),

Cu 20

n =310 mV
TOF=30s"

Figure 10. tetrapeptide and porphyrin as ligands in copper-based catalysts Cu 18-20 for electrocatalytic water oxidation.
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(polyCu 21 in Figure 11) for their immobilization on indium
thin oxide (ITO) electrodes.” In terms of anchoring method-
ologies, molecular redox catalysts are linked to surfaces either
through covalent or noncovalent bonds. Noncovalent inter-
actions, such as m —n and CH — & interactions avoid the need
for ligand modifications. Regarding electropolymerization, the
complexes were polymerized on nano-ITO/ITO electrodes by
cyclic voltammetry within a potential range of —0.8 to 0.8 V
vs. Fc/Fc™, generating a stable polymer that anchors firmly to
the electrode surface (Figure 11).

In aqueous solutions, redox studies (pH 7.5, 9, and 10)
showed metal-based redox events, with the Cu""/Cu" couple
being dominant. A significant electrocatalytic wave, indicating
water oxidation, was observed at a potential onset of 0.8 V vs.
NHE, achieving current densities of 0.4-0.5 mAcm ™’ at

ala.

e

1.3 V. This hybrid materials serve as molecular anodes in water
oxidation catalysis achieving current densities of 400-500 pA
ecm? at pH 10, with overpotentials ranging from 560-
720 mV at neutral-basic pH. Although these materials showed
limited stability, and further studies are ongoing to improve
their performance and stability, Llobet research paves the way
for electrocatalytic Hybrid MWOC systems which can be
designed for application in photoelectrochemical (PEC)
devices.

Following the interest in tetraamide copper complexes for
electro polymerization, the same research group has been
working on a new alkyl-thiophene functionalized tetra-amidate
ligand:m] (Cu 22 in Figure 12) This complex exhibits electro-
chemical characteristics like the previous pyrene-functionalized
systems.

[ d o Al
poly-Cu 21
O~ ap
o gL
NN E (V)
OHQ (o] 0
Cu2r C Q
o, o
QQ@ M QQ .
M
d o

poly- Cu 21

Figure 11. Electropolymerization of Ca 21” to generate poly-Cu 21.
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Figure 12. Monomeric thiopene functionalized tetraamide complex Cu 22.

CV in acetonitrile reveals multiple redox events associated
with ligand oxidation, while electropolymerization results in
the formation of a stable catalyst for water oxidation. At
pH 10, it operates with an overpotential of 560-720 mV,
showing promise for PEC applications. The hybrid material,
GC/CNT@p-Cu 22 maintained complex integrity and cata-
lytic activity for over 11,000 TONs, as confirmed by
techniques including X-ray absorption spectroscopy (XAS).
Unlike Fe or Ni oxide-based water oxidation catalysts that
require extremely basic conditions, this material works
effectively under neutral pH. Its catalytic wave begins at a low
overpotential of 250 mV (~1.07 V), making it more efficient
than some of the best Ru-based catalysts, which operate at
higher overpotentials of around 450 mV and show TONs over
1 million and TOFs in the range of 10’ s ' as described in
paragraph 3. This work represents the first example of a
molecular water oxidation catalyst based on a first-row
transition metal complex anchored on a conductive solid
support, maintaining its integrity after more than 11,000
TONES.

Interestingly, very high TOF up to 20000 s~
overpotential of 910 mV, was reached in the work of Zhang
et al.”® The group developed a trinuclear copper cluster Cu23
in Figure 13, formed in NaHCO; solution (1 M, pH 8.4)
exploiting a trinucleating ligand, 2,9-bis{[2-hydroxy-N,N-
bis(2-pyridylmethyl)Jaminopropanol- 1,10-phenanthroline
(H,app). The isosceles triangular arrangement of the 3 copper

!, with an

in the obtained structure closely resemble the active site of
multicopper oxidases (MCOs).”” Authors stated that bringing
three copper centers in close proximity is an advantage for
multisite interactions with water leading to O —O bond
formation not achievable by mono- or binuclear copper
complexes.
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Cu 23

Figure 13. Molecular structure of the tricopper core in the [(app® )Cu';(p-
OH)J’* catalyst Cu 23.

4.4. Nickel Complexes for Electrocatalytic Water
Oxidation

One of the first nickel-based homogeneous catalysts was
developed by Lu and co-workers in 2014, where the metal
center was embraced by a nitrogen-donor macrocycle Ni 1 (in
Figure 14). It catalyzes water oxidation at neutral pH in
phosphate buffer with an overpotential of 170 mV. A few years
later the macrocycle was further modulated by modifying the
methylation degree on the cyclen ligand, obtaining Ni 2 and
Ni 3 (see Figure 14)."°Y The mechanism (Figure 14), on the
grounds of experimental and computational studies, involves
oxidation states between "2 and "4 and the formation of a
peroxide intermediate. The steric effect from methyl groups
prevents the formation of inactive nickel(II)-phosphate
species. These complexes show a pH- and buffer-dependent
decomposition pathway, with NiO, formation at pH=7 but
not at pH =6.5. The substitution of the phosphate buffer with
bicarbonate leads to a decrease in redox potential for both the
Ni"/Ni" couple and for electrocatalytic water oxidation
process, which clearly indicates how bicarbonate is not an
innocent axial ligand.

Further investigation have been devoted to demonstrate
the role of Ni'"™ intermediates in the O—O bond formation
After experimentally excluding intermetallic
reactions due to first-order dependence on the concentration
of nickel species, other hypotheses such as O—O bond
formation by: i) HO-OH coupling, ii) water attack, and iii)
O-H insertion have been evaluated by DFT calculation. The
HO-OH coupling on the ¢is isomer was finally found as the
most feasible O—O bond formation mechanism (AG =24.6
keal mol™).

The completely methylated macrocyclic analogue Ni 4

mechanisms.

(Figure 14) was subsequently synthesized by Li etal. in
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Figure 14. Cyclam complexes of Nickel(II) active Ni 1-4 in electrocatalytic water oxidation.

2019, which revealed to be a robust catalyst for water
oxidation with a moderate overpotential (-500 mV). Ni 4
operates via a proton-coupled electron transfer mechanism
and, although with a higher overpotential (-500 mV at pH 7)
with respect to Ni 1-Ni 3, it exhibits high catalytic activity
with record TOF of 9.95 s™', attributed to the methylation of
the macrocyclic ligand, which enhances electron donation to
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the metal center. Additionally, the catalytic current shows a
linear dependence on the proton-accepting ability (pX,) of the
added base, which plays a crucial role in regulating catalytic
activity by participating in the key O—O bond-forming step.
The complexes [Ni"VL(PO,),]*” Ni 5 and [Ni''L(CO,),] Ni
6 (Figure 15) still possess the equatorial cyclen ligand but with
no methyl groups either on the carbon chains or nitrogen
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i s % 1= [NiVL(CO;),] + H,0 — o
o b 6_0 [NiVL(CO,)(OH)]* + HCO,"
H /——/\ H M A%\ _H
qP N_| N NIVL(CO,),] — [NIVL(CO,)(0)] + CO, @
N -\N N "‘\N
Ta / i \ /“H Coupling reaction (Eq. 3) of the products of the previous
o reactions leads to water oxidation to peroxide, which is
o. B0 Oa-% liberated upon hydrolysis (Eq. 4):
5 o
INi"VL(CO;)(OH)]" + [Ni'"VL(CO,)(0)] —
3)
ey 11 n
Ni 5 Ni 6 [(CO;)LNi"O — ONi'L(CO;)] + H
Figure 15. Hexacoordinated Nickel cyclam complexes Ni 5 and Ni 6. [(CO3)LNiIHO _ ONilHL(CO3)] + 2H,0 —
(4)

donor atoms, differently from Ni 1-Ni 4, and this allows the
coordination of phosphate and carbonate anions in axial
positions stabilizing Ni'" species.!"””

Both Ni 5 and Ni 6 exhibit catalytic activity in phosphate
buffers.
phosphate, actively participates in the redox process, facilitat-
ing the O—O bond formation through a hydrolysis mecha-

nism. This behavior is consistent with the involvement of the

and carbonate Nevertheless, carbonate, unlike

ligated carbonate in the catalytic water oxidation as a non-
innocent ligand previously proposed. The mechanism concerns
an acid catalyzed O—C bond hydrolysis (Eq. 1) or C—O bond
breaking (Eq. 2):

@_\ —|2+

waly  IGL
H0™ |' ~n N

o

N— ? OH,
\ / O N N-20 C\;N/l/ 2
TN
PN W S _«"JQ
. a &

Ni g Nig

2 [Ni"L(CO,)(OH)] + H,0,

A large number of Ni complexes with multidentate ligands,
depicted in Figure 16, gave interesting results within the
framework of electtrocatalyzed water oxidation up to 2020.
No more recent advances have been found for this metal.

Porphyrine ligands has been employed by Cao in 2015!
in the development of water-soluble complex [Ni(Por-
pr4)]4+ Ni 7 (Figure 16) which operates in neutral
phosphate buffer (pH =7) with a TOF of 0.67 s ' at 20°C. It
demonstrates low overpotential (180 mV) and stable electro-

104]

catalytic performance over a large pH range (2-8). Ni 7
operates via a single-site mechanism, mediated by a Nickel(III)
hydroxide intermediate, and shows no significant degradation
even after 10 h of electrolysis.

—l % ] Na;

(o]
OH.

Ni 7 1 = 480 my =480 mV Ni 13 ';“5;' i
= - = - n=nd n= m
=180 mv TOF =0.195" TOF =045 12 s N o
B efelyh TOF=0325 TOF =015
] (CI04); @_\ ] (CI04); @_\ ] (CI0)z
N
N H.0 N i N
20, | J ? /1:\’0 Nee
H 0™ | ~n H0" | N -~ | ‘\‘"cuz
N N
Ni 12 Ni 13 Ni14 Ni 15 Ni 16
1 =530 mv 1= 480 mY n="730 mV n=720 mV 1= 800 mV
TOF =0.19 5" TOF=301s" TOF = 4625 TOF = 14587

Figure 16. Non-cyclam mononuclear Nickel complexes Ni 7-16 employed as electrocatalytic water oxidation.
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The catalyst [Ni(L2)(H,O),] Ni 8 (Figure 16, H,L2=
N1,N2-bis(pyridin-2-ylmethyl)cyclohexane-1,2-diamine) ~ was
reported by T-B. Lu and co-workers in 2016,"" and it
operates in neutral pH with a dual-role of phosphate buffer
which participate in PCET during the catalytic cycle. Ni 8
does not form nickel oxide (NiO,) deposits during catalysis
and shows a pH-dependent performance, with its stability
confirmed by electrochemical characterization.

A nickel(II) phenylenebis(oxamidate) complex Ni 9 (Fig-
ure 16) with modulated N/O donor sets were developed by
Ding.!"%
compared to copper(I)-bis(oxamidate) complexes developed
by Llobet’s research groups (see paragraph 4.3). A single-

electron transfer mechanism is observed, while deactivation

! Tt exhibits a distinct water oxidation mechanism

occurs due to proton transfer in acidic conditions.

The mononuclear hydrosoluble nickel(II) complex bearing
the non-innocent tetraamido macrocyclic ligand TAML*,
Na,[Ni(TAML)] Ni 10 (Figure 16), was reported in 2020""
and exhibits efficient water oxidation at neutral pH using a
phosphate buffer (0.1 molL™") under controlled-potential
electrolysis (CPE) using an ITO working electrode at 1.75 V
(vs. NHE) with no NiO, formation. The suggested mechanism
involves one-electron oxidation of Ni" to Ni"' followed by a
PCET process, eventually leading to dioxygen evolution. The
redox-active nature of the ligand plays a key role in facilitating
the catalytic cycle as confirmed by electrochemical and
spectroelectrochemical studies, differently from cyclen-type
macrocyclic complexes reported above.

The complex [Ni(L3)(H,0),]" Ni 11 (Figure 16, HL3=
2-((bis(pyridin-2-ylmethyl)amino)methyl) phenol) was synthe-
sized by Wang etal.,"*
" phenoxyl radical thanks to the redox-active

and operates as catalyst via the
formation of a Ni
nature of the ligand, showing a TOF of 0.15s . It catalyzes
water oxidation at a modest overpotential (400 mV). The use
of one phenoxido arm in the ligand instead of only pyridyl
moieties represents a fruitful choice that does not allow the
formation of high valent nickel intermediates. The presence of
coordinated water molecules has been determined to also be
crucial for the activity of Ni 11.

Labile water molecules are also an important feature in
[NiL4(H,0),](ClO,), Ni 12 and [Ni(MCP)(H,0),](CIO,),
Ni 13 (Figure 16, L4 = N1,N2-dimethyl-NV1,/N2-bis(pyridin-2-
ylmethyl)ethane-1,2-diamine, MCP = N1,N2-dimethyl-
N1,N2-bis(pyridin-2-ylmethyl)cyclohexane-1,2-diamine),
studied by Lu et al.,"® where L4 and MCP strictly resemble
L3 in Ni 11, but acting as neutral ligands with only pyridyl
branches. Their conformation leaves two cis-oriented sites
capable of coordinating the water molecules. Both Ni 12 and
Ni 13 undergo direct oxidation from Ni" to Ni'¥ during the
catalytic cycle. They demonstrate moderate overpotentials of
approximately 530 mV and 480 mV, respectively, in sodium
acetate buffer at pH=06.5. Mechanistic investigations reveal
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that the buffer anion plays a crucial role in the water oxidation
process. Specifically, the presence of the base as a proton
acceptor facilitates PCET, which reduces the barrier for O—O
bond formation during the catalytic cycle.

Recent studies by Wang[no] leads to [NiL5(H,0)](ClO,),
Ni 14 and [NiL6(H,0)](ClO,), Ni 15 (Figure 16, L5=N1-
benzyl-N1,N2,N2-tris(pyridin-2-ylmethyl)ethane-1,2-diamine,
L6 = Nl1-benzyl-N1,N2,N2-tris(pyridin-2-ylmeth-
yl)cyclohexane-1,2-diamine) featuring only one labile coordi-
nated water molecule due to the employment of neutral
nitrogen-donor pentadentate ligands. These complexes have
shown interesting electrocatalytic water oxidation perform-
ances, with TOFs of 3.01 s ' and 4.62 s/, respectively, similar
overpotentials (-860 mV) and high stability and selectivity,
with faradic efficiencies of 94-96 %.

Another  flexible  five-coordinate  nickel  catalyst
[NiL7CIJ(Cl) Ni 16 (Figure 16, L7 =2,6-bis(1,1-di(pyridin-2-
ylethyl)pyridine) reported by Sun etal.,"" demonstrates
efficient water oxidation at a high rate of 145s' at an
overpotential of 800 mV, with stability across a wide pH range
(7-10.8).

The trinuclear  nickel complex [Ni'"(ahp) (u-
OH),](CF;S0;), Ni 17 bearing the dianionic oligodentate
aminohydroxopyridyl ligand ahp* (Figure 17) was recently
reported by Zhang etal."™® Ni 17 acts as efficient MWOC
and exhibits high catalytic performance and stability under
neutral conditions (pH 7) with an overpotential of 340 mV
and a TON of 13. Electrochemical studies disclosed coopera-
tion among the three nickel sites in both charge accumulation
and O—O bond formation. This catalyst could undergo 4e”
oxidation through involvement of all three nickel sites, and the
O—O bond formation was triggered by a charge distribution
process via PCET, also supported by DFT calculation.

H ]3+

Ni 17

Figure 17. Molecular structure of [Ni';(ahp)(u-OH),](CF;SO5), Ni 17.
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4.5. Iron Complexes for Electrocatalytic Water Oxidation

Iron complexes history as electrocatalysts for water oxidation
start in 2014 with a work from Coggings and Meyer"™® who
reported the first well-defined electrocatalytic iron based
MWOC, an amidate-aqua Fe" complex (Fe 1 in Figure 18).
The structure of this complex is based on the [Fe'-
(dpaq)(H,O)]** species. This octahedral complex exhibited FE
of 45 %, an overpotential of 700 mV, and TOF of 0.15 s L
Notably, this complex showed good stability, with only minor
decomposition observed under operating conditions, especially
when compared to other iron-based WOCs that often
decompose in acidic solutions driven by Ce" or NalOj
sacrificial oxidants. This complex, operating in propylene
carbonate solution, achieves a substantial rate enhancement
and undergoes a PCET mechanism to generate a FeV(O)**
intermediate. This intermediate reacts with water to form a
peroxide species, which is then oxidized to generate molecular
oxygen. The electrochemical mechanism for this complex has

been characterized, and it operates through a water nucleo-
philic attack (WNA) mechanism, with the O—O bond
formation serving as the rate determining step.

At first sight, the best single-site iron based electrocatalyst
appeared to be the pentanuclear iron complexs Fe 2—4 in
Figure 18 reported by Masaoka and co-workers, which showed
the highest TON and TOF of 10’ and 1400s ',
respectively."' The CV of the complex showed that each Fe'/
Fe' couple undergoes five reversible waves as sequentially
occurring one-electron redox reactions. In 2019, the same
authors also reported on the tunability of overpotential and
TOF by ligand design."" Nevertheless, in 2020, Llobet and
co-workers demonstrated iron oxide particles, formed due to
complex decomposition, as the actual catalyst. Thus, Fe 2—4
pentanuclear complexes are likely to decompose in quite active
nanoparticles which, upon deposition on the electrode, are
actually responsible for heterogeneous electrocatalysed water

[116

oxidation."'¥ Discussion on stability and characterization of

intermediates for pentanuclear iron complexes employed in
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Figure 18. Iron complexes (Fe 1-12) for electrocatalytic water oxidation.
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water oxidation has been recently re-opened by Puskar
etal.,"" exploiting 77 situ XAS, XANES and EPR studies to
support a ligand role. The pentanuclear complexes have been
also immobilized, in the same work, on MOF in order to
move to photoelectro-catalytic application.

Hetterscheid explored in 2016 tetradentate ligands in Fe 5
and Fe 6 complexes (Figure 18) as another resource for

"8 Interestingly, this water-

electrocatalytic water oxidation'
soluble iron complex was evaluated using an online electro-
chemical mass spectrometry strategy. The Fe 5 complex
exhibited oxygen evolution at an onset potential of 1.7 V vs.
NHE at pH 7.5, with an overpotential of 470 mV. This
suggests that Fe 5 operates through a cis-configuration, though
its FE and TON were relatively low. Additionally, minor CO,
formation was detected due to oxidative ligand decomposition,
a common trait in iron-based molecular WOCs. In Fe 6, the
introduction of an axially coordinating carboxylate group
caused the onset potential to shift to 1.8V vs. NHE,
indicating that the carboxylate group plays a detrimental effect
on the catalytic activity.

Further work from Hetterscheid et al."” based on the
dinuclear Fe 7 (Figure 18) catalyst in (0.1 M pH 7 Na,SO;
solution) with a carboxylate-bridged structure, showed interest-
ing results. Using EQCM experiments, it was confirmed that
the working electrode material significantly influences the
electrocatalytic performance of Fe 7. Indeed, with pyrolytic
graphite as the electrode, Fe7 demonstrated a lower over-
potential of 300-400 mV compared to 600 mV with a gold
electrode. This suggests that the choice of electrode material
plays a crucial role in the efficiency of the water oxidation
process. These results were lately implemented in 2020
improving the whole efficiency acting a ligand design to
dinuclear oxo-bridged iron MWOCs in organic solvents.
NaOH was employed in this latter case as the source of
oxygen.""

Structural regulation in the O—O bond formation, has also
been more recently identified in dinuclear molecular iron
water oxidation catalysts developed by the group of Zhang.!*"
Complexes Fe 8 and Fe 9 (Figure 18) were found to be active
as electrocatalysts for water oxidation (overpotential 830 mV,
TOF: Fe 8 0.55s5'; Fe 9 0.04s™") in 0.1 M NaHCO,
solution (pH 8.4). On the other hand, more rigid complex Fe
10 was found almost inactive. This behaviour is interestingly
different from the similar Cu 3 and Cu 4 complexes
(paragraph 4.3). O—O bond formation was achieved via
intramolecular oxo/oxo or oxo/oxyl coupling and thus it
required the spatial position match of the two Fe=O. DFT
calculations suggested that the anti to syn isomerization of the
two highvalent Fe=O moieties occur via the axial rotation of
one Fe=O unit around the Fe-O—Fe center. This is followed
by the O—O bond formation via an oxo—oxo coupling. Thus,
the rigid BPMAN ligand in complex Fe 10 limits the
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isomerization and axial rotation in agreement with the
negligible catalytic activity. This work clarifies bimetallic
cooperative effect, providing pathway for molecular design by
metal and ligand rigidity regulation.

Same group also extended the scope of their research to Fe-
Ni heterobimetallic synergistic effect in molecular water
oxidation catalysis."”” Fe-Ni complex reported in Figure 19,
was tested in NaHCO; buffer with 10% CH;CN (as
cosolvent) using glassy carbon (GC) electrode. The catalytic
rate constant was remarkable: 11.5 57" at pH 10.0 and 0.23 5™
at pH 9.0.

Unless what found for Fe-Ni complex, which shows good
activity and stability, monometallic dinuclear Fe—Fe and
Ni—Ni complexes resulted unactive or highly unstable. The
synergistic role of Fe and Ni was thus found by DFT
calculation to promote O—O bond formation, with Ni"'(p-
O)Fe"V =0 as the key intermediate, followed by intramolecu-
lar oxyl-oxo coupling between bridged O radical and terminal
Fe'V=0 moiety. For further experimental and DFT calcu-
lation employed to follow the catalyst behaviour in water, to
establish stability and intermediates formation as well as to
have a deep insight into the recent discovery in dinuclear
MWOC metal environment and structural regulation design,
the reader is addressed to follow the highly detailed work of
Zhang and co-workers.*>!?*'2!

More recently an hexanuclear iron(III) water soluble
complex (Fe 11 in Figure 18) was investigated by Yu et al."*
Complex Fe 11 design was defined taking into account that a
bipyalk ligand with strong electron-donating groups can
improve the stability of high-oxidation-state intermediates
formed during water oxidation. Complex Fe 11 demonstrated
stability and catalytic activity for water oxidation under acidic
conditions, with TOF of 2.9s7', and a low onset potential of
290 mV at pH 2, highlighting its efficiency as an electro-
catalyst for water oxidation. DPV confirmed the presence of

Fe-Ni

Figure 19. Heterobimetallic dinuclear Fe-Ni complex active as molecular
water oxidation catalyst.

85U8017 SUOLLLOD BATe81D 3edldde 8y} Ag peusenob ae Sejoie YO ‘88N JO S9N Joj AkeiqT8UlUQ A8]IM UO (SUOTHPUOO-PUB-SWBI W0 A8 | IMAleIq U1 |UO//SANY) SUORIPUOD PUe SWB | 84} 88S *[6202/20/20] Uo AriqiTauliuo A|im uspo N AIsBAIUN AQ 992001202 191/200T 0T/10p/wod A8 i Afeiq1jeujuo//Sdiy Wiy papeojumod ‘9 ‘520z ‘T690825T



Review

THE CHEMICAL RECORD

Fe"'/" oxidation and mechanistic analysis suggested a PCET
mechanism, which was consistent with the observed Nernstian
slope of —57 mV per pH unit.

Our group has been working for years in the development
of molecular redox catalysts bearing cyclopentadienone and N-
heterocyclic carbene (NHC) ligands. These peculiar ligands
combination allow cyclopentadienone to be employed as a
non-innocent ligand in bifunctional catalysis, on the other
hand, the ancillary NHC donor ligand further allow the
tuning of electrochemical behaviour."*" Taking also advantage
from the group experience in dinuclear iron hydrogenase

') and despite the low

mimic complexes previously developed,'
valency of the iron center in Fe 12, this complex has been
found electroactive in water oxidation at basic pH with a good
overpotential.®? A family of differently substituted NHC
complex of Fe 12 type have been screened, indicating a role
for both cyclopentadienone and NHC in the electrocatalytic
behaviour. Nevertheless, an electrowithdrawing group on the
cyclopentadienone ligand lowered the reaction efficiency and
redox reactive substituents on NHC (such as -NH,) influenced
the reaction, revealing Fe 12 as the best catalyst of this family
(water/THF mixture, basic conditions) with an interesting
overpotential of 320 mV and TOF =52 s~". Reactivity studies,
together with EPR characterization and DFT calculations
demonstrated the stability of the complex under catalytic
conditions, confirmed the role of NHC in tuning the complex
potential, and identified cyclopentadienone as a non-innocent
ligand able to stabilize a persistent radical complex after a
monoelectronic oxidation (Figure 20). This peculiar ligand
combination has been employed for the first time in electro-
catalytic MWOC reaction, further investigations are thus
required in order to shed light on the mechanism and to
exploit the system to improve first row MWOC efficiency.
Attempts to graft the molecular reactivity onto insoluble
substrates through immobilization of iron complexes could be
exploited in order to put together the advantages of molecular
1261 both in the case of

unreactive supports or designing hybrid systems in which the

catalysis and heterogeneous systems,

molecule and the insoluble substrate have both an electro-

catalytic effect. This field is still in its infancy for iron MWOC
if compared with the exiting results obtained by the group of
Llobet with copper complexes (see paragraph 4.3). At the
moment only two examples are reported on ITO iron
MWOC immobilization."” However, both cases suffered
from catalyst decomposition to iron oxide during catalytic
cycles,"*® avoiding exploiting the molecular structures advan-
tages.

5. Summary and Outlook

Synthetic water splitting is widely recognized as a promising
Nature-inspired approach for producing sustainable energy
through green electrolysis. Within this framework, catalysis,
and particularly electrocatalysis, plays a crucial role in
developing new strategies. Active and stable electrocatalysts,
especially for the more energy demanding water oxidation,
represent a way of exploration that engage researchers with
increasing interest. From one side, heterogeneous electro-
catalysis usually performs water oxidation with low over-
potential and high stability. On the other hand, it requires
high (often noble) metal loadings and a peculiar control of the
morphology to ensure optimal surface area and accessibility of
catalytic sites. On the homogeneous side, MWOCs face
challenges such as higher working overpotential and lower
stability compared to the heterogeneous counterparts. How-
ever, from a more positive perspective, MWOCs work with
well-defined catalytic sites, a much better atom economy, and
they often show higher efficiency. Thanks to their intrinsic
modularity, suitable ligands enable fine tuning of electro-
chemical properties, as well as the possibility to be decorated
with functionalization that allows immobilization on inert or
non-innocent supports (such as in hybrid materials). Further-
more, the reaction conditions could improve both energetic
costs and overall selectivity. Nevertheless, tuning MWOC:s to
finely control several parameters is deeper due to the direc-
tional previsions on inner and outer sphere cooperation by
means of mechanistic investigations. In the present manuscript
a rapid excursus on heterogeneous catalysis is introduced to

T™MS 1 eq. [N(CgH4Br)a]SbCls ™S
(0] THF 0
1 r.t., 5 min ]
.Fe T™S / - .Fe TMS ,
oc" N < oc" N
OCI (\) 1 eq. Na*CqgHg OC/ (\)
_NZ THF _NY
r.t., 5 min
Fe 12 - Fe 12" -

Figure 20. Reversible generation of the radical complex Fe 12.
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have in hands the numbers to be compared with MWOCs. A
discussion on the similarities and differences between heteroge-
neous and homogeneous systems has been provided as an
additional framework for effective comparison. The excep-
tional efficiency achieved with ruthenium complexes, still the
best-performing catalysts in molecular electrocatalytic water
oxidation, serves as a benchmark for evaluating the thresholds
that first-row transition metal-based MWOCs must reach and
surpass. Several mono- and multi-dentate ligands have been
employed with different earth abundant metals, namely Mn,
Co, Cu, Ni and Fe in different oxidation states. The plethora
of examples reported explores the theme in several ways: design
of the ligands, by changing steric and electronic properties
through electron donor or electron withdrawing substituents.
Monitoring reaction upon pH variation, when the reaction or
the ligand appeared to be pH dependent, gave back important
information on overpotential and efficiency behaviours. Several
characterizations, ranging from NMR, IR, EPR, Raman, UV-
vis measurements (also iz situ), EQCM experiments, chro-
noamperometry, X-ray photoelectron spectroscopy to cite a
few, are now available to deeply understand the destiny and
the stability of the molecular electrocatalysts. Among the most
exciting recent advances is the work of Llobet’s group, pioneers
in the field, who have reported the first example of a first-row
transition metal-based MWOC anchored to a conductive solid
support (exploiting electropolymerization of a thiophene-
functionalized copper complex) developing a hybrid material
able to work under neutral pH. This hybrid catalyst maintains
its integrity after more than 11,000 TONSs. Such developments
pave the way for the integration of earth-abundant MWOCs
into photoelectrochemical devices.

Abbreviations

WOC Water Oxidation Catalyst
MWOC Molecular Water Oxidation Catalyst
OER Oxygen Evolution Reaction

CNTs Carbon Nanotubes

TON Turnover Number

TOF Turnover Frequency

FE Faradaic Efficiency

OEC Oxygen-Evolving Complex

PSII photosystem 11

TPP triphenylporphyrin

XPS X-ray Photoelectron Spectroscopy
SCE Saturated Calomel Electrode
NHE Normal Hydrogen Electrode

DFT Density Functional Theory

PCET Proton-Coupled Electron Transfer

TDMImP 5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-
yl) porphyrin
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TAML  tetraamido(4—) macrocyclic ligands

(6\% Cyclic voltammetry

EQCM  Electrochemical Quartz Crystal Microbalance
EDTA  ethylenediaminetetraacetic acid

CPE Controlled Potential Electrolysis

DPV Differential Pulse Voltammetry

SEM Scanning Electron Microscopy

TGG
pimH 2-(2’-pyridyl)-imidazole

ITO Indium Tin Oxide

GC/CNT Glassy Carbon/Carbon NanoTubes

triglycylglycine

XAS X-ray Absorption Spectroscopy

PEC PhotoElectroChemical

WNA Water Nucleophilic Attack

XANES  X-ray Absorption Near Edge Structure
MOF MetalOrganic Framework

NHC N-Heterocyclic carbene
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